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Abstract
With the increasing use of triploid fish for sport fisheries manage-

ment, biologists, researchers, and managers working in field environ-
ments need practical methods to determine ploidy. Cytological
methods (e.g., flow cytometry, Coulter counter) using erythrocytes are
the most common for ploidy determination in fishes. However, collect-
ing and storing erythrocytes can be logistically challenging during field
work, and donor fish need to be alive or freshly killed. With rapid
advances in molecular genetics, biologists, researchers, and managers
may be unaware of molecular approaches for ploidy determination
that could alleviate the difficulties associated with cytological methods
and allow ploidy determination from archived samples (e.g., fin clips,

scales, otoliths). In this study, we analyzed the agreement between
molecular-based (using fin tissue) and Coulter counter-based (using
blood) ploidy determinations for Walleyes Stizostedion vitreum—the
first assessment of concordance between molecular and cytological
methods for determining ploidy in the family Percidae. We found that
agreement between these two methods was >98%. The high degree of
agreement and greater ease of collecting and storing samples for
molecular-based approaches relative to the traditional cytological ones
support the utility of molecular methods for ploidy determination.

Artificially induced triploidy is used in aquaculture
worldwide to increase growth efficiency, improve flesh
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quality, and prevent unwanted reproductive development of
cultured organisms (Piferrer et al. 2009; Zhou and Gui
2017). Interest in stocking sterile fish is rising among fish-
eries managers for situations where natural reproduction is
undesirable (Budy et al. 2012; Farrell et al. 2022) and may
even be required by state regulation (California Code of
Regulations 2021). While there are emerging techniques for
producing sterile fish that show great promise (Zohar
2021), inducing triploidy is one of the most common and
practical methods for large-scale production of sterile fish
(Maxime 2008), especially in cases where interspecific
hybrids are capable of successful reproduction (Bartley
et al. 2001). For example, triploid Grass Carp Ctenopharyn-
godon idella are stocked outside their native range for vege-
tation control and triploid sport fish like Walleyes
Stizostedion vitreum (Farrell et al. 2022), saugeyes (Wal-
leye× Sauger S. canadense; Koch et al. 2018), and Cutthroat
Trout Oncorhynchus clarkii (Cassinelli et al. 2019) are
stocked to provide angling opportunities where reproduc-
tive and genetic containment are necessary to protect native
fish stocks. As perfect induction of triploidy is rarely
achieved (Fetherman et al. 2015), prestocking ploidy deter-
minations are necessary to ensure that batches of fish with
low induction rates are not released onto the landscape.
Likewise, since ploidy is rarely visually identifiable (Max-
ime 2008), those interested in studying the effects of induced
triploidy on life-history traits and population dynamics
must determine the ploidy of sampled individuals.

Flow cytometry is a cytological method for determining
ploidy and is considered the “gold standard” among practi-
tioners (Fiske et al. 2019; Hubálek and Flajšhans 2021), as it
has been deemed the most accurate technique for determining
ploidy in fish (Maxime 2008). Flow cytometry quantifies the
relative nuclear DNA content of individual cells, typically
erythrocytes in fishes, by measuring the fluorescence emitted
by stained nuclear DNA (Allen 1983). Coulter counter analy-
sis is another common cytological method for determining
ploidy, which measures nuclear volume of erythrocytes as a
proxy for nuclear DNA content (Wattendorf 1986) and is
nearly as accurate as flow cytometry (Fiske et al. 2019). There
are other ploidy determination methods (e.g., karyotyping,
blood smears), but these may not be suitable when processing
multiple samples, as most of these methods are time consum-
ing (Fiske et al. 2019; Maxime 2008).

Using cytological methods to determine ploidy can be
logistically challenging, especially when sampling fish in
remote field locations. For example, when using erythro-
cytes for cytological ploidy determination, blood must be
collected prior to postmortem clotting, as clotted blood
makes ploidy determination difficult or impossible. Addi-
tionally, blood samples can rapidly deteriorate if not han-
dled properly, must be stored with an anticoagulant
(e.g., heparin), refrigerated, and analyzed 14–30 d postcol-
lection. Extending the life of blood samples used for

ploidy determinations is possible but requires the use of
additional specialized methods (Brown et al. 2000; Jenkins
and Thomas 2007; Hubálek and Flajšhans 2021). Further-
more, collecting blood samples requires additional equip-
ment (i.e., syringes and needles, heparinized tubes) and
skill on the part of the collector, and the procedure can be
stressful to the fish. Fisheries managers, biologists, and
researchers could benefit from alternative methods for
determining ploidy from fish collected in the field.

Molecular-based methods of ploidy determination are
relatively new and offer an alternative approach that can
overcome the difficulties associated with using cytological
methods in the field while also providing additional
genetic information that can be used for other analyses.
Collection and storage of tissue samples for molecular-
based ploidy determination is relatively simple; epithelial
tissue from a fin is a preferred source of DNA for extrac-
tion (Wandeler et al. 2007) and can be easily and non-
lethally collected from a fish using only a clean pair of
scissors (Pratt and Fox 2002). Properly stored tissue sam-
ples (e.g., stored in ethanol, frozen, or dried overnight at
room temperature) have a shelf life measured in years to
centuries rather than weeks (LaHood et al. 2008; Hubálek
and Flajšhans 2021). While cytological approaches, espe-
cially when using erythrocytes, typically require fish in rel-
atively good condition (i.e., alive or recently deceased),
tissue samples used for molecular-based approaches can
be used on specimens that have been dead for decades
(Wandeler et al. 2007), eliminating the concern of obtain-
ing high-quality samples from fish rapidly postmortem.

