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Across the western United States, introductions of non-native fish into
historically fishless mountain lakes have impacted native biota. Understanding
the impacts of fish introductions is essential for conservation in Olympic National
Park, a Biosphere Reserve. We reconstructed fish plantings using records dating
back to 1930, followed by environmental DNA (eDNA) surveys to estimate the
current distribution of fish and amphibians in 117 remote mountain lakes. We
used Bayesian multiscale occupancy models to determine how lake attributes
and planting history related to fish and amphibian occupancy. The most
frequently detected species were Brook Trout, Rainbow Trout, Cascades Frog,
and Northwestern Salamander. eDNA sampling revealed 52 lakes with
amphibians only, 45 with fish and amphibians, 14 with fish only, and 6
unoccupied. Of the 53 lakes with planting records, 38 had fish eDNA detected.
Fish eDNA was also detected in 21 lakes lacking planting records, which could
reflect incomplete records, unauthorized plantings, and false positive detections.
Of the three species planted, Cutthroat Trout had the highest failure rate and did
not become established in 23 of 28 historically planted lakes. In a subset of 9
lakes sampled for up to 7 years, those with known fish and amphibian presence
showed consistent eDNA detections over time. The number of times a lake was
stocked was the best predictor of occupancy for Brook and Rainbow trout, while
higher occupancy for Brook Trout was also associated with lower elevations,
lower solar radiation, and larger lake area. We did not observe widespread
negative associations between amphibian occupancy and fish presence,
although there was a negative relationship between fish presence and Rough-
skinned Newt and Long-toed Salamander occupancy. Cascades Frog occupancy
showed no relationship to fish presence or lake traits. Our results suggest
mechanisms of fish persistence over time and highlight areas where native
amphibians are impacted by introduced fish. These results can guide
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management options like targeted fish removals that benefit native fauna while
still supporting recreational fishing. More broadly, our work demonstrates the
value of combining historical records with contemporary surveys and the utility
of eDNA for broad-scale surveys of species distribution in remote

wilderness areas.

KEYWORDS

amphibians, Brook Trout, multiscale occupancy model, non-native trout, protected

area, Rainbow Trout

1 Introduction

Global introductions of salmonid fishes have occurred in 65% of
United Nations countries (Crawford and Muir, 2008). In the
western United States, introductions of non-native salmonids into
historically fishless lakes began in the late 1800’s, with initial efforts
by cattle ranchers, miners, and anglers, followed by government
efforts to provide recreational angling opportunities (Pister, 2001).
In a broad survey of fish in 16,000 high mountain lakes in 11
western states, 60% of all lakes and 95% of large and deep (> 2 ha
and 3 m in depth) lakes contained introduced trout, including many
that lie within the boundaries of national parks and congressionally
designated wilderness areas (Bahls, 1992). The three most prevalent
fish species introduced into those lakes were Rainbow Trout
(Oncorhynchus mykiss), Cutthroat Trout (Oncorhynchus clarkii),
and Brook Trout (Salvelinus fontinalis).

Non-native trout are now among the most widespread
introduced species in aquatic habitats and threaten receiving
ecosystems and native fauna (Fuller et al., 1999; Lowe et al., 20005
Kats and Ferrer, 2003; Courtenay and Fuller, 2004; Dunham et al.,
2004). The history, extent, controversy, and ecological consequences
of these introductions have been well documented (Moyle, 1986;
Pister, 2001; Dunham et al., 2004; Crawford and Muir, 2008).
Introducing non-native fish into historically fishless lakes can
dramatically alter ecosystem structure and trophic interactions,
resulting in the alteration of vertebrate and invertebrate community
structure, reduction of native species abundance, extirpation of native
species, and changes in lake productivity (Stoddard, 1987; Liss and
Larson, 1991; Leavitt et al, 1994; Carlisle and Hawkins, 1998;
Schindler et al.,, 2001; Larson and Hoffman, 2002). Fish in
headwater lakes may also disperse into downstream habitats
occupied by native, rare, or threatened fish populations (Adams
et al, 2001). Additionally, non-native fish influence the terrestrial
environment by reducing aquatic prey for birds (Epanchin et al.,
2010), small mammals, and snakes (Eby et al., 2006).

Non-native fishes have specifically been linked to extirpations
and population declines of amphibians worldwide (Knapp and
Matthews, 2000; Adams et al., 2001; Kats and Ferrer, 2003; Pilliod
et al, 2010). At least eight amphibian species have negative
associations (presence and/or abundance) with non-native trout
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in mountain lakes in the western United States (Dunham et al.,
2004), and high predation pressure by fish has led to the loss of
amphibians in many permanent mountain ponds and lakes (Knapp
et al., 2001; Pilliod et al., 2010).

The history of intentional introductions (hereafter fish
planting) in mountain lakes is often unknown or incomplete.
Where records are available, they can provide a valuable context
for the legacy of fish introductions. This legacy includes the
frequency and magnitude of planting events, the temporal
persistence of planted fish, the differential success of different
planted species, and the resultant impacts on amphibian
community structure. Few studies have examined a reconstructed
history of non-native fish planting in conjunction with
contemporary fish and amphibian sampling (Metcalf et al., 2012;
Miro and Ventura, 2013; Love Stowell et al., 2015). Here, we
examined extensive historical records of fish planting alongside
contemporary lake surveys for fish and amphibians in Olympic
National Park (OLYM), located in western Washington,
United States.

Since the establishment of Yellowstone National Park in 1872,
sport fishing has been a popular recreational activity in many U.S.
national parks and is one of the few consumptive uses allowed
(Panek, 1994). Early National Park Service (NPS) fisheries
management efforts, in an effort to gain public support and
increase tourism, prescribed systematic introductions of both
native and non-native fish species to supplement fishing
opportunities (Panek, 1994; Kulp and Moore, 2005; Sellars, 2009;
Brenkman et al., 2014; Love Stowell et al., 2015). Concerns about
non-native species and their disruption of ecosystem processes in
parks were expressed by the scientific community as early as the
1920’s (Houston and Schreiner, 1995), and the NPS highlighted
concerns regarding the effects of introduced trout on native faunas
(Wallis, 1960). In western National Parks, the presence of non-
native fish conflicts with management objectives to preserve and
protect natural ecological processes and native fauna (National Park
Service, 2006). Surveys to assess contemporary distributions of fish
and amphibians alongside historical reconstructions of planting
histories are thus critical to effective management going forward.

