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Abstract
Anglers value alpine lakes as providing a scenic, backcountry fishing experience that is seldom found in other fish-

eries. However, trout introduced into alpine lakes often pose a risk to native salmonids in downstream habitats by
establishing source populations in headwater locations. Although the stocking of sterile triploid trout can reduce this
risk, poststocking performance should be equivalent to that of diploid fish before fisheries managers and anglers con-
sider triploid stocking to be ideal. In this study, three different mechanical pressure treatments were tested to create
mixed-sex triploid Westslope Cutthroat Trout Oncorhynchus clarkii lewisi; at 65,500.19 kPa (9,500 psi) applied for
5 min at 300 Celsius-minutes after fertilization, triploid induction rates were 100%, and egg survival to eye-up was
only 8% lower than that for diploids. Fry were stocked into 51 alpine lakes (25 with triploids and 26 with diploids),
and fish were sampled 3 years later. Gill-net catch rates, growth, and condition did not differ between stocked diploid
and triploid fish. General linear models revealed that test fish were larger and in better condition in lakes with fewer
total fish (indicating a density-dependent influence on growth and condition) and were also in better condition in
lower-elevation lakes containing a higher percentage of shallow habitat. Ploidy level was not included in the most
plausible model for any of the response variables. Our results indicate that triploid Westslope Cutthroat Trout can
easily be created by using pressure treatment of fertilized eggs and appear to be a suitable alternative to diploids in
alpine lake stocking programs. Our study suggests that the use of triploid Westslope Cutthroat Trout in alpine lakes
similar to those we studied would prevent hybridization with native salmonids in adjacent habitats without reducing
the abundance, size, or condition of fish available to anglers in the lakes where they are stocked.

Most alpine lakes in western North America lie in cir-
que basins formed by receding glaciers, and typically these
lakes were historically fishless (Dunham et al. 2004). How-
ever, over the last century, many alpine lakes have been

stocked with hatchery trout in an effort to diversify
angling opportunities. Indeed, alpine lakes provide a
unique fishing opportunity, with solitude, dramatic scen-
ery, and a backcountry experience seldom found in other
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fisheries. Not surprisingly, anglers visiting alpine lakes typ-
ically express high levels of satisfaction with their fishing
experience (WGFD 2002; IDFG 2007). Although the
stocking of fish in alpine lakes is popular among anglers
who target remote settings, such stocking poses a potential
risk to native amphibians in alpine lakes and streams
(Knapp et al. 2001) as well as to native salmonids in
downstream habitats via competition and/or hybridization
(Dunham et al. 2004).

The use of triploid hatchery trout in alpine lake stock-
ing programs is one way to prevent nonnative salmonids
from establishing undesirable wild populations because tri-
ploid salmonids are functionally sterile. Triploid fishes are
commonly produced by heat- or pressure-shocking the
eggs soon after fertilization (reviewed by Maxime 2008
and Piferrer et al. 2009), but procedures that result in
100% triploid induction can vary even for species within
the same family (e.g., Benfey and Sutterlin 1984; Piferrer
et al. 1994; Cotter et al. 2000; Kozfkay et al. 2005; Pre-
ston et al. 2013) and have not yet been perfected for vari-
ous salmonids, including Cutthroat Trout Oncorhynchus
clarkii (Kozfkay et al. 2006). Treatments to induce tri-
ploidy have consistently been shown to reduce egg and sac
fry survival (e.g., Happe et al. 1988; Guo et al. 1990),
although performance differences between diploid and tri-
ploid fish from sac fry to stocking size are generally less
consistent (Withler et al. 1998; Wagner et al. 2006; Taylor
et al. 2011).

Although previous studies have shown variability in
prerelease performance between diploid and triploid fish,
most studies investigating fishery performance after stock-
ing have found reduced survival for triploids. Reduced
postrelease survival for triploid fish has been demonstrated
for Rainbow Trout O. mykiss in particular (Simon et al.
1993; Brock et al. 1994; Koenig and Meyer 2011; Koenig
et al. 2011) but also for Coho Salmon O. kisutch (Rutz
and Baer 1996) and Atlantic Salmon Salmo salar (Cotter
et al. 2000). Reduced triploid survival has been attributed
to a combination of having fewer red blood cells, lower
total blood hemoglobin (Benfey and Sutterlin 1984; Ben-
fey 1999), a reduced hemoglobin–oxygen loading capacity
(Graham et al. 1985), and a reduced anaerobic capacity
(Hyndman et al. 2003; Scott et al. 2014). Differences in
survival as a result of these physiological shortcomings
become most apparent when triploid hatchery trout are
stocked in challenging conditions, such as waters with low
dissolved oxygen (Simon et al. 1993; Yamamoto and Iida
1994) or higher temperature (Ojolick et al. 1995). Hatch-
ery trout are often stocked in chronically stressful waters
because wild trout typically cannot support a robust fish-
ery in such environments. Although pristine in setting,
alpine lakes can be challenging environments for hatchery
trout due to short growing seasons, inconsistent food
sources, and low dissolved oxygen during winter months

(Donald and Anderson 1982; Bailey and Hubert 2003),
when most alpine lakes are covered by ice and heavy
snow.

