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Abstract The nonnative lake trout (Salvelinus namay-
cush Walbaum, 1792) population in Lake Pend Oreille,
Idaho increased exponentially during 1999-2006. This
led to an unsustainable level of predation mortality on
kokanee (Oncorhynchus nerka Walbaum, 1792),
increased the conservation threat to native bull trout
(Salvelinus confluentus Suckley, 1859), and jeopardized
the popular recreational fishery for kokanee and rainbow
trout (Oncorhynchus mykiss Walbaum, 1792). In
response, lake trout were suppressed since 2006 using
incentivized angling, gill netting, and trap netting. From
2006 through 2016, 193,982 lake trout were removed
(50% by gill netting; 44% by angling; 6% by trap
netting). During this period, age-8 + (adult) lake trout
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abundance declined by 64%, age-3 (recruit) abundance
declined by 56%, and mean total annual mortality
(A) was 31.1%. Lake trout did not show evidence of a
density-dependent response. Kokanee did not collapse
and rebounded to abundances not observed since before
lake trout expansion. Bull trout abundance declined
during suppression, but the population was sustained.
Lake trout suppression allowed a harvest fishery for
kokanee and trophy fishery for rainbow trout to be
restored. We conclude that suppression can be an
effective management action for mitigating effects of
nonnative lake trout in a large, deep lake.
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Introduction

Non-native fish introductions have occurred world-
wide for centuries (Li & Moyle, 1999), often with the
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intent of enhancing recreational fisheries (Rahel,
2000; Eby et al., 2006). Negative outcomes from
these introductions have been common, including
declines in many native freshwater fish species (Miller
et al.,, 1989; Li & Moyle, 1999; Jelks et al., 2008).
Introductions of upper trophic level predators have
been particularly prevalent because of their recre-
ational value and ecological outcomes include
increased species richness of predators, replacement
of native predators, and altered food web and ecosys-
tem processes (Eby et al., 2006). Control programs for
introduced predators, such as lake trout Salvelinus
namaycush in the western United States, are increas-
ingly being implemented to conserve native fish
populations and sustain socially valued recreational
fisheries (Martinez et al., 2009; Syslo et al., 2011).
The lake trout evolved in cold, oligotrophic lakes
within a native range spanning much of northern North
America (Crossman, 1995; Behnke, 2002) and is
typically the apex predator in these waters (Scott &
Crossman, 1973; Shuter et al., 1998). Widespread
introductions of lake trout in the late 1800s and early
1900s (Crossman, 1995), eventually led to the estab-
lishment of naturalized populations in over 200 lentic
waters in the western United States (Martinez et al.,
2009). In their native range, lake trout support socially
and economically valuable recreational fisheries
(Healy, 1978; Sellers et al., 1998; Hansen et al.,
1999), and similar fisheries now exist in the western
United States (Martinez et al., 2009; Pate et al., 2014).
However, native and other valued sport fishes are often
jeopardized by predation from or competition with
nonnative lake trout (Donald & Alger, 1993; Freden-
berg, 2002; Ruzycki et al., 2003; Martinez et al.,
2009). For example, native bull trout populations
generally cannot be sustained following lake trout
introductions (Donald & Alger, 1993; Fredenberg,
2002). More broadly, nonnative lake trout can alter
food webs (Ruzycki et al., 2001; Vander Zanden et al.,
2003; Ellis et al., 2011), such as the trophic cascade
that was caused by lake trout predation effects in
Yellowstone Lake, Wyoming (Tronstad et al., 2010).
In many western United States waters, lake trout
did not become predominant until Mysis diluviana
(Audzijonyte & Viinolid, 2005; hereafter, Mysis) were
widely stocked to enhance kokanee Oncorhynchus
nerka growth (Martin & Northcote, 1991). Mysis
provided an important food source in deep waters
occupied by juvenile lake trout, which apparently
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removed a recruitment bottleneck and allowed popu-
lations to increase (Stafford et al., 2002; Ellis et al.,
2011). Wherever introduced lake trout co-existed with
Mysis their negative effects on other fishes were
exacerbated, particularly for kokanee and bull trout
Salvelinus confluentus (e.g., Flathead Lake, Montana:
Stafford et al., 2002; Priest Lake, Idaho: Bowles et al.,
1991; Glacier National Park lakes, Montana: Freden-
berg, 2002). The effects of introduced lake trout in the
presence of Mysis have been repeated in enough
waters to confirm negative ecological and fishery
outcomes (Martinez et al., 2009).