Quantifying nonnative fish and native amphibian distribution
on a park-wide scale requires tools suitable for remote, wilderness
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settings across large landscapes. The widespread use of
environmental DNA (eDNA) for inventory, monitoring, and
conservation of species, communities, and ecosystems has rapidly
increased over the past two decades (Rees et al., 2014; Beng and
Corlett, 2020). The use of eDNA offers benefits over traditional
sampling approaches, including lower costs, non-invasive sampling,
higher detection probabilities, and less intensive field logistics (Kelly
et al,, 2024). For remote areas, eDNA is a particularly useful tool
because samples can be collected with modest gear and personnel
when compared to more intensive survey methods involving rafts
and gill-netting (Hering et al., 2018; Duda et al.,, 2021). However,
there are limitations to the efficacy and power of eDNA (Roussel
etal., 2015), including: inference limited to species presence or non-
detection; difficulties in quantifying biomass and abundance of
target organisms; resolution and persistence of the eDNA signal;
contamination and false positives; and variability and difficulty in
quantifying the impacts of environmental conditions on the fate,
transport, and persistence of eDNA signals (Mathieu et al., 2020).
Standardization of approaches to minimize detection errors and
established reporting requirements have led to more widespread use
and adoption of eDNA in several fields (Klymus et al., 2020; Shu
et al., 2020; Kelly et al., 2024).

Our overall objectives were to reconstruct and summarize the
historical fish planting of mountain lakes in OLYM and determine

10.3389/fcosc.2025.1698619

the current distribution and co-occurrence patterns of introduced
fish and amphibian species in these lakes using eDNA sampling.
From our eDNA surveys, we aimed to 1) determine the efficacy of
eDNA to assess the presence and interannual variability of fish and
amphibian species; 2) test the hypothesis that introduced fish
impact amphibian occupancy in naturally fishless mountain lakes;
and 3) determine which factors influence occupancy of fish and
amphibians. Our results can inform management options to meet
NPS preservation and recreation mandates.

2 Methods
2.1 Study area

This study occurred primarily within the boundaries of OLYM,
a largely roadless protected area that is 95% congressionally
designated wilderness, a UNESCO International Biosphere
Reserve and World Heritage Site. Three additional lakes were
sampled in adjacent Olympic National Forest (ONF) lands. The
Olympic Mountains are a 9,300 km?® mountain range and central
feature of Washington’s Olympic Peninsula (Figure 1). The core of
the range is protected in OLYM (3,734 km?) and bounded on the
west, south and east by 2,604 km? of National Forest lands. Rising
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FIGURE 1

Locator map denoting eDNA collections from 117 mountain lakes (blue circles) of the 178 lakes that met study selection criteria across 13
watersheds in Olympic National Park, Washington. One-way hiking times denoted by colored shading.
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rapidly from sea level to an elevation of 2,430 m in only 35 km, the
Olympic Mountains form a major barrier that intercepts moisture-
laden storms from the Pacific Ocean, resulting in extreme
precipitation gradients (90 ¢m to 500 cm annually; Davey
et al., 2006).

The park contains over 800 mountain lakes, ponds, and tarns
which are typically ice free from early July to November. They were
historically fishless due to steep gradients, waterfalls, and lack of
connectivity that prevented fish from moving into lakes after
glaciation. Nearly all of these mountain lakes occur within
glacially carved cirques; lowland lakes are rare in the park.
Although characteristics vary according to elevation, bedrock
geology, aspect, subbasin size and vegetation, all lakes are
generally cold, oligotrophic, and relatively free of anthropogenic
impacts. Despite having over 1,000 km of maintained and primitive
trails in the park, only some of the study lakes were accessible by
trail, while the rest were only accessible via off-trail hiking in
rugged terrain.

We focused on the following ten species that occur in or have
been introduced into high elevation mountain lakes in OLYM:
Rainbow Trout, Brook Trout, Coastal Cutthroat Trout (O. clarkii
clarkii), Yellowstone Cutthroat Trout (O. virginalis bouvieri),
Westslope Cutthroat Trout (O. clarkii lewisi), Cascades Frog (Rana
cascadae), Western Toad (Anaxyrus boreas), Rough-Skinned Newt
(Taricha granulosa), Northwestern Salamander (Ambystoma gracile),
and Long-toed Salamander (Ambystoma macrodactylum).

2.2 Planting history of mountain lakes in
OLYM

Over the last century, non-native fish were systematically and
casually introduced into mountain lakes in the Olympic Mountains
via backpack, stock animals, and aircraft (Figure 2a) (Garlick, 1950).
Records from OLYM archives and Washington State Trail Blazers
(a club dedicated to alpine fishing) included information on fish
release locations, date and year of planting, species and subspecies
stocked, annual number of releases, and hatchery name of origin
(Brenkman et al., 2025). We summarized all existing data to the best
of our ability, but recognize that some records were incomplete or
did not include the number of fish released; thus, estimates herein
were considered the minimum number of years stocked and
numbers released.

2.3 Study design for lake sampling

Our goal was to sample as many potentially fish-bearing
mountain lakes on foot as possible within a three-year study
period given the constraints of accessibility and field-crew safety.
We used a Geographic Information System (GIS) to select lakes
within the montane and subalpine zones (914 m to 1,828 m in
elevation) with surface areas greater than 0.3 ha, resulting in an
initial study target population of 178 lakes. Smaller tarns and
alpine lakes freeze completely over winter precluding fish survival.
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We then used a GIS resistance model incorporating travel times,
non-trail travel, slope steepness, and river crossings to consider site
accessibility and personnel safety. This reduced the sample frame to
98 accessible and 41 possibly accessible target lakes. Of those, we
sampled a total of 117 lakes (114 in OLYM; three in ONF) from
2019 to 2021, including three opportunistically sampled lakes that
were lower than the original 914 m elevation or smaller than the 0.3
ha surface area criteria (Figure 1).

The lakes sampled included nine lakes (hereafter “sentinel
lakes”™; Figure 1) that have been monitored annually over a ~20 yr
period for biological, physical, and chemical attributes as part of the
NPS long-term monitoring program (Glesne et al., 2012), including
annual visual surveys of amphibians and visual/angling/gillnetting
surveys of fish (hereafter referred to as visual detections).
Amphibian surveys consisted of searching the whole perimeter of
each lake in a 2 m band, 1 m from the water’s edge to 1 m into the
lake. eDNA samples were collected annually from the nine sentinel
lakes, three lakes from 2015 to 2021 and the other six lakes from
2016 to 2021 (at the same time of year as this study). From 2015
through 2018, 3 replicate 1-L water samples were collected from the
outlet of each sentinel lake. Beginning in 2019, the 3 1-L samples
were collected around the perimeter of each lake consistent with the
sampling design of the broader eDNA program described below.
The sentinel lake samples were analyzed to evaluate interannual
variation of eDNA results within each lake across seven years (2015
to 2021) of repeated sampling (See section 2.7).

2.4 Physical habitat attributes of mountain
lakes

We used GIS to estimate the physical characteristics of each
mountain lake including elevation (m), lake area (ha), and a
measure of solar radiation (hr yr™'). The Total Duration of Direct
Solar Radiation (hereafter, solar radiation), representing the
duration of direct incoming solar radiation for lake centroids, was
determined in ArcGIS Pro 3.2 using the Spatial Analyst Area Solar
Radiation tool. Default tool values were used except for the sky size
resolution, diffuse model type, diffuse proportion and transmittivity
parameters, which were adjusted to better reflect conditions on the
Olympic Peninsula.

