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Abstract—Populations of Cascades frogs (Rana cascadae) have declined precipitously in the Mount Lassen area, but remain abundant
in the other half of their California range in the Klamath Mountains. To evaluate the role of contaminants in Cascade frog declines, we
sampled sediment and frog tadpole tissue at 31 sites where Cascades frogs had disappeared and sites where Cascades frogs are still
present across the Lassen and Klamath regions. Pacific chorus frogs (Pseudacris regilla) were tested and used as surrogates for residue
concentrations in Cascades frogs. We analyzed a total of 79 tadpole samples for 73 semivolatile contaminants including pesticides,
polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs). The most frequently detected residue was endosulfan
sulfate, followed by dacthal, chlorpyrifos, PCB 187, endosulfan II, trans-chlordane, and trans-nonachlor. Chorus frogs had similar
residue concentrations as Cascades frogs for most but not all chemicals, indicating that chorus frogs can serve as a reasonable proxy for
chemical concentrations in Cascades frogs. None of the contaminants in tissue or sediment had significantly higher concentrations at
sites where Cascades frogs have disappeared than at sites where Cascades frogs are still present. We found no evidence to support the
hypothesis that the contaminants analyzed have contributed to the decline of Cascades frogs in northern California, although we were
able to analyze only a handful of the over 300 pesticides currently used in the area. Environ. Toxicol. Chem. 2012;31:1895–1902.
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INTRODUCTION

Amphibian population declines are a key example of the
global biodiversity crisis [1]. Although disease has emerged as
the leading explanation for amphibian declines [2,3] it is
unknown whether disease is acting alone, or whether environ-
mental factors such as climate change or contaminants may
have facilitated disease epidemics, possibly by weakening
amphibian immune systems. Pesticide exposure has long been
hypothesized as a possible cause for amphibian declines; how-
ever, there has been surprisingly little field ecotoxicological
research examining contaminants and amphibian population
declines [4–6].

California is a hotspot of amphibian decline, with many
species experiencing sharp range contractions in the last
25 years [7]. Studies in the Sierra Nevada have documented
the transport and deposition of pesticides from the Central
Valley to remote alpine ecosystems [8–13]. Several studies
have found a strong association between declines of numerous
California amphibians and agricultural land-use upwind from
sites [14,15] or pesticide use upwind from sites [16,17]. Labo-
ratory studies indicate that low doses of pesticides can cause
immune suppression in amphibians and in some cases affect
disease susceptibility [18–20]. However, to demonstrate that
pesticides actually cause declines, one must simultaneously
demonstrate the exposure of frogs to contaminants in the field
and link those exposures to declines. This is a key piece of

missing information on the role of pesticides and amphibian
declines and the subject of the present study.

The Cascades frog (Rana [¼Lithobates] cascadae) is a
montane species that ranges from Washington State to northern
California. Like a number of other ranid frogs in California,
Cascades frogs have disappeared from large parts of their range
[7]. The historic range of the Cascades frog in California
consists of two disjunct areas: one around Lassen Volcanic
National Park where the frog has almost completely disap-
peared [21] and another in the Klamath Mountains (including
the Marble Mountains and Trinity Alps), where the frog is still
widespread (Fig. 1) [22]. The rapid decline of Cascades frogs in
the Lassen region has been attributed to several possible causes,
including introduced fish [23], disease [21], and pesticide trans-
port from the Central Valley [16]. Although introduced
fish clearly have negative impacts on amphibian populations,
Fellers et al. [21] argue that introduced fish are unlikely to be
responsible for the decline of Cascades frogs in the Lassen
region. Fish stocking began in the Lassen region long before
declines, and introduced fish are much more prevalent in the
Klamath region than the Lassen, yet Cascades frogs remain
abundant in the Klamath region. Similarly, Cholodenko
found that historic sites for Cascades frogs with and without
introduced trout across the Lassen and Klamath regions were
almost equally likely to still have Cascades frogs present
(L. Cholodenko, 2006, Master’s thesis, Sacramento State
University, CA, USA). The rapid collapse of Cascades frogs
in the Lassen region, with now only a few small remnant
populations remaining, fits the pattern of population declines
driven by the chytrid fungus Batrachochytrium dendrobatidis
[24]. However, chytrid fungus is also widespread in the
Klamath region [21], raising the question of why similar
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declines have not occurred there. In a study across the Klamath
and Lassen region, Davidson [16] found that upwind pesticide
use was much greater for sites where Cascades frogs had
declined than at sites where Cascades frogs are still present.
However, the study was based on predominant wind patterns
and pesticide application records rather than field measurements
of pesticides.