Although reduced postrelease survival for triploid
hatchery trout should be expected, it is not a foregone
conclusion. In fact, some studies have demonstrated equiv-
alent poststocking survival for diploid and triploid trout
stocked in lotic (Dillon et al. 2000) and lentic settings
(Teuscher et al. 2003). In aquaculture settings, triploid fish
have a growth advantage over diploid fish because they
do not expend energy on gonadal development (Ihssen
et al. 1990); however, such growth advantages have rarely
been manifested in the wild (Ojolick et al. 1995; Koenig
et al. 2011; Koenig and Meyer 2011; but see Teuscher
et al. 2003). In addition to differences in growth and sur-
vival between diploid and triploid fish, behavioral differ-
ences have also been noted. Of particular interest is a
study by Warrillow et al. (1997), who found that while
both diploid male and female Brook Trout Salvelinus
fontinalis emigrated from Adirondack lakes during spawn-
ing, only male triploids emigrated. This suggests that the
stocking of triploids could result in a higher percentage of
stocked fish remaining in alpine lakes once stocked, poten-
tially maintaining higher trout densities over the long
term.

None of the above-mentioned diploid–triploid postre-
lease comparisons has been conducted with Cutthroat
Trout. The Idaho Department of Fish and Game cur-
rently stocks about 700 of the state’s estimated 3,000
alpine lakes, often using diploid Westslope Cutthroat
Trout O. clarkii lewisi. Downstream migration of diploid
fish that are stocked in alpine lakes could lead to
intraspecific hybridization with native Westslope Cutthroat
Trout or interspecific hybridization with native Redband
Trout O. mykiss gairdneri. Thus, fisheries managers are
faced with the quandary of being reluctant to stock
diploid Cutthroat Trout in headwater lakes due to
hybridization concerns while also being reluctant to stock
triploid fish if they provide an inferior fishery for alpine
lake anglers. Considering the remaining uncertainty with
regard to triploid poststocking performance, the following
objectives were established for this study: (1) develop a
procedure to induce 100% triploidy for Westslope Cut-
throat Trout by using mechanical pressure treatment; (2)
test whether the known physiological shortcomings of tri-
ploids (as noted above) result in measurable differences in
survival, growth, and condition between triploid and
diploid Westslope Cutthroat Trout stocked in alpine lakes;
and (3) test whether certain lake characteristics or density-
dependent factors influence survival, growth, and condi-
tion of Westslope Cutthroat Trout stocked in alpine lakes.
We hypothesized that diploids would survive better than
triploids but would have similar growth and condition and
that the reduced survival of triploids could be
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compensated for by simply stocking more fish. Therefore,
stocking density was of particular interest with regard to
its influence on abundance of adult-sized stocked fish and
whether this differed between ploidies.

METHODS
Triploid development.—Westslope Cutthroat Trout

stocked throughout Idaho originate from the Idaho
Department of Fish and Game’s broodstock facility at
Cabinet Gorge Fish Hatchery, which were originally
domesticated from populations in the Priest River basin.
An experiment to induce triploidy in Westslope Cutthroat
Trout eggs was conducted at the hatchery in 2010 using
hydrostatic pressure. Previous pressure treatment studies
have shown that the duration and level of applied pressure
are relatively consistent between species, but the time post-
fertilization to most effectively inhibit the shedding of the
third polar body can be variable (Kozfkay et al. 2006).
Therefore, three treatments were tested using the same
pressure (65,500.19 kPa [9,500 psi]) and treatment dura-
tion (5 min), but the pressure treatment was applied at
three different times after fertilization: 300, 350, and 400
Celsius-minutes after fertilization (CMAF; water tempera-
ture 9 time). There were three replicates of each treat-
ment and a control. Eggs from 19–23 females were pooled
together for each replicate. Approximately equal numbers
of eggs were split four ways (three treatments and one
control) from the pooled eggs and then were fertilized
using pooled milt from four to five males and activated
with water. Egg survival was calculated as the number of
spawned eggs that survived to the eye-up stage.

Fry were reared to approximately 50 mm TL, at which
time blood samples were collected to determine triploid
induction rates. Blood was collected by caudal severance,
stored in Alsever’s solution, and shipped to North Caro-
lina State University, where ploidy was determined with
flow cytometry. Fifty microliters of each blood sample
were pipetted into 1.6 mL of a staining buffer containing
6-diamidino-2-phenylindole at 5 mg/L. Genome size rela-
tive to a known diploid control was determined using a
flow cytometer (Partec PA-I), with fluorescence excitation
provided by a mercury arc lamp. A minimum of 5,000
nuclei was analyzed for each sample. Up to 50 blood sam-
ples were collected per treatment replicate where possible,
but some replicates with poor survival had as few as 20
fish remaining, in which case all fish were sampled. The
triploid induction rate was calculated as the proportion
of fish that were triploid out of the total tested in each
replicate.