In this study we compared paired Coulter counter- and
molecular-based ploidy determinations for individual fish to
test agreement between these two methods and to assess
the utility of molecular-based methods for determining
ploidy in a percid. Samples (paired blood and fin tissue)
for ploidy determination were collected from a popula-
tion of mixed-ploidy Walleyes in a southwestern Color-
ado reservoir within the upper Colorado River basin,
where triploid Walleyes are stocked to satisfy local angler
demand for high-quality sport fisheries while minimizing
the potential spread (natural and illegal) and establish-
ment of nonnative piscivores into areas deemed impor-
tant for endangered native fish recovery efforts (Farrell
et al. 2022).

METHODS

Fish Sampling
Narraguinnep Reservoir is a 215-ha irrigation supply

reservoir in southwest Colorado, USA. Colorado Parks and
Wildlife (CPW) stocked diploid Walleyes in Narraguinnep on
an irregular basis from as early as 1972 until 2004. In 2008,
CPW began stocking triploid Walleyes into Narraguinnep
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Reservoir, resulting in a mixed population of diploid and tri-
ploid Walleyes (Farrell et al. 2022). Fish were collected using
gill nets configured for fall Walleye index netting (FWIN;
Morgan 2002) during spring in 2019 and spring and fall in
2020. Gill nets were set overnight during spring sampling and
were set for 2–4 h during fall sampling. Water temperatures
during both sampling periods were <12°C, and limited
netting-related mortality occurred. Fish condition (i.e., alive/
dead) was noted prior to processing for tracking sample qual-
ity for Coulter counter analyses. Sampling procedures were
approved by the Institutional Animal Care and Use Commit-
tee (Protocol #18-7822A) at Colorado State University.

Sagittal otoliths were collected for age determination and
cohort assignment. Because CPW began stocking triploid
Walleyes in 2008 and Walleyes have been documented to
reach >20 years old in this population (Farrell et al. 2022),
fish born prior to 2008 could be classified as known
diploids. While spontaneous polyploidy is rare in higher tel-
eosts such as order Perciformes (Leggatt and Iwama 2003),
fish born prior to 2008 were also screened for ploidy using
Coulter counter analyses. Otoliths were sectioned trans-
versely through the core and examined with a compound
microscope using reflected light at 40–100× magnification.
Ages were assigned, blind to fish length, three times by an
experienced reader. When ages disagreed, the median inte-
ger age was used as the final age. Ploidy determinations
were performed independently by different laboratories that
were blind to fish age/cohort assignment.

Blood samples were collected with syringes via cardiac
puncture immediately following euthanasia (Duman et al.
2019), stored in tubes coated with lithium heparin kept at
4°C until Coulter counter ploidy determinations could be
performed by the Genomic Variation Laboratory at the
University of California Davis. Coulter counter analyses
were conducted 3–7 d postcollection. A Z2 Coulter Parti-
cle Count and Size Analyzer (Beckman Coulter Inc., Brea,
California) was used for cytological ploidy determination
(Fiske et al. 2019). One microliter of blood was pipetted
from the lithium heparin tubes and placed into a 25-mL
cuvette containing 10 mL of Isoton II diluent and three
drops of Zapoglobin II lytic reagent to measure the vol-
ume of the erythrocyte nuclei. Previous research indicated
that nuclear volumes exhibit less variance than whole ery-
throcyte volumes and are more appropriate for ploidy
determination (Fiske et al. 2019). Approximately 20,000
erythrocyte nuclei were measured for each sample, and the
modal value of the nuclear volume was recorded (Fiske
et al. 2019).

A 3-cm2
fin clip was collected for genetic analysis from

the lower lobe of the caudal fin using scissors and forceps
that were sanitized with 70% ethanol (note: smaller tissue
samples [e.g., <3 mm2] are likely still effective for genetic
ploidy determination). Fin clips were dried at ambient

temperature and stored on Whatman paper until genetic
analyses could be completed by the Idaho Department of
Fish and Game's Eagle Fish Genetics Laboratory. Samples
were genotyped for a panel of 151 loci following the Geno-
typing-in-Thousands by sequencing method of amplicon
sequencing (Campbell et al. 2015). These loci were a sub-
sample of those described by Bootsma et al. (2020), which
were previously found to be polymorphic within the first 79
bp in either this population of Walleyes or those present in
Idaho (Idaho Department of Fish and Game, unpublished
data). Reads were aligned to reference amplicon sequences
using Bowtie2 (Langmead and Salzberg 2012) with parame-
ters “--rdg 0,5 --rfg 0,5 --score-min L,0,-0.76” to help
account for high variability within the targeted loci. Read
counts for each allele were extracted using microTyper
(https://github.com/delomast/microTyper). To compare
models of diploidy and triploidy, a critical log-likelihood
ratio (LLR) was calculated using the read counts for each
single nucleotide polymorphism (SNP) allele with the
method described by Delomas (2019) and implemented in
the tripsAndDipR R package (https://github.com/delomast/
tripsAndDipR). For loci with multiple SNPs (i.e., micro-
haplotypes), a maximum of one SNP per locus was used. In
these cases, the SNP closest to the forward primer that
passed the binomial test described by Delomas (2019) was
selected. We genotyped 231 samples to use as a training set
to establish LLRs used for determining ploidy from molecu-
lar data following the method of Delomas (2019). The
LLRs of the training samples were manually assessed to
determine critical values for discerning diploids from tri-
ploids. The critical value for diploidy was set at −5, as this
value excluded all triploid training samples and aligned with
critical values identified from similar panels in salmonids
(Delomas 2019). The critical value for triploidy was set at
200, as this value excluded all diploid training samples. Fin
tissue samples were categorized as either triploid (LLR ≥
200), diploid (LLR ≤ −5) or ambiguous (200 >LLR >−5).
We then used 118 samples, where Coulter counter-based
ploidy determinations were withheld from the genetics labo-
ratory, as a test set to evaluate agreement between the two
methods.