Ecological problems caused by lake trout popula-
tions in the western United States have increasingly
prompted fishery managers to implement strategies to
control or reduce their abundance, including mechan-
ical removal (Martinez et al., 2009; Pate et al., 2014,
Hansen et al., 2016; Fredenberg et al., 2017). The lake
trout is recognized as vulnerable to over-fishing in its
native range because of a life history characterized by
relatively slow growth and late maturity (Healey,
1978; Martin & Olver, 1980; Shuter et al., 1998; Olver
et al., 2004). An extensive review by Healey (1978)
concluded that lake trout populations in their native
range could not be sustained above thresholds of 50%
total annual mortality or 0.5 kg/ha annual yield.
Overharvest is typically the limiting factor for lake
trout populations in Precambrian Shield lakes of
eastern Canada and the northeastern United States
(Olver et al., 2004). Moreover, over-fishing was the
primary factor leading to collapse of some of the
world’s largest lake trout populations in nearly all of
the Laurentian Great Lakes (Hansen et al., 1999;
Krueger & Ebener, 2004; Muir et al., 2012).

In Lake Pend Oreille, Idaho, the exponential
population growth of lake trout during 1999-2005
(Hansen et al., 2008) threatened to quickly collapse the
kokanee population, cause the decline or eventual
collapse of the native bull trout population, and
severely alter a highly valued recreational fishery
targeting primarily kokanee and rainbow trout. Lake
trout were introduced in 1925 but existed at low
density and exerted little predation mortality on
kokanee (2% of production in 1999; Vidergar, 2000)
prior to 1999. The introduction of Mysis during
1966-1969 allowed for lake trout population expan-
sion, including an exponential increase in abundance
after 1995 (Corsi et al.,, 2019). Rainbow trout
Oncorhynchus mykiss and bull trout, both prominent
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kokanee predators, were already abundant at that time
(Vidergar, 2000) and the added predation from a
rapidly expanding lake trout population combined to
produce an unsustainable predation demand on koka-
nee (Maiolie et al., 2006; Hansen, 2007). In response,
the kokanee fishery was closed to harvest in 2000, and
harvest limits were removed from lake trout and
rainbow trout in 2000 and 2006, respectively. Addi-
tionally, research began in 2003 to evaluate lake trout
population dynamics (Hansen et al., 2008, 2010),
while simultaneously engaging with outside experts,
stakeholders, and funding entities to assess suppres-
sion feasibility.

After three years of evaluation and public outreach,
a lake trout suppression program was implemented on
Lake Pend Oreille. From 2006 to 2016, lake trout were
removed using gill nets, trap nets, and incentivized
angler harvest to allow for kokanee recovery and
sustain bull trout, contributing to both recreational
fishery management and native species conservation
goals. Simultaneous population monitoring was con-
ducted to allow effectiveness of the suppression
program to be evaluated. Thus, the objectives of this
study were to determine if (1) suppression resulted in a
67% reduction in lake trout abundance by 2015, as
predicted by Hansen et al. (2010); (2) attributes of the
lake trout population changed in a manner consistent
with 11 years of suppression (e.g., reduced size and
age structure, increased growth and mortality); (3)
kokanee avoided collapse and increased in abundance;
and (4) bull trout abundance was sustained.

Methods
Study area

Lake Pend Oreille is located in northern Idaho within
the Upper Columbia River Basin at an elevation of
625 m. It is the largest lake in Idaho (38,300 ha
surface area) and the fifth deepest lake in the United
States (357 m maximum depth). Much of the lake is
deep (164 m mean depth) and is dominated by steep,
rocky shorelines with limited littoral habitat. The lake
has two major basins; the northern basin represents
about 25% of the lake surface area and is shallower
(primarily < 100 m) than the comparatively larger
and deeper southern basin (primarily > 200 m).
Although it is a natural lake, the upper 3.5 m of Lake

Pend Oreille is regulated by Albeni Falls Dam. Inflow
to the lake is primarily from the Clark Fork River and
the only outflow is the Pend Oreille River. The lake is
temperate, oligotrophic, and thermal stratification
typically occurs from June to October (Steed, 2011).

The contemporary Lake Pend Oreille fish assem-
blage includes ten native species and at least 13
nonnative species that have resulted from intentional
and illegal introductions (Hoelscher, 1992). Manage-
ment objectives focus on native species conservation,
particularly for bull trout and westslope cutthroat trout
Oncorhynchus clarkii lewisi (Richardson, 1836), and
providing recreational fisheries for valued introduced
species that are compatible with native fishes. Koka-
nee have been highly influential in Lake Pend Oreille
since becoming established in the 1930s. Shortly after
their introduction, a high-yield kokanee fishery devel-
oped and both native (e.g., bull trout) and introduced
(e.g., Gerrard-strain rainbow trout) pelagic predators
benefitted from the abundant food source kokanee
provided. From the 1940s to the early 1970s, Lake
Pend Oreille was the most popular fishery in Idaho
(Bowles et al., 1987), in part fueled by the interna-
tional notoriety of the trophy fishery after the lake
produced world records for bull trout (14.5 kg) and
rainbow trout (16.8 kg). Most angling effort continues
to be directed at kokanee (41%) and rainbow trout
(38%; Bouwens & Jakubowski, 2016), even with
numerous other recreational species now established.

