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ABSTRACT

Hyperpredation occurs when non-native prey facilitate invasive predators, which then sup-
press native prey. Direct impacts of introduced fish on amphibians are well studied, but the
role of fish in supporting shared predators has not been considered. We present evidence
for indirect effects of trout on amphibians through snake predation. Analyses of the diet,
distribution and density of the Pacific coast aquatic garter snake (Thamnophis atratus) rela-
tive to the sympatric common garter snake (Thamnophis sirtalis) in the Klamath Mountains
of California suggest that trout introductions facilitated expansion of T. atratus by providing
alternative prey. T. atratus diet included trout and amphibians whereas T. sirtalis preyed
solely upon amphibians. The distribution and density of T. atratus matched that of intro-
duced trout instead of native amphibians. Populations of T. atratus could reach high densi-
ties in the absence of high densities of amphibians. When the snakes opportunistically
prey upon amphibians whose numbers are already directly impacted by trout, they can
cause significant additional declines. When T. atratus was present in lake basins, native
Cascades frogs (Rana cascadae) were rarer than in basins without T. atratus. This case differs
from other hyperpredation studies because the two prey species also interact via intraguild
predation. Given the worldwide practice of stocking fish into aquatic habitats, it is impor-
tant to understand the consequences of the practice on food-web structure and ecosystem
functioning. Bottom-up impacts of introduced predators should be considered as well as
top-down so that managers can incorporate the range of ecosystem-level effects into con-
servation goals and decisions.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

1997; Sinclair et al., 1998). When the renewal rate of alternate
prey is high then predators are assured a food supply they

A predator’s impact on prey abundance can range from incon-
sequential (e.g., Cardona, 2006) to severe (e.g., Halpern et al,,
2006). Strong top-down effects often occur when alternate
prey sources support increased densities of generalist preda-
tors, which then depress local prey populations (Polis et al.,

cannot overexploit. As a consequence, predator success be-
comes decoupled from local consumer-resource dynamics
(Schoener and Spiller, 1996; Polis et al., 1997). This form of
apparent competition (Holt, 1977) or indirect amensalism
(Chaneton and Bonsall, 2000) is known for several systems.
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For example, deep-sea fishes periodically migrate into shal-
low waters where they provide an alternate prey for sea ot-
ters, which then depress local sea urchin populations (Watt
et al., 2000). Apparent competition can also be induced by hu-
mans in the form of introduced species. For example, the
introduction of feral pigs to the California Channel Islands
has sustained an unnaturally large population of predatory
golden eagles. Golden eagles also prey upon the endemic is-
land fox, reducing its numbers to near extinction (Roemer
et al., 2002).

The ecological importance of facilitation of predators by
non-indigenous prey and the resulting indirect effects have
only recently been highlighted (Noonburg and Byers, 2005;
Rodriguez, 2006). “Hyperpredation” refers to the indirect
interactions between non-indigenous and native prey via a
shared predator (Smith and Quin, 1996; Courchamp et al,,
1999) and occurs when a non-indigenous prey species indi-
rectly facilitates the decline of a native prey species by en-
abling a shared predator to increase in abundance (Smith
and Quin, 1996). The shared predator often moves into the
habitat of the indigenous prey by following the expansion of
the non-indigenous prey (Courchamp et al., 2000).

Most studies on introduced predatory species focus on
their direct effects on native biota. For example, the direct
negative effects of introduced fish on native amphibian distri-
bution and abundance in mountain lakes have been studied
extensively (e.g., Vredenburg, 2004; Welsh et al., 2006; Knapp
et al., 2007). Additional studies have found top-down cascad-
ing indirect effects due to fish introductions (Scavia et al.,
1986; Knapp et al., 2001; Schindler et al., 2001). All of these
studies consider trout only as predators.

We take an alternate approach and focus on introduced
trout as a supplemental prey source that facilitates the in-
crease and spread of the Pacific coast aquatic garter snake
(Thamnophis atratus), a species that preys on both fishes and
amphibians (Lind and Welsh, 1994). The introduction of a
common, supplemented (via stocking) prey source in moun-
tain lakes of northern California may have allowed T. atratus
to expand its range upslope from its more typical lower eleva-
tion stream habitats (Rossman et al., 1996; Fitch, 1984) into
these historically fishless lentic habitats. In this region, steep
canyon gradients created during Pleistocene glaciations pre-
vented colonization by fishes into lakes higher than 1500 m
in elevation (Welsh et al., 2006). Beginning in the 1800 s, vari-
ous salmonids (primarily Oncorhynchus, Salmo, and Salvelinus
spp., hereafter “trout”) were introduced to lakes for recreation
and stocking continues today. We hypothesize that there are
indirect consequences of introduced trout in the high eleva-
tions of the Klamath Mountains of northern California by
means of increased predation on the Cascades frog (Rana
cascadae) by T. atratus. R. cascadae is a native lentic breeding
amphibian in high elevations of the Klamath Mountains
and is a known prey item of introduced trout (Simons, 1998)
and garter snakes (Garwood and Welsh, 2005).