One of the great challenges of contaminant research on
amphibian declines is that by the time amphibian declines have
been documented, populations are generally extinct or at very
low concentrations, often precluding the possibility of examin-
ing contaminant concentrations in declining frogs themselves.
A strategy to deal with this sampling dilemma is to measure
contaminants in a co-occurring but nondeclining frog species as
a surrogate for contaminant concentrations in declining species.
Several studies have used this strategy [5,6,25] using the wide-
spread Pacific chorus frog (Pseudacris regilla) to study declines
of ranid frogs; however, to date, no studies have examined
whether Pacific chorus frogs are a good surrogate for assessing
contaminant concentrations in co-occurring declining amphib-
ians.

After metamorphosis, Pacific chorus frogs and Cascades
frogs have fairly different life histories. Pacific chorus frogs
reach sexual maturity in less than one year, and adult frogs
spend much of their time away from water when they are not
breeding [26]. Adult Cascades frogs spend most of their time in
and around water, reach sexual maturity in two to four years,
and live over five years [27]. However, as tadpoles, the two
species are quite similar. They inhabit the same water bodies
and even within water bodies are found in the same habitats. We
would frequently capture both species in a single sweep of our
sampling net. Cascades frogs and Pacific chorus frogs have
similar larval periods: two to two-and-a-half months for Pacific
Chorus frogs and two months for Cascades frogs [28].

In both the Lassen and the Klamath region, there are healthy
populations of Pacific chorus frogs. By studying pesticide
residues from Cascades and chorus frogs where they co-occur
in the Klamath region, we determined whether pesticide resi-
dues were similar in the two species and consequently whether
chorus frogs are a good surrogate for measuring pesticide
concentrations in Cascades frogs. We then measured pesticide
concentrations in chorus frogs in both the Lassen and Klamath

regions to determine if pesticide residues in chorus frogs are
higher at sites where Cascades frogs have disappeared than at
sites where Cascades frogs are still present. We also analyzed
sediment samples to determine if pesticide concentrations in
sediment are higher at sites where Cascades frogs have dis-
appeared than at sites where Cascades frogs are still present. By
examining the pattern of contaminants in frog tissue and sedi-
ment, we evaluated whether contaminants may have contrib-
uted to declines of Cascades frogs.

MATERIALS AND METHODS

Site selection and sample types

Our first priority for sampling sites was historic locations for
Cascades frogs in California. For our purposes, historic loca-
tions were sites where Cascades frogs were known to occur
before 1990. Historic sites were selected from a database
containing museum records, reports from the literature, and
other sources [7,14]. To increase total sample size, we also
sampled a number of nonhistoric sites where Cascades frogs
were currently present. For analysis of population declines of
Cascades frogs, we considered a site to have experienced
declines if historically Cascades frogs were present and pres-
ently the species is absent. Determination of absence was based
on unpublished surveys by Davidson, a variety of published
sources [22,23], and information in the California Natural
Diversity Database [29]. Sites were considered to have not
experienced declines if Cascades frogs were still present at
the site. We sampled 17 sites where Cascades frogs were
still present, and 14 sites where Cascades frogs had disappeared.

We collected a total of 79 tadpole tissue samples at 31 sites
(Fig. 1 and Supplemental Data, Table S2) between June 6 and
August 23, 2005 consisting of 26 Cascades frog samples, and 53
Pacific chorus frog samples. At most sites, we collected a single
tissue sample for Pacific chorus frogs and or Cascades frogs. At
six sites we collected eight sets of triplicate site replicates so we
could examine within-site variation, for a total of 25 samples
(see Supplemental Data, Table S2 for a list of types of samples
collected by site). The number of sets of site replicates is greater
than the number of sites because at some sites we collected site
replicate sets for both Pacific chorus frogs and Cascades frogs.
We also collected eight sets of site replicates (a total of 26
samples) that were pooled by site and used as analytic replicates
to examine variation in the analytic process itself. We collected
19 paired samples of Pacific chorus frogs and Cascades frogs
from 12 sites, allowing comparison of residue concentrations in
the two species living at the same site (the number of paired
samples is greater than the number of sites because at several
sites we collected multiple paired chorus frog and Cascades frog
samples). Before processing, the Gosner stage was determined
for all tadpoles [30].

Field collection methods

Pesticide residue analysis required 2 g of tadpole tissue.
Therefore, a single sample for residue analysis consisted of
multiple tadpoles. Because the mass of tadpoles varied at
different sites, the number of tadpoles required for a single
sample varied. In the field, tadpoles were collected with a dip
net and temporarily held in a 125-ml, clean glass jar. Once a
sufficient number of tadpoles were collected at a site, tadpoles
were put in cryo vials and immediately stored in liquid nitrogen.