Lake trout response

Lake Trout were suppressed in Lake Pend Oreille
during 20062016 using gill netting, trap netting, and
incentivized angling at a combined annual cost of
US$307,000 to $796,000. Netting conducted over the
11-year period fit into one of three strategies: large-
mesh gill netting (102-140 mm stretch measure) to
target adult lake trout primarily during spawning,
small-mesh gill netting (32-89 mm stretch measure)
to target immature lake trout, and trap netting to target
adult lake trout. A description of suppression methods
is provided in Online Resource 1.

All lake trout captured were enumerated, processed
to collect biological data, and then most fish were
distributed to local food banks. Total length (TL; mm)
was measured for all lake trout captured by trap netting
and gill netting during 2008-2016. Head length (HL)
was recorded for angler-caught lake trout and
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converted into TL based on a HL-TL regression
model (y =4.3268x + 62.419; = 0.92) for 147 lake
trout (range 283-880 mm TL) sampled in 2009 from
Lake Pend Oreille. Head length was measured from
the tip of the snout to the posterior edge of the
operculum. Few HL measurements were taken during
2006-2008, but HL was measured for > 98% of
angler-caught lake trout from 2009 through 2016.
Otoliths were collected for age estimation from
subsamples of fish in 2006, 2008-2012, and 2015
(< 10 fish were randomly subsampled from each
50-mm length class). Age was estimated from otolith
thin sections using methods previously described by
Hansen et al. (2010).

Annual age-specific abundance N; was estimated by
cohort analysis from the number of lake trout caught
from each age class by gill netting, trap netting, and
angling during 2006-2016 (Pope, 1972; Quinn &
Deriso, 1999). Cohort analysis was used because a
census of lake trout harvest was available. First, length
frequencies of annual harvest by gill netting, trap
netting, and angling were converted into age frequen-
cies of annual harvest for each fishery using age-length
keys (Ricker, 1975) and summed across fisheries
within age classes and years. Age-length keys were
created for each age subsample (2006, 2008-2012, and
2015) by tabulating age (columns) against 50-mm
length classes (rows) for subsampled ages, and then
calculating age frequencies (proportions of the total
number sampled in each length class) within each
length class. For years without age subsamples, age-
length keys were created by combining adjoining
years. The age-length key was then used to convert the
length frequency into an age frequency of all fish
sampled (gill nets, trap nets, and angling) for each year
sampled. Next, terminal abundance in 2016 was
estimated by dividing age-specific total harvest in
2016 by the estimated exploitation rate in 2016
(u=0.179; 95% CI 0.128-0.227; where u = F x A/
Z, F=Z7Z— M, Z = catch-curve estimate (Ricker,
1975) of instantaneous total mortality Z from the age
frequency of the harvest in all gill-net meshes fished in
2016, M = instantaneous natural mortality rate M de-
scribed below, and A = 1 — e_Z). Last, abundance at
age in 2006-2015 N; ; was estimated recursively using
Pope’s method (Pope, 1972; Quinn & Deriso, 1999)
from age- and year-specific catch C;; and the instan-
taneous natural mortality rate M (described below):
Nij = Nip1je™ + Crje”.
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Cohort abundance estimates were used to index
adult lake trout abundance and recruitment. Age-
8 + lake trout were used to index adult abundance
(stock) based on the average age at 50% maturity of
lake trout in Lake Pend Oreille (Hansen et al., 2010).
The recruitment response to changes in adult abun-
dance was evaluated using estimates of age-3 (recruit)
abundance. Age-3 lake trout were used as an index to
recruitment because this was the youngest age class
fully vulnerable to gill nets.

Growth in length with age was modeled using the
Von Bertalanffy length-age model fit to length at age
of capture of individual fish subsampled for age in
2004, 2006, 2008-2012, and 2015 (Mooij et al., 1999):

Li=Lo — (Lo —Lo) (1 - e—(“’/Lx)X’) i

In the length-age model, L, = asymptotic length
(mm) for an average fish in the population, L, = length
at age = 0 (mm; length at emergence from the egg),
o = early annual growth rate (L., x K = mm/year;
Gallucci & Quinn, 1979), and ¢; = multiplicative error
(Ricker, 1975). Parameters and standard errors for the
length-age model were estimated using nonlinear
least-squares for each annual subsample of ages.

