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Unveiling a legacy of � sh
introductions to mountain lakes
using historical records and
eDNA surveys in a National Park
Samuel J. Brenkman1*†, Jeffrey J. Duda2,
Rebecca M. McCaffery3, Katie E. Kierczynski 1†, Marshal S. Hoy2,
Trevor J. Kumec1†, William Baccus1, Caren S. Goldberg4,
Carl O. Ostberg2 and Steven C. Fradkin1

1National Park Service, Olympic National Park, Port Angeles, WA, United States, 2U.S. Geological
Survey, Western Fisheries Research Center, Seattle, WA, United States, 3U.S. Geological Survey, Forest
and Rangeland Ecosystem Science Center, Port Angeles, WA, United States, 4U.S. Geological Survey,
Forest and Rangeland Ecosystem Science Center, Paci�c Northwest Environmental DNA Laboratory,
Boise, ID, United States
Across the western United States, introductions of non-native �sh into
historically �shless mountain lakes have impacted native biota. Understanding
the impacts of �sh introductions is essential for conservation in Olympic National
Park, a Biosphere Reserve. We reconstructed �sh plantings using records dating
back to 1930, followed by environmental DNA (eDNA) surveys to estimate the
current distribution of �sh and amphibians in 117 remote mountain lakes. We
used Bayesian multiscale occupancy models to determine how lake attributes
and planting history related to �sh 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 �sh and amphibians, 14 with �sh only, and 6
unoccupied. Of the 53 lakes with planting records, 38 had �sh eDNA detected.
Fish eDNA was also detected in 21 lakes lacking planting records, which could
re�ect 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 �sh 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 �sh presence,
although there was a negative relationship between �sh presence and Rough-
skinned Newt and Long-toed Salamander occupancy. Cascades Frog occupancy
showed no relationship to �sh presence or lake traits. Our results suggest
mechanisms of �sh persistence over time and highlight areas where native
amphibians are impacted by introduced �sh. These results can guide
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management options like targeted �sh removals that bene�t native fauna while
still supporting recreational �shing. 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 �shes have occurred in 65% of
United Nations countries (Crawford and Muir, 2008). In the
western United States, introductions of non-native salmonids into
historically �shless 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 �sh 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
�sh 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., 2000;
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 �sh into historically �shless 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 �sh populations (Adams
et al., 2001). Additionally, non-native �sh in�uence the terrestrial
environment by reducing aquatic prey for birds (Epanchin et al.,
2010), small mammals, and snakes (Eby et al., 2006).

Non-native �shes have speci�cally 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
02
in mountain lakes in the western United States (Dunham et al.,
2004), and high predation pressure by �sh 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 �sh
planting) in mountain lakes is often unknown or incomplete.
Where records are available, they can provide a valuable context
for the legacy of �sh introductions. This legacy includes the
frequency and magnitude of planting events, the temporal
persistence of planted �sh, 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 �sh planting in conjunction with
contemporary �sh and amphibian sampling (Metcalf et al., 2012;
Mir�o and Ventura, 2013; Love Stowell et al., 2015). Here, we
examined extensive historical records of �sh planting alongside
contemporary lake surveys for �sh and amphibians in Olympic
National Park (OLYM), located in western Washington,
United States.

Since the establishment of Yellowstone National Park in 1872,
sport �shing 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) �sheries
management efforts, in an effort to gain public support and
increase tourism, prescribed systematic introductions of both
native and non-native �sh species to supplement �shing
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 scienti�c 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 �sh con�icts with management objectives to preserve and
protect natural ecological processes and native fauna (National Park
Service, 2006). Surveys to assess contemporary distributions of �sh
and amphibians alongside historical reconstructions of planting
histories are thus critical to effective management going forward.

Quantifying nonnative �sh and native amphibian distribution
on a park-wide scale requires tools suitable for remote, wilderness
frontiersin.org
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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 bene�ts over traditional
sampling approaches, including lower costs, non-invasive sampling,
higher detection probabilities, and less intensive �eld 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 ef�cacy and power of eDNA (Roussel
et al., 2015), including: inference limited to species presence or non-
detection; dif�culties in quantifying biomass and abundance of
target organisms; resolution and persistence of the eDNA signal;
contamination and false positives; and variability and dif�culty 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 �elds (Klymus et al., 2020; Shu
et al., 2020; Kelly et al., 2024).

Our overall objectives were to reconstruct and summarize the
historical �sh planting of mountain lakes in OLYM and determine
Frontiers in Conservation Science 03
the current distribution and co-occurrence patterns of introduced
�sh and amphibian species in these lakes using eDNA sampling.
From our eDNA surveys, we aimed to 1) determine the ef�cacy of
eDNA to assess the presence and interannual variability of �sh and
amphibian species; 2) test the hypothesis that introduced �sh
impact amphibian occupancy in naturally �shless mountain lakes;
and 3) determine which factors in�uence occupancy of �sh 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 km2 mountain range and central
feature of Washington�s Olympic Peninsula (Figure 1). The core of
the range is protected in OLYM (3,734 km2) and bounded on the
west, south and east by 2,604 km2 of National Forest lands. Rising
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 Paci�c Ocean, resulting in extreme
precipitation gradients (90 cm 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 �shless due to steep gradients, waterfalls, and lack of
connectivity that prevented �sh 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 �sh 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 �shing) included information on �sh
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 �sh 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 �sh-bearing
mountain lakes on foot as possible within a three-year study
period given the constraints of accessibility and �eld-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 �sh 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 �sh (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-1). 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 re�ect 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
�lter 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 �lter 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-speci�c access
challenges that included steep cliffs, thick vegetation, or odd-shaped
frontiersin.org
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lakes. For lakes with outlets, one sample was collected near the
outlet �ow.

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 �ltered through a 250 ml Nalgene �lter funnel loaded
with a 5 mm cellulose nitrate �lter using a hand pump, with �ltered
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 �eld.
Upon return to the of�ce, 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 identi�ed, recorded, and released
near their point of capture. Visual surveys were conducted for the
Frontiers in Conservation Science 05
presence or non-detection of amphibians (including adult, juvenile,
and egg masses) and �sh along the perimeter of each lake.
Additional visual surveys were conducted for �sh 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 work�ow
and sample preparation were separated into designated work rooms
including a clean room where DNA was extracted (i.e., no ampli�ed
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 ampli�cation.
Sample preparation was performed in UV hoods using equipment
FIGURE 2

Summary of non-native trout plantings into 53 previously �shless mountain lakes in Olympic National Park: (a) historical pictures of �sh plantings via
aircraft and stock animals; (b) map of �sh 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% con�dence intervals) of annual plants by species. Inset is a histogram of the number of annual
plants per lake; and (d) period of �sh planting records, thousands of �sh, 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.
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