We collected sediment samples at sites using a hand-corer
(Wildlife Supply Company) to take the top 2.5 cm of sediment
from three locations at the site in the same general area as where

Fig. 1. Residue sampling sites and declines of the Cascades frog. The map
indicates our 31 sampling sites in the Cascades Mountains of northern
California. Solid triangles indicate sites where Cascades frogs were still
present. Open circles indicate sites where Cascades frogs historically
occurred but are now absent. Insert map shows sampling sites and the state of
California.
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tadpoles were collected. The sediment was stored in precleaned
125-ml glass jars with Teflon tops and immediately stored on
dry ice. Sediment samples and cryo vials were packed with dry
ice and shipped overnight to the Simonich laboratory at Oregon
State University, where they were stored at�208C until residue
analysis. All field gear was disinfected between sites using
Quat-128 (Waxie Sanitary Supply).

Residue analysis

Our methods were designed to detect over 70 semivolatile
organic compounds (SOCs) in tadpole and sediment samples
including both current and historic use pesticides, polychlori-
nated biphenyls (PCBs), and polycyclic aromatic hydrocarbons
(PAHs; see Supplemental Data, Table S1 for a complete list
along with estimated detection limits in tissue and sediment).
Details of the tadpole SOC analysis methods are given in
Stanley et al. [31]. Briefly, SOCs were extracted from tadpole
samples using matrix-solid phase dispersion. Frozen tadpole
samples, containing a pool of tadpoles from a given site,
were ground to a sand-like consistency. A 2-g subsample of
tissue was further ground with 10 g of octadecylsilyl (C18) and
35 g of sodium sulfate (Na2SO4). The tadpole mixture was
packed into an empty, 60-ml solid phase extraction (SPE)
column, spiked with isotopically labeled surrogate standards
and an on-column extraction was carried out, eluting SOCs with
300ml acetonitrile. The eluted sample was reduced in volume
and sample cleanup was carried out using a 20-g silica SPE
column. The final sample was reduced in volume and isotopi-
cally labeled internal standards were added before instrumental
analysis. Moisture content and lipid content were determined
using gravimetric analysis on 0.5 g subsamples of the ground
tadpole tissue.

Sediment samples were prepared for SOC analysis as
described in Usenko et al. [32]. Briefly, 12 g of wet sediment
was ground with 120 g of Na2SO4. The mixture was packed into
66-ml accelerated solvent extraction cells, spiked with isotopi-
cally labeled surrogate standards, and pressurized liquid extrac-
tion was carried out with dichloromethane. Sample cleanup, gel
permeation chromatography, and addition of internal standards
were the same as with residue samples. Moisture content was
determined using a 2-g subsample of wet sediment and total
organic carbon (TOC) was determined by drying 0.2-g sub-
samples and analyzing for TOC using a CNS-2000 Element
Analyzer.

Tissue and sediment sample extracts were analyzed for
SOCs using an Agilent 6890 gas chromatograph coupled to
an Agilent 5973N mass selective detector. The gas chromatog-
raphy/mass spectrometry (GC/MS) was equipped with either
electron impact ionization (EI) or electron capture negative
ionization (ECNI). We used the ionization mode that gave the
lowest instrumental detection limit for a given SOC, and
selected ion monitoring. One microliter of sample was injected
using a pulsed splitless injection and SOCswere separated using
a DB5 column (J&W Scientific). A full description of instru-
mentation details including limits of detection and ions moni-
tored has been published previously [32]. One standard was run
for every three to four samples processed on the GC/MS-EI and
ECNI to track the condition of the instrument calibration curve
and new calibration curves were prepared as necessary.

The sample processing included one laboratory blank run for
every batch of samples, consisting of 8 to 12 samples. Final
residue values were calculated by subtracting residue concen-
trations found in the laboratory blanks. If residue concentrations
in laboratory blanks were greater than 33% of the sample value

for a given compound, the sample value was considered unus-
able and was not included in statistical analysis. If the blank
subtracted residue value was less than the estimated detection
limit for a compound, the value was replaced with half the
estimated detection limit (½EDL). A chemical was considered
to be a ‘‘detection’’ in a sample if the residue value was greater
than 33% of the blank value and the blank subtracted residue
value was greater than the estimated detection limit for that
chemical. For data analysis, we only analyzed and presented
results where more than 30% of samples in that analysis are
detections. In calculating the percentage of detections in a set of
samples, samples where laboratory blanks were greater than
33% of the sample value were excluded. For analysis of analytic
variation in the tadpole method, replicate tissue samples col-
lected in the field were ground together in the initial grinding
step, and then the three aliquots of ground tissue were treated as
individual samples for the remainder of the analysis preparation
and instrumental analysis. We calculated residue concentrations
in tissue on a wet tissue, dry tissue, and lipid-mass basis. In
sediment, we calculated residue concentrations on a wet, dry,
and organic carbon mass basis (see Bradford et al. [25] for
organic carbon basis methods and Usenko et al. [32] for
methods for all other basis).