This study expands on previous studies of hyperpredation
(Smith and Quin, 1996; Courchamp et al., 2000; Roemer et al.,
2002; Kristan and Boarman, 2003) by including two prey spe-
cies that also interact via intraguild predation (when species
pairs have both competitive and predator/prey interactions;
Polis et al.,, 1989). R. cascadae may be especially sensitive to

hyperpredation by T. atratus because it already has depressed
population numbers due to trout (Welsh et al., 2006). In addi-
tion, the frog requires at least semi-permanent water
throughout its life, making all life stages vulnerable to aquatic
garter snake predation.

We evaluate the hyperpredation hypothesis by comparing
the diet, distribution, and density of the facilitated predator
(T. atratus) with another native garter snake species, the com-
mon garter snake (Thamnophis sirtalis). Although T. sirtalis oc-
curs in a wide range of habitats and has a broad prey base
range-wide, it has been found to be a local amphibian special-
ist in high elevation lentic habitats (Kephart, 1982). Based on
existing literature, we predicted that the diet of T. sirtalis in
the Klamath Mountains would consist primarily of amphibi-
ans (Kephart, 1982; Rossman et al., 1996), while the diet of T.
atratus would consist of both introduced trout and amphibi-
ans (Lind and Welsh, 1994). By eating trout as well as native
prey, T. atratus populations would be able to succeed regard-
less of native prey densities. In contrast to T. sirtalis, the distri-
bution and densities of T. atratus, therefore, should not be
strongly related to densities of native prey. Where R. cascadae
co-occur with trout, the additional predation pressure by T.
atratus could be detrimental to R. cascadae populations. We as-
sess the potential impacts to R. cascadae by comparing the rel-
ative density of frogs in trout-containing basins with and
without additional predation by T. atratus.

2. Materials and methods

We make use of three datasets collected from the Klamath
Mountains between 1999 and 2006: the first is a large-scale
snapshot census of lentic habitats throughout three wilder-
ness areas (landscape survey), the second involves repeated
sampling of 16 Trinity Alps Wilderness headwater basins over
four years (basin study), and the third is a detailed case study
in one sub-watershed consisting of a lake, several permanent
ponds, and a complex wet meadow system systematically
sampled for four years (case study, Fig. 1). The combination
of datasets allows us to compare patterns across spatial
scales and with different levels of detail.

2.1. Landscape survey

The main goal of the landscape survey was to document dis-
tributions and relative abundances of introduced trout,
amphibians and garter snakes throughout the lentic water
bodies (lakes, ponds, and wet meadows) of the Trinity Alps,
Marble Mountains, and Russian wilderness areas (Welsh
et al,, 2006). All three of these wilderness areas are within
the range and habitat of R. cascadae. Until recently, approxi-
mately 90% of lakes greater than 1ha in these wildernesses
were stocked with trout on an annual or biennial basis. Since
2002, the California Department of Fish and Game (CDFG) sus-
pended stocking in approximately half of the lakes to assess
the impacts and sustainability of introduced trout.

During the summers of 1999-2002, we surveyed 728 water
bodies between 1525 and 2290 m in elevation, mostly within
sub-alpine habitats. Because of the high number of water
bodies and their remoteness, each site was sampled only
once. The presence or absence and estimated density of trout
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Fig. 1 - Map of the study area. Lentic habitats in the three wilderness areas were surveyed in the landscape survey. Study

basins sampled in the basin and case studies are identified.

were determined by a timed gill-net set at each water body
deep enough to support trout (Welsh et al., 2006). Captured
trout were identified and counted. In the Sierra Nevada, re-
peated gill-net sets indicated that single net sets were close
to 100% accurate in determining fish presence or absence
(Knapp and Matthews, 2000).

To determine presence and relative numbers of amphibi-
ans and garter snakes, we used a visual encounter survey
(VES; Crump and Scott, 1994). We searched the shoreline
and littoral habitats, looking under banks and logs and in
the substrates. Amphibians and snakes were identified to
species and counted by life stage. Five species of amphibians
were encountered regularly including R. cascadae, Pseudacris
regilla (Pacific treefrog), Bufo boreas (western toad), Ambystoma
macrodactylum (long-toed salamander) and Taricha granulosa
(rough-skinned newt). T. atratus and T. sirtalis were the only
snakes consistently found.