2.5 Field collection of eDNA samples and
visual surveys

We adapted methods from Laramie et al. (2015) to collect and
filter water samples for eDNA, taking care to avoid contamination
between samples and among sites with use of nitrile gloves and
single use water collection and filter apparatus. We used aerial
photographs and visual estimation to divide each lake into thirds,
and three water samples were collected at each lake (one in each
section). Samples were collected equidistant from one another, with
necessary adjustments made to accommodate site-specific access
challenges that included steep cliffs, thick vegetation, or odd-shaped
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FIGURE 2
Summary of non-native trout plantings into 53 previously fishless mountain lakes in Olympic National Park: (a) historical pictures of fish plantings via
aircraft and stock animals; (b) map of fish plantings in lakes, with the size of the point scaled to the number of annual plantings; (c) box plot (bar is
median, box is interquartile range, whiskers are 95% confidence intervals) of annual plants by species. Inset is a histogram of the number of annual
plants per lake; and (d) period of fish planting records, thousands of fish, and number of lakes with plantings of Rainbow Trout, Brook Trout, and
Cutthroat Trout. At least 1,625,292 trout were introduced over the period of record.

lakes. For lakes with outlets, one sample was collected near the
outlet flow.

At each sample location, we collected water from shore using a
1-L Whirl-Pak bag, typically without wading into the lake. Each
sample was filtered through a 250 ml Nalgene filter funnel loaded
with a 5 um cellulose nitrate filter using a hand pump, with filtered
water volume recorded using a graduated cylinder. Filters were
carefully folded using sterile forceps and an applicator stick and
stored in 5 ml vials containing 95% ethanol. Vials were stored in
sealed plastic bags in a -80 °C freezer after returning from the field.
Upon return to the office, a 1-L negative control sample was taken
using deionized water to test for equipment contamination.

After collecting eDNA samples, we conducted angling surveys
at 54 lakes. Surveyors did not touch angling equipment prior to the
collection of eDNA samples to avoid cross-contamination. Fish that
were caught during angling were identified, recorded, and released
near their point of capture. Visual surveys were conducted for the
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presence or non-detection of amphibians (including adult, juvenile,
and egg masses) and fish along the perimeter of each lake.
Additional visual surveys were conducted for fish in any lake
where angling did not occur due to time constraints.

2.6 eDNA laboratory analyses

All laboratory protocols and analyses were designed to avoid
cross-contamination (Goldberg et al., 2016). The eDNA workflow
and sample preparation were separated into designated work rooms
including a clean room where DNA was extracted (i.e., no amplified
PCR products or highly concentrated target DNA sequences
allowed), a second room where PCR reagents were prepared and
loaded, a third room where DNA standards were diluted and
loaded, and a fourth room dedicated to PCR amplification.
Sample preparation was performed in UV hoods using equipment
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dedicated to processing eDNA samples at each workstation.
Workstations were decontaminated with UV and/or 10% bleach
before and after each use.

Each whole filter was cut into eight 2-mm-wide strips with
decontaminated scissors prior to DNA extraction and strips were
incubated together in lysis buffer for 1 hour at 55 °C. DNA was
extracted from filters using Qiagen DNeasy Blood & Tissue extraction
kits with the following modifications: 360 il ATL buffer and 40 ul of
Proteinase K were used for cell lysis and the volume of AL buffer and
95% ethanol was adjusted to 400 pl post-lysis. DNA was eluted into
200 pl of AE buffer and stored at —20 °C until gPCR analysis. Negative
DNA extraction controls (extraction reagents only) were included
during the DNA extraction process to identify any contamination of
equipment and reagents that may have occurred during this
procedure. We found no evidence of contamination in these samples.

All DNA extracted from water samples was first tested for the
presence of PCR inhibitors with an internal positive control (IPC)
assay using TagMan Exogenous Internal Positive Control Reagents
(EXO-IPC) (Applied Biosystems). Each DNA sample was run in
duplicate, and each IPC assay was performed in 12 pl volumes
consisting of 5 ul of Gene Expression Master Mix, 1 pl EXO-IPC mix,
0.2 ul EXO-IPC DNA, 2.8 ul Nanopure sterile H20, and 3 pul DNA
template or sterile water for the non-template control (NTC).
Internal positive control samples were run on a ViiA 7 real-time
PCR system (Applied Biosystems) and cycling conditions for the IPC
consisted of 10 min initial heat activation at 95 °C, followed by 40
cycles of denaturing at 95 °C for 15 s and annealing/extension at 60°C
for 1 min. Results were analyzed using Vii7 RUO 1.2.4 software
(Applied Biosystems). Environmental samples were considered
inhibited when samples displayed a > 2 cycle threshold (Ct) shift
relative to the mean NTC. Samples that were inhibited (25 of 171)
were treated with OneStep PCR Inhibitor Removal Kit (Zymo
Research Corporation) and retested with the IPC assay to confirm
that PCR inhibition was alleviated. If the treatment did not resolve the
inhibition, samples (10 of 25) were diluted (1:10) with AE buffer and
retested with IPC to confirm PCR inhibition was alleviated.

We tested the DNA extracted from water samples using the
qPCR assays for Rainbow Trout, Brook Trout, Westslope Cutthroat
Trout, Yellowstone Cutthroat Trout (Wilcox et al., 2015), Coastal
Cutthroat Trout (Duda et al., 2021), Western Toad (Franklin et al.,
2018), Cascades Frog (Pope et al., 2020), and Northwest
Salamander (Hoy and Ostberg, 2023). We developed assays for
Rough-skinned Newt and Long-toed Salamander (see supplemental
information for description and Supplementary Table S1 for
forward primer, reverse primer, and probe sequence information).
Assays were validated for species specificity by testing fish assays
against fish tissue and amphibian assays against amphibian tissues.
All assays were performed in triplicate on each DNA extract in 12 pl
reaction volumes consisting of 3 ul DNA template and 5 ul Gene
Expression Mastermix (Thermo Fisher Scientific). Primer and
probe concentrations for each assay were based on the methods
reported in the respective publications or as described in the
supplemental information.

PCRs were run on the ViiA 7 Real-Time PCR system (Applied
Biosystems) with cycling parameters consisting of an initial step of 2
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min at 50 °C, then 10 min at 95 °C, followed by 45 cycles of
denaturing at 95 °C for 15 s and annealing/extension at 60 °C for 1
min. Results were analyzed using ViiA 7 RUO 1.2.4 software
(Applied Biosystems). We included a five-point dilution (10,000,
2,000, 400, 80 and 16 copies per reaction) of a gBlock double-
stranded DNA fragment (Integrated DNA Technologies)
representing the amplicons and run in quadruplicate. Negative
controls consisting of field filtered sterile water controls, DNA
extraction controls, and no-template PCR controls were each run
in triplicate. We considered a positive detection as any sample
amplifying at less than 40 Ct with a uniform curve morphology, as
suggested by Klymus et al. (2020).