Statistical analysis

For all statistical analysis, we used the dry mass basis for
tissue and the organic carbon mass basis for sediment as the
most representative measures of residues. A summary of all
the residue concentration measures is in Supplemental Data,
Tables S3 and S4. We analyzed variation in tissue residue
concentrations in the analytic replicates, site replicates, across
sites, and across all samples by calculating coefficients of
variation for each set of samples. For analytic or site replicate
samples, we calculated coefficients of variation for each rep-
licate set at a site and then calculated the average coefficient of
variation across all the sites for each chemical. We corrected the
coefficient of variation for small samples sizes following Sokal
and Rohlf [33]. All analysis of variation was done exclusively
with chorus frog samples. For all statistical analyses—except
analysis of variation in analytic replicates—residue concen-
trations in analytic replicates were averaged, and each set of
analytic replicates were treated as a single sample. For all
analyses across sites, single site residue values were first
calculated by averaging all samples from a site.

We used nonparametric Mann–Whitney tests to evaluate
differences in mean residue values between chorus frogs and
Cascades frogs and between chorus frogs and sediment col-
lected at sites where Cascades frogs are still present versus sites
where Cascades frogs have declined. We used nonparametric
Spearman correlation coefficients to determine how well res-
idue concentrations in chorus frogs correlated with residue
concentrations in Cascades frogs from sites where the two
species were collected together. We also used Spearman cor-
relation coefficients to assess the geographic correlation of
residue concentrations between different chemicals. Pearson
x2 tests were used to compare chemical detection frequencies
between chorus frogs and Cascades frogs.

RESULTS

There were no significant differences in tadpole sample
collection date, weight, or Gosner stage between sites where
Cascades frogs were still present and sites where Cascades frogs
were absent that might have biased our analysis of associations
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between contaminant residues and frog declines. The mean
sampling date for sites with Cascades frogs still present was day
204.8 (with January 1, 2005 set as day 1) and 196.8 for sites
where Cascades frogs were absent (Mann–Whitney test,
p¼ 0.147). The mean tadpole wet weight was 2.07 g and mean
Gosner stage 30.0 at sites where Cascades frogs were still
present, and 2.01 g and mean stage 31.1 at sites where Cascades
frogs were absent (Mann–Whitney tests, p¼ 0.937 for weight,
and p¼ 0.549 for stage).

Six current-use pesticides or their breakdown down prod-
ucts, four now banned organochlorine pesticides, five PCBs,
and the PAH fluoranthene were found in Cascades and chorus
frog tadpole tissue (Table 1). Endosulfan sulfate—a breakdown
product of the current-use organochlorine pesticides endosulfan
I and endosulfan II—was the most frequently detected chem-
ical in tadpole samples, occurring in 69.2% of samples
(Table 1). Six other chemicals were detected in 34 to 53%
of samples: dacthal, PCB 187 (hepta), trans-nonachlor, endo-
sulfan II, chlorpyrifos, and trans-chlordane. Ten other chem-
icals were detected at much lower frequencies, occurring in 2
to 20% of useable samples (Supplemental Data, Table S3).
Average residue concentrations for all the chemicals with at
least a 30% detection frequency ranged from 0.08 to 0.5 ng/g
dry weight tadpole tissue (Table 1 and Supplemental Data,
Table S3).

In general, more chemicals were detected in sediment than
in tissue, and they were detected at much higher frequency
(Table 1). Although only two chemicals (endosulfan sulfate
and dacthal) were detected at greater than 50% frequency
in tissue samples, 16 chemicals were detected at greater than
50% frequency in sediment. Chemicals measured in sediment
included the same six current-use pesticides or their breakdown
down products measured in tissue, plus two additional current-
use pesticides found only in sediment (hexachlorobenzene
and trifluralin), four now banned organochlorine pesticides

(trans-nonachlor, cis-nonachlor, trans-chlordane, and dieldrin),
the same five PCBs as in tissue, and 17 PAHs. Mean pesticide
and PCB residue concentrations in sediment ranged from 0.08
to 15 ng/g organic carbon weight, and mean PAH concentra-
tions ranged from 68 to 12,000 ng/g organic carbon weight
(Table 1 and Supplemental Data, Table S4).

Coefficients of variation (CV) for tissue residue concentra-
tions in the analytic replicates averaged 25% and ranged from
13 to 39% depending on the chemical (Table 2). Variation in
site-replicate tissue concentrations averaged 62%, ranging from
30 to 103%. Coefficients of variation across sites averaged
117%, ranging from 67 to 216%. The average ratio of within site
CVs to across-site CVs was 0.62.