2.2.  Basin study

In 2003-2006, we sampled garter snake diet and density in 16
Trinity Alps lake basins (1920-2210 m in elevation) as part of a
study assessing the impacts of introduced trout on native fau-
na (Fig. 1). Lakes sampled included four that were naturally
fishless, four where trout were removed in September 2003
through June 2004, four where trout stocking was suspended
in 2002, and four that were stocked annually. Garter snakes
were surveyed five to six times per summer at two-week
intervals in each basin via capture-mark-recapture surveys.
Lake, pond, wet meadow and stream edges up to 50 m up-
stream and downstream of lakes were systematically
searched for garter snakes. Captured adult snakes (>340 mm
SVL) were individually marked using passive integrated tran-
sponders (PIT tags). In 2005 and 2006, all garter snakes caught
were palpated to force regurgitation of food in their digestive
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tracts as described by Fitch (1987). We recorded the species
and life stage of stomach contents.

2.3.  Case study

The case study was incorporated to provide local-scale detail
on the distribution of the garter snakes in relation to R. casca-
dae and trout, as well as to add to the garter snake diet infor-
mation. From 2003 to 2006, we conducted mark-recapture
surveys on garter snakes and post-metamorphic R. cascadae
in the headwaters of Deep Creek, a 342 ha glacial cirque
(1960-2279 m in elevation) in the Trinity Alps Wilderness
(Fig. 1). Habitats within the basin include one lake, two large
semi-permanent ponds and a mosaic of 12 meadow patches,
which collectively contain hundreds of small ponds and
stream segments. All captured garter snakes were palpated
and stomach contents were identified. Approximately 10 ba-
sin-wide surveys were conducted per year and spanned the
entire active period of these animals (May-October). Adult
snakes were marked with PIT tags and snakes <340 mm were
marked by ventral scale-clipping similar to Brown and Parker
(1976). Aquatic habitats and locations of all snakes and R.
cascadae were recorded using a global positioning system
(GPS, Trimble GeoExplorer III®, Sunnyvale, California). Fish
distribution and density were determined by a bounded snor-
kel count within all permanent streams (Hankin and Reeves,
1988). Three counts were conducted in each habitat unit (rif-
fle, run, pool) by three different divers with 15 min of inactiv-
ity between each count.

3. Analysis

3.1. Diet

For the diet analysis of T. atratus and T. sirtalis, we combined
data from the basin and case studies after ensuring that no
significant differences existed between the studies in types
of food (trout versus amphibians) found in either species’
stomachs. We found only amphibians in all T. sirtalis stom-
achs so did not run statistical comparisons between studies
and found no difference for T. atratus (Yates’ chi-square test,
df=1, P=0.5).

We constructed cumulative prey curves (Hurtubia, 1973)
for T. atratus and T. sirlatis to ensure that our sample sizes
were sufficient to describe the diet of each species in the Trin-
ity Alps. We used only one stomach sample per individual per
year. Prey types were categorized by species and life stage (lar-
vae, juvenile, adult). We plotted the cumulative number of
prey types against the number of randomly selected stomach
samples. Starting with 50% of the samples, we calculated lin-
ear and exponential regression equations and compared the
goodness of fit coefficients (R?) for the line and exponential
curve. If the R? for the exponential curve was higher than
the R? for the linear relation then the sample size was consid-
ered sufficient (Castriota et al., 2005). If the fit of the linear
relation was higher then we included 75% of the samples
and reran the comparisons.

We tested whether the proportion of snakes with prey in
their stomachs differed between species and if the proportion
of amphibian or fish prey differed by species using Yates’

chi-square tests. We also tested whether the garter snakes
differentially hunted fully aquatic (trout or amphibian larvae)
or semi-terrestrial (amphibian juveniles and adults) prey.
P-values were adjusted using the Bonferroni correction for
multiple tests. Differential digestion among prey types was
unlikely to have created a bias in observed prey ratios because
most of the stomach contents (94%) were barely digested and
easily identifiable to species. The good condition of stomach
contents indicated that we captured garter snakes when they
were actively feeding. Tracking data from eight radio-trans-
mittered frogs that were eaten by garter snakes showed that
once their stomachs were full, the snakes moved to protected
upland resting areas to digest their food (Garwood, unpub-
lished data).