Egg collection and rearing.— In 2011 and 2013, triploid
eggs were created at Cabinet Gorge Fish Hatchery using
standard spawning techniques followed by pressure treat-
ment to induce triploidy. Approximately 120 female

Westslope Cutthroat Trout were used to collect about
100,000 triploid eggs for rearing to the fry stage, assuming
roughly 50% survival to the eyed-egg stage (based on pre-
vious salmonid triploid experience). Batches of eggs from
20–30 females were pressure treated to induce triploidy
using the most successful pressure treatment derived
above. Diploid fish were obtained in the same fashion,
with the exception of the pressure treatment process.
These fish were reared separately from the triploid group.
After eye-up, eggs were transferred to McCall Fish Hatch-
ery for rearing.

Both diploid and triploid test fish were marked with
adipose fin clips while rearing at McCall Fish Hatchery to
differentiate them from previously stocked or naturally
produced trout in our study lakes. Prior to stocking, 100
triploid and 10 diploid blood samples were collected to
estimate triploid induction rates using the same methods
described above. Just prior to stocking, fish from both the
triploid and diploid groups were sampled to characterize
mean TL (mm), weight (g), and relative weight (Wr) using
the formula

Wr ¼ ðW=WsÞ � 100;

where W = actual fish weight; and Ws = a standard
weight for fish of the same length (Anderson and Neu-
mann 1996).

Selecting study lakes.— In total, 51 lakes were selected
for one-time stocking of test fish (26 stocked with diploids
and 25 stocked with triploids) by use of fixed-wing aircraft
as part of the routine 2011 and 2013 (August and Septem-
ber) stocking requests for the specified lakes (see Supple-
mental Table S1 for lake-specific data available in the
online version of this article). Diploid and triploid marked
fish were stocked into separate lakes to avoid any poten-
tial competition between the ploidy test groups that might
influence postrelease performance (Kozfkay et al. 2006;
Koenig et al. 2011). All study lakes were on 3-year stock-
ing rotations and thus had last been stocked 3 years prior
to receiving test fish. Study lakes were chosen throughout
central Idaho to encompass a wide geographical range,
but sampling efficiency (i.e., distance from trailhead and
some targeted clustering of lakes to maximize data collec-
tion for each field trip) was also considered when selecting
study lakes. Diploid or triploid stocking for each lake cho-
sen for inclusion in our study was assigned randomly.

All lakes were open to harvest with a six-fish bag limit,
but angler harvest of trout in Idaho alpine lakes is negligi-
ble. This is evidenced by the fact that as part of this and a
companion study, we released a total of 943 anchor-
tagged fish (wild and stocked fish combined) in 22 alpine
lakes and had five tags reported by anglers. Considering
that Idaho anglers report about 50% of the anchor tags
they encounter in landed trout (Meyer et al. 2012), this
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translates to an estimated harvest of about 1%. Moreover,
distance from the nearest trailhead was equivalent between
diploid alpine lakes (mean = 3.1 km; range = 0–11 km)
and triploid lakes (mean = 3.6 km; range = 0–12 km),
making test fish of either ploidy equally vulnerable to
angler effort and harvest. Overall, 18,450 diploids and
17,700 triploids were stocked. The number of test fish
stocked in each lake was determined by the standard
annual request for that location, resulting in a wide range
of stocking densities (13–578 fish/ha).

Poststocking evaluation.—All lakes were sampled
3 years after stocking so that stocked fish could grow to a
size desirable to anglers. Two, three, or four floating
experimental gill nets were set per lake depending on lake
size, shape, and depth. However, in general, we set two
nets at lakes smaller than 1 ha; three nets at lakes between
1 and 4 ha; and four nets at lakes greater than 4 ha (cor-
relation coefficient between number of gill nets and lake
size: r = 0.74). Gill nets (46 m long and 1.5 m deep) con-
sisted of nylon-mesh panels with 19-, 25-, 30-, 33-, 38-,
and 48-mm bar mesh; they were set perpendicular to the
shoreline in mid- to late afternoon and were retrieved the
next morning. Captured fish were identified to species,
checked for an adipose fin clip, measured to the nearest
millimeter (TL), and weighed to the nearest gram. In
2016, a tissue sample was taken from all adipose-clipped
trout to genetically assign sex to the test fish and deter-
mine whether there were any differences in sex ratio
between diploid and triploid groups.

We measured several lake characteristics (Table 1) that
have been previously shown to be related to trout size
(length or weight) and abundance in alpine lakes (e.g.,
Donald et al. 1980; Chamberlain and Hubert 1996; Rabe
2001; Bailey and Hubert 2003). Elevation (m) and surface
area (ha) were determined using Google Earth Pro (Goo-
gle 2013). The shoreline development ratio (calculated as