In comparing pesticide residues in Pacific chorus frog tad-
poles and Cascades frog tadpoles collected together from the
same sites, we found no significant difference in the mean
number of chemicals detected (mean 3.82 for Cascades frogs,
3.06 for chorus frogs, Mann–Whitney test, p¼ 0.26). In chorus
frog and Cascades frog samples collected together, there were
six chemicals detected frequently enough to allow comparison
of detection frequency and mean residue concentrations
between the two species (chlorpyrifos, dacthal, endosulfan II,
endosulfan sulfate, trans-nonachlor, and PCB 187). For these
six chemicals, none of the differences in detection frequency
for individual chemicals by species was statistically
significant based on Pearson x2 tests. For these same six
chemicals, mean residue concentrations in Cascades frogs
and chorus frogs collected at the same sites were not signifi-
cantly different (Table 3). The ratio of mean residues concen-
trations in chorus frogs to Cascades frogs ranged from 0.55 to
1.76. Cascades frogs had higher concentrations for dacthal
and endosulfan II, whereas chorus frogs had higher concen-
trations for the other four chemicals; but, in general, their
concentrations were similar. In the paired samples, only five
chemicals (chlorpyrifos, dacthal, endosulfan II, endosulfan

Table 1. Chemical detection frequencies and mean residue concentrations in Pacific chorus frog and Cascades frog tadpole tissue, and in sedimenta

Tissue detection frequency Sediment detection frequency Tissue mean weight, ng/g Sediment mean weight, ng/g

Current use pesticides
Chlorpyrifos 48.9% 62.9% 0.484 0.754
Dacthal 53.1% 66.7% 0.261 0.534
Endosulfan II 35.4% 41.7% 0.171 0.234
Endosulfan sulfate 69.2% 97.2% 0.535 3.005
Hexachlorobenzene 0.0% 87.5% 15.233
Trifluralin 0.0% 60.0% 0.181

Banned organochlorines
trans-Chlordane 35.3% 88.9% 0.100 0.521
cis-Nonachlor 12.7% 83.3% 0.057 0.373
trans-Nonachlor 33.8% 91.7% 0.082 0.620

PCBs
PCB 118 (penta) 5.6% 33.3% 0.184 0.896
PCB 138 (hexa) 1.6% 66.7% 0.744 1.130
PCB 153 (hexa) 16.7% 77.8% 0.344 1.138
PCB 183 (hepta) 13.0% 75.0% 0.054 0.319
PCB 187 (hepta) 38.0% 86.1% 0.114 0.708

PAHs
Benzo[b]fluoranthene-L 0.0% 58.3% 256.3
Benzo[e]pyrene-L 0.0% 41.7% 102.1
Chryseneþ triphenylene 0.0% 30.6% 184.1
Fluoranthene 19.7% 79.4% 2.133 970.6
Fluorene 0.0% 30.0% 513.3
Phenanthrene 0.0% 100.0% 12,041.8
Pyrene-LA 0.0% 36.1% 858.6

a Tissue residue concentrations are ng/g dry weight, sediment residue concentrations are ng/g organic-carbon weight. Only chemicals with at least a 30%
detection frequency are included in the table. Samples sizes and concentrations based on wet and lipid weight for tissue and wet and dry weight for sediment are
in Supplemental Data, Tables S3 and S4.

PCB¼ polychlorinated biphenyls; PAH¼ polycyclic aromatic hydrocarbons.
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sulfate, and trans-nonachlor) had adequate detections to cal-
culate correlations between chorus frog and cascades frog
samples. Fewer samples were available for calculating corre-
lations than for calculating means because, if either one of a
paired sample was not usable, both had to be left out in
calculating correlations. For endosulfan II, endosulfan sulfate,
and dacthal, the correlations were significant and the correlation
coefficients ranged from 0.68 to 0.85, whereas for trans-non-
achlor and chlorpyrifos, the correlations between chorus frog
and Cascades frog tissue residue concentrations were not sig-
nificant (Table 4).

We found no pattern of higher chemical residue concen-
trations at sites where Cascades frogs had disappeared than at
sites where Cascades frogs were still present (Table 5 and
Supplemental Data, Fig. S1). Of the five chemicals (chlorpyr-
ifos, dacthal, endosulfan II, endosulfan sulfate, and PCB 187),
we could analyze in chorus frog tadpoles tissue at the two sets of
sites, only dacthal had significantly different concentrations.
Dacthal concentrations were significantly higher in chorus frog
tadpoles collected at sites where Cascades frogs were still
present (mean 0.45 ng/g dry wt) than at sites where Cascades
frogs had disappeared (mean 0.2 ng/g dry wt, Mann–Whitney
test, p¼ 0.003). In sediment, residue concentrations for pesti-
cides were generally higher at sites where Cascades frogs had
disappeared than at sites where Cascades frogs were still present
(Table 5); however, not one of the differences was significant.
Polycyclic aromatic hydrocarbons and PCBs in sediment
showed the opposite pattern, with all higher concentrations
at sites where Cascades frogs were still present than at sites
where Cascades frogs had disappeared, again with none of the
differences significant.