Statistical Analyses
All statistical analyses were performed using R 4.0.3 (R

Development Core Team 2020). We used Cohen's kappa
to assess agreement between the two ploidy determination
methods (Cohen 1960). Cohen's kappa adjusts for chance
agreement (van Stralen et al. 2012); values ≤0.2 indicate
poor agreement, and values ≥0.9 indicate excellent agree-
ment (Landis and Koch 1977; Byrt 1996). Cohen's kappa
values were calculated using the irr package in R (Gamer
et al. 2019). Figures were prepared using the package
ggplot2 (Wickham 2016).

MANAGEMENT BRIEF 851
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RESULTS
Walleyes in this study ranged in size from 179 to 680

mm TL (Table S1 available in the Supplementary Material
in the online version of this article). Diploids from the
1998 to 2020 cohorts and triploids from the 2011 to 2018
cohorts were present in the training and test sets. Because
triploid Walleye stocking at Narraguinnep Reservoir
began in 2008 and no triploids were assigned to cohorts
born prior to 2011, diploid Walleyes belonging to the
1998–2007 cohorts were treated as individuals of known
ploidy, which comprised 54 individuals in the training set
and 7 individuals in the test set.

The mean modal nuclear volumes of erythrocytes esti-
mated by Coulter counter for Walleyes in both the train-
ing and test sets were 12.4 μm3 (SD = 0.733 μm3) for
diploids and 17.6 μm3 (SD = 0.952 μm3) for triploids (Fig-
ure 1A). Mean erythrocyte volume for triploid Walleyes
was approximately 1.42× larger than their diploid con-
specifics. Two Walleyes in the test set had nuclear volumes
of 24.3 (age = 5) and 24.8 μm3 (age = 8), much larger than
expected for a triploid Walleye (Figure 1A). Because the
nuclear volume of erythrocytes for these two individuals
was approximately 1.40× greater than measured in tri-
ploids, they were classified as putative tetraploids, as
nuclear volume increases by 50% for each unit increase in
ploidy level (Benfey 1999).

Calculated LLRs from molecular data had distinct
distributions for triploid and diploid Walleyes.
Log-likelihood ratios were not normally distributed (Figure
1B); median LLRs were −1,795 (interquartile range =
−3,426 to −1,261) for diploids and 3,297 (interquartile
range = 1,591–4,587) for triploids.

After applying the critical LLR values established from
the training set to the test set, we found 98.3% agreement
between the molecular and cytological ploidy determina-
tions. These separate methods disagreed for only two indi-
viduals (Table 1). These two individuals were those
deemed tetraploid via the Coulter counter method (modal
erythrocyte nuclear volumes: 24.3 and 24.8 μm3) but tri-
ploid via genetics (LLRs: 4,399 and 4,691). No triploids

FIGURE 1. (A) Modal nuclear volume of Walleye erythrocytes measured with a Coulter counter. (B) Log-likelihood ratios from genetics using read
counts for each SNP allele with the method described by Delomas (2019). Training and test data sets included n= 349. 2N= diploid; 3N= triploid;
4N= tetraploid.

TABLE 1. Confusion matrix comparing the ploidy assignments by cyto-
logical (Coulter counter) and molecular (genetics) methods of ploidy
determination in the test set (n= 118).

Molecular ploidy calls

Cytological ploidy calls 2N 3N 4N

2N 73 0 0
3N 0 43 0
4N 0 2 0

852 FARRELL ET AL.
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were misclassified as diploid, nor were any diploids mis-
classified as triploids. All individuals of known ploidy
(i.e., diploids from cohorts born in 2007 and prior) were
correctly assigned as diploids by both methods in both the
training (n = 54) and test sets (n = 7). Cohen's kappa for
the comparison of these two methods was 0.965 (95%
CI = 0.917–1.00) for the test set, which indicated excellent
agreement (Landis and Koch 1977; Byrt 1996).

DISCUSSION
To our knowledge, this is the first study to examine

agreement between cytological and molecular ploidy deter-
mination methods for a percid and to report distributions
of erythrocyte nuclear volumes for diploid and triploid
Walleyes. Molecular techniques have been successfully
used to determine ploidy in White Sturgeon Acipenser
transmontanus (Delomas et al. 2021), Atlantic Salmon
Salmo salar (Glover et al. 2015; Jacq 2021), Brook Trout
Salvelinus fontinalis, and Chinook Salmon Oncorhynchus
tshawytscha (Delomas 2019). Our study further supports
that molecular ploidy determination techniques work
extremely well and give results indistinguishable from
cytological methods. We found 98.3% agreement between
molecular and cytological ploidy determinations. The two
individuals with noncongruent ploidy assignments were
called tetraploid by Coulter counter and triploid by ampli-
con sequencing. The amplicon sequencing analysis used
here assumed all samples were either diploid or triploid,
and so misclassification of a true tetraploid is expected.
Alternative methods exist that can be used in situations
where ploidies other than diploid and triploid are present
(Gompert and Mock 2017; Weiß et al. 2018; Delomas
et al. 2021), although a sufficient sample of known poly-
ploids other than triploids would be needed to establish
criteria for differentiating higher ploidy levels.