L= 2
ffiffiffiffiffiffiffi
πA

p� �
, where L = length of the shoreline; A = lake

surface area) is a measure of the shoreline length of a
given lake relative to the shoreline length of a perfectly
circular lake of equal area, with perfectly circular lakes
having a value of 1.0; this measurement was also taken
from Google Earth Pro. Aspect affects solar input and
therefore primary productivity in lakes, and primary pro-
ductivity is often directly related to fish production
(Downing et al. 1990); as such, we categorized aspect as
good (south-, southeast-, and southwest-facing lakes), fair
(east- and west-facing lakes), or poor (north-, northeast-,
and northwest-facing lakes). Stocking density was calcu-
lated as the number of fish stocked divided by the esti-
mated surface area (fish/ha). Lake distance (km) from the
nearest maintained trail was also measured from maps
and was used as an index of angler accessibility, which we
considered a surrogate for fishing pressure (cf. Bailey and
Hubert 2003). At the time of the fish surveys, the percent-
age of shallow water (i.e., <2 m deep) in the lake was
visually estimated because shallower lakes are generally
more productive. The ranges in values for all of these
characteristics were very similar for diploid- and triploid-
stocked lakes (Table 1; also see Table S1); for continuous
variables, we formally tested for differences using two-
sample t-tests but found no differences (P ≥ 0.44 for all
comparisons).

Genetic analyses.—Restriction site-associated DNA
sequencing was used to identify sex-specific markers to
estimate the proportion of captured test fish in 2016 (both
diploid and triploid) that were males or females. This
method uses a restriction enzyme to cut the genome of ref-
erence males and females and then sequence 100–300 base
pairs that flank the restriction site and the resulting DNA
fragments. This technology is a particularly powerful tool
for exploring genetic variation in “nonmodel” species
because it does not require a fully sequenced genome

TABLE 1. Means and ranges of lake and fish characteristics measured at 51 alpine lakes in Idaho where either diploid or mixed-sex triploid West-
slope Cutthroat Trout were stocked as fry and sampled 3 years later (Wr = relative weight). See Table S1 for lake-specific data.

Lake characteristic

Diploid-stocked lakes Triploid-stocked lakes

Mean Range Mean Range

Elevation (m) 2,226 1,639–2,472 2,199 1,345–2,525
Surface area (ha) 3.1 0.5–11.8 3.7 0.3–11.8
Proportion shallow habitat 0.21 0.02–0.80 0.22 0.03–1.00
Stocking density (fish/ha) 96 15–500 91 14–578
Shoreline development ratio 1.25 1.10–2.00 1.33 1.06–2.31
Distance from nearest trail (km) 3.1 0.0–11.0 3.6 0.0–12.0
CPUE of test fish (number/net-hour) 0.18 0.00–0.52 0.15 0.00–0.49
TL of test fish (mm) 294 217–372 291 220–353
Wr of test fish 97.5 82.1–108.3 95.5 75.4–128.6
CPUE of nontest fish (number/net-hour) 0.54 0.00–3.02 0.40 0.00–2.59
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(Gamble and Zarkower 2014). We screened 10 phenotypic
males and 10 phenotypic females using the Pst-I
restriction enzyme. We identified two single-nucleotide
polymorphic (SNP) markers (WCT_245656_41 and
WCT_138669_65) that yielded patterns of high genotyping
success and differentiated genetic sex in test samples.
These SNP markers were converted into TaqMan assays
(primer/probe sequences and PCR conditions are available
from the authors upon request). The accuracy of these
markers was further tested with a screening of 90 pheno-
typic females and 90 phenotypic males from the Kings
Lake broodstock of Westslope Cutthroat Trout. Of the
180 samples, 175 (97.2%) exhibited concordance between
phenotypic sex and genetic sex. All five of the discrepan-
cies were from phenotypic males that genotyped as genetic
females. Because 100% concordance was observed among
genotyping calls between the two markers, only
WCT_138669_65 was screened on study samples.

Data analyses.— Prior to stocking, the mean TL and
mean Wr of test fish were compared using two-sample t-
tests. For poststocking evaluations, each lake was consid-
ered the unit of observation for all analyses. For each
lake, CPUE was calculated as the number of test fish cap-
tured per net-hour fished; CPUE was considered an index
of the abundance of test fish in the lake. There was a
strong correlation between catch per net-hour and catch
per net-night (r = 0.93); thus, data analyses were essen-
tially identical regardless of which catch metric was used.
Mean TL and mean Wr of test fish were also estimated
for each lake as indices of fish growth and fish condition.
Two-sample t-tests were used to assess whether CPUE,
mean TL, and mean Wr of test fish differed between
diploid and triploid groups.

To evaluate whether lake characteristics affected
CPUE, growth, or condition of test fish, all independent
variables (i.e., lake characteristics) were first plotted indi-
vidually against all three response variables (CPUE, mean
TL, and mean Wr) to look for data outliers, nonlinear
relationships, and heteroscedasticity. Because naturally
produced or previously stocked trout were encountered in
45 of the 51 study lakes, the abundance (i.e., CPUE) of
nontest fish was included as a predictive variable to
account for potential density-dependent effects on the sur-
vival (i.e., abundance) of stocked test fish. For mean TL
and mean Wr analyses, density dependence was evaluated
by relating these two metrics to the CPUE of all fish sam-
pled. Scatterplots indicated that these two relationships
were nonlinear; thus, they were loge transformed prior to
the remaining analyses.