In general, chemical residue concentrations were not highly
correlated between different chemicals across sites. There were

21 possible pairwise correlations for site average residue con-
centrations in chorus frogs for the seven chemicals with
adequate detection frequencies, of which only one was signifi-
cant (endosulfan sulfate and dacthal, Spearman correlation¼
0.475, p¼ 0.016). There were more correlations between chem-
icals in sediment than in tissue, with 44 of 153 possible pairwise
correlations significant. Seventeen pairwise chemical correla-
tions had significant correlation coefficients of 0.6 or greater,
nine between different PCBs.

DISCUSSION

Field study of the role of pesticides in amphibian population
declines has been challenged by the difficulty of measuring
pesticide residues in declining species. We found that the
nondeclining Pacific chorus frog is a reasonable surrogate for
evaluating chemical residues in declining Cascades frogs, at
least for some chemicals. There were no significant differences
in mean chemical residues between the two species. For endo-
sulfan II, endosulfan sulfate, and dacthal, the correlation in
residue concentrations between the two species were significant
and reasonably high, especially given the high variation within
analytic and site replicates. However, for trans-nonachlor and
chlorpyrifos, the correlations were not significant. This suggests
that the ability of one species to serve as a surrogate for residue
concentrations in another species needs to be tested rather than
assumed and will depend on the specific chemical in question
and the question to be answered. For example, for the chemical
trans-nonachlor, we found chorus frogs were a better surrogate
for mean residue concentrations than they were for assessing
geographic patterns because of the low geographic correlation
of trans-nonachlor concentrations in chorus frogs and Cascades

Table 2. Variation in chemical tissue residue concentrations in Pacific chorus frog tadpolesa

Analytic
replicates

Site
replicates

Across
all sites

All
samples

Ratio site replicates
to across site CV

Ratio analytic replicates
to across site CV

trans-Chlordane 0.29 4.78
Chlorpyrifos 0.39 0.43 0.87 1.01 0.50 0.45
Dacthal 0.26 0.93 1.00 0.28
Endosulfan II 1.03 0.90 1.34 1.15
Endosulfan sulfate 0.13 0.71 1.01 1.08 0.71 0.12
PCB 187 (hepta) 0.20 0.30 2.16 2.01 0.14

a Coefficients of variation (CV) for analytic and site replicates and across sites and across all samples. For analytic and site replicates the values are average CV
values averaged across all sites. Blanks in the table indicate that the CV was not calculated because there were less than 30% detections in the set of samples.

PCB¼ polychlorinated biphenyls.

Table 3. Mean chemical residue concentrations (ng/g dry wt) in Pacific
Chorus frogs and Cascades frog tadpoles collected together from the

same sitesa

Chemical

Mean residue level ng/g dry wt

Chorus frog Cascades frog p valueb

Chlorpyrifos 0.42 0.43 0.829
Dacthal 0.42 0.34 0.264
Endosulfan II 0.22 0.13 0.122
Endosulfan sulfate 0.47 0.62 0.488
trans-Nonachlor 0.05 0.13 0.377
PCB 187 (hepta) 0.04 0.08 0.202

a A total of 19 samples of each species were collected from 12 different sites.
bMann–Whitney nonparametric test for difference of mean values between
Pacific Chorus frogs and Cascades frogs.

Table 4. Spearman nonparametric correlations between chemical residue
concentrations in Pacific Chorus frogs and Cascades frogs collected together

from the same sitesa

Chemical No.b Correlationc p valuec

Chlorpyrifos 16 0.595 0.1195
Dacthal 28 0.851 <0.001
Endosulfan II 38 0.684 0.001
Endosulfan sulfate 36 0.783 <0.001
trans-Nonachlor 28 0.393 0.164

a A total of 19 samples of each of the two species were collected together
from 12 sites. All reported values are based on groups of samples with
greater than 30% detections.

b Number of samples—both detections and half the estimated detection
limit (½EDL) substituted values. Both samples in a paired collection had to
be usable for the sample to be included in the analysis.

c Spearman correlation coefficients.
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frogs. It is unclear why the two species had similar concen-
trations for some chemicals and not others. It could be due to
differences in diet or micro-habitat choice. Additionally,
Cascades frog tadpoles may spend more time in the benthos
than Chorus frog tadpoles (C. Davidson, San Francisco State
University, San Francisco, California, USA, personal observa-
tion) and therefore may be more exposed to contaminants in
sediment.

Most of what we know about pesticide residues in frogs in
the wild in California is based on the analysis of Pacific chorus
frogs [5,6,25,34,35] because they are abundant and widespread.
Additional studies like ours comparing residue concentrations
in Pacific chorus frogs to those in declining amphibian species
would help confirm the utility of Pacific chorus frogs as a
surrogate and therefore improve our ability to extrapolate from
studies on Pacific chorus frogs to other amphibians.