3.2. Distribution

Using VES presence/undetected data from the landscape sur-
vey, we compared the distribution of T. atratus and T. sirtalis to
the distribution of prey (introduced trout and native amphib-
ians), distribution of the other snake species, site habitat vari-
ables, and site location variables. Our goal was to determine if
garter snake distributions were related to the distribution of
either or both of the prey types while controlling for garter
snake species interactions and differences in habitats and
spatial autocorrelation (Hobert et al., 1997). We used general-
ized additive models for the analyses (Hastie and Tibshirani,
1991; see also Knapp, 2005). Prior to analyses, we tested for
multicollinearity among predictor variables by calculating
the condition number (sqrt(max. eigenvalue/min. eigen-
value)) of the variance-covariance matrix of all covariates.
The condition number equaled 4.29, much less than the cut-
off of 30 for severe collinearity (Belsley et al., 1980).

We modeled the probability (p) of finding each snake spe-
cies at location i as

e Ot

= Tiew

where the linear predictor 0 is the following function of the
covariates:

0 = Fish + Snake + Amphibians + Wilderness + lo(Perimeter)
+ lo(Elevation) + lo(Location).

Fish, Snake, and Amphibians are categorical variables
indicating presence/non-detection of fish, the other species
of garter snake and amphibians during VES. Wilderness is a
categorical variable representing the wilderness area that
the water body occurs in or near (Welsh et al., 2006). lo() is
a nonparametric loess smoothing function that characterizes
the relationship of the continuous variables on p;. The vari-
able lo(Perimeter) is an estimate of the length of the shoreline
of the water body and lo(Location) is a smooth surface of UTM
northing and easting.

To evaluate predictor variables we calculated the change in
deviance resulting from dropping each variable while retain-
ing all others (“residual” deviance). We used analysis of devi-
ance and likelihood ratio tests to test the significance of each
of the predictor variables. To provide a standardized estimate
of the influence of each variable in the models, we calculated
the percent increase in deviance due to omission of each
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variable. Given the relatively large sample size (n=728) used
in the regression models, predictor variables could show sta-
tistical significance even with weak associations with snake
presence. Therefore, predictor variables were considered to
have significant effects only when P < 0.01. Regression analy-
ses were calculated using S-Plus (S-Plus, 2001).

At the local-scale, we mapped the specific locations of all
T. atratus and T. sirtalis found in the case study. We calculated
100% fixed kernel utilization distribution (UD) estimates
(bandwidth: 100) for each species using Hawth’s Analysis
extension (Beyer, 2004) in a geographic information system
(GIS, ArcGIS 9.0%). A kernel UD estimator produces a nonpara-
metric distribution representing the likelihood of finding an
animal and the intensity of use by that animal at any partic-
ular location (Worton, 1989; Marzluff et al., 2004). Although
kernel estimates are most commonly used to approximate
an individual animal’s home range (Worton, 1989; Millspaugh
et al., 2006), we applied them here to all located individuals of
a species to visually relate the species’ UD to prey distribu-
tion. We included only the initial observation of an individual
per year to remove spatial dependence related to multiple
locations of the same individual (T. atratus: n =69, T. sirtalis:
n=87). To quantify the spatial association of garter snakes
and prey, we mapped R. cascadae and trout locations in the ba-
sin. For R. cascadae we used the same UD analysis as used for
the snakes. Utilization distributions were not calculated for
trout because trout distributions could be more accurately
displayed using a bar graph given that they were found only
in a short stream segment with distinct physical barriers.
We used 2 x 2 contingency tables to compare the overlap of
the 95% distribution kernels of the garter snake species with
the distributions of the prey. For this analysis we used 95%
kernels instead of 100% to better restrict the distribution fit
closer to the actual core use areas (Millspaugh et al., 2006).
The Bonferroni correction was applied for multiple
comparisons.

We could not use the basin study for statistical compari-
sons of the garter snake species in lakes with and without fish
because we only found T. atratus in three of the 16 lakes. One
of the lakes was a fish removal lake where we found T. atratus
in 2003 prior to fish removals and not again in the following
three years after fish removal.

3.3. Density

To estimate T. atratus and T. sirtalis densities, we used 2005-
2006 mark-recapture data from two basins in the basin study.
We estimated capture probabilities and population sizes
using Jolly-Seber capture-recapture models in the program
JOLLY (“robust design”; Pollock et al., 1990). This design in-
cludes several secondary sampling occasions within each pri-
mary sampling period (year) and allows for time-specific
changes in parameters such as population size and survival.
We encountered T. atratus at two additional basins and T. sir-
talis at 13 additional basins but did not capture enough snakes
to compute population estimates.

