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and Hybrids by Use of Field-Based Phenotypic
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Brett High
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Matthew R. Campbell
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Abstract
Native and nonnative salmonids within the same genus sometimes hybridize, and the hybrids are often
difﬁcult to visually distinguish from parental species. We compared phenotypic delineations (based on several
visual characteristics) and genotypic screening (using seven nuclear DNA loci) for 323 ﬁsh collected from an
Idaho stream where Yellowstone Cutthroat Trout O. clarkii bouvieri were introgressed with Rainbow Trout O.
mykiss to evaluate our ability to visually distinguish Yellowstone Cutthroat Trout from Rainbow Trout and
hybrids. Assuming that the genotypes were 100% accurate, correct phenotypic classiﬁcation was highest for
Yellowstone Cutthroat Trout (the genotype conﬁrmed the phenotype 94% of the time), followed by hybrids (79%)
and Rainbow Trout (71%). All errors were between pure and hybrid ﬁsh. All of the measured phenotypic
characteristics were useful for differentiating Yellowstone Cutthroat Trout from hybrids, but the most informative characteristics were the lack of a white leading tip on the anal and dorsal ﬁns, the presence of fewer than ﬁve
spots on the top of the head, and the presence of a bright red-orange throat slash. Fish size did not inﬂuence
correct phenotypic identiﬁcation, although fry were excluded from our study. A logistic regression model
predicted that biologists were more than 50% likely to visually detect Rainbow Trout traits in a hybrid when
its level of hybridization was greater than 22% (95% conﬁdence interval = 4–30%). For an additional 189 ﬁsh in
three other Idaho streams, phenotypic differentiation of Yellowstone Cutthroat Trout from Rainbow Trout and
hybrids was 91% accurate. These results can be used to screen for introgression in Yellowstone Cutthroat Trout
populations or to selectively remove Rainbow Trout and hybrids from Yellowstone Cutthroat Trout populations.
However, in most cases, genetic conﬁrmation of purity or introgression would still be valuable for identifying low
levels of hybridization in individuals or in the population at large.

Throughout the world, nonnative salmonids have been propagated to expand and improve recreational sportﬁshing opportunities (reviewed by Cambray 2003). Unfortunately, when
nonnative salmonids are stocked in waters where native congeners
already exist, hybridization between native and nonnative species
often results (Leary et al. 1995). Hybridization with hatcherystocked Rainbow Trout O. mykiss is a leading cause of decline in
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many subspecies of Cutthroat Trout Oncorhynchus clarkii in
western North America (Young 1995; Mayhood 2000; Behnke
2002). Such declines have led to numerous subspecies-speciﬁc
management plans to help conserve as many unhybridized
Cutthroat Trout populations as possible (e.g., Cofﬁn and Cowan
1995; Hirsch et al. 2005; Mayhood 2014). Common goals outlined
in such plans are to (1) identify pure Cutthroat Trout populations
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and protect them from introgression and (2) eradicate or reduce
introgression where feasible by removing Rainbow Trout and
hybrids from the system. Both goals require an ability to accurately
differentiate between pure and hybrid ﬁsh.
Differentiation between Cutthroat Trout and Rainbow Trout is
usually straightforward; however, the identiﬁcation of Cutthroat
Trout × Rainbow Trout hybrids (hereafter, “hybrids”) can be
difﬁcult. Historically, this was done using morphometrics and
meristics, such as coloration; spotting patterns; the presence or
absence of basibranchial teeth; and counts of scales, ﬁn rays,
caeca, and vertebrae (Behnke 1979). Cutthroat Trout and
Rainbow Trout have separation in most of these characteristics,
whereas hybrids tend to have intermediate characteristics,
although they also often overlap in both parental species
(Behnke 1979). Recent advances in genetic tools, such as the
identiﬁcation of diagnostic molecular markers to differentiate
parental species (Baker et al. 2002; Ostberg and Rodriguez
2002; Baumsteiger et al. 2005), have made the detection of
hybridization in ﬁsh populations much easier and more accurate
(Scribner et al. 2001). However, the cost of genetically analyzing
enough ﬁsh to conﬁdently generate conclusions about the purity
of Cutthroat Trout populations prohibits sole reliance on this
technique in many instances (Della Croce et al. 2016).
Consequently, there is still a need for phenotypic differentiation of Cutthroat Trout from Rainbow Trout and hybrids in the
ﬁeld. The ability of biologists to visually differentiate such ﬁsh
depends on the degree of overlap in phenotypic characteristics
exhibited by Cutthroat Trout and Rainbow Trout. Some
Cutthroat Trout subspecies, such as the Coastal Cutthroat Trout
O. clarkii clarkii, are particularly difﬁcult to phenotypically
differentiate from Rainbow Trout or steelhead (anadromous
Rainbow Trout; Pollard et al. 1997; Baumsteiger et al. 2005;
Kennedy et al. 2009), probably because they evolved in sympatry. For other subspecies, such as the Yellowstone Cutthroat
Trout O. clarkii bouvieri, phenotypic differentiation has been
more successful. Seiler et al. (2009) recently summarized 29
morphological measurements, which they used to distinguish
between groups of Yellowstone Cutthroat Trout, Rainbow
Trout, and hybrids with a high degree of accuracy. However,
their results were based on digitized photographs taken in the
ﬁeld but processed in the laboratory, and processing involved
numerous meristic measurements, such as eye diameter and the
length of each ﬁn. This technique can be used to retrospectively
identify pure or hybridized populations with high accuracy, but it
cannot be used in real time. For example, at a spawning weir
installed to interrogate upstream-migrating ﬁsh, where Cutthroat
Trout are passed upstream to spawn in natal tributaries but
Rainbow Trout and hybrids are not (e.g., High 2010), a weir
operator cannot count ﬁn rays and scales and measure tedious
external characteristics on dozens if not hundreds of ﬁsh each
day. External characteristics that are more qualitative in nature,
such as body coloration, white-tipped ﬁns, the presence of a
throat slash, the number of spots on the top of the head, and
other spotting patterns or coloration on various regions of the
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ﬁsh’s body, have been used to differentiate Yellowstone
Cutthroat Trout from Rainbow Trout and hybrids (e.g.,
Campbell et al. 2002; Meyer et al. 2003, 2006). However, no
previous studies have provided the proportional incidence of
speciﬁc phenotypic traits in genetically identiﬁed Yellowstone
Cutthroat Trout, Rainbow Trout, and hybrids.
Because hybrids can be difﬁcult to identify accurately and can
exhibit a range of parental phenotypes (Neff and Smith 1979),
combining genetic analyses with speciﬁc ﬁeld-based phenotypic
traits that are easy to measure would help to create an accurate
metric for quickly differentiating Yellowstone Cutthroat Trout
from Rainbow Trout and hybrids. Thus, our primary objective
was to determine the phenotypic traits that could be used to most
accurately differentiate Yellowstone Cutthroat Trout from
Rainbow Trout and hybrids in the ﬁeld, with an emphasis on
characteristics that were easiest and fastest to measure. We
determined these characteristics from one stream and validated
them in three additional streams to verify their diagnostic utility
across a broader geographic range. As a secondary objective, we
evaluated whether the ability of biologists to identify Rainbow
Trout traits in an individual hybrid was inﬂuenced by the degree
of hybridization within the ﬁsh.