General linear models were then developed for each
response variable separately. Candidate models for each
response variable were limited to all potential single-factor
models as well as the best multiple-factor model if that
model was superior to any of the single-factor models.

Candidate models were ranked using Akaike’s information
criterion corrected for small sample size (AICc; Burnham
and Anderson 2002), and the amount of variation
explained by each model was compared using r2 values.
Ploidy was also included as an explanatory variable, and
year was included because of the between-year difference
in fish condition at the time of stocking.

Because sample sizes were too small to reliably estimate
the sex ratio of test fish at each lake, data were pooled
across lakes to evaluate whether the sex ratio of test fish
was skewed toward females in triploid lakes compared to
diploid lakes, as would result if diploid males and females
both engaged in spawning migrations that resulted in
some emigration from lakes, but only male triploids
engaged in such migrations (Warrillow et al. 1997). Sex
ratios were compared between ploidy groups by calculat-
ing a 95% confidence interval (CI) around the difference
between the two proportions (Johnson 1999; Fleiss et al.
2003); the difference was considered statistically significant
if the calculated CI did not include zero. All statistical
analyses were conducted using SAS software (SAS Insti-
tute 2009) with a = 0.05.

RESULTS

Triploid Development
Triploid induction rates were very similar across all

three treatments (Table 2). The 300- and 350-CMAF
treatments both showed 100% triploid induction rates
across all three replicates, whereas the 400-CMAF treat-
ment had two replicates of 100% triploid induction and
one replicate of 98% triploid induction. Survival to eye-up
was highest for the control group (31% on average), fol-
lowed by the 300-CMAF test group (27% on average).
Mean survival to eye-up was much lower for the 350-
CMAF (16%) and 400-CMAF (18%) test groups. Eye-up
survival rates were low for all egg lots from replicate 1,
including controls, suggesting poor egg quality for that
group. When eggs from replicate 1 were excluded, mean
eye-up survival rates ranged from 21% to 38% across all
treatments and the control. The 300-CMAF treatment
(65,500.19 kPa [9,500 psi]; 5 min) returned the best com-
bination of induction rate and survival to eye-up; there-
fore, this treatment was used to develop triploid eggs for
the rest of our study.

Egg Collection and Rearing
For the 2011 egg take, eye-up survival rates between

the two test groups were similar to those observed during
triploid development trials, with the eye-up rate for tri-
ploids (41%) being slightly lower than that for diploids
(48%). For eggs collected in 2013, eye-up survival rates
were higher and virtually identical for diploids (57%) and
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triploids (56%). Triploid induction rates were 100% in
both 2011 and 2013.

At the time of stocking, the average TL and Wr of
diploid fish in 2011 (42.8 mm and 121.5, respectively) were
very similar to those of triploid fish (44.2 mm and 112.9);
neither the TL (t = 1.33, P = 0.18) nor the Wr (t = 1.21,
P = 0.23) of test fish differed statistically between ploidy
groups. In 2013, the average TL of diploid fish (42.0 mm)
and triploid fish (41.1 mm) again did not differ statistically
(t = 1.77, P = 0.08); however, the mean Wr values of
diploid fish (130.4) and triploid fish (80.8) were significantly
different (t = 35.93, P < 0.001; Figure 1).

Poststocking Evaluation
In total, 1,322 fish were caught in gill nets across all 51

test lakes; 345 of the captured individuals were test fish. The
remaining captured fish included wild or previously stocked
Westslope Cutthroat Trout (743 fish; present in 42 lakes);
wild Rainbow Trout and/or Rainbow Trout 9 Cutthroat
Trout hybrids (56 fish; present in six lakes); wild Brook
Trout (154 fish; present in six lakes); and stocked Arctic

Grayling Thymallus arcticus from a 2010 planting event (24
fish; stocked in one lake). Although a few (n < 20) of the
nonadipose-clipped Cutthroat Trout were large enough to
have been from the stocking event prior to ours (i.e., 6-year-
old stocked fish), the vast majority were either smaller than
the smallest test fish (30%) or overlapped test fish in size
(68%), indicating that they were likely the same age or
younger than test fish and were thus wild Cutthroat Trout.
Of the 26 lakes stocked with diploid trout, 22 contained test
fish; 19 of the 25 lakes stocked with triploids contained test
fish. Wild trout were present in 44 of the 51 test lakes,
including 36 lakes where they were sympatric with test fish.

Mean gill-net CPUE across both study years was 0.18
fish/net-hour for diploid test fish compared to 0.15 fish/
net-hour for triploid test fish and did not differ statistically
between the two ploidy groups (t = 0.69, P = 0.49). Aver-
age TL of test fish at each lake was 294 mm for diploids
and 291 mm for triploids and did not differ significantly
between the two groups (t = 0.26, P = 0.79). Mean Wr of
test fish was 97.5 in lakes stocked with diploid test fish
and 95.5 in lakes stocked with triploid test fish; mean Wr

was not statistically different between the groups (t = 0.54,
P = 0.59).