Annual mortality rates were estimated from harvest
and cohort estimates of abundance. Exploitation rates
for each fishery were computed by dividing total catch
for each fishery by age-3 4 abundance estimated by
cohort analysis (u for each fishery). Total instanta-
neous natural mortality (M) was estimated from
Pauly’s equation (Pauly, 1980) from annual asymp-
totic length L., and instantaneous growth rate K of
Von Bertalanffy length-age models during
2004-2015, and the average annual air temperature
T at Sandpoint, Idaho during 2006-2016 (Hansen
et al., 2019). Instantaneous natural mortality M was
converted into an annual expectation of natural death
(v=1—e ™, at these rates, this approximation is
very close to unbiased). Annual mortality rates are
additive when expressed in these units (A = uy + ug.

+ ur + v; where u, = angling exploitation, ug = gill
net exploitation, and u7 = trap net exploitation).

Population size structure was indexed as propor-
tional size distribution (PSD; Guy et al., 2007), the
percentage of fish longer than 300 mm (stock length)
that are also longer than 500 mm (quality length). To
overcome size selectivity of capture methods, PSD
was estimated from cohort estimates of age-specific
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abundance and reverse age-length keys. First, annual
subsamples of age estimates described above for use in
age-length keys were converted into reverse age-
length keys by calculating length frequencies (pro-
portions of the total number sampled in each age class)
within each age class. Next, the reverse age-length key
was used to convert annual age-specific abundance
into annual length-specific abundance within 50-mm
length bins. Proportional size distribution was then
estimated as the fraction of fish > 300 mm TL that
were also > 500 mm TL. Confidence limits were
computed as exact binomial confidence limits (Zar,
1999).

Population age structure was estimated as the mean
age of annual cohort estimates of abundance. First,
annual mean age of vulnerable age groups (age-3 +)
was computed by dividing the sum product of annual
age-specific abundance and age (+ 0.5 years) by the
sum of all ages. Next, variance of annual mean age was
computed using the method for frequency data (Zar,
1999). Last, 95% confidence intervals around mean
age were computed as 1.96 x SE, where SE = (vari-
ance/n)o's.

Kokanee response

Kokanee abundance in Lake Pend Oreille was esti-
mated from annual hydroacoustic surveys conducted
at night during August or September. The lake was
stratified into three sections (northern, central, and
southern basins) and six to eight transects were
surveyed in each lake section using a Simrad EK60
echosounder. Kokanee abundance was estimated with
echo integration techniques using Echoview software
version 6.1.60.27483 (Echoview Software Pty Ltd,
Hobart, Tasmania). Age-0 kokanee (recruitment
index) was separated from age-1 + kokanee (abun-
dance index) using hydroacoustic target strength, thus
allowing mean age-0 and age-1 + kokanee density to
be estimated (fish/hectare) separately for each lake
section (Wahl et al.,, 2010). For each of these
estimates, mean density in each lake section was then
multiplied by area to estimate abundance by lake
section. Finally, abundance in each of the three
sections was summed and divided by total lake area
to estimate mean lakewide density. Geometric-mean
confidence intervals (90%) were calculated for koka-
nee density estimates using a stratified-random sam-
pling estimator (Cochran, 1977).

Bull trout response

Bull trout captured incidentally during gill netting and
trap netting were enumerated, measured for TL, and
released if alive. Direct mortalities were recorded, and
bull trout mistakenly turned in by anglers as lake trout
for an incentive payment were enumerated.

Bull trout redds were counted to index trends in
abundance. Surveys were conducted annually in 18
tributaries to Lake Pend Oreille and the Clark Fork
River below Cabinet Gorge Dam. Redds were counted
by trained personnel. Surveys were conducted within
standardized tributary reaches in October. Bull trout
population abundance trends were evaluated for 12 of
18 tributaries with continuous counts starting in 1992,
although two tributaries were not surveyed in 2016
due to high flows. Redd counts were summed across
tributaries to index aggregate trends in adult bull trout
abundance. Trends were stratified by time, with
1992-2005 representing a pre-suppression period
and 2006-2016 representing a suppression period.
The estimated population growth rate u was estimated
for each time period by the slope of a regression with
log.(N;;1/N;) as the response variable, where N is the
annual aggregate redd abundance in 12 index tribu-
taries, against the time interval (1 year). The intercept
was set to zero so there can be no population change if
there is no time change (Morris & Doak, 2002).
Positive values of p indicated population growth,
while negative values indicated population decline.

Results

In total, 5.7 million meters of gill net were fished, and
trap nets were fished for 6,628 nights. The amount of
gill net fished was not recorded in 2006, but occurred
during 17 weeks, while 22-30 weeks of netting took
place in other years. Gill net effort increased annually
to a peak of 831,000 m in 2014 (Fig. la). Trap net
effort was highest during 2006-2009 (Fig. la) and
occurred during 21-25 weeks annually. From 2010 to
2016, trap nets were fished during 7-11 weeks annu-
ally, and effort was low relative to prior years (Fig. 1a).