We then used VES data from the landscape study in Pois-
son regressions to test if T. atratus and T. sirtalis relative abun-
dances at sites were related to prey type. We compared the
relative number of snakes found at a site with the relative

abundance of amphibians and density of trout, while control-
ling for presence of the other snake species, water body
perimeter, elevation, wilderness area, and location. Trout
densities were estimated as catch per unit effort (CPUE: num-
ber of fish captured per hour of net set). A linear regression
comparing CPUE to actual density of fish in four lakes in the
basin study where fish were completely removed showed
that CPUE and density are highly correlated (r*=0.95, P-
value < 0.01).

Finally, we tested the hypothesis that T. atratus negatively
impacts populations of R. cascadae. We created a sub-basin
variable from the landscape data using GIS to link all unique
sites within the same watershed that were within 500 m of
each other. We chose 500 m because Welsh and Lind (unpub-
lished data) found that about 90% of marked T. atratus moved
less than 500 m during a 15 year movement study. Using only
sub-basins with trout present in at least one water body
(N =245), we calculated the total number of R. cascadae ob-
served in the sub-basin. We compared the relative abundance
of R. cascadae in sub-basins with and without T. atratus using
both a univariate Wilcoxon signed-rank test and Poisson
regression to control for the number of water bodies in the
sub-basin given that a diversity of water bodies in a sub-basin
may positively influence the number of R. cascadae in the sub-
basin (Welsh et al., 2006).

4, Results

4.1. Diet

Diet composition differed between the snake species: T. atra-
tus preyed on both fish and amphibians whereas T. sirtalis
preyed solely on amphibians (X2 = 55.9, P < 0.0001, Fig. 2). In
54 T. atratus stomachs with food, we found three species of
amphibians and two species of trout, while in 90 T. sirtalis
we found five species of amphibians (Fig. 2). R. cascadae were
in 33% of the T. atratus stomachs with food and in 66% of the T.

N Salvelinus fontinalis
100 4 & Oncorhynchus mykiss

§ O Ambystoma macrodactylum
= 0O Taricha granulosaa
£ 804 m Bufo boreas
i B Hyla regilla
< B Rana cascadae
8 60+
IS
o
L 40
[e]
5
O 204
e
D 0
0
Fishes Amphibians Fishes = Amphibian

Thamnophis atratus Thamnophis sirtalis

Fig. 2 - Percent of T. atratus and T. sirtalis with fishes or
amphibians in their stomachs. Prey types are distinguished
by species. The two fish species are represented by striped
bars. For both species, the combined percent of prey is
greater than 100 because some snakes had more than one
species in their stomachs.
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sirtalis. There was an interspecific difference in proportion of
aquatic versus semi-terrestrial prey (X? = 19.9, P = 0.05) with
92% of T. atratus containing fully aquatic prey (amphibian lar-
vae or fish), compared to 58% of T. sirtalis. Of amphibian prey,
the larval life stage was the most commonly eaten for both T.
atratus (73%) and T. sirtalis (57%). The proportion of snakes
with prey in their stomachs did not differ between species
(T. atratus = 36%, T. sirtalis = 31%, X? = 0.8, P =0.37). Sample
sizes were sufficient to describe diets of both garter snake
species in the Trinity Alps Wilderness. Cumulative prey
curves were a better fit with an exponential curve (R* = 0.93)

than a linear relation (R?=0.71) using just 75% of T. atratus
stomach samples (df=39) and 50% of T sirtalis samples
(df = 46, exponential R? = 0.97, linear R? = 0.71).

4.2. Distribution

In the landscape survey, T. atratus were found more often at
sites where trout were present (X? = 77.1, P < 0.0001) but were
not associated with amphibian presence (X7 = 0.7, P=0.8). In
contrast, T. sirtalis were found more often where amphibians
were present (X? = 37.9, P <0.0001) but were not associated

Table 1 - Change in deviance and statistical significance of predictor variables used in the binomial generalized additive

models developed for T. atratus and T. sirtalis distributions

Parameter Thamnophis atratus Thamnophis sirtalis
Deviance increase?® P-value Deviance increase?® P-value

Salmonid presence 33 (31.4) <0.001 0.1 (0.1) 0.76
Amphibian presence 0.2 (0.2) 0.63 60 (54.1) <0.001
Perimeter 3 (2.9) 0.3 11 (9.9) 0.01
Elevation 5 (4.8) 0.34 10 (9.0) 0.05
Wilderness area 0.5 (0.5) 0.79 5 (4.5) 0.09
UTMs 10 (9.5) 0.18 17 (15.3) 0.02

a Deviance increase: increase in deviance resulting from dropping the selected variable from the model. The percentage increase in deviance is
given in parentheses, and was calculated as (deviance increase/(null deviance-model deviance)) x 100 (Knapp, 2005). Null deviance was 348
(df =727) for T. atratus and 713 (df = 727) for T. sirtalis. Model (residual) deviance was 243 (df = 709) for T. atratus and 602 (df = 709) for T. sirtalis.