The general linear models developed to analyze factors
potentially influencing CPUE, mean TL, and Wr in alpine
lakes showed that most of the factors we measured had
little to no effect on the poststocking performance of test
fish (Table 3). For the CPUE models, the best model indi-
cated that the catch of test fish was higher at lakes with
more shoreline relative to the size of the lake (Table 4).
There was nearly three times more support for this model
than for the next-best model, which indicated that the
catch of test fish was higher at smaller lakes. However,
even the best model explained only 6% of the variation in
CPUE of test fish between lakes.

For the fish TL models, the best model indicated that
test fish were larger in lakes with fewer total fish, and this
model explained 28% of the variation in mean fish TL
across all lakes (Tables 3, 4). There was very little support
for any other models of fish TL. For Wr, the best model
indicated that test fish condition was higher in lower-ele-
vation lakes containing a higher percentage of shallow
habitat, with fewer total fish, and that were stocked in
2011 rather than 2013 (Tables 3, 4). The best model
explained 41% of the variation in mean Wr of test fish,
and there was very little support for any other Wr models.

Thus, the effect of density dependence on test fish was
evident in fish growth and condition models but not the
abundance model. This was also evident when examining
scatterplots of all three dependent variables (CPUE, fish
TL, and Wr) plotted against density-dependent terms (Fig-
ure 2), which depicted a statistically significant and expo-
nential decline in mean TL (r2 = 0.28; F = 15.00,
P < 0.001) and Wr (r2 = 0.24; F = 11.49, P = 0.002) of

TABLE 2. Percent eye-up and percent triploidy (mean and range) for
controls and three pressure treatment groups of fertilized Westslope Cut-
throat Trout eggs treated at 65,500.19 kPa (9,500 psi) for 5 min at vary-
ing Celsius-minutes after fertilization (CMAF). Sample size (n) indicates
the number of replicates of each treatment.

Treatment n

Percent eye-up Percent triploid

Mean Range Mean Range

Control 3 31 13–45
300 CMAF 3 27 7–38 100.0 100–100
350 CMAF 3 16 8–27 100.0 100–100
400 CMAF 3 18 6–25 99.3 98–100

0.0
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0.6

60 80 100 120 140 160 180 200

ycneuqerf
evitaleR

Wr
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FIGURE 1. Relative weights (Wr) of diploid (2N) and mixed-sex
triploid (3N) Westslope Cutthroat Trout fry prior to stocking into Idaho
alpine lakes during 2011 and 2013.
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test fish as the total abundance of fish in the lakes
increased but no decline in the catch of test fish as the
abundance of nontest fish increased (r2 = 0.02; F = 0.78,
P = 0.38). Ploidy was not included in the most plausible
model (based on AICc weights) for any of the response
variables. Likewise, stocking density was not related to
the CPUE of test fish and did not differ between ploidies
(Figure 3).

Results from fish sampled in 2016 showed that the sex
ratios of adult test fish remaining in the lakes was variable
(Figure 4). Overall, the proportion (�95% CI) of the catch
that was female in triploid-stocked lakes (0.55 � 0.12) was

slightly higher than that in diploid-stocked lakes
(0.48 � 0.12) but did not differ statistically (difference
between groups = 0.07; 95% CI = �0.12 to 0.25). Thus,
there was no evidence that a higher proportion of diploid
females was emigrating from lakes relative to triploid
females.

DISCUSSION
The overarching goal of our research was to develop a

reliable procedure for inducing 100% triploidy in hatchery
Westslope Cutthroat Trout fry to be stocked into alpine

TABLE 3. Model results relating the CPUE, TL, and relative weight (Wr) of test fish to various lake and fish characteristics at 51 alpine lakes in
Idaho where either diploid or mixed-sex triploid Westslope Cutthroat Trout were stocked as fry and sampled 3 years later (AICc = Akaike’s informa-
tion criterion corrected for small sample size; DAICc = AICc difference; wi = Akaike weight).

Model AICc DAICc wi r2

CPUE models
Shoreline development (best model) �136.42 0.00 0.33 0.06
Surface area �134.53 1.89 0.13 0.03
Stocking density �133.91 2.51 0.09 0.02
CPUE of nontest fish �133.72 2.71 0.08 0.01
Percent shallow habitat �133.71 2.71 0.08 0.01
Ploidy �133.52 2.90 0.08 0.01
Elevation �133.02 3.40 0.06 0.00
Distance from nearest trail �133.02 3.40 0.06 0.00
Year �133.01 3.41 0.06 0.00
Aspect �131.46 4.96 0.03 0.02

Fish TL models
Loge(CPUE of all fish) (best model) 338.04 0.00 0.96 0.28
Elevation 346.89 8.85 0.01 0.10
Stocking density 347.11 9.07 0.01 0.10
Shoreline development 349.38 11.34 <0.01 0.05
Aspect 350.21 12.17 <0.01 0.08
Year 350.27 12.23 <0.01 0.03
Percent shallow habitat 350.38 12.34 <0.01 0.02
Surface area 350.62 12.59 <0.01 0.02
Distance from nearest trail 351.20 13.16 <0.01 0.00
Ploidy 351.30 13.27 <0.01 0.00

Wr models
Loge(CPUE of all fish) + year +
percent shallow habitat + elevation (best model)