A total of 193,982 lake trout was harvested by gill
netting, trap netting, and angling from 2006 to 2016
(Fig. 1b). Gill netting accounted for 50% (97,124 fish)
of the harvest and was closely followed by angling at
44% (85,097), with trap netting contributing only 6%
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(11,761 fish) of the total harvest. From 2006 to 2008,
angling was responsible for most lake trout harvest
(71%), and trap netting made a larger relative contri-
bution (15%) to harvest than in subsequent years
(Fig. 1b). After 2008, most lake trout were harvested
by gill netting (66%; Fig. 1b).

The combined harvest from gill netting, trap
netting, and angling was well distributed across all
sizes (> 150 mm) of lake trout in the population.
Small lake trout (< 350 mm) made up 40% of the
harvest, while intermediate (350-500 mm) and large
(> 500 mm) lake trout were each 30% of the harvest
(Fig. 2). Gill netting was most effective for removing
small lake trout (Fig. 2), which resulted from targeting
concentrations of these fish with small meshes.
Angling removed the most intermediate size lake
trout (Fig. 2). Large lake trout were best targeted with
large-mesh gill netting at spawning areas, although
trap netting also was productive (Fig. 2).

Exponential lake trout population growth ended
soon after suppression began, and abundance declined
during the suppression period at a rate similar to the
67% decline predicted by Hansen et al. (2010). Total
lake trout abundance (age-3 +) was 136,000 fish (95%
CI 119,000-158,000) in 2006 when suppression
began. Adult abundance (age-8 +) declined by 64%
during the suppression period, varying from a high of
25,300 fish (95% CI 23,200-28,100 fish) in 2007 to a
low of 9,200 fish (95% CI 7,800-10,300 fish) in 2015
(Fig. 3b). Lake trout recruitment, as indexed by age-3
abundance, declined by 56% during the suppression
period, with peak abundance occurring in 2009
(36,900 fish; 95% CI 31,800-44,400 fish) and the

Fig. 1 Fishing effort for (a)
lake trout using gill netting 09 Gill Netting
and trap netting (a) and -=--Trap Netting

number of lake trout .08

lowest abundance (10,500 fish; 95% CI 9,200-12,500
fish) being reached in 2014 (Fig. 3a).

Lake trout demographic responses were largely
inconsistent with expectations for a population sub-
jected to increased fishing mortality. Lake trout
growth rate did not increase in response to declining
abundance during the suppression period. Instead,
asymptotic length and early growth rate varied inde-
pendent of abundance (Fig. 4a, b). Similarly, popula-
tion size structure and age structure did not decline,
both varying independent of abundance during sup-
pression (Fig. 5a,b ). However, annual mortality (A) of
lake trout increased, as expected, in response to
increased fishing effort during suppression (Fig. 6).
Mean annual mortality (A) was 31.1% during
2006-2016 (range 23.0-35.9%). Angling was the
largest source of fishing mortality from 2006 to 2008,
and gill netting was the highest mortality source in all
subsequent years (Fig. 6). Trap netting had the
greatest influence on fishing mortality during
2006-2008, but was a minor mortality source for all
years combined relative to gill netting and angling
(Fig. 6).

The kokanee population did not collapse, and
instead, rapidly increased during the period of lake
trout suppression. Age-1 + kokanee density steadily
declined prior to lake trout suppression (1995-2005),
reached a low of 101 fish/ha (90% CI 88-114 fish/ha)
in 2008, and then increased to a high of 377 fish/ha
(90% CI 320-434 fish/ha) by 2016 (Fig. 7). Age-0
kokanee density was variable before suppression
began (1995-2005), but reached one of its lowest
levels (219 fish/ha; 90% CI 190-248) in 2008. After
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Fig. 2 Size distribution of 16000
lake trout removed by gill
netting, trap netting, and 14000 Gill Netting
angling in Lake Pend = _———- .
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Fig. 3 Abundance of age-3 (a) and age-8 + (b) lake trout estimated by cohort analysis in Lake Pend Oreille, Idaho from 2006 through
2016. Error bars represent 95% confidence intervals

Fig. 4 Asymptotic length
(a) and early growth rate
(b) parameters for Von
Bertalanffy length-age
models fit to length at age of
capture for lake trout in
Lake Pend Oreille, Idaho
during 2006, 2008-2012,
and 2015
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Fig. 6 Annual mortality (A), including sources of mortality
(natural mortality, angling, gill netting, and trap netting), for
lake trout in Lake Pend Oreille, Idaho during 2006-2016

that time, age-0 density increased to a high of 741 fish/
ha (90% CI 699-783) in 2016 (Fig. 7).