To summarize fish and amphibian detection at each lake, we
differentiated “trace” detections as those cases where only 1 of
9 PCR replicates were positive from cases where > 2 were positive,
following Duda et al. (2021). But in occupancy modeling, we
retained these as detections to avoid inflating bias in an attempt
to remove false positives (Lahoz-Monfort et al., 2016).

2.7 Occupancy modeling

We conducted two different sets of occupancy models for the
datasets containing multiple years of data versus those sampled only
once. For the nine sentinel lakes sampled multiple years, we
conducted a longitudinal occupancy analysis to estimate species
occupancy (V) and detection probabilities (p) across multiple years
using the unmarked package (Fiske and Chandler, 2011) in R (ver.
4.5.1). Each species was modeled with year as a categorical
covariate, allowing for year-specific estimates of occupancy and
detection probabilities. We also used visual surveys (i.e., angling, gill
netting, and visual identification) as a covariate in occupancy
models to determine the change in detection probability when an
organism was confirmed by visual surveys.

For the survey of 117 lakes, we implemented Bayesian
multiscale occupancy models to determine which physical and
planting history factors might be influencing presence of fish and
amphibians (Stratton et al., 2020). We fit separate, single-season
occupancy models for each species. For each lake, we used one year
of data in the analysis and for the 9 sentinel lakes we used eDNA
data from 2021. For six lakes that were sampled in 2019 and
resampled in 2021, we used eDNA results from 2021 due to
limited sampling (i.e., filter tears or equipment failure) in 2019.
All other lakes were sampled a single time in either 2019, 2020,
or 2021.

For the fish models, we focused on Brook Trout and Rainbow
Trout, as these were the only species detected at a high enough
frequency for an occupancy analysis. For the amphibian models, we
examined Cascades Frog, Northwestern Salamander, Long-toed
Salamander, and Rough-skinned Newt. Western Toad detections
were too infrequent to estimate occupancy.

Predictors of eDNA detection probability for all species
included lake area and whether the sample was taken at the lake
outlet. We hypothesized that the probability of eDNA detection
would be higher in lakes that had smaller areas and in samples taken
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at the lake outlet (if there was one). Predictors of occupancy for both
fish and amphibians included lake area, lake elevation, and solar
radiation. For Brook Trout and Rainbow Trout, we also included
the number of years the lake was stocked with each species
according to the historical planting record. Number of years
stocked was correlated with years since last planting (for Rainbow
Trout, r* = 0.584, p<0.0001; for Brook Trout, r* = 0.675, p<0.0001),
so we only included the total number of years stocked in our model.
We hypothesized that the probability of occupancy would be higher
in lakes that had been stocked for more years. For all amphibian
species, we included a covariate indicating whether any fish species
was detected with eDNA in each lake. We hypothesized that lakes
with fish eDNA would have lower probabilities of occupancy by
amphibians than fish-free lakes. Thus, each species had a model
with two covariates related to detection probability and four
covariates related to occupancy probability. We ran models for
50,000 iterations for each species using the package msocc (Stratton
et al., 2020) in R (ver. 4.5.0).

3 Results
3.1 Legacy of fish stocking

We summarized 355 fish planting records throughout the period
of record (1930 to 2011) from the 117 OLYM mountain lakes where
eDNA sampling occurred (Brenkman et al., 2025). Records indicated
that trout were planted in 53 historically fishless mountain lakes for
recreational fishing purposes (Figure 2a). Most lakes were planted a
single time but ranged from 1 to 18 years (Figures 2b, ). From 1930
to 2011, at least 1,625,292 trout were planted including 958,971
Rainbow Trout (in 40 lakes), 466,813 Brook Trout (33 lakes), and
196,508 Cutthroat Trout of three subspecies (28 lakes). For Cutthroat
subspecies, 107,440 Yellowstone, 24,357 Westslope, 2,397 Coastal,
and 62,314 unspecified cutthroat trout were planted (Figure 2d). First
and last years of plantings were 1930 and 2010 for Rainbow Trout,
1933 and 1960 for Brook Trout, and 1935 and 2011 for Cutthroat
Trout (Figure 2d).

The introduced trout species originated from hatcheries in
California, Iowa, Idaho, Colorado, New Mexico, Missouri, Utah,
Washington, and Wyoming. Eggs were shipped from those states to
the U.S. Fish and Wildlife Service Quilcene and Quinault Fish
hatcheries located immediately adjacent to the park. When reported
in records, the stock origins included Mount Whitney Rainbow Trout,
Kamloops Rainbow Trout, steelhead (the anadromous life history of
Rainbow Trout), Coastal Cutthroat Trout (Tokul Creek), Westslope
Cutthroat Trout, (Twin Lakes, ID), and Yellowstone Cutthroat Trout
(referred to in records as Montana Blackspotted Trout).

3.2 Lake attributes and eDNA detection of
fish and amphibians

To sample the 117 lakes, field crews conducted sampling trips
ranging from 1 to 6 days. Mountain lakes averaged 2.55 ha in area
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(0.1 ha to 17.1 ha) across an elevation range from 774 m to 1,791 m
(Figure 3). Our sampling design resulted in 346 water samples and
10,329 technical PCR replicates being conducted across the five fish
and five amphibian species-specific QPCR assays. The month of
sampling did not significantly affect the eDNA detections of fish or
amphibians (Supplementary Materials Supplementary Figure SI).
No laboratory or field blank controls amplified eDNA or showed
evidence of contamination.

Of the 117 lakes sampled, eDNA sampling revealed 52 lakes
with amphibians only, 45 lakes with fish and amphibians, 14 lakes
with fish only, and 6 with no fish or amphibians detected (Figure 3).
We detected at least 1 introduced fish species in 59 lakes, while the
other 58 lakes had no eDNA detections of fish. For the lakes that
had fish eDNA detections, 44 had 1 fish species, 13 had 2 fish
species, and 2 lakes had 3 fish species. Brook Trout were the most
frequently detected fish species, found in 40 lakes (including 7 lakes
with trace detections ie., 1 of 9 PCR replicates positive) and
Rainbow Trout were the next most common fish species, detected
in 29 (6 trace) lakes (Figure 4). Westslope Cutthroat Trout were
detected in 5 lakes (2 trace), Yellowstone Cutthroat Trout in 2 lakes
(1 trace), and Coastal Cutthroat Trout were not detected in any
samples. Interestingly, the 2 lakes where Yellowstone Cutthroat
were detected also had detections of Westslope Cutthroat Trout.
We detected at least 1 amphibian species in 97 lakes, while the other
20 lakes had no detections of amphibians. Thirty-seven lakes had 1
amphibian species, 32 lakes had two amphibian species, 24 lakes
had three amphibian species, 4 lakes had four amphibian species,
and no lakes had all 5 target amphibian species detected. Cascades
Frog, Northwestern Salamander, Long-toed Salamander, Rough
Skinned Newt, and Western Toad were detected in 62 (17 trace),
54 (2 trace), 35 (4 trace), 33 (6 trace), and 2 lakes,
respectively (Figure 4).