211.14 0.00 0.93 0.41

Loge(CPUE of all fish) 216.59 5.45 0.06 0.24
Elevation 222.43 11.30 <0.01 0.13
Year 223.42 12.29 <0.01 0.11
Stocking density 226.21 15.07 <0.01 0.11
Distance from nearest trail 226.60 15.46 <0.01 0.03
Ploidy 227.43 16.29 <0.01 0.01
Surface area 227.51 16.37 <0.01 0.01
Shoreline development 227.82 16.68 <0.01 0.01
Aspect 228.33 17.19 <0.01 0.05
Percent shallow habitat 228.72 17.59 <0.01 0.01
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lakes and to evaluate whether those fry survived and grew to
a similar size as diploid fish stocked in similar alpine lakes.
Hydrostatic pressure treatment proved to be an effective
way to create triploid hatchery Westslope Cutthroat Trout,
and our procedure was similar to those previously found to
be effective for various salmonids (Teskered�zi�c et al. 1993;
Kozfkay et al. 2005, 2006). As expected, the eye-up survival
rate for triploid eggs was slightly lower than that for
diploids, but this can usually be mitigated during the egg
take process by spawning more fish.

Prior to stocking, fish condition was lower for triploid
fingerlings in one year, but this did not result in reduced
poststocking fish condition 3 years later. Previous work
comparing prestocking hatchery growth of diploid and tri-
ploid trout has been highly variable, with some studies
demonstrating that triploid hatchery trout grew better
than diploids prior to stocking (Simon et al. 1993; Shee-
han et al. 1999) and other studies demonstrating the oppo-
site effect (Myers and Hershberger 1991) or no difference
(Wagner et al. 2006). Considering this variability in pre-
stocking performance among studies and the potential low
eye-up rates for triploid eggs, hatchery staff should closely
monitor growth and survival of triploid trout in-hatchery
to meet the stocking goals typically set for diploids.

Three years after being stocked into alpine lakes, mixed-
sex triploid Westslope Cutthroat Trout had survival,
growth, and condition that were equivalent to those of
diploids. These results concur with a previous study demon-
strating equivalent performance of mixed-sex triploid and
diploid Brook Trout stocked in alpine lakes (Budy et al.
2012) but contrast with a study in which diploid Rainbow
Trout survival was higher than survival for mixed-sex tri-
ploids stocked in alpine lakes (Koenig et al. 2011). Authors

of the latter study suggested that because diploid and tri-
ploid fish were stocked into the same waters, competition
rather than inherently lower performance may have
explained the differential survival they observed, but Budy
et al. (2012) directly evaluated some aspects of competition

TABLE 4. Coefficients and 95% confidence intervals (CIs) for the most
highly supported models relating CPUE, mean TL, and mean relative
weight (Wr) of test fish to various lake and fish characteristics at 51
alpine lakes in Idaho where either diploid or mixed-sex triploid Westslope
Cutthroat Trout were stocked as fry and sampled 3 years later.

Coefficient Estimate �95% CI

CPUE model
Intercept �0.033 0.210
Shoreline development 0.151 0.160

Fish TL model
Intercept 273.224 14.532
Loge(CPUE of all fish) �25.322 12.815

Wr model
Intercept 108.782 29.278
Loge(CPUE of all fish) �5.869 3.639
Year (2011) 9.456 5.922
Percent shallow habitat 16.789 13.734
Elevation �0.012 0.013

FIGURE 2. Scatterplots of potential density-dependent relationships for
CPUE, mean TL, and relative weight (Wr) of diploid (open circles) and
mixed-sex triploid (filled circles) Westslope Cutthroat Trout (test fish)
that were stocked as fry into 51 alpine lakes in Idaho and sampled
3 years later. Coefficients of determination (r2) and least-squares linear
regression lines are also depicted. Logarithmic trends were fitted to test
fish mean TL and Wr, whereas a linear trend was fitted to test fish
CPUE due to a poor logarithmic fit.
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and observed no differences between diploids and triploids
in terms of diet or aggressive behavior. In the present study,
by stocking groups independently, year-class-specific com-
petition was removed as a potential confounding factor.
With fry survival and growth in alpine lakes being appar-
ently equivalent between diploid and triploid Westslope
Cutthroat Trout, at least in the lakes we studied, the clear
advantage of using triploids in alpine lake stocking pro-
grams is that the concern over hybridization of stocked fish
with native salmonids is virtually eliminated.