Incidental by-catch of bull trout was common when
targeting lake trout. In total, 15,209 bull trout were
captured in gill nets and trap nets during 2006-2016
and had a mean TL of 464 mm (SE = 1.0; range
144-939 mm TL). More bull trout were captured in
gill nets (14,165; 93%) than in trap nets (1,044; 7%),
and the direct mortality rate of 26.2% (4,020 mortal-
ities) resulted in most bull trout being released. Bull
trout had a higher direct mortality rate when caught in
gill nets (27.4%) than in trap nets (13.6%). A total of
226 bull trout were mistakenly turned in by anglers for
the lake trout harvest incentive.
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2006 2008 2010 2012 2014 2016

Year

Bull trout abundance increased (i = 0.07, 95% CI
— 0.12-0.25) prior to lake trout suppression and
decreased (1 = — 0.14, 95% CI — 0.35-0.08) during
suppression. Aggregate redd counts for 12 index
tributaries averaged 644 redds (range 288-1,144;
Fig. 8). For the entire period (1992-2016), counts
exceeded 500 redds in 21 of 25 years (Fig. 8) and
w=—0.02(95% CI — 0.15-0.12).

Discussion

The multiple lake trout suppression techniques used
were complementary and caused higher fishing mor-
tality than would have been possible using a single
technique, thereby halting lake trout population
growth more quickly and causing greater reductions
in abundance. For instance, incentivized angling was
the most effective early when netting techniques were
being developed, but became a lesser source of
mortality later. While valuable, angling alone would
have been insufficient to reach suppression targets
because of reduced effectiveness as lake trout abun-
dance and angling success declines. Using angling as a
supplemental suppression method has been recom-
mended (Tiberti et al., 2017), and a similar strategy
that combines angling and gill netting is being used to
suppress lake trout in Flathead Lake, Montana
(Hansen et al., 2016). Similarly, trap netting is most
effective when used in conjunction with other sup-
pression techniques given its low relative contribution
to fishing mortality. The utility of trap nets is greatest
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when large lake trout are abundant and nets can be set
in high-use habitats. Gill netting was the most
effective and versatile technique used because mesh
size selection allowed lake trout of any size to be
targeted and fishing could occur throughout the lake at
many depths. This versatility was particularly valuable
when lake trout density was low because gill netting,
more than other techniques, could be adapted to target
remaining fish. Not surprisingly, other lake trout
suppression programs rely heavily on gill netting
(Syslo et al., 2011; Syslo et al., 2013; Hansen et al.,
2016; Fredenberg et al., 2017).

2000 A
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2004 A
2006 A
2008 A
2010 A
2014 A
2016 -

Year

The suppression strategy for Lake Pend Oreille was
designed to rapidly and adaptively respond to a
growing lake trout population, while maximizing the
amount and efficiency of fishing effort to increase the
likelihood of recruitment overfishing. Population
suppression programs are often more effective when
implemented in the early phases of population growth
(Simberloff, 2003), but only if more individuals are
removed than are produced (Bomford & O’Brien,
1995). Suppression was initiated soon after lake trout
were detected in Yellowstone Lake, Wyoming, but
limited resources and population-specific knowledge
to guide suppression failed to slow lake trout
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population growth (Syslo et al., 2011). Similarly,
suppression began shortly after lake trout introduction
in Swan Lake, Montana, but has been insufficient to
reduce abundance (Syslo et al., 2013). Evaluations to
understand lake trout distribution patterns and popu-
lation characteristics have been recommended to
improve the likelihood that suppression programs will
succeed (Dux et al., 2011). In Lake Pend Oreille,
population dynamics and distribution studies con-
ducted before and during the suppression period
(Hansen et al., 2008; Schoby et al., 2009; Hansen
etal., 2010; Wahl & Dux, 2010; Wahl et al. 2011; Rust
etal., 2018) increased program efficiency and success.
In particular, identifying spawning aggregations and
areas where immature lake trout were concentrated
allowed small and large fish to be targeted with gill
nets and increased suppression efficiency (Hansen
et al., 2019).