METHODS
Fish sampling.—This study was primarily conducted in
Palisades Creek, Idaho, a fourth-order (Strahler 1964; at the
1:24,000 hydrologic scale) tributary of the South Fork Snake
River near the Idaho–Wyoming border. The stream has a mean
width of about 10 m and an average gradient of about 2% in the
area of study. Although the stream is 30 km long, a high-gradient,
steep cascading section near river kilometer 11 presently appears
to form a natural velocity barrier to ﬁsh, as Rainbow Trout and
hybrids are absent upstream of this section (Meyer et al. 2006; K.
A. Meyer, unpublished data).
Palisades Creek is one of four primary spawning tributaries for
Yellowstone Cutthroat Trout in the South Fork Snake River. By
the early 1980s, wild Rainbow Trout had begun to appear in
Palisades Creek and the main-stem South Fork Snake River,
prompting cessation of all hatchery Rainbow Trout stocking.
Since 2000, weirs have been installed and operated on Palisades
Creek in an attempt to halt upstream spawning migrations of
Rainbow Trout and hybrids (Yellowstone Cutthroat Trout are
passed over the weirs). However, most of the weirs were not
highly efﬁcient or could not be operated effectively at very high
spring ﬂows during the critical period of the spawning migration
run (High 2010). As a result, a permanent electric weir was
installed on Palisades Creek during 2009 at a site 0.7 km upstream
from the conﬂuence with the South Fork Snake River.
For the present study, ﬁsh were collected via backpack electroﬁshing in September 2012 throughout the lower 11 km of
Palisades Creek (but above the weir). Random samples of
about 30 Oncorhynchus individuals from every 800 m of stream
were collected. Age-0 ﬁsh were excluded from our study for two
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FIGURE 1. Box-and-whisker plots depicting the TLs of ﬁsh that were genotypically identiﬁed as Rainbow Trout, Yellowstone Cutthroat Trout, or hybrids in
Palisades Creek, Idaho (line inside the box = median; boundaries of box = 25th
and 75th percentiles; whiskers = 10th and 90th percentiles; black circles = 5th and
95th percentiles). Fish smaller than 60 mm TL were excluded from the study.