It is unlikely that tetraploids exist in the Narraguinnep
Walleye population and more likely that the Coulter coun-
ter misclassified these triploids as tetraploids. Previous
attempts to produce tetraploid finfish in species without
multiple naturally occurring cytotypes have largely yielded
tetraploid embryos that are inviable beyond the larval
stages (Arai and Fujimoto 2018), with viable tetraploids
being reported for only a few species (Chourrout et al.
1986; Nam et al. 2001). Induction of tetraploidy in Wal-
leye has been demonstrated, but no tetraploids survived
past the larval stage (Malison et al. 2001). Furthermore, it
is unlikely that tetraploids were accidentally created dur-
ing the induction process. Colorado Parks and Wildlife
uses hydrostatic pressure shocks to induce triploidy in
Walleyes by preventing the extrusion of the second polar
body (Piferrer et al. 2009). The time of pressure initiation
CPW uses for induction of triploidy is 8 min postfertiliza-
tion (Fetherman et al. 2015). Malison et al. (2001) used

hydrostatic pressure shocks to induce tetraploidy in Wal-
leyes with a time of pressure initiation of 192 min postfer-
tilization, which suggests that tetraploidy is unlikely to be
inadvertently induced in Walleyes during triploid produc-
tion. It is possible that the blood samples for the two fish
classified as tetraploid by the Coulter counter were poorly
handled in the field and clotting or cellular swelling
occurred between collection and processing, causing the
erythrocyte nuclei increase in size and appear as tetra-
ploids (Krasznai and Goda 2021). Also, temperature fluc-
tuations can shift estimated nuclear volumes (Schreier
et al. 2021). However unlikely, the potential existence of
adult tetraploid Walleyes suggested by the results of this
study warrants confirmation and further investigation.

The choice of a ploidy determination method is situa-
tionally dependent as each comes with its own advantages
and disadvantages. For example, cytological methods can
cheaply and accurately measure percent triploidy in batches
of larval fish (Jenkins et al. 2017). Also, cytological
approaches generally do not require species-specific devel-
opment, whereas molecular methods require development
of a genotyping panel for a given species if a suitable panel
does not already exist. In cases where ploidy information is
needed immediately (e.g., to inform stocking or production
decisions), Coulter counter analysis can provide ploidy
determination results more rapidly than molecular methods
(Wattendorf 1986; Fiske et al. 2019). One sample takes only
minutes when using the Coulter counter method but can
take several hours when using a molecular approach.

However, field researchers and biologists often have
other considerations, and a longer delay between sample
collection and ploidy determination is acceptable. Fin clips
can easily be stored (e.g., in a scale envelope or on What-
man paper), preserved by being dried at ambient tempera-
ture overnight and collected and analyzed at a time
convenient for the researcher/biologist. The increased shelf
life for molecular-based ploidy determination can allow the
researcher/biologist more time to collect more data on indi-
viduals (e.g., age) and save money by affording them the
opportunity to be more selective with samples sent for
ploidy determination. Tissue samples that were collected for
other studies where ploidy determination was not the main
goal could be used for retroactive analyses. Furthermore,
samples can be archived for future studies of populations of
mixed ploidy. Obtaining blood samples of satisfactory qual-
ity for cytological ploidy determinations requires fish in
good condition (i.e., prior to postmortem blood clotting),
which can preclude the use of certain fish collection tech-
niques. For example, standardized gillnetting techniques like
FWIN or North American netting can be used to estimate
fish density but require soak times of 16–24 h (Giacomini
et al. 2020). Such long soak times can preclude the use of
cytological approaches to determine ploidy, as fish can be
dead for far too long to obtain quality blood samples.

MANAGEMENT BRIEF 853
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Molecular ploidy determination methods enable the use of
these types of approaches for monitoring and researching
mixed diploid–triploid populations.

Researchers and managers can also obtain more informa-
tion for a similar price by using molecular methods to deter-
mine ploidy. Cost does vary from lab to lab, but in our case,
genetic analyses cost US$10.05/sample, while Coulter analy-
ses cost $10.32/sample. Data obtained via cytological
approaches are limited to estimations of DNA content, cellu-
lar and nuclear volumes, and ploidy. Alternatively, genetics
data obtained for ploidy determination can be used for assess-
ing population structure (Garza et al. 2014), parentage-based
tagging (Steele et al. 2013), estimating effective population
size (Wang et al. 2016), estimating abundance using close-kin
mark–recapture (Bravington et al. 2016), or any of the myriad
applications of genetics in fisheries (Carvalho and Pitcher
1995). Additionally, molecular approaches would be able to
discriminate hybrids. For example, Montana Fish, Wildlife
and Parks has stocked triploid Walleyes in Bighorn Reservoir
(spanning the Montana–Wyoming border) since 2009 to
reduce potential hybridization and introgression with native
Saugers (Dalbey et al. 2016; S. Blackburn, Montana Fish,
Wildlife and Parks, personal communication), and a molecu-
lar approach to ploidy determination would be able to iden-
tify triploid Walleyes and help discriminate between hybrid
and pure Saugers. Moreover, tissues collected for DNA
extraction can be used for other, nongenetic analyses. For
example, fin clips have long been used in mark–recapture
studies (VanDeValk et al. 2007), contaminant biomonitoring
(Heltsley et al. 2005; Cerveny et al. 2016), and stable isotope
analyses (Sanderson et al. 2009). Furthermore, it may be pos-
sible to use molecular-based ploidy determination techniques
for retrospective analyses of archived samples for which
ploidy determination was not intended (Cuveliers et al. 2009;
Price et al. 2019).