The amount and type of fishing efforts directed at
lake trout in Lake Pend Oreille were evidently
sufficient to quickly halt exponential population
growth by causing recruitment overfishing. When
suppression began, lake trout density was still low
relative to many native populations (Healey, 1978;
Martin & Olver, 1980; Mills et al., 2002; Neiland
et al., 2008). Relative to introduced populations in
lakes of similar size, lake trout density in Lake Pend
Oreille during 2006 was nearly four times lower than
that in Flathead Lake, Montana during 2008-2014
(Hansen et al., 2016) and five times lower than that in
Yellowstone Lake, Wyoming in 2013 (Syslo, 2015).
Historical overharvest of large native lake trout
populations suggests that suppression is still achiev-
able once higher density is reached (Keleher, 1972;
Hansen et al, 1999; Krueger & Ebener, 2004).
However, suppression of nonnative lake trout popu-
lations has been more difficult at higher densities
(Syslo et al., 2011; Hansen et al., 2016) and suggests
that starting suppression in Lake Pend Oreille when
lake trout density was still low likely aided the rate and
magnitude of decline.

A simulation model was useful for evaluating the
initial rate of lake trout population growth in Lake
Pend Oreille (Hansen et al., 2008), and similar
approaches have since been used elsewhere to predict
lake trout responses to suppression (Syslo et al., 2011;
Coxetal.,2013; Syslo et al., 2013; Hansen et al., 2016;
Ng et al., 2016; Fredenberg et al., 2017). A subsequent
simulation model for Lake Pend Oreille predicted a
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67% decline in lake trout abundance by 2015 (Hansen
et al., 2010), only slightly higher than observed for
age-8 + (adult; 64%) and age-3 (recruit; 56%) fish in
this study. Thus, our results validate the Hansen et al.
(2010) model for Lake Pend Oreille and demonstrate
that simulation modeling can be valuable for predict-
ing effectiveness of lake trout suppression.

In Lake Pend Oreille, increased fishing effort
produced higher fishing mortality, but size and age
structure and growth did not respond to suppression as
hypothesized. Annual mortality (A) averaged 31.1%
and caused lake trout population decline despite being
considerably lower than the commonly accepted
threshold (A = 50%) for overharvest of lake trout
populations (Healey, 1978). However, simulations for
lake trout populations have predicted population
declines below A = 50% for native (Nieland et al.,
2008) and nonnative (Hansen et al., 2010; Syslo et al.,
2011, 2013; Hansen et al., 2016; Ng et al., 2016)
populations. Empirical data from Lake Pend Oreille
demonstrate that lake trout declines can occur below
A = 50% and further highlights their vulnerability to
overharvest (Healey, 1978; Martin & Olver, 1980).
Size and age structure often become truncated follow-
ing size-selective harvest (Hutchings, 2000; Hutch-
ings & Reynolds, 2001). Lake trout size and age
structure declined in response to suppression targeting
juveniles and adults in Quartz Lake, Montana (Fre-
denberg et al., 2017). In contrast, size and age structure
was variable in Lake Pend Oreille and difficult to
explain, but may be consistent with low population
density. Fish populations commonly exhibit compen-
satory density-dependent responses to increased fish-
ing mortality (Lorenzen & Enberg, 2002; Rose et al.,
2001), including increased body condition and faster
growth (Ferreri & Taylor, 1996; Hansen et al., 2016).
In Lake Pend Oreille, lake trout density was low when
suppression began, and observed growth was among
the fastest for western United States populations
(Martinez et al., 2009). Further, western United States
populations are typified by fast growth rates for the
species because of relatively high productivity and
extended growing seasons (Johnson & Martinez,
2000). Thus, an observation of further increased
growth was unlikely for lake trout in Lake Pend
Oreille, despite the increased fishing mortality.

Kokanee did not collapse in Lake Pend Oreille,
which was an unlikely outcome if lake trout suppres-
sion had not occurred. Kokanee faced a 65%
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likelihood of collapse by 2016 because of excessive
predation mortality (Hansen et al., 2010), and kokanee
populations collapsed over similar time periods else-
where in response to increasing lake trout abundance
(Bowles et al., 1991; Stafford et al., 2002; Martinez
et al., 2009). Because kokanee were sustained in Lake
Pend Oreille, suppression fishing likely reduced lake
trout abundance to such an extent that predation
mortality no longer limited kokanee population
growth.

Even with sustained high fishing mortality on lake
trout, Hansen et al. (2010) predicted that a combina-
tion of low predation and high kokanee production
would be needed for kokanee to avoid collapse in Lake
Pend Oreille. As predicted, lake trout suppression
alone did not explain the rapid increase in kokanee
abundance. Interestingly, as predation by lake trout
was declining during suppression, a simultaneous
increase in kokanee production occurred starting in
2011 and coincided with the sudden and inexplicable
collapse of Mysis (Corsi et al., 2019). Low density of
Mpysis, a kokanee competitor (Rieman & Falter, 1981;
Martin & Northcote, 1991; Ashley et al., 1997), likely
played a large role in the rate at which kokanee
rebounded in Lake Pend Oreille (Corsi et al., 2019).
However, low Mysis density alone would not likely
have prevented the collapse of kokanee in the absence
of reduced predation mortality. Despite competition
from Mysis, kokanee have been sustained in Lake
Pend Oreille for decades, albeit at lower density,
following Mysis introduction (Corsi et al., 2019).