reasons. First, for all three taxa (i.e., Yellowstone Cutthroat
Trout, Rainbow Trout, and hybrids), age-0 ﬁsh were small (i.e.,
<60 mm TL) at the time of sampling and were extremely rare in
the catch. Second, some of the phenotypic traits that distinguish
Cutthroat Trout from Rainbow Trout are not fully expressed in
age-0 ﬁsh (Miller 1950; Martinez 1984; Seiler et al. 2009).
Fish were sedated in a solution of peppermint oil (Danner et al.
2011) and water (using a 1:10 stock solution of peppermint oil and
ethanol; 0.3–0.5 mL of the solution was used per liter of water) and
were measured for TL. Means and ranges of TLs were similar
between Yellowstone Cutthroat Trout, Rainbow Trout, and
hybrids, although Rainbow Trout were slightly smaller on average
than the other two groups (Figure 1). A suite of phenotypic
characteristics was then recorded for each ﬁsh (Table 1;
Figure 2); selected characteristics were largely based on the results
of previous studies that differentiated Yellowstone Cutthroat Trout

from Rainbow Trout and hybrids (Campbell et al. 2002; Meyer
et al. 2003, 2006). Most of the characteristics are self-explanatory,
but spot counts on the top of the head require further description.
Biologists speciﬁcally counted the spots that were present directly
on the top of the head, above the eyes, starting from just anterior of
the nares and extending posterior to the point of scale formation
(Figure 2). On pure Yellowstone Cutthroat Trout, there is often one
spot next to each nare, and if present those spots were not counted.
Based on the aforementioned characteristics, one of three experienced biologists classiﬁed the ﬁsh as a Yellowstone Cutthroat
Trout, a Rainbow Trout, or a hybrid. A small ﬁn clip was collected
from each ﬁsh for use in genetic analyses.
Genetic analyses.—All genetic samples were screened for
Rainbow Trout hybridization/introgression by using seven
diagnostic nuclear DNA (nDNA) markers (Occ34, Occ35,
Occ36, Occ37, Occ38, Occ42, and OM55; Ostberg and
Rodriguez 2002). Individual genetic classiﬁcation was based on
composite nDNA genotypes following procedures similar to
those outlined by Ostberg and Rodriguez (2006) and Kozfkay
et al. (2007). Samples were classiﬁed as pure Yellowstone
Cutthroat Trout if they were homozygous for O. clarkii
bouvieri alleles at all loci, pure Rainbow Trout if they were
homozygous for O. mykiss alleles at all loci, and hybrids if they
possessed a mixture of alleles from the two parental species.
Hybrids were further classiﬁed as ﬁrst-generation hybrids (F1)
if they were heterozygous at all loci, or >F1 hybrids (i.e., either
Rainbow Trout or Yellowstone Cutthroat Trout backcrosses) if
they possessed a mix of heterozygous and homozygous loci.
With seven codominant nDNA loci, our probability of
mistaking a backcross hybrid (>F1) as an F1 hybrid was less
than 1% (Boecklen and Howard 1997). The use of seven loci
gave us a 90% probability of detecting a 15% or greater level of
introgression in an individual ﬁsh (Rasmussen et al. 2010).
Statistical analyses.—Logistic regression was used to
determine which phenotypic characteristics (as the independent
variables) best distinguished Yellowstone Cutthroat Trout from
hybrids. We considered this differentiation the most important

TABLE 1. Variations in eight phenotypic characteristics that were used to distinguish Yellowstone Cutthroat Trout from Rainbow Trout and hybrids in Palisades
Creek, Idaho. See Figure 2 for illustrations of these characteristics; letters correspond to the particular traits that are depicted in the figure.

Phenotypic characteristics by taxon
Phenotypic metric
Belly coloration
Spots on side of body
Throat slash
White leading edge of pelvic ﬁns
White leading edge of anal ﬁn
White leading edge of dorsal ﬁn
Spots on top of heada
Coloration on side of body
a

Yellowstone Cutthroat Trout

Hybrids

Rainbow Trout

Orange (A)
Variable
White
Large; clustered dorsally and posteriorly (B) Variable
Small; distributed evenly
Bright red-orange (C)
Dull or faint (E) Absent
Absent
Variable
Present (F)
Absent
Variable
Present (G)
Absent
Variable
Present (H)
Very few or no spots (D)
Variable
Many spots (I)
No reddish hue
Variable
Reddish hue (J)

One spot is often present next to each nare, but those spots are not included in the count.
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B
C