It is difficult to evaluate the biological effects of the con-
taminant concentrations that we measured in frog tissue and
sediment. Laboratory exposure studies are typically based on
exposure to known chemical concentrations in water rather
than resulting tissue concentrations, and no toxicology studies
have been done on Cascades frogs. We can get a very rough
estimate of possible water exposure concentrations for our
frogs by extrapolating from a study by Fellers et al. [4] that
measured endosulfan I and trans-nonachlor concentrations in
tissue of adult and subadult mountain yellow-legged frogs
(Rana muscosa) and in water where the frogs were collected.
For endosulfan I, they measured both tissue and water from
three sites with an average concentration of 0.534 ng/g wet
weight in tissue and 0.000483 mg/L in water. Concentrations in

tissue were, on average, 1,206 times higher than in water,
indicating bioaccumulation was taking place. For trans-
nonachlor, Fellers et al. [4] measured both tissue and water
at a single site and found concentrations of 0.68 ng/g wet
weight in tissue and 0.000031 mg/L in water, so tissue con-
centration was 21,000 times higher than in water. If the ratios
between water and tissue concentrations found in metamorphic
R. muscosa frogs by Fellers et al. [4] were applied to the
Cascades and Pacifica chorus frog tadpoles in the present study,
then our finding of mean endosulfan I and trans-nonachlor
concentrations of 0.01 and 0.036 ng/g wet weight tissue, respec-
tively, suggest that frogs in the present study may have been
exposed to water concentrations in the range of 0.0000083mg/L
endosulfan I and 0.0000016 mg/L trans-nonachlor—well
below 1 part per trillion. This extrapolation, however, does
not account for possible species differences, differences in
exposures through air, food or sediment, and that the relation-
ship between water and tissue concentrations in metamorphic
frogs may be different than in tadpoles.

The U.S. Environmental Protection Agency’s ECOTOX
database [36] has amphibian toxicology studies for endosulfan,
chlorpyrifos, and chlordane, but no information regarding the
four other chemicals we found most frequently in frog tissue:
endosulfan sulfate, dacthal, trans-nonachlor, and PCB 187. For
endosulfan, median lethal concentrations (LC50) for amphib-
ians ranged from 1.65 to 9,000 mg/L, from 66.2 to 5,471 mg/L
for chlorpyrifos, and 50 to 4,000 mg/L for chlordane. Sparling
et al. [37] found LC50 concentrations for Pacific chorus frog
tadpoles of 15.6 mg/L endosulfan, 66.5 mg/L chlorpyrifos,
0.55 mg/L endosulfan, and 365 mg/L chlorpyrifos for foothill
yellow-legged frog tadpoles (Rana boylii). The extrapolated
endosulfan and trans-nonachlor exposure concentrations for our
frogs are more than four orders of magnitude below short-term
water-exposure concentrations known to be acutely lethal to
amphibians. No information was available for Cascades frogs or
Pacifica Chorus frogs on what concentrations of the chemicals
we measured—acting alone or in combination—may cause
sublethal effects, such as the weakening of immune systems.

We found no evidence to support the hypothesis that the
pesticides and other contaminants we analyzed in the present
study have contributed to the sharp decline of the Cascades
frogs in the Lassen region. The pattern of chemical residue
concentrations in frog tissue and sediment indicated that chem-
ical residue concentrations are similar at sites where Cascades
frogs have declined and at sites where Cascades frogs are still
present. Only for dacthal were mean residue concentrations
significantly different between decline sites and still present
sites. Dacthal residues were significantly higher at sites where
Cascades frogs were still present, opposite the pattern that
would support pesticides as a contributing factor to declines.

None of the chemicals showed the general pattern of greater
concentrations in the Lassen region than the Klamath area, as
predicted based on predominant wind patterns and location of
pesticide applications [16]. With the exception of dacthal,
chemical concentrations appeared to be randomly scattered
across the entire Cascades area, with no clear geographic
patterns (see Supplemental Data, Fig. S1 for a map of tissue
residue patterns). Local site conditions such as water depth,
water temperature, and sunlight exposure may be driving
factors affecting residue concentrations found in sediment
and tadpoles. The high analytic and within site variation relative
to across site variation may have made it difficult to observe
across site geographic patterns of residues. This is especially
true for endosulfan II and endosulfan sulfate, where coefficients

Table 5. Mean chemical residue concentrations in Pacific chorus frog
tadpole tissue and in sediment at sites where Cascades frogs are still present

compared to sites where Cascades frogs are now absenta

Cascades
frogs present

Cascades
frogs absent p value

Tissue ng/g dry weight
Chlorpyrifos 0.53 0.49 0.481
Dacthal 0.45 0.20 0.003
Endosulfan II 0.19 0.14 0.430
Endosulfan sulfate 0.52 0.58 0.325
PCB 187 (hepta) 0.05 0.11 0.810