While molecular-based methods are appealing from
several standpoints, those collecting samples in the field
must be aware that cross-contamination is a greater con-
cern than for cytological methods. While DNA sequencing
is less sensitive to cross contamination than other molecu-
lar techniques, like environmental DNA (Rodgers 2017), it
can occur and render samples useless. Practitioners should
ensure that instruments are sufficiently cleaned between
each sample that is collected.

Emerging concerns over stocking nonnative sportfish or
native fish of different lineages than those in recipient sys-
tems in some western states and provinces has increased
interest in the use of triploids as an alternative stocking
strategy to mitigate potential problems associated with
releasing diploid conspecifics onto the landscape, espe-
cially where there are concerns of their predatory (Farrell
et al. 2022), competitive (Budy et al. 2012), or genetic
(Koenig et al. 2011) impacts on native species. In addition
to their use by Montana Fish, Wildlife and Parks in

Bighorn Reservoir, triploid Walleyes are currently being
used by the Utah Division of Wildlife Resources (UDWR)
and CPW to provide alternative sport fisheries while miti-
gating the potential for Walleyes to establish themselves in
the Colorado River and undermine endangered native fish
recovery efforts, as required by a cooperative agreement
among CPW, UDWR, Wyoming Game and Fish, and the
U.S. Fish and Wildlife Service (USFWS 1996). This coop-
erative agreement prohibits the stocking of nonnative,
nonsalmonid sport fish in the upper Colorado River basin,
with a notable exception that grants state fisheries agencies
the ability to stock sterile triploids (USFWS 1996). While
the primary intention of stocking of triploid sport fish is
to reduce the impact of natural dispersal, providing
anglers opportunities to catch these sport fish may also
reduce the extent of illegal stocking (Johnson et al. 2009).
With growing interest in using triploid sport fish, other
species may be triploidized and studies examining species-
specific impacts of triploidization on life-history and popu-
lation dynamics will be needed for fisheries management
purposes. As such, managers, biologists, and researchers
should be aware of alternative approaches to ploidy deter-
mination that may better suit their needs.

ACKNOWLEDGMENTS
Funding for this study was provided by CPW. We thank

Dr. Dan Schill, Dr. George Schisler, John Alves, Jeff Spohn,
and Lori Martin for financial support and Jim White, Ryan
Lane, Tyler Kersey, and several other CPW regional person-
nel for logistical support. Noah Angell, Adam Hundley, Lil-
lian Legg, Michael Miller, Bill Pate, Joe Pitti, and Jesse
Stokes assisted with fish collection in the field. Alisha Good-
bla and Emily Funk assisted with and performed Coulter
counter analyses. Kelly Heindel assisted with laboratory
work. Montezuma Valley Irrigation Company provided
access to the reservoir. We thank the anonymous reviewers
whose constructive comments greatly improved this article.
There is no conflict of interest declared in this article.

ORCID
Collin J. Farrell https://orcid.org/0000-0001-7591-6775
Adam G. Hansen https://orcid.org/0000-0001-5360-6530
Thomas A. Delomas https://orcid.org/0000-0001-5154-
759X
Andrea D. Schreier https://orcid.org/0000-0002-2241-
3119

REFERENCES
Allen, S. K. 1983. Flow cytometry: assaying experimental polyploid fish

and shellfish. Aquaculture 33:317–328.

854 FARRELL ET AL.

 15488675, 2022, 4, D
ow

nloaded from
 https://afspubs.onlinelibrary.w

iley.com
/doi/10.1002/nafm

.10771 by N
oaa D

epartm
ent O

f C
om

m
erce, W

iley O
nline L

ibrary on [07/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0001-7591-6775
https://orcid.org/0000-0001-7591-6775
https://orcid.org/0000-0001-7591-6775
https://orcid.org/0000-0001-5360-6530
https://orcid.org/0000-0001-5360-6530
https://orcid.org/0000-0001-5360-6530
https://orcid.org/0000-0001-5154-759X
https://orcid.org/0000-0001-5154-759X
https://orcid.org/0000-0001-5154-759X
https://orcid.org/0000-0002-2241-3119
https://orcid.org/0000-0002-2241-3119
https://orcid.org/0000-0002-2241-3119


Arai, K., and T. Fujimoto. 2018. Chromosome manipulation techniques
and applications to aquaculture. Pages 137–162 in H. Wang,
F. Piferrer, S. Chen, and Z. Shen, editors. Sex control in aquaculture.
Wiley, Hoboken, New Jersey.

Bartley, D. M., K. Rana, and A. J. Immink. 2001. The use of inter-
specific hybrids in aquaculture and fisheries. Reviews in Fish Biology
and Fisheries 10:325–337.

Benfey, T. J. 1999. The physiology and behavior of triploid fishes.
Reviews in Fisheries Science 7:39–67.