A

H
F

G

H
I
J

G

F

D
C

E

FIGURE 2. Representative phenotypes for Yellowstone Cutthroat Trout (upper ﬁsh), Rainbow Trout (lower ﬁsh), and Yellowstone Cutthroat Trout × Rainbow
Trout hybrids (middle ﬁsh), with various phenotypic characteristics indicated by uppercase letters that correspond to the letters in Table 1 (full descriptions are
provided in the table). The lower three panels depict the head spot counting area and two throat slash variants.
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for two reasons. First, pure ﬁsh of either species were never
confused with the opposite parental species, so the
differentiation of Yellowstone Cutthroat Trout from Rainbow
Trout was unambiguous. Second, differentiating between
Rainbow Trout and hybrids was considered immaterial since
detecting either one would conﬁrm the presence of Rainbow
Trout alleles in any Yellowstone Cutthroat Trout population
being evaluated.
We coded our response variable as 0 for hybrids and 1 for
Yellowstone Cutthroat Trout. Most of the independent variables
were either “yes” or “no” categories (e.g., the leading tip of the
dorsal ﬁn either had white coloration or it did not), so we coded
them similarly. For the throat slash, we used only two categories
(i.e., “bright red-orange” or “other”). The number of spots on the
top of the ﬁsh’s head was categorized as either ≥5 or <5; although
the cutoff value was somewhat arbitrary, it was based on years of
experience in differentiating these three taxa. All possible candidate models were tested, and Akaike’s information criterion (AIC)
was used to identify the best models. We only present the most
plausible models—those for which AIC values were within 2 units
of the best-performing model (Burnham and Anderson 2004). We
calculated AIC weights (wi) to judge the relative plausibility of
each model within the set of most plausible models, and the
~ 2 ; Nagelkerke 1991) was used
adjusted R2 for discrete models (R
to assess the amount of variation explained by each model. The
Hosmer–Lemeshow goodness-of-ﬁt statistic (Hosmer et al. 2013)
was used to verify that the most plausible logistic regression
models adequately ﬁt the data.
A separate logistic regression model was constructed to evaluate whether ﬁsh TL (as the independent variable) was related to
the accuracy of our phenotypic classiﬁcation; for the response
variable, a value of 0 was used for inaccurate phenotypic classiﬁcations and a value of 1 was used for accurate classiﬁcations.
Validation of phenotypic characteristics in additional
streams.—During August and September 2015, we evaluated
whether the phenotypic characteristics that best distinguished
Yellowstone Cutthroat Trout from hybrids in Palisades Creek
also worked effectively at other locations in eastern Idaho. This
evaluation was conducted in three rivers (Pine Creek, Toponce
Creek, and the South Fork Snake River) that were known to
contain Yellowstone Cutthroat Trout, Rainbow Trout, and hybrids.
For each reach sampled in 2015, several-hundred meters of
each stream were electroﬁshed to gather a sample of ﬁsh.
Immediately after immobilized ﬁsh were netted, an experienced
biologist examined the ﬁsh cursorily to select which individuals
to retain for our sample and which ﬁsh to return immediately to
the stream. During this initial screening, we retained ﬁsh from all
taxa based on overall appearance rather than any speciﬁc distinguishing characteristics. We selected ﬁsh in this manner—rather
than genetically sampling all captured ﬁsh until an adequate
sample size was achieved—because it allowed us to obtain a
sample with a wider range of ﬁsh sizes composed of all three taxa
of interest. From these retained ﬁsh, we sampled randomly until
an adequate sample size (n ≥ 30 ﬁsh) was obtained for each

stream. Fish were classiﬁed as Yellowstone Cutthroat Trout,
Rainbow Trout, or hybrids based on the phenotypic characteristics included in the top models developed for Palisades Creek
ﬁsh. Fish were screened genetically via the same methods as
described above, and the genotype and phenotype were compared to evaluate the accuracy of phenotypically based
classiﬁcations.
Relating visual detection of Rainbow Trout alleles to
introgression levels.—A ﬁnal logistic regression was used to
evaluate whether visual detection of O. mykiss traits in
individual hybrids was related to the degree of hybridization
in the ﬁsh. Hybrids from all four streams (n = 144) were
combined for this analysis. We coded the response variable
as 0 for inaccurate phenotypic classiﬁcation and 1 for accurate
phenotypic classiﬁcation of ﬁsh that were genetically
conﬁrmed to be hybrids, and the independent variable was
the number of alleles (ranging from 1 to 13 out of the 14
alleles screened) that were identiﬁed as originating from
Rainbow Trout. All statistical analyses were conducted in
SAS (SAS 2009), with α set at 0.05.