R. cascadae

T. sirtalis

T. atratus

Brook Trout
(bar graph)

Basemap

.%

17.07

67.49

Relative 100% fixed kernel density

125

# of fish per
stream unit

Fig. 3 - Fixed-kernel utilization distributions (bandwidth = 100) for R. cascadae (n = 5656), T. sirtalis (n = 87), and T. atratus

(n = 69) locations within Deep Creek Basin, Trinity Alps Wilderness. The height of the density function depicts the relative
probability of an individual occurring at each location within the study area. Relative kernel heights are estimated
independently for each species and are not comparable across species. The bottom panel shows aquatic habitats within Deep
Creek Basin and includes a spatially related bar graph representing estimated densities of trout (n = 348) in the basin.
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Table 2 - Change in deviance and statistical significance of predictor variables used in the Poisson generalized additive

models developed for correlating relative abundances of T. atratus and T. sirtalis with predictor variables

Parameter Thamnophis atratus Thamnophis sirtalis

Deviance increase?® P-value Deviance increase?® P-value
CPUE 146.5 (21.0) <0.001 1.3 (1.7) 0.53
T. atratus presence 6.6 (9.0) 0.01
T. sirtalis presence 33.8 (4.8) 0.01
Amphibians 65.6 (9.4) 0.003 39.8 (54.5) <0.001
Perimeter 94.5 (13.6) 0.001 10.3 (14.1) 0.007
Elevation 11.9 (1.7) 0.22 8.7 (11.9) 0.009
Wilderness area 69.5 (10.0) 0.007 14.1 (19.3) 0.007
UTMs 485 (6.9) 0.01 3.2 (4.4) 0.12

a Deviance increase: increase in deviance resulting from dropping the selected variable from the model. The percentage increase in deviance is
given in parentheses, and was calculated as (deviance increase/(null deviance-model deviance)) x 100 (Knapp, 2005). Null deviance was 987
(df = 727) for T. atratus and 209 (df = 727) for T. sirtalis. Model (residual) deviance was 290 (df = 697) for T. atratus and 136 (df = 697) for T. sirtalis.

with trout (X2 = 0.0, P = 1.0). 162 T. atratus were detected at 51
of 728 water bodies (7%) and 286 T. sirtalis were detected at 140
water bodies (19%). In binomial generalized additive model-
ing, T. atratus showed a strong positive relationship with the
occurrence of introduced trout, but no relationship with na-
tive amphibians after controlling for habitat and spatial influ-
ences (Table 1). T. atratus was also negatively associated with
presence of T. sirtalis. None of the habitat covariates influ-
enced the occurrence of T. atratus (Table 1). Conversely, mod-
eling results for T sirtalis showed a strong positive
relationship with the occurrence of amphibians but no rela-
tionship with introduced trout (Table 1). Presence of T. atratus,
size of the water body, and site location also predicted T. sirtal-
is occurrence (Table 1).

The case study showed compelling correlations between
each snake species and its main prey in the distribution maps
for the garter snakes, trout, and R. cascadae (Fig. 3). Sixty three
percent of the distribution kernel for T. atratus encompassed
the trout-containing habitat compared to 11% of the distribu-
tion kernel for T. sirtalis (X? = 48.9, P < 0.0001). Moreover, only
23% of the kernel for T. atratus overlapped with the kernel
for R. cascadae compared to 63% of the kernel for T. sirtalis
(X?=24.8, P <0.0001).

4.3.  Density

In the landscape survey, we found greater numbers of T. atra-
tus than T sirtalis when garter snakes were found at a site
(Z=2.3, P=0.02), with 3.4+ 0.51 (mean + SE) T. atratus com-
pared to 2.0+ 0.14 T. sirtalis. Similarly, in the basin study, T.
atratus attained approximately twice the density of T. sirtalis
at the basins where each was sufficiently abundant for
mark-recapture estimates. T. atratus had an average adult
density of ~7 snakes/ha at Ward Lake (3.83 ha) over two sam-
pling years (mean population =29, range: 15 +4.8-44 + 17.6,
capture probability: 0.13 + 0.04). T. sirtalis had an average den-
sity of ~3 adults/ha at Hidden Lake (4.17 ha) (mean popula-
tion=13, range: 8+3.1-28+7.7, capture probability:
0.23 + 0.06).