Out-migration of trout stocked in alpine lakes has been
documented by other authors (Warrillow et al. 1997;
Adams et al. 2001; Daniels et al. 2008) and can create
two potential problems, both of which can be circum-
vented by the stocking of triploid fish. First, stocking of
triploids reduces the potential risk of out-migrating fish
colonizing adjacent waters and threatening the persistence
of native salmonids via competition or introgressive
hybridization. Second, although sterile males display exter-
nal sexual characteristics and migrate to spawning areas

at rates similar to those of diploid males, sterile females
may not (Warrillow et al. 1997). Hence, the use of all-
female triploid trout in alpine lake stocking programs
could potentially halt spawning-related out-migration alto-
gether. In fact, all-female triploid Rainbow Trout stocked
in alpine lakes outperformed diploid and mixed-sex tri-
ploid fish by a 3:1 and 11:1 ratio, respectively (Koenig
et al. 2011), although the role out-migration played in
these differences was not investigated. While not statisti-
cally different in the present study, the slightly higher
percentage of females (determined genetically) in triploid-
stocked waters relative to diploid-stocked waters was
intriguing, but this slight skewness was not statistically sig-
nificant and was in the same direction as the genotype–
phenotype discordance mentioned above. Having sampled
at 3 years after stocking, we may have collected fish too
early to detect a significant shift in sex ratio stemming
from spawning migrations, though the size and age of our
test fish should have resulted in many fish being mature.
Further research on gender-specific out-migration rates
and the feasibility of creating all-female fry for stocking is
needed to determine whether the excess costs and labor of
creating all-female triploids are justified by a higher per-
centage of stocked trout remaining in receiving waters for
anglers to catch.

With a robust sample size of lakes and a wide range of
stocking densities in our study, we anticipated some sort
of density-dependent relationship between stocking density
and CPUE of stocked fish (cf. Bailey and Hubert 2003)
that might provide fisheries managers with better guideli-
nes on how many fish to stock in a given alpine lake and
that might indicate whether stocking rates should be dif-
ferent for diploids and triploids. However, stocking den-
sity explained almost none of the variability in CPUE of
stocked Westslope Cutthroat Trout and little of the vari-
ability in their growth and condition. Any relationship
between stocking density and stocked fish abundance in
the present study may have been masked by the fact that
74% of the fish caught were nontest fish. Thus, in most
cases, the number of fish stocked had little influence on
total fish abundance in the lake, as evidenced by the weak
correlation between stocking density and CPUE of all fish
(r = 0.05). There was a strong density-dependent response
of test fish growth and condition to the total number of
fish caught; such density-dependent signals are common in
trout fisheries within alpine lakes (Hall 1991; Walters and
Post 1993; Parker et al. 2007; Messner 2017).

Although we measured only some of the lake character-
istics that have been previously shown to influence salmo-
nid growth and survival in alpine lakes, the only metrics
that had any appreciable relationship to poststocking per-
formance of Westslope Cutthroat Trout were elevation,
the percentage of the lake that was shallow, and the
amount of shoreline relative to the size of the lake.
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FIGURE 3. Scatterplot of stocking density for diploid (open circles) and
mixed-sex triploid (filled circles) Westslope Cutthroat Trout (test fish)
that were stocked as fry into 51 alpine lakes in Idaho and the subsequent
CPUE of test fish during sampling conducted 3 years later.

FIGURE 4. Sex composition (percent female) of diploid and triploid
Westslope Cutthroat Trout 3 years after the fish were stocked into 51
alpine lakes in Idaho (2013 stocking event). Error bars depict 95%
confidence intervals.
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Lower-elevation lakes grew larger fish that had better con-
dition, as has been demonstrated previously for alpine
lakes (Donald et al. 1980). Although elevation likely did
not have a causative effect on fish growth or condition,
elevation in alpine lakes is often correlated with other
physiochemical conditions that we did not measure, such
as water temperature and conductivity, both of which
have been shown to affect fish growth in alpine lakes
(Donald et al. 1980; Chamberlain and Hubert 1996; Bai-
ley and Hubert 2003). Shallow habitat has long been asso-
ciated with increased lake productivity for fish (Moyle
1949; Northcote and Larkin 1956), including alpine lakes
(Chamberlain and Hubert 1996).

The results of the present study are encouraging for tri-
ploid Westslope Cutthroat Trout poststocking perfor-
mance in alpine lakes, but future research to corroborate
or refute our findings could be valuable for several rea-
sons. First, there was tremendous environmental variation
among study lakes, only part of which was captured in
the limited lake characteristics that we measured; other
factors not accounted for in our study (e.g., zooplankton
abundance, conductivity) may have contributed to the
variation in postrelease performance of stocked diploids
and triploids, potentially masking subtle differences in sur-
vival or growth of the stocked test groups. Second, wild
trout dominated fish abundance in our study lakes; thus,
our study may not have accurately described the survival
and growth that would be expected of triploid and diploid
Westslope Cutthroat Trout when stocked in alpine lakes
lacking wild fish. Nevertheless, our results suggest that in
alpine lakes like those in our study, mixed-sex triploid
Westslope Cutthroat Trout are a viable alternative to
diploids for fisheries managers to utilize as a put-and-grow
stocking tool in lakes where the conservation of adjacent
native salmonid populations is a concern. Egg takes asso-
ciated with triploid groups should be adjusted to compen-
sate for slightly lower survival to eye-up. Further research
is also warranted to compare postrelease performance
between mixed-sex and all-female Westslope Cutthroat
Trout to evaluate whether the added cost of developing an
all-female strain would be outweighed by the added sur-
vival other studies have demonstrated for all-female
strains (e.g., Koenig et al. 2011).
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