RESULTS
During September 2012 in Palisades Creek, a total of 323 ﬁsh
were randomly sampled for phenotype–genotype comparisons.
Based on genotype, 218 ﬁsh were identiﬁed as Yellowstone
Cutthroat Trout, 27 were identiﬁed as Rainbow Trout, 34 were
F1 hybrids, and 44 were >F1 hybrids. Assuming 100% genotyping accuracy, our phenotypically based classiﬁcations in
Palisades Creek were 94% accurate for Yellowstone Cutthroat
Trout, 79% accurate for hybrids, and 71% accurate for Rainbow
Trout. All phenotypic errors were between pure parental ﬁsh and
hybrids (i.e., we never confused a Yellowstone Cutthroat Trout
for a Rainbow Trout or vice versa). Fish that were misidentiﬁed
phenotypically as Rainbow Trout (n = 5) were all Rainbow Trout
backcross hybrids, with each ﬁsh having at least 11 Rainbow
Trout alleles (mean = 12.2 O. mykiss alleles out of the 14 that
were screened). Fish that were misidentiﬁed phenotypically as
hybrids (n = 16) were all pure Rainbow Trout except for one
Yellowstone Cutthroat Trout. Fish that were misidentiﬁed phenotypically as Yellowstone Cutthroat Trout (n = 14) were all
hybrids, and all but one were Yellowstone Cutthroat Trout backcross hybrids. Of the 14 hybrids that were misclassiﬁed as
Yellowstone Cutthroat Trout, 29% had only one Rainbow Trout
allele, and their average number of Rainbow Trout alleles was 2.9
(out of 14). Phenotypic accuracy in differentiating Yellowstone
Cutthroat Trout from Rainbow Trout and hybrids was 95%.
All three biologists were accurate in phenotypically distinguishing between taxa. Two of the biologists were 92% and
96% accurate; the third biologist was 83% accurate, with 15 of
20 mistakes involving the misidentiﬁcation of pure Rainbow
Trout as hybrids.
All of the ﬁeld-based phenotypic characteristics we analyzed
were useful for differentiating Yellowstone Cutthroat Trout
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from Rainbow Trout and hybrids (Table 2). For example, 95%
of Yellowstone Cutthroat Trout had fewer than our a priori
arbitrary cutoff of ﬁve spots on the top of the head, whereas
only 8% of Rainbow Trout and hybrids had fewer than ﬁve
spots on the head (Table 2; Figure 3). In fact, the degree of
hybridization in individual hybrids directly affected the number
of head spots (Figure 4). Least-squares linear regression predicted that at the lowest level of hybridization we could detect
within an individual hybrid (i.e., 1 of 14 alleles, or 7%), the ﬁsh
would have six spots on average.
The absence of white leading tips on the pelvic, anal, and
dorsal ﬁns was also particularly useful for correctly classifying
Yellowstone Cutthroat Trout (Table 2). For example, no
Yellowstone Cutthroat Trout had white tips on the dorsal ﬁn,
and only 1 of 71 ﬁsh with white tips on the pelvic ﬁns and 2 of 81
ﬁsh with white tips on the anal ﬁn were Yellowstone Cutthroat
Trout (assuming that those individuals did not represent errors in
genotyping or data recording). However, these characteristics
were less useful for correctly classifying hybrids: 45% of hybrids
lacked white tips on the pelvic ﬁns, 33% of hybrids lacked white
tips on the anal ﬁn, and 47% of hybrids lacked white tips on the
dorsal ﬁn. The throat slash, body spotting pattern, and side
coloration were also good traits for separation, although some
hybrids exhibited Yellowstone Cutthroat Trout characteristics in
all of the meristics we examined.
Phenotypic characteristics that were most commonly included
(and usually statistically signiﬁcant) in the best logistic regression
models for separating Yellowstone Cutthroat Trout from hybrids
were as follows: (1) the absence of white on the leading tip of the
anal ﬁn, (2) the occurrence of fewer than ﬁve spots on the top of
the head, (3) the presence of a bright red-orange throat slash, and
(4) spots on the side of the body that were clustered dorsally and
posteriorly (Table 3). White on the leading tip of the dorsal ﬁn (the
absence of which was a distinguishing trait for Yellowstone
Cutthroat Trout) was included as a variable in all of the top
candidate models, but this trait was not statistically signiﬁcant in
any of the models. In a separate logistic regression model, ﬁsh TL
was not related to the accuracy of our phenotypic classiﬁcations
(Wald χ2 = 1.21, P = 0.27), indicating that correct classiﬁcations
based on phenotype were not more difﬁcult for smaller ﬁsh.
Validation of Phenotypic Characteristics in Additional
Streams
The phenotypic characteristics that were most diagnostic in
differentiating taxa at Palisades Creek were used to phenotypically
classify 189 ﬁsh collected from three other streams in eastern
Idaho during August and September 2015. Assuming 100% genotyping accuracy, our phenotypically based classiﬁcations in the
ﬁeld were 89% accurate for Yellowstone Cutthroat Trout (n =
110), 85% accurate for Rainbow Trout (n = 13), and 58% accurate
for hybrids (n = 66). Two ﬁsh that were misidentiﬁed phenotypically as Rainbow Trout were both hybrids with an average of 9
Rainbow Trout alleles (out of the 14 screened alleles). Individuals
that were misidentiﬁed phenotypically as hybrids (n = 16) were
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mostly Rainbow Trout, although some were Yellowstone
Cutthroat Trout (n = 5). Fish that were misclassiﬁed phenotypically as Yellowstone Cutthroat Trout (n = 12) were all Yellowstone
Cutthroat Trout backcross hybrids; half of these ﬁsh had only one
Rainbow Trout allele (mean = 2.2 O. mykiss alleles out of 14
screened). Phenotypic accuracy for differentiating Yellowstone
Cutthroat Trout from Rainbow Trout and hybrids in the three
streams was 91%.
Relating Visual Detection of Rainbow Trout Alleles to
Introgression Levels
Including data from all four streams, it was evident that for
genetically conﬁrmed hybrids, the ability of biologists to phenotypically detect Rainbow Trout traits in an individual was
affected by the ﬁsh’s degree of hybridization at the seven loci
we screened (Figure 5). Using logistic regression (Wald χ2 =
30.0, P < 0.001), we predicted that biologists were more than
50% likely to visually detect Rainbow Trout traits in a hybrid
when the level of hybridization in the ﬁsh was greater than
22% (95% conﬁdence interval = 4–30%).
DISCUSSION
Results from this study demonstrate that Rainbow Trout and
hybrids can readily be distinguished from Yellowstone Cutthroat
Trout based on simple phenotypic characteristics. In Palisades
Creek, only 0.5% of the captured Yellowstone Cutthroat Trout
were mistakenly identiﬁed as hybrids, and only 41 of the 897
Rainbow Trout alleles detected in the ﬁsh we analyzed genetically were missed in individuals that were misclassiﬁed as
Yellowstone Cutthroat Trout. Moreover, the characteristics that
worked best at differentiating between taxa in Palisades Creek
were also effective in other streams, suggesting that our results
can be used across a broad geographic scale—and perhaps across
the range of Yellowstone Cutthroat Trout—for differentiating
Rainbow Trout and hybrids from Yellowstone Cutthroat Trout.
If the phenotypic characteristics that we identiﬁed as most useful
can be tested in other portions of the Yellowstone Cutthroat
Trout’s range, this would reveal how broadly the present ﬁndings
can be applied. How easily these characteristics can be used by
novice biologists or seasonal ﬁeld staff to differentiate taxa
would also be a useful avenue for future research; considering
the simplicity of the characteristics we identiﬁed as most useful,
we expect that inexperienced ﬁeld staff would have little difﬁculty in applying our ﬁndings.
Our phenotypic accuracy was highest for Yellowstone
Cutthroat Trout. This concurs with the work of Campbell et al.
(2002), who found that hatchery personnel at Henrys Lake,
Idaho, could visually distinguish Yellowstone Cutthroat Trout
(94% accuracy) much better than hybrids (48% accuracy) based
on a similar array of phenotypic characteristics, although we
were more accurate at identifying hybrids (79% in Palisades
Creek; 58% in other streams) than Campbell et al. (2002). One
difference between the two studies was that Campbell et al.
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TABLE 2. Frequency of occurrence (%) of the variations in phenotypic characteristics used to distinguish Yellowstone Cutthroat Trout from Rainbow Trout and
hybrids (>F1 hybrids = backcross hybrids) in Palisades Creek and three additional streams in Idaho.