We also compared current eDNA fish detections to records of
documented historical fish plantings (Table 1). Of the 53 lakes with
planting records, 38 had fish detections from eDNA sampling. Brook
Trout had the highest level of contemporary presence based on
eDNA, persisting in 70% of planted lakes, followed by Rainbow Trout
(48%; 19 of 40 lakes) and Cutthroat Trout (all 3 species combined)
persisting in only 7% (2 of 28) of planted lakes. We compared the
average years since planting and the average number of plantings for
eDNA positive (+) and eDNA negative (-) groups of lakes by species.
Excluding Cutthroat Trout, the only significant difference between
lakes with and without fish was a 10-year difference in the average
years since last planting for Brook Trout (72 versus 82 years). We also
detected fish eDNA in 21 of 64 (33%) lakes with no planting records;
with Rainbow Trout, Brook Trout, and Cutthroat Trout being
detected in 6, 15, and 4 lakes, respectively.

Lake aspect and the terrain of the surrounding watershed
determine the amount of solar radiation. Lakes with different
combinations of fish and amphibian presence differed by
elevation and lake area, but not by solar radiation (ANOVA, P =
0.246). Lakes with both fish and amphibians occurred at
significantly lower elevations than lakes with fish only,
amphibians only, or no vertebrate taxa (ANOVA, P < 0.001).
Lakes with only fish detected were significantly larger than lakes
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with only amphibians detected (ANOVA, P = 0.003). Finally, we
found that lakes with only Long-toed Salamanders occurred at
higher elevations relative to lakes with only Northwestern
Salamanders (Figure 5; P = 0.008). Lakes containing both species
occurred mainly at mid elevations between the mean elevations of
single species only lakes.

3.3 Sentinel lakes — interannual and
between method variability

Based on the repeated annual sampling of sentinel lakes, we
were able to assess interannual patterns of eDNA detections and
levels of agreement with concurrent visual surveys. Generally, there
was agreement between the two methods (Figure 6), but with some
important differences noted below.

Overall, fish were never observed in a lake without also being
detected via eDNA (Figure 6). Three of the nine sentinel lakes were
known to contain fish from repeated angling and gillnet surveys.
Gladys and Hoh Lakes contained Brook Trout that were detected
both visually and via eDNA in every year sampled. Lake Sunup
contained Cutthroat Trout that were detected via eDNA in 5 of the
6 years sampled. For the other six sentinel lakes which were
putatively fishless, at least one fish species was detected in the
lakes during at least one year (n = 14 of 114, or 12% of all possible
species-lake-year combinations).

Amphibians in sentinel lakes were consistently detected in lakes
across time (Figure 6). There was agreement (i.e., eDNA+/Visual+
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or eDNA-/Visual-) in 84% of all 220 possible species-lake-year
combinations. For newts and salamanders, almost all the cases of
disagreement were of eDNA detecting presence that was not
confirmed by visual identification. The opposite was true for
Cascades Frog, which were visually observed but not detected
with eDNA in 24% of 55 lake-year cases for this species.

For Brook Trout, Northwestern Salamander, Long-toed
Salamander, and Cascades Frog, we determined if visual detection
of the species was related to detection probability of that species via
eDNA. For the other species, all eDNA detections matched
confirmed visual detections. We found that eDNA detection
probability increased when visual observation was included as a
covariate for Brook Trout (from p = 0.68 to p = 0.96), Long-toed
0.60 to p 0.77), and Northwestern
0.74 to p = 0.99). Visually detecting
Cascades Frog, on the other hand, decreased detection probability
from 0.50 to 0.32.

Salamander (from p

Salamander (from p

3.4 Estimated detection and occupancy
probabilities of fish and amphibians

Estimated mean eDNA detection probability was 0.69 (95%
credible interval [CRI] 0.58 - 0.79) for Rainbow Trout and 0.88
(95% CRI 0.82 - 0.93) for Brook Trout. Brook Trout detection was
somewhat higher in smaller lakes than in larger lakes (b = -0.27;
95% CRI -0.58 - -0.02), but not for Rainbow Trout (Table 2). There
was no effect of sampling location (outlet v. not at outlet) for either
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TABLE 1 Fate of fish plantings based on contemporary eDNA sampling,
with average number of plants and average years since last planting for
lakes that had detections (eDNA+) or failure to detect (eDNA-) three
species of introduced fish.

eDNA  eDNA
Factor
+ -
Rainbow Trout
Lakes with fish planting
19 21
record
A i last t3s) = 0.798,
verége years since las 36 . 38)
planting p=0.43
t3s) = 0.772,
Average number of plantings 6.0 5.1 ;3:8(;‘44
Brook Trout
Lakes with fish planting
23 10
record
A ince 1 =258,
Verz?ge years since last 720 819 t31) 58
planting p=0.02
Average number of plantings 24 1.5 ti1) = 1.46, p=0.15
Cutthroat Trout*
Lakes with fish planting
2 26
record
A ince last
vera'lge years since las 3 75 fos) = 189, p=0.07
planting
ta) = -1.19,
Average number of plantings 1 22 20
p=0.05

*Combination of Yellowstone Cutthroat Trout, Coastal Cutthroat Trout, and Westslope
Cutthroat Trout.
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fish species. Estimated mean eDNA detection probability was 0.56
(95% CRI 0.48 - 0.65) for Cascades Frogs, 0.88 (95% CRI 0.83 —
0.93) for Northwestern Salamanders, 0.84 (95% CRI 0.76 - 0.91) for
Long-toed Salamanders, and 0.66 (95% CRI 0.54 - 0.77) for Rough-
skinned Newts. Lake area and sampling location had no effect on
detection probability for any amphibian species (Table 2).

Mean Rainbow Trout eDNA occupancy was 0.26 (95% CRI 0.19
- 0.35) and mean Brook Trout occupancy was 0.35 (95% CRI 0.26 -
0.43). Rainbow Trout occupancy was best predicted by the number
of years stocked, where occupancy was higher in lakes that had been
stocked for more total years (b =0.71, 95% CRI 0.29 - 1.18; Table 2).
No other physical characteristics of lakes were important to
Rainbow Trout occupancy. Brook Trout occupancy was higher in
lakes with higher number of years stocked (b =1.19, 95% CRI 0.59 —
1.85), larger areas (b = 0.90, 95% CRI 0.07 - 2.30), at lower
elevations (b = -0.53, 95% CRI -0.99 - -0.08), and with lower
solar radiation (b = -0.49, 95% CRI -0.96 - -0.04).