Relative abundance of T. atratus was strongly correlated
with trout density, after controlling for habitat and spatial
covariates (Table 2, Fig. 4A). A positive relationship was also

found between T. atratus and relative abundance of amphibi-
ans, absence of T. sirtalis, and size of the water body (Table 2,
Fig. 4A). Other significant predictor variables included wilder-
ness area and UTMs (Table 2, Fig. 4A). The relative abundance
of T. sirtalis found at a site was positively correlated with rel-
ative abundance of amphibians but there was no relationship
found with trout density (Table 2, Fig. 4B). Other significant
predictor variables included presence of T. atratus, wilderness
area, water body perimeter, and elevation (Table 2, Fig. 4B).
The location covariate (UTMs) was not presented graphically
because its complexity is difficult to interpret and provides
no visual insight into the relationship between the garter
snakes and their prey.

We found fewer R. cascadae in trout-containing sub-basins
where we also found T. atratus (n=19, mean =54, SE = 16)
compared to trout-containing sub-basins where we did not
find T. atratus (n = 207, mean = 83, SE = 24), and this difference
was marginally significant (Z = 1.6, P = 0.06). Multiple regres-
sion results showed a significant negative relationship be-
tween relative abundance of R. cascadae and presence of T.
atratus after controlling for number of water bodies in the
sub-basin (T-value = —2.6, df = 221, P = 0.001).

5. Discussion

This study provides strong correlative evidence that the intro-
duction of trout has facilitated populations of T. atratus in high
elevation wilderness lake basins of the Klamath Mountains,
based on our analyses of the diet, distribution and density of
T. atratus relative to T. sirtalis. The distribution and density of
T. atratus follows the distribution and density of introduced
trout instead of native amphibian prey, which they also oppor-
tunistically eat. Populations of T. atratus are not reliant on na-
tive prey populations and, thus, can reach high densities in
the absence of high densities of amphibians. When the snakes
opportunistically prey upon native amphibians whose num-
bers may already be directly impacted by trout (Welsh et al.,
2006), they can cause significant additional declines (Noonburg
and Byers, 2005). We found R. cascadae in approximately 33% of
the T. atratus stomachs that contained food. A negative impact
of T. atratus on R. cascadae is suggested by the finding that R.
cascadae was less abundant in sub-basins with versus without
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Fig. 4 - Estimated effect of each of the predictor variables used in the generalized additive model assessing the relative
abundance of (A) T. atratus and (B) T. sirtalis at a water body. Response curves are based on partial residuals and are
standardized to have an average probability of zero (marked by average effect line). Dashed lines on either side of the
response curve represent approximate 95% confidence intervals and hatch marks at the bottom represent data points.
Significance is indicated when estimated 95% bounds fall completely above or below the average effect line. Variables include
(i) catch per unit effort (CPUE) of trout (ii) occurrence of the other garter snake species, (iii) relative number of amphibians
observed, (iv) wilderness area (TA = Trinity Alps, RW = Russian Wilderness, MM = Marble Mountains), (v) water body
perimeter, and (vi) elevation.

T. atratus. We expect that hyperpredation is occurring in this This case differs from other interactions described as
situation where a non-indigenous prey (trout) indirectly nega- hyperpredation in the literature because the two prey spe-
tively affects native prey (R. cascadae) via facilitation of a shared cies also interact directly via intraguild predation. Trout

predator (T. atratus). and amphibians can be thought of as competitors since
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both primarily prey on invertebrates (Finlay and Vreden-
burg, 2007) in and around aquatic habitats, but trout also
are predators on amphibians. When Courchamp et al
(2000) modeled hyperpredation using island birds as the
indigenous prey, rabbits as the introduced prey, and feral
cats as the facilitated predator; they assumed no direct
interaction between the two prey species. Other well-de-
scribed examples of hyperpredation also included two prey
sources with minimal direct interactions (e.g., conilurine ro-
dents and rabbits (Smith and Quin, 1996), feral pigs and is-
land foxes (Roemer et al., 2002), and human food resources
and desert tortoises (Kristan and Boarman, 2003). The addi-
tional direct predator/prey relationship between regularly
stocked trout and amphibians complicates our ability to
definitively demonstrate an indirect relationship between
trout and R. cascadae. Welsh et al. (2006) found that R. casca-
dae were approximately 3.7 times more likely to be found in
water bodies without trout than with trout and that
amphibian abundances were significantly reduced in the
presence of trout. However, our findings implicate the
hyperpredation process in causing more extreme increases
in predation pressures than the direct effects of trout alone
or trout and T. sirtalis, resulting in additional decreases in
native prey populations. By looking at only basins contain-
ing trout within the range of R. cascadae, we found an addi-
tional negative correlation with T atratus presence and
relative abundances of R. cascadae. The greater density of
T. atratus than T sirtalis in the basins where each were
found also suggests that T. atratus could have impacts be-
yond that of the native predator. In addition, T. sirtalis was
relatively common in the basins with trout and without T.
atratus so the comparison was not between two predators
versus one.