Genotype
Meristic
Head spots
Belly
Pelvic ﬁns
Anal ﬁn
Dorsal ﬁn
Throat slash

Body spots
Side coloration

Head spots
Belly
Pelvic ﬁns
Anal ﬁn
Dorsal ﬁn
Throat slash

Body spots
Side coloration

Phenotypic character

Yellowstone
Cutthroat Trout

>F1 hybrid

F1 hybrid

Rainbow Trout

Palisades Creek
Five or more
4.6
Fewer than ﬁve
95.4
Orange hue
26.1
White hue
73.9
White tips present
0.5
White tips absent
99.5
White tips present
0.9
White tips absent
99.1
White tips present
0.0
White tips absent
100.0
Bright red-orange and prominent
89.9
Dull but continuous
4.1
Faint and barely visible
6.0
Absent
0.0
Smaller; distributed evenly on sides
3.7
Larger; clustered dorsally and posteriorly
96.3
Presence of reddish hue
5.5
Absence of reddish hue
94.5

68.2
31.8
9.1
90.9
52.3
47.7
56.8
43.2
38.6
61.4
34.1
11.4
43.2
11.4
70.5
29.5
61.4
38.6

91.2
8.8
5.9
94.1
58.8
41.2
79.4
20.6
70.6
29.4
17.6
17.6
64.7
0.0
76.5
23.5
85.3
14.7