For amphibians, Cascades Frogs had the highest mean eDNA
occupancy (0.59, 95% CRI 0.49 - 0.70), followed by Northwestern
Salamanders (0.46, 95% CRI 0.38 - 0.55), Long-toed Salamanders
(0.31; 95% CRI 0.23 - 0.39), and Rough-skinned Newts (0.30; 95% CRI
0.22 - 0.40). Each amphibian species had a different combination of
variables best predicting occupancy (Table 2). Cascades Frog
occupancy was higher in areas with increased solar radiation, though
the credible interval crossed zero (b = 0.40, 95% CRI -0.04 - 0.90). Frog
occupancy was not associated with area, elevation, or presence of fish
eDNA. Long-toed Salamander occupancy had a strong negative
relationship with fish presence (b = -1.58; 95% CRI -2.48 - -0.72),
higher occupancy at higher elevations (b = 0.90; 95% CRI 0.35 - 1.45),
and a suggestion of higher occupancy with higher solar radiation (b =
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FIGURE 5
Elevational differences in lakes containing only Long-toed
Salamanders, Northwestern Salamanders, or both in Olympic
National Park. Lakes with only Long-toed Salamanders were
significantly higher elevation than lakes with Northwestern
Salamanders (P = 0.008), but not lakes with both taxa. Box plot
shows median, interquartile range, and 95% confidence intervals.

0.46; 95% CRI -0.01 - 0.95), though this variable was not statistically
significant. Similarly, Rough-skinned Newts had a strong negative
relationship with fish presence (b = -1.02; 95% CRI -1.20 - -0.10),
but in contrast showed higher occupancy at lower elevations (b = -1.46;
95% CRI -2.18 - -0.85). Finally, Northwestern Salamanders showed
higher occupancy at lower elevations (b = -1.23; 95% CRI -1.79 -
-0.73), but the relationship with fish presence was not statistically
significant. None of the salamander species’ occupancy probabilities
were associated with lake area.

4 Discussion

We documented the extent and frequency of fish planting in
naturally fishless mountain lakes in Olympic National Park and
used eDNA to estimate contemporary occupancy patterns of fish
and native amphibians in 117 lakes. The legacy of fish plantings, a
practice dating back to at least 1930 that officially ended nearly 45
years ago in OLYM waters, was evident in the 59 sampled lakes that
had fish. Additionally, historical records and contemporary
detections of fish in 21 lakes that lacked planting records
suggested that illicit plantings sporadically occurred. Contrary to
other studies (e.g., Kats and Ferrer, 2003; Knapp and Matthews,
2000; Pilliod and Peterson, 2001), we did not observe widespread
negative associations between amphibian occupancy and fish
presence. In fact, there were 3.2 times more lakes that had both
fish and amphibians detected versus those with only fish, but results
differed by amphibian species. Rough-Skinned Newt and Long-
Toed Salamander occupancy was negatively associated with fish
presence, while Cascades Frogs and Northwestern Salamanders did
not have a negative association. Geographically, fish eDNA was
typically detected in lower elevation lakes near the park boundary
and in areas popular with backpackers. These patterns of non-
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native fish in historically fishless lakes provides a current
benchmark upon which future management actions can be based.
More broadly, our results showcase the strengths and limitations of
historical records for assessing contemporary nonnative fish
occupancy, contribute to our understanding of co-occurrence of
native amphibians and nonnative fish in the U.S. mountain west,
and highlight the value of eDNA as a tool for assessing species
occupancy in remote aquatic environments. Our results can inform
study design and management actions in the U.S. Pacific Northwest
and beyond as land managers balance competing interests for
recreation opportunity and biodiversity conservation.

4.1 Legacy of fish planting and
contemporary patterns

Our work showed the persistence of legacy fish introductions in
OLYM while highlighting challenges to building an accurate
historical record of plantings. Stocking of lakes was mostly
discontinued by the NPS in the late 1960s and early 1970s as the
result of shifting priorities, policies, and conservation mandates
(Pister, 2001; Bahls, 1992), with the latest planting record from
1986. Olympic National Forest policies continued to allow fish
planting as late as 2011). Although we reconstructed the planting
history from all available historical records, questions about the
accuracy of these records remain. For example, the extent to what
was planned (i.e., documented in the records) deviated from what
occurred (i.e., where the fish were actually planted) is unknown.
Additionally, extensive aerial planting of mountain lakes occurred
in U.S. Forest Service lands immediately adjacent to the park
boundary, with evidence that some air plants of fish missed
entering the target lake. Finally, illicit fish introductions into
public waters has been a well-known problem in the western
United States (Johnson et al., 2009; Rahel, 2004) and it is
apparent that an unknown level of planting occurred outside of
official records. We identified several lakes where Brook Trout
eDNA was detected but we have no records of fish plantings. This
occurred in both single sampled lakes and in some sentinel lakes
that were sampled up to 7 years in a row. Thus, known planting
history alone is insufficient to determine the contemporary status of
fish in historically fishless mountain lakes.

Our eDNA surveys revealed that 58% of the historically
planted lakes had fish eDNA detected, suggesting that historical
planting was not a guarantee of long-term success. There are
several reasons why fish may not have persisted in a particular
lake, including: the number of annual plantings; physical or
habitat characteristics of lakes; a mismatch between the species
niche requirements and mountain lake habitat; or because fish
were present but not detected with eDNA. For Rainbow Trout, we
found that the number of years lakes were stocked was the best
predictor of contemporary occupancy. This suggests that planting
frequency (and, thus, the cumulative number of fish planted)
increased the likelihood of persistence for that species. Because
the most recent date of planting was correlated with planting
frequency, this factor could also be related to occupancy.
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Furthermore, no other physical features of lakes were important to
Rainbow Trout occupancy, consistent with their ability to survive
and persist at a variety of elevations and temperature profiles as
evidenced by their history as a major species for introduction
globally (Crawford and Muir, 2008). In contrast, Brook Trout
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occupancy was best predicted by planting frequency, larger lake
area, lower elevation, and lower solar radiation. Despite Rainbow
Trout having a larger number of lakes planted, total number of
annual plants, and total numbers of fish, Brook Trout had higher
detection probability and occupancy. A potential explanation for
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TABLE 2 Parameter estimates for covariates hypothesized to affect detection and species occupancy from eDNA data collected at 117 lakes in
Olympic National Park, Washington, for two nonnative fish and four amphibian species, with bold indicating statistically significant covariates.