Bootsma, M. L., K. M. Gruenthal, G. J. McKinney, L. Simmons, L.
Miller, G. G. Sass, and W. A. Larson. 2020. A GT-seq panel for
Walleye (Sander vitreus) provides important insights for efficient
development and implementation of amplicon panels in non-model
organisms. Molecular Ecology Resources 20:1706–1722.

Bravington, M. V., H. J. Skaug, and E. C. Anderson. 2016. Close-kin
mark-recapture. Statistical Science 31:259–274.

Brown, B. L., S. L. W. Schultz, and F. K. H. White. 2000. A convenient
field method of tissue preservation for flow cytometric ploidy assess-
ment of Grass Carp. Transactions of the American Fisheries Society
129:1354–1359.

Budy, P. E., G. P. Thiede, A. Dean, D. Olsen, and G. Rowley. 2012. A
comparative and experimental evaluation of performance of stocked
diploid and triploid Brook Trout. North American Journal of Fish-
eries Management 32:1211–1224.

Byrt, T. 1996. How good is that agreement? Epidemiology 7:561.
California Code of Regulations. 2021. Final EIR preparation. Title 14,

section 771.
Campbell, N. R., S. A. Harmon, and S. R. Narum. 2015. Genotyping-

in-thousands by sequencing (GT-seq): a cost effective SNP genotyping
method based on custom amplicon sequencing. Molecular Ecology
Resources 15:855–867.

Carvalho, G. R., and T. J. Pitcher. 1995. Molecular genetics in fisheries.
Chapman and Hall, London.

Cassinelli, J. D., K. A. Meyer, M. K. Koenig, N. V. Vu, and M. R.
Campbell. 2019. Performance of diploid and triploid Westslope Cut-
throat Trout fry stocked into Idaho alpine lakes. North American
Journal of Fisheries Management 39:112–123.

Cerveny, D., S. Roje, J. Turek, and T. Randak. 2016. Fish fin-clips as a
non-lethal approach for biomonitoring of mercury contamination in
aquatic environments and human health risk assessment. Chemo-
sphere 163:290–295.

Chourrout, D., B. Chevassus, F. Krieg, A. Happe, G. Burger, and
P. Renard. 1986. Production of second generation triploid and tetra-
ploid Rainbow Trout by mating tetraploid males and diploid females
– potential of tetraploid fish. Theoretical and Applied Genetics
72:193–206.

Cohen, J. 1960. A coefficient of agreement for nominal scales. Educa-
tional and Psychological Measurement 20:37–46.

Cuveliers, E., L. Bolle, F. Volckaert, and G. Maes. 2009. Influence of
DNA isolation from historical otoliths on nuclear–mitochondrial mar-
ker amplification and age determination in an overexploited fish, the
Common Sole (Solea solea L.). Molecular Ecology Resources 9:725–
732.

Dalbey, S., K. Frazer, H. Headley, C. Nagel, E. Roberts, M. Ruggles,
R. Spoon, A. Strainer, and D. Yerk. 2016. Walleye ecology and
managment, status in Montana, and case histories of introductions.
Ecology and management of Montana Walleye fisheries. Montana
Fish, Wildlife and Parks, Helena.

Delomas, T. A. 2019. Differentiating diploid and triploid individuals
using single nucleotide polymorphisms genotyped by amplicon
sequencing. Molecular Ecology Resources 19:1545–1551.

Delomas, T. A., S. C. Willis, B. L. Parker, D. Miller, P. Anders, A.
Schreier, and S. Narum. 2021. Genotyping single nucleotide polymor-
phisms and inferring ploidy by amplicon sequencing for polyploid,

ploidy-variable organisms. Molecular Ecology Resources 21:2288–
2298.

Duman, M., I. B. Saticioglu, B. Suzer, and S. Altun. 2019. Practices for
drawing blood samples from teleost fish. North American Journal of
Aquaculture 81:119–125.

Farrell, C. J., B. M. Johnson, A. G. Hansen, and C. A. Myrick. 2022.
Induced triploidy reduces mercury bioaccumulation in a piscivorous
fish. Canadian Journal of Fisheries and Aquatic Sciences 79:200–215.

Fetherman, E. R., J. M. Lepak, B. L. Brown, and D. J. Harris. 2015.
Optimizing time of initiation for triploid Walleye production using
pressure shock treatment. North American Journal of Aquaculture
77:471–477.

Fiske, J. A., J. P. Van Eenennaam, A. E. Todgham, S. P. Young, C. E.
Holem-Bell, A. M. Goodbla, and A. D. Schreier. 2019. A comparison
of methods for determining ploidy in White Sturgeon (Acipenser
transmontanus). Aquaculture 507:435–442.

Gamer, M., J. Lemon, I. Fellows, and P. Singh. 2019. irr: various coeffi-
cients of interrater reliability and agreement.

Garza, J. C., E. A. Gilbert-Horvath, B. C. Spence, T. H. Williams, H.
Fish, S. A. Gough, J. H. Anderson, D. Hamm, and E. C. Anderson.
2014. Population structure of steelhead in costal California. Transac-
tions of the American Fisheries Society 143:134–152.

Giacomini, H. C., N. Lester, P. Addison, S. Sandstrom, D. Nadeau, C.
Chu, and D. de Kerckhove. 2020. Gillnet catchability of Walleye
(Sander vitreus): comparison of North American and provincial stan-
dards. Fisheries Research 224:105433.