96.3
3.7
0.0
100.0
100.0
0.0
100.0
0.0
88.9
11.1
0.0
0.0
59.3
40.7
100.0
0.0
96.3
3.7

Other streams
Five or more
12.6
Fewer than ﬁve
87.4
Orange hue
41.7
White hue
58.3
White tips present
1.9
White tips absent
98.1
White tips present
0.0
White tips absent
100.0
White tips present
2.9
White tips absent
97.1
Bright red-orange and prominent
89.3
Dull but continuous
0.0
Faint and barely visible
10.7
Absent
0.0
Smaller; distributed evenly on sides
10.7
Larger; clustered dorsally and posteriorly
89.3
Presence of reddish hue
95.1
Absence of reddish hue
4.9

32.6
67.4
8.7
91.3
52.2
47.8
63.0
37.0
52.2
47.8
39.1
2.2
47.8
10.9
50.0
50.0
58.7
41.3

85.7
14.3
42.9
57.1
42.9
57.1
57.1
42.9
85.7
14.3
28.6
14.3
42.9
14.3
28.6
71.4
57.1
42.9

91.7
8.3
5.7
94.3
91.7
8.3
100.0
0.0
88.9
11.1
0.0
8.3
61.1
30.6
75.0
25.0
91.7
8.3

(2002) did not record the phenotypic characteristics of each
individual ﬁsh. By comparing these characteristics to genotypic
results via logistic regression, we were able to pinpoint which
traits were most useful for separating taxa. Unfortunately, no
combination of phenotypic characteristics could have differentiated Yellowstone Cutthroat Trout from hybrids with 100%

accuracy. In fact, across all four streams, none of the 27 hybrids
that were phenotypically misclassiﬁed as Yellowstone Cutthroat
Trout had white leading tips on any of their ﬁns; all but four had
fewer than ﬁve spots on the top of the head; all but four had spots
on the side of the body that were clustered dorsally and posteriorly; and all but ﬁve had a strongly discernible throat slash. Most
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TABLE 3. Top candidate logistic regression models that best differentiated
Yellowstone Cutthroat Trout from Yellowstone Cutthroat Trout × Rainbow
Trout hybrids in Palisades Creek, Idaho, based on phenotypic characteristics
(AIC = Akaike’s information criterion; ΔAIC = difference in AIC value
between the specified model and the best-performing model; wi = Akaike
~ 2 = adjusted R2 for discrete models). Independent variables (defined
weight; R
in Table 2) that were statistically significant in the models (at α = 0.05) are
indicated by bold italic font, and the variables are listed in order of their Wald
χ2 value (highest to lowest).

Rainbow Trout

1.00
0.80
0.60
0.40
0.20
0.00

Model
Hybrids

Percent of fish

1.00
0.80
0.60
0.40
0.20
0.00

Yellowstone Cutthroat Trout

1.00
0.80
0.60
0.40
0.20
0.00
0

2

4

6

8

10

12

14

16

18 ≥20

Number of spots on the top of the head
FIGURE 3. Percentages of Yellowstone Cutthroat Trout, Rainbow Trout, and
hybrids sampled in Palisades Creek that exhibited various numbers of spots on
the top of the head.

Number of head spots

80
70

y = 23.9x + 3.8
R² = 0.16
P < 0.001

60
50
40
30
20
10
0
0.00

0.20

0.40
0.60
0.80
Percent O. mykiss alleles

1.00

FIGURE 4. Relationship between the level of introgression (percentage of
Rainbow Trout O. mykiss alleles among the 14 alleles that were screened) and
the number of spots on the top of the head for Yellowstone Cutthroat Trout ×
Rainbow Trout hybrids in Palisades Creek. The line, equation, and statistics
were obtained by ﬁtting a least-squares linear regression to the data.

Anal ﬁn + Head spots + Throat
slash + Body spots + Dorsal ﬁn
Head spots + Anal ﬁn + Throat slash
+ Side coloration + Dorsal ﬁn
Anal ﬁn + Head spots + Throat
slash + Body spots + Side
coloration + Dorsal ﬁn
Anal ﬁn + Head spots + Throat
slash + Body spots + Belly
coloration + Dorsal ﬁn
Head spots + Anal ﬁn + Throat
slash + Side coloration + Belly
coloration + Dorsal ﬁn
Head spots + Anal ﬁn + Throat
slash + Dorsal ﬁn
Head spots + Throat slash + Body
spots + Anal ﬁn + Pelvic ﬁns +
Dorsal ﬁn