Species Parameter Covariate 97.5 CRI
Lake Area -0.115 -1.946 1.984
Detection
Sampled at outlet 0.509 -0.476 1.584
Lake Area -0.145 -1.890 1.897
Rainbow Trout
Elevation -0.244 -0.689 0.239
Occupancy
Solar radiation -0.190 -0.654 0.266
Number years stocked 0.712 0.290 1.185
Lake Area -0.272 -0.577 -0.023
Detection
Sampled at outlet 0.536 -0.613 1.789
Lake Area 0.904 0.066 2.302
Brook Trout
Elevation -0.526 -0.993 -0.081
Occupancy
Solar radiation -0.491 -0.964 -0.040
Number years stocked 1.187 0.587 1.848
Lake Area -0.372 -2.207 1.653
Detection
Sampled at outlet 0.552 -0.119 1.266
Lake Area -0.386 -2.178 1.600
Cascades Frog
Elevation -0.198 -0.654 0.241
Occupancy
Solar radiation 0.402 -0.041 0.901
Fish eDNA present -0.232 -1.070 0.604
Lake Area -0.372 -2.182 1.682
Detection
Sampled at outlet 0.179 -0.812 1.272
Northwestern Lake Area -0.252 -2.007 1.707
Salamander .
Elevation -1.233 -1.790 -0.727
Occupancy
Solar radiation 0.216 -0.192 0.631
Fish eDNA present -0.586 -1.406 0.213
Lake Area -0.376 -2.218 1.693
Detection
Sampled at outlet 0.405 -1.685 1.628
Lake Area -1.377 -2.171 1.614
Long-toed Salamander
Elevation 0.902 0.354 1.500
Occupancy
Solar radiation 0.462 -0.013 0.952
Fish eDNA present -1.579 -2.480 -0.718
Lake Area -0.371 -2.215 1.638
Detection
Sampled at outlet 0.302 -0.596 1.260
Lake Area -0.134 -1.925 1.819
Rough-skinned Newt
Elevation -1.455 -2.177 -0.847
Occupancy
Solar radiation 0.142 -1.347 0.632
Fish eDNA present -1.024 -1.997 -0.095

CRI, Credible Interval, derived from the posterior distribution of each parameter.
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this discrepancy could be that, as described above, Brook Trout
were more often stocked illicitly. However, number of years
planted was a strong predictor of occupancy for both species,
suggesting that despite the reality that some illicit planting data
were not represented in our dataset, the number of years of
planting was associated with higher contemporary occupancy
overall. Cutthroat Trout fared the worst of the three fish species
planted, with the three subspecies failing to persist in 82% of the
planted lakes, although planting frequency was also considerably
less for this species (Table 1).

Elements of fish life history may explain patterns of introduced
fish persistence in OLYM, notably spawn timing and location.
Spawn timing may influence the persistence of fish species
planted in mountain lakes where winterkill can be common and
pervasive in shallow and ice-covered lakes (Mathias and Barica,
1980; Davis et al., 2019). Brook Trout, which had the highest
occupancy across the sampled lakes, spawn in the fall. Because
larger lakes at lower elevations freeze later, winterkill could have
been lower when compared to lakes at higher elevations. In contrast
to Brook Trout, Cutthroat Trout persisted in only 5 of 28 lakes
where they were originally planted. The lack of Cutthroat Trout
detections may be due to the low number of fish planted and the
fewest average number of annual plantings. This could be coupled
with the fact that the subspecies of Cutthroat Trout planted
primarily spawn in lake inlet or outlet tributaries (Gresswell,
1995; MclIntyre and Rieman, 1995) and many of the mountain
lakes in OLYM were isolated, lacking these tributaries. The timing
of reproduction influences population success, and all three
subspecies of Cutthroat Trout typically spawn during winter and
spring months (Trotter, 1989; Behnke, 2002), a period when many
mountain lakes are still frozen. Notably, Hagen (1961) reported that
despite many plants of Cutthroat Trout in OLYM, there was no
evidence of their presence in sampled lakes. Furthermore, it is
possible that where Cutthroat Trout were introduced alongside
Brook Trout or Rainbow Trout, they were outcompeted by the
latter species.

4.2 Impacts of fish presence and lake
characteristics on amphibian distribution

Lakes containing only amphibian species were the most
common in our study, followed by those with both amphibians
and fish (Figure 3), demonstrating the broad distribution and
persistence of amphibians both in lakes with and without fish.
There were only 14 lakes where fish were exclusively detected.
However, individual amphibian species varied in their distribution
and association with fish presence. Cascades Frogs had the highest
estimated occupancy and did not appear to be influenced by trout
occupancy. They were found throughout OLYM mountain lakes
across a wide range of the physical habitat features that we
examined. The lack of a negative association with fish may not be
surprising as this species is more likely to breed in ephemeral
wetlands and ponds adjacent to lakes than in the lakes themselves,
thus creating a refuge where breeding occurs in areas isolated from
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the effects of fish (Vredenburg, 2004). Cascades Frogs can also
modify their habitat preferences and behavior in the presence of fish
to facilitate co-occurrence (Hartman et al., 2014). Cascades Frog
occupancy did appear to be higher in areas with higher solar
radiation, though the credible interval slightly crossed zero,
indicating the effect may not be significant. Since frogs are likely
using larger lakes for basking and foraging in the post-breeding
season, occupancy could be higher in those lakes receiving more
solar radiation. Finally, of all the amphibians assessed with eDNA,
Cascades Frogs had the highest levels of mismatch between visual
(+) and eDNA (-) occupancy. This may be due to the shift from
aquatic (tadpole) to more terrestrial (adult) habitats that occur over
the course of the summer, in contrast to other species with a multi-
year aquatic life stage. Our visual survey methods captured
observations of both aquatic and riparian presence without
discriminating between the two. Thus, this pattern may be a
function of the sampling timing, as Cascades Frog could have
shifted from lake water to riparian terrestrial habitats by the time
sampling crews obtained water samples in mid-summer, allowing
time for degradative processes to eliminate the eDNA signal within
lake water (Barnes et al., 2014). Additionally, breeding may have
occurred in smaller ephemeral waterbodies that we did not sample,
meaning that the more detectable larval stage was not available for
detection in the lake eDNA samples.

Both Rough-skinned Newts and Long-toed Salamanders had lower
predicted occupancy in the presence of trout. The negative effect of
introduced trout on Long-toed Salamanders has been well-
documented in previous studies and is consistent with what we
found in OLYM (Tyler et al, 1998; Pilliod and Peterson, 2001;
Pearson and Goater, 2009). In addition to direct predation on Long-
toed Salamanders, trout presence can incur non-lethal effects such as
smaller size, lower weight, slower growth, and delayed metamorphosis
(Kenison et al., 2016). The evidence for nonnative fish affecting Rough-
skinned Newts is more equivocal. Some studies have found lower
densities or presence of newts in the presence of nonnative fish, but
others have found no effect (Welsh et al., 2006). Rough-skinned Newts
produce a coevolutionary anti-predator tetrodotoxin, although toxicity
varies widely between populations (Hague et al., 2016). The toxicity of
OLYM newts is unknown, but a low toxicity would be consistent with
lower occupancy in the presence of trout.

Salamander species showed different occupancy patterns by
elevation. Long-toed Salamander occupancy was greater in higher
elevation lakes and potentially in lakes with increased solar
radiation. Rough-skinned Newts and Northwestern Salamanders
showed higher occupancy at lower elevations. The elevational
segregation between Northwestern and Long-toed Salamanders is
consistent with previous research which suggested an elevational
transition zone between the two species (Figure 5; Hoffman et al.,
2003; Tyler et al., 1998).