Glover, K. A., A. S. Madhun, G. Dahle, A. G. Sørvik, V. Wennevik, Ø.
Skaala, H. C. Morton, T. J. Hansen, and P. G. Fjelldal. 2015. The
frequency of spontaneous triploidy in farmed Atlantic Salmon produced
in Norway during the period 2007–2014. BMC Genetics 16:article 37.

Gompert, Z., and K. E. Mock. 2017. Detection of individual ploidy
levels with genotyping-by-sequencing (GBS) analysis. Molecular Ecol-
ogy Resources 17:1156–1167.

Heltsley, R. M., W. G. Cope, D. Shea, R. B. Bringolf, T. J. Kwak, and
E. G. Malindzak. 2005. Assessing organic contaminants in fish: com-
parison of a nonlethal tissue sampling technique to mobile and sta-
tionary passive sampling devices. Environmental Science and
Technology 39:7601–7608.

Hubálek, M., and M. Flajšhans. 2021. Simple field storage of fish sam-
ples for measurement of DNA content by flow cytometry. Cytometry
Part A 99:743–752.

Jacq, C. 2021. Nofsal-mp10: a single hypervariable str 12-plex for accu-
rate verification of triploidy in Atlantic Salmon (Salmo salar L.).
Aquaculture 541:736823.

Jenkins, J. A., R. O. Draugelis-Dale, R. P. Glennon, A. M. Kelly, B. L.
Brown, and J. R. Morrison. 2017. An accurate method for measuring
triploidy of larval fish spawns. North American Journal of Aquacul-
ture 79:224–237.

Jenkins, J. A., and R. G. Thomas. 2007. Use of eyeballs for establishing
ploidy of Asian Carp. North American Journal of Fisheries Manage-
ment 27:1195–1202.

Johnson, B. M., R. Arlinghaus, and P. J. Martinez. 2009. Are we doing
all we can to stem the tide of illegal fish stocking? Fisheries 34:389–394.

Koch, J., C. Steffen, J. Goeckler, R. Marteney, J. Jagels, and B. Brown.
2018. Comparison of diploid and triploid saugeye recruitment,
growth, and condition in Kansas impoundments. North American
Journal of Fisheries Management 38:446–453.

Koenig, M. K., J. R. Kozfkay, K. A. Meyer, and D. J. Schill. 2011. Perfor-
mance of diploid and triploid Rainbow Trout stocked in Idaho alpine
lakes. North American Journal of Fisheries Management 31:124–133.

Krasznai, Z., and K. Goda. 2021. Can flow cytometric DNA content
analysis become a routine procedure in aquaculture? Cytometry Part
A 99:668–670.

MANAGEMENT BRIEF 855

 15488675, 2022, 4, D
ow

nloaded from
 https://afspubs.onlinelibrary.w

iley.com
/doi/10.1002/nafm

.10771 by N
oaa D

epartm
ent O

f C
om

m
erce, W

iley O
nline L

ibrary on [07/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



LaHood, E. S., J. J. Miller, C. Apland, and M. J. Ford. 2008. A rapid,
ethanol-free fish tissue collection method for molecular genetic ana-
lyses. Transactions of the American Fisheries Society 137:1104–1107.

Landis, J. R., and G. G. Koch. 1977. The measurement of observer
agreement for categorical data. Biometrics 33:159–174.

Langmead, B., and S. L. Salzberg. 2012. Fast gapped-read alignment
with Bowtie 2. Nature Methods 9:357–359.

Leggatt, R. A., and G. K. Iwama. 2003. Occurrence of polyploidy in the
fishes. Reviews in Fish Biology and Fisheries 13:237–246.

Malison, J. A., J. A. Held, L. S. Weil, T. B. Kayes, and G. H. Thorgaard.
2001. Manipulation of ploidy in Walleyes by heat shock and hydrostatic
pressure shock. North American Journal of Aquaculture 63:17–24.

Maxime, V. 2008. The physiology of triploid fish: current knowledge and
comparisons with diploid fish. Fish and Fisheries 9:67–78.

Morgan, G. E. 2002. Manual of instructions – fall Walleye index netting
(FWIN). Ontario Ministry of Natural Resources, Peterborough.

Nam, Y. K., G. C. Choi, D. J. Park, and D. S. Kim. 2001. Survival and
growth of induced tetraploid Mud Loach. Aquaculture International
9:61–71.

Piferrer, F., A. Beaumont, J.-C. Falguière, M. Flajšhans, P. Haffray, and
L. Colombo. 2009. Polyploid fish and shellfish: production, biology
and applications to aquaculture for performance improvement and
genetic containment. Aquaculture 293:125–156.

Pratt, T. C., and M. G. Fox. 2002. Effect of fin clipping on overwinter
growth and survival of age-0 Walleyes. North American Journal of
Fisheries Management 22:1290–1294.

Price,M.H.H., B.M.Connors, J. R. Candy, B.McIntosh, T.D. Beacham, J.
W. Moore, and J. D. Reynolds. 2019. Genetics of century-old fish scales
reveal population patterns of decline. Conservation Letters 12:e12669.

R Development Core Team. 2020. R: a language and environment for sta-
tistical computing. R Foundation for Statistical Computing, Vienna.

Rodgers, T. 2017. Proper fin-clip sample collection for molecular analyses
in the age of eDNA. Journal of Fish Biology 91:1265–1267.