AIC

ΔAIC

wi

~2
R

128.38 0.00 0.23 0.68
128.77 0.39 0.19 0.68
129.14 0.76 0.16 0.68

129.70 1.32 0.12 0.68

130.02 1.64 0.10 0.68

130.07 1.69 0.10 0.68
130.09 1.71 0.10 0.68

of these hybrids had only one Rainbow Trout allele or a few
Rainbow Trout alleles at the loci we included in our genetic
screening, so it is not surprising that they displayed phenotypic
characteristics that were mostly (or sometimes entirely) the same
as those of pure Yellowstone Cutthroat Trout.
Surprisingly, our ability to phenotypically differentiate
Yellowstone Cutthroat Trout from Rainbow Trout and hybrids
was not diminished at smaller ﬁsh sizes. Although this was
partly due to the fact that we excluded fry from our analyses
(since they were generally too small to capture), nevertheless
84 of the 511 ﬁsh examined across all four streams were
smaller than 150 mm TL, and error rates were essentially
equivalent between small ﬁsh (18%) and large ﬁsh (15%).
Spotting patterns and other phenotypic characteristics are
highly variable or not fully expressed in juvenile trout
(Seiler et al. 2009), and small Cutthroat Trout are notoriously
difﬁcult to distinguish from Rainbow Trout (Miller 1950;
Martinez 1984; Campton and Utter 1985), so we expected a
marked difference in error rates between smaller and larger
ﬁsh. However, previous studies have also demonstrated successful differentiation between small ﬁsh of these two species
based on phenotypic traits (e.g., Weigel et al. 2002; Seiler
et al. 2009). For fry, we suspect that white leading tips on
the anal, dorsal, or pelvic ﬁns may be the most fully expressed

Pr (phenotypically detecting O. mykiss traits)
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1

0.8

0.6

0.4

0.2

0
0

0.2
0.4
0.6
0.8
Percent of screened alleles of O. mykiss origin

1

FIGURE 5. Logistic regression relationship between the level of introgression (percentage of Rainbow Trout O. mykiss alleles among the 14 alleles that
were screened) and the probability of visually detecting Rainbow Trout
characteristics in Yellowstone Cutthroat Trout × Rainbow Trout hybrids
sampled from four study streams in eastern Idaho (dashed lines = 95%
prediction limits). The dotted vertical and horizontal lines depict the level of
hybridization at which biologists were more than 50% likely to visually detect
Rainbow Trout traits in an individual hybrid.

characteristics for distinguishing Rainbow Trout and hybrids
from Yellowstone Cutthroat Trout at that size; future research
to conﬁrm or refute this suspicion would be useful.
Most of the phenotypic characteristics we used to distinguish
taxa were clear-cut, whereas the a priori cutoff for the number of
head spots required for phenotypic classiﬁcation of ﬁsh as
Yellowstone Cutthroat Trout was admittedly subjective, despite
being based on years of experience in phenotypic separation of
these taxa. The results of this study substantiated our preconceived
notion that a count of about four to six spots on the top of the head
is a reasonable cutoff for separating Yellowstone Cutthroat Trout
from hybrids, although a few Yellowstone Cutthroat Trout had
more than six head spots. The gap between one Yellowstone
Cutthroat Trout with eight head spots and three Yellowstone
Cutthroat Trout with 20 or more head spots (Figure 3), in addition
to the three Yellowstone Cutthroat Trout with white leading tips on
either their pelvic ﬁns or anal ﬁn, suggests that a few errors in
genotyping or data recording were made. Because (1) phenotypic
differentiation of parental taxa was unambiguous, (2) errors in
classiﬁcation between Rainbow Trout and hybrids were unimportant (either one indicated O. mykiss alleles, which were to be
removed from the stream), and (3) errors on genotypically conﬁrmed hybrids would be nonsensical (i.e., if alleles from both
parental types were identiﬁed, then the ﬁsh was unmistakably a
hybrid), genotyping errors were only relevant for the 328

Yellowstone Cutthroat Trout (across all four streams) that were
genotyped as pure but that nevertheless might have been hybrids.
Among the six Yellowstone Cutthroat Trout with at least 20 head
spots or with white tips on pelvic ﬁns or the anal ﬁn, all were
phenotyped as hybrids but no Rainbow Trout alleles were ampliﬁed; this suggests that at least a few genotyping errors were made,
but it is also possible that Yellowstone Cutthroat Trout exhibit
wider variation in some of the measured phenotypic traits.
Considering that we screened only seven nDNA loci, some genotyping errors in individual ﬁsh should indeed be expected in our
results. Based on genetic sample size formulas provided by
Boecklen and Howard (1997) and Rasmussen et al. (2010), the
ability to detect a low level of introgression (5%) with a high level
of conﬁdence (95%) for individual ﬁsh would require the screening of 29 diagnostic markers, and even then we would expect some
hybrids to be missed. The relationship we found between a ﬁsh’s
level of Rainbow Trout introgression and our probability of
visually detecting Rainbow Trout characteristics in that ﬁsh
(Figure