Although we did not provide direct evidence that T. atratus
moved into these historically fishless habitats following the
introduction of trout, our findings suggest this may be the
case. Both the distribution and density of T. atratus more
strongly correlated with trout compared to any other predic-
tors assessed. At one lake in the basin study, we found T. atra-
tus in 2003 prior to trout removal but never again in the three
years post trout removal. We found T. atratus at only 7% of the
water bodies surveyed in the landscape survey and the
snakes were not detected in several watersheds altogether,
regardless of trout densities. We likely did not identify all sites
with T. atratus using a single-visit visual encounter technique
(our estimated capture rates were only 13% in the basin
study). However, in four years of repeated surveys in 16 Trin-
ity Alps basins, we only found T. atratus in three basins (18%),
and commonly at only two of them. The spotty distribution of
T. atratus in the high elevations of the Klamath Mountains
may reflect its relatively recent arrival following widespread
trout introductions. If T. atratus are expanding due to intro-
duced trout, we would expect to see invasion of T. atratus pop-
ulations into additional basins where trout have been
introduced. Alternatively, T. atratus may be relatively rare be-
cause they do not survive well in the high elevation, primarily
lentic habitats we surveyed. Our evidence suggests this is not
the case: where they were found, they were in higher densi-
ties compared to T. sirtalis and an equivalent proportion of
both snake species had food in their stomachs. If T. atratus

were struggling to survive in these habitats, we would have
expected the opposite.

T. sirtalis was relatively common and widespread despite
any negative impacts to its amphibian prey due to introduced
trout. In the high elevations of the Sierra Nevada, Jennings
et al. (1992), Matthews et al. (2001) and Knapp (2005) found
that populations of the native western terrestrial garter
snake, Thamnophis elegans, were closely tied to populations
of native frogs, especially R. muscosa (mountain yellow-legged
frog). Where introduced trout negatively impacted R. muscosa
(Knapp and Matthews, 2000), the probability of finding T. ele-
gans was lower than in areas with large amphibian popula-
tions (Matthews et al., 2001). Compared to the high Sierra
Nevada, the diversity of highly aquatic amphibians in the
Klamath Mountains is greater with eight total species and five
that are commonly encountered (Welsh et al., 2006). Two of
the common species are inedible to trout and can be found
in large numbers with trout (Welsh et al., 2006). We found that
T. sirtalis readily eats all of the available amphibian species
including the extremely toxic T. granulosa (Brodie and Brodie,
1999). The higher occurrence and density of amphibian prey
mediated by the higher diversity in the Klamath Mountains
compared to the Sierra Nevada is likely why we did not see
a similar pattern of decline as in the Sierra Nevada with T.
elegans.

While we frequently encountered T. sirtalis in lentic waters
during our surveys, we rarely found the species in water
bodies where we found T. atratus. The lack of overlap may
be due to exclusion by T. atratus. Luiselli (2006) found that
high niche overlap for two species of snakes often resulted
in one of the competitors being extirpated from an area.

6. Conclusions

Given the worldwide practice of stocking fish into aquatic
habitats, it is important to more fully understand the conse-
quences of the practice on food-web structure and ecosys-
tem functioning. Recent research has shown that the
introduction of trout dramatically alters community struc-
ture in high elevation lake basins. Documented food-web
consequences include increased top-down effects, simpli-
fied food-web structure, and changes in habitat coupling (re-
viewed by Eby et al., 2006). Our evidence of an indirect
bottom-up food-web effect of trout introductions via
hyperpredation suggests that there are likely more unfore-
seen consequences to be studied and addressed so that land
managers can incorporate the range of ecosystem-level ef-
fects into conservation goals and decisions. For example,
the impacts of wilderness fish stocking practices in Califor-
nia are currently being assessed by the California Depart-
ment of Fish and Game (CDFG) due to a recent California
Superior Court ruling that found the agency to be remiss
by not considering impacts to sensitive species when mak-
ing stocking decisions. The ruling concluded that CDFG
must consider the impacts of fish stocking on native sensi-
tive species when making future stocking decisions (Califor-
nia Superior Court of Sacramento County, 2007).
Consideration of indirect impacts such as hyperpredation
is necessary for wildlife managers to make accurate assess-
ments about the impacts of their stocking practices.
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