The conservation benefit to bull trout from lake
trout suppression was difficult to assess because of
potential effects from by-catch mortality, an inability
to quantitate the indirect benefits to bull trout from
decreased lake trout abundance and increased kokanee
abundance, and the confounding role of large-scale
bioclimatic conditions that may influence bull trout
populations (Copeland & Meyer, 2011). Because bull
trout declined during the suppression period, it seems
reasonable to question whether by-catch mortality was
the primary driver. While it may have contributed, it
seems unlikely that by-catch mortality played a major
role since direct mortality of bull trout from by-catch
in 2008 was only 1.6% of estimated abundance during
that year (12,513 fish; 95% CI 7,456-22,521; McCub-
bins et al., 2016). Even the highest annual direct by-
catch mortality (539 in 2013) would have resulted in
low exploitation of bull trout based on the observed

population trend. Similar gill netting to suppress lake
trout in Quartz Lake, Montana did not appear to
negatively affect bull trout (Fredenberg et al., 2017).

While limitations exist to determining the bull trout
conservation benefit during the study period, lake trout
suppression has likely contributed to the long-term
conservation of bull trout in Lake Pend Oreille. Based
on the numerous documented collapses or severe
declines of bull trout following lake trout introduc-
tions elsewhere (Bowles et al., 1991; Donald & Alger,
1993; Fredenberg, 2002; Stafford et al., 2002), bull
trout abundance in Lake Pend Oreille would likely be
much lower if suppression had not occurred. Despite
their decline during lake trout suppression, bull trout
remain abundant in Lake Pend Oreille relative to other
regional populations (Kovach et al., 2016). This is
encouraging given that nearly 20 years have passed
since exponential growth of lake trout began. In
contrast, it took only 10-15 years for bull trout to
collapse in Priest Lake, Idaho (Bowles et al., 1991)
and suffer a major decline in Flathead Lake, Montana
(Ellis et al., 2011) in response to increasing lake trout
abundance and declining kokanee abundance. A
recent regional analysis concluded that bull trout
using three lakes where lake trout suppression
occurred (including Lake Pend Oreille) were more
abundant and had higher population growth rates than
bull trout using lakes and reservoirs where competitors
and predators were not suppressed (Kovach et al.,
2016). This lends support to our contention that lake
trout suppression has provided a conservation benefit
for bull trout in Lake Pend Oreille.

Conclusions

We conclude that suppression can be an effective
management action for mitigating effects of nonnative
lake trout in large, deep lakes. It is likely that reduced
predation mortality from lake trout prevented kokanee
collapse, contributed to the conservation of native bull
trout, and allowed a popular recreational fishery to be
restored, including re-opening of a kokanee harvest
fishery in 2013. To date, Lake Pend Oreille represents
the largest effective suppression of a nonnative lake
trout population. The only other example of suppres-
sion resulting in nonnative lake trout population
decline is Quartz Lake, Montana, a small (352 ha)
mountain lake (Fredenberg et al., 2017). Despite the
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drastically different scales of implementation, these
two programs provide valuable insight into critical
factors influencing suppression effectiveness. In both
cases, suppression was initiated early after population
growth began, small and large lake trout were targeted
with gill nets, spawning aggregations were identified
and targeted, and routine monitoring data were
collected that allowed progress to be evaluated
(Fredenberg et al., 2017). In Lake Pend Oreille, the
long-term management target of a 90% reduction from
peak abundance has yet to be achieved. Simulation
modeling will help to understand how long it will take
to reach that target, how to optimally allocate netting
effort, and what it will take to maintain target
abundance in the future (Hansen et al., 2019).
Maximizing suppression efficiency will increase the
likelihood of reaching the management target, thus
allowing eventual reductions in fishing effort and
costs. Attempting to transition into maintenance
suppression to sustain low lake trout density will
continue to make Lake Pend Oreille an informative
model for long-term management of nonnative lake
trout populations elsewhere.

On a broader-scale, our efforts to suppress lake
trout highlight the tremendous management complex-
ity and costs that can be required to mitigate the effects
of introduced fishes. While it may be possible to
eventually reduce suppression costs substantially, an
adequate initial investment of resources and a long-
term commitment are necessary since eradication of
introduced species is rarely possible. In our case,
sufficient long-term funding was available, and the
cost of suppression was deemed a worthwhile invest-
ment given the high social and economic values of the
recreational fishery and the native fish conservation
value. The costs and benefits, available resources, and
reality of making a long-term management commit-
ment should be considered before initiating a sup-
pression program.
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