The detection of Western Toads in only two lakes was
insufficient for occupancy analysis. Most sampling occurred later
in the summer after toads would have metamorphosed from
breeding ponds and entered the terrestrial environment.
Regardless, previous work has shown that toad presence can be
unaffected in the presence of introduced trout because they are
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unpalatable to fish and thus may be less affected by fish presence
(Kats et al., 1988).

One limitation of our study was the lack of data describing
meso- and micro-habitat characteristics at our sampled lakes,
specifically the presence of aquatic vegetation and other structural
complexity that can promote coexistence of fish and amphibians.
For example, Long-toed Salamanders can use more highly vegetated
areas in lakes containing non-native trout than in lakes without
trout (Kenison et al., 2016) and in areas with more emergent
vegetation generally (Hoffman et al., 2003). Cascades Frog
occupancy can also be higher in areas with increased emergent
vegetation (Briggs, 1987; Garwood and Welsh, 2007), and DNA
transport can be blocked by emergent vegetation, preventing
detection (Mayne et al., 2024).

The implications of our results for amphibian conservation are
somewhat limited by our focus on larger, permanent lakes.
Cascades Frog breeding habitat is typically free from fish because
they often breed in smaller waterbodies that melt earlier and dry
each summer, providing a breeding refugia free from fish predation.
However, these breeding ponds are vulnerable to increased
temperature and drought, which is expected to shorten
hydroperiods and make some of this habitat unsuitable in the
future (Ryan et al,, 2014). In that case, lakes and permanent
ponds will become even more important to amphibian
persistence in these environments, and the negative impact of fish
could be heightened. Further work using eDNA to sample
amphibians in wetlands and ponds surrounding these lakes would
provide a deeper understanding of factors contributing to fish and
amphibian coexistence. It would also enhance our understanding of
how amphibians use different waterbodies in the landscape during
different parts of their life histories.

4.3 Lessons from sentinel lakes

Repeated annual visits to the sentinel lakes allowed us to assess
the temporal consistency and reliability of eDNA sampling. By
repeatedly visiting the same lakes annually we had confidence from
visual methods (including angling and gillnetting) that 3 lakes had
stable fish populations and 6 lakes lacked fish. eDNA sampling at
locations with fish were consistent with expectations from visual
sampling (Figure 6). We also had fish eDNA detections at the sentinel
lakes that did not meet our expectations based on visual data. Of a
total of 165 lake-year—fish taxa combinations (i.e. all 9 sentinel lakes),
we found 19 cases of eDNA detections that did not match the visual
occurrence of fish taxa. When this 12% error rate is applied to the
overall study population, it is possible that 7 of 59 lakes with eDNA
detections could be false positives. We tried to assess the source of
error in several ways. First, we examined the field and laboratory
control samples, yet none showed evidence of contamination. Next,
we examined the patterns of fish detections in putatively fishless
sentinel lakes relative to when eDNA sample batches were prepped
for PCR (12 dates) and when PCR samples were amplified (5 dates).
No patterns consistent with laboratory contamination were evident.
Additionally, a subset of 11 PCR samples were rerun to verify
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previous results of fish presence and these showed consistent
results. Finally, we examined field visitation schedules and did not
find any patterns to suggest interlake contamination.

Although we found no direct evidence of either field or
laboratory contamination to explain the detection of fish in a
subset of putatively fishless sentinel lakes, there are other
mechanisms that could result in eDNA detection of fish in these
systems (Darling et al., 2021). Fish eDNA may have been
transported to these lakes by other organisms, including wildlife
like piscivorous birds, ducks, and mammals, especially if occupied
lakes were nearby. Similarly, park visitors that visit and recreate
within multiple mountain lakes over a short time period may act as
a vector. Finally, there were multiple instances where we had trace
eDNA detections with low eDNA concentration. These waterbodies
merit repeat sampling to confirm fish presence.

4.4 Management implications

The extent and effects of non-native fish in OLYM has received
very little attention since the park’s inception in 1938, particularly
considering the long history and widespread implementation of fish
plantings. The first comprehensive inventories of introduced fish in
mountain lakes started in the late 1950s (Hagen, 1961), leading park
biologists to raise ecological concerns in the 1990’s. Olson and
Meyer (1994) conducted a limited inventory of non-native trout in
20 mountain lakes, with continued concerns from resource
managers at OLYM about threats of introduced fish on lake
amphibians and native fish downstream, including those that are
federally threatened and rare. Reconstruction of legacy fish
introductions and high-resolution information on existing trout
distributions were necessary first steps to effective conservation of
unique mountain lake ecosystems and can help establish
eradication priorities (Adams et al., 2001; Mir6 and Ventura,
2013), particularly in locations where downstream dispersal could
have additional ecological impacts to lotic ecosystems.

Fishing is a popular recreational activity in national parks even
while conflicting with other park goals related to preserving native
species biodiversity and ecosystem function. Our surveys clarify the
current extent of non-native fish and amphibian distributions in
OLYM mountain lakes where fish were not historically present. To
develop management strategies to minimize the impacts of
introduced fish while maintaining recreational opportunity, next
steps could include classifying sampled lakes into categories based
on relative risks to native fauna (e.g., lakes with and without outlets)
and visitor usage (e.g., relative fishing popularity). Given adequate
adjacent source populations, amphibian communities in high
mountain lakes can rapidly recover following removal of
nonnative fish (Vredenburg, 2004; Knapp et al, 2007), so our
work can help with prioritizing fish removal in targeted areas that
address simultaneous goals of restoring native amphibian
communities while still providing fishing opportunity in lakes
that remain. Other national parks in the U.S. and abroad have
taken similar approaches to the issue of non-native fish in alpine
lakes (Chiapella et al., 2018; Tiberti et al., 2021).
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Our study showed the advantages of using eDNA as a tool for
surveying remote wilderness lakes, revealing current distribution
patterns of non-native fish and native amphibians. The non-
invasive water sampling, highly sensitive detection, logistically
efficient and relatively safe field work compared to traditional
methods allowed us to conduct a broad survey across a large
national park, much of it in remote and rugged wilderness terrain
(Rees et al., 2014; Thompsen and Willerslev, 2015). We were able to
survey many more lakes than would have been possible using
traditional techniques with similar levels of funding and
personnel, allowing us to meet our goal of understanding the
implications of past management actions in the face of modern
conservation needs.

The results of this study have implications far beyond the park’s
borders. Our combination of historical records with contemporary
studies provides a blueprint for other land managers grappling with
the legacy of past fish introductions relative to current distributions
of nonnative fish. Our demonstration of the utility of eDNA
sampling in remote environments can be replicated in other areas
of interest in the mountains of the western United States and
beyond, both to assess current species’ distributions and to
quantify the success of management actions such as targeted fish
removal (Kamoroff and Goldberg, 2018). Our eDNA results add
empirical information about where and how fish and amphibians
persist in these landscapes, providing a deeper understanding of
putative drivers of occupancy while highlighting opportunities for
management and further investigation, such as integrating elements
of microhabitat and landscape context to these results. Together,
our work informs ongoing efforts to address the legacy of fish
introductions while working towards common stewardship goals.
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