Sanderson, B. L., C. D. Tran, H. J. Coe, V. Pelekis, E. A. Steel, and W.
L. Reichert. 2009. Nonlethal sampling of fish caudal fins yields valu-
able stable isotope data for threatened and endangered fishes. Trans-
actions of the American Fisheries Society 138:1166–1177.

Schreier, A. D., J. P. Van Eenennaam, P. Anders, S. Young, and J.
Crossman. 2021. Spontaneous autopolyploidy in the Acipenseri-

formes, with recommendations for management. Reviews in Fish
Biology and Fisheries 31:159–180.

Steele, C. A., E. C. Anderson, M. W. Ackerman, M. A. Hess, N. R. Camp-
bell, S. R. Narum, and M. R. Campbell. 2013. A validation of parentage-
based tagging using hatchery steelhead in the Snake River Basin. Cana-
dian Journal of Fisheries and Aquatic Sciences 70:1046–1054.

USFWS (U.S. Fish and Wildlife Service). 1996. Procedures for stocking
nonnative fish species in the upper Colorado River basin. Upper Col-
orado River Endangered Fish Recovery Program, Denver.

van Stralen, K. J., F. W. Dekker, C. Zoccali, and K. J. Jager. 2012.
Measuring agreement, more complicated than it seems. Nephron
Clinical Practice 120:c162–c167.

VanDeValk, A. J., T. E. Brooking, J. R. Jackson, and L. G. Rudstam.
2007. Contribution of stocked yearling Walleyes to the fishery in
Oneida Lake, New York. North American Journal of Fisheries Man-
agement 27:1018–1024.

Wandeler, P., P. E. A. Hoeck, and L. F. Keller. 2007. Back to the future:
museum specimens in population genetics. Trends in Ecology and
Evolution 22:634–642.

Wang, J., E. Santiago, and A. Caballero. 2016. Prediction and estimation
of effective population size. Heredity 117:193–206.

Wattendorf, R. J. 1986. Rapid identification of triploid Grass Carp with
a coulter counter and channelyzer. Progressive Fish-Culturist 48:125–
132.

Weiß, C. L., M. Pais, L. M. Cano, S. Kamoun, and H. A. Burbano.
2018. nQuire: a statistical framework for ploidy estimation using next
generation sequencing. BMC Bioinformatics 19:article 122.

Wickham, H. 2016. ggplot2: elegant graphics for data analysis. Springer-
Verlag, New York.

Zohar, Y. 2021. Fish reproductive biology – reflecting on five decades of
fundamental and translational research. General and Comparative
Endocrinology 300:113544.

Zhou, L., and J. Gui. 2017. Natural and artificial polyploids in aquacul-
ture. Aquaculture and Fisheries 2:103–111.

SUPPORTING INFORMATION
Additional supplemental material may be found online

in the Supporting Information section at the end of the
article.

856 FARRELL ET AL.

 15488675, 2022, 4, D
ow

nloaded from
 https://afspubs.onlinelibrary.w

iley.com
/doi/10.1002/nafm

.10771 by N
oaa D

epartm
ent O

f C
om

m
erce, W

iley O
nline L

ibrary on [07/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	 Abstract
	 Meth�ods
	 Fish Sam�pling
	 Sta�tis�ti�cal Anal�y�ses

	 Results
	nafm10771-fig-0001

	 Dis�cus�sion
	 Acknowl�edg�ments
	 Ref�er�ences
	nafm10771-bib-0001
	nafm10771-bib-0002
	nafm10771-bib-0003
	nafm10771-bib-0004
	nafm10771-bib-0005
	nafm10771-bib-0006
	nafm10771-bib-0007
	nafm10771-bib-0008
	nafm10771-bib-0009
	nafm10771-bib-0060
	nafm10771-bib-0010
	nafm10771-bib-0011
	nafm10771-bib-0012
	nafm10771-bib-0013
	nafm10771-bib-0014
	nafm10771-bib-0015
	nafm10771-bib-0016
	nafm10771-bib-0017
	nafm10771-bib-0018
	nafm10771-bib-0019
	nafm10771-bib-0020
	nafm10771-bib-0021
	nafm10771-bib-0022
	nafm10771-bib-0023
	nafm10771-bib-0024
	nafm10771-bib-0025
	nafm10771-bib-0026
	nafm10771-bib-0027
	nafm10771-bib-0028
	nafm10771-bib-0029
	nafm10771-bib-0030
	nafm10771-bib-0031
	nafm10771-bib-0032
	nafm10771-bib-0033
	nafm10771-bib-0034
	nafm10771-bib-0035
	nafm10771-bib-0036
	nafm10771-bib-0061
	nafm10771-bib-0062
	nafm10771-bib-0037
	nafm10771-bib-0038
	nafm10771-bib-0063
	nafm10771-bib-0039
	nafm10771-bib-0040
	nafm10771-bib-0041
	nafm10771-bib-0042
	nafm10771-bib-0043
	nafm10771-bib-0044
	nafm10771-bib-0045
	nafm10771-bib-0046
	nafm10771-bib-0047
	nafm10771-bib-0048
	nafm10771-bib-0049
	nafm10771-bib-0050
	nafm10771-bib-0051
	nafm10771-bib-0052
	nafm10771-bib-0053
	nafm10771-bib-0054
	nafm10771-bib-0055
	nafm10771-bib-0056
	nafm10771-bib-0057
	nafm10771-bib-0058
	nafm10771-bib-0064
	nafm10771-bib-0059