Sediment ng/g carbon weight
Chlorpyrifos 0.56 0.63 0.191
Dacthal 0.40 0.65 0.117
Endosulfan II 0.23 0.27 0.811
Endosulfan sulfate 2.82 3.63 0.444
Hexachlorobenzene 34.99 1.67 0.200
trans-Chlordane 0.49 0.67 0.679
cis-Nonachlor 0.39 0.41 1.000
trans-Nonachlor 0.56 0.81 0.711
PCB 118 (penta) 1.03 0.58 0.419
PCB 138 (hexa) 1.63 0.67 0.811
PCB 153 (hexa) 1.71 0.64 0.744
PCB 183 (hepta) 0.49 0.18 0.879
PCB 187 (hepta) 1.06 0.41 1.000
Benzo[b]fluoranthene-L 370.82 39.37 0.845
Benzo[e]pyrene-L 139.06 24.23 0.647
Fluorene 1,376.45 31.37 0.817
Phenanthrene 18,789.30 101.55 0.200
Pyrene-LA 1,302.50 15.75 0.777

a p value is for a Mann–Whitney nonparametric test for a difference of mean
values between residue concentrations at sites where Cascades Frogs are
still present versus sites where Cascades frogs are now absent. Tissue
samples are from chorus frog tadpoles. All calculations include half the
estimated detection limit (½EDL) substituted values where these constitute
less than 30% of total samples.
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of variation for within site replicates were 115 and 71% of
across site CVs, respectively.

Our laboratory methods were designed to look for 73 differ-
ent chemicals. The present study—along with a similar study in
the Sierra Nevada [6]—are the broadest examination of con-
taminant residues in amphibians to date. No other study that we
know of has looked at more than a handful of different
chemicals. Of the 73 chemicals that we looked for, we detected
34 (16 in tissue, 33 in sediment). We were able to examine the
geographic pattern of 18 chemicals (5 in tissue and 18 in
sediment) in relation to the pattern of declines of Cascades
frogs. In 2005, a total of 371 different pesticides were reported
used in the Sacramento Valley, California, USA [38]. The
current-use pesticides that we could potentially measure with
our methods accounted for less than 10% of the total weight of
pesticide applications in the valley in 2005 [38]. Thus, the
patterns of residue contamination for these remaining pesti-
cides, as well for many nonpesticide contaminants, remain
relatively unknown. Because of their persistence in the environ-
ment, we were much more likely to detect compounds such as
organochlorine pesticides and PCBs than current-use organo-
phosphate and carbamate pesticides with relatively short half-
lives in the environment. We detected few current-use pesti-
cides even though we know they are used in great quantities in
the nearby Sacramento Valley [38] and some undergo long-
range transport. For example, our methods were setup to detect
diazinon, which is heavily used in the Sacramento Valley, yet
we failed to detect it in our samples. The lack of correlation in
geographic patterns between chemicals suggests that although
applications are highly geographically correlated, each chem-
ical may have its own transport, deposition, and breakdown
patterns. Therefore, the lack of association with declines of
Cascades frogs for any of the 18 chemicals we were able to
analyze should not be taken as representative of contaminants in
general.

Because of the great expense and difficulty of field residue
studies, and the ability to detect only a limited number of
the many chemicals that frogs encounter, further field residue
studies may not be the most productive way to study whether
pesticides are contributing to amphibian population declines. It
may be more expeditious to first identify contaminants that
plausibly could be contributing to declines based on use and
transport properties and then pursue laboratory or mesocosm
studies on mechanisms whereby they may be involved in
declines. Then only once a promising mechanism is established,
one could search for evidence of it in the field. For example, if
laboratory studies show a pesticide suppresses some specific
aspect of the amphibian immune system resulting in increased
mortality due to disease, then field studies could look for
evidence of suppression of that aspect of the immune system
in wild frogs in relation to pesticide concentrations.

The hypothesis that pesticides are responsible for amphibian
population declines presents a challenge for researchers because
of the large number of different pesticides in use, the difficulty
in determining animal exposures in the wild, and the many
possible biological effects of pesticides. The pesticide hypoth-
esis for amphibian declines is like a stool with a hundred legs.
Studies such as this one can knock a few legs out from the stool,
but cannot prove that pesticides are not playing a role in
declines. The challenge for researchers is how to balance the
risk of falsely rejecting the entire pesticides hypothesis based on
limited evidence, and the risk of using limited research and
conservation resources on a hypothesis that ultimately may not
be true but cannot be disproved.

SUPPLEMENTAL DATA

Tables S1–S4.
Fig. S1. (442 KB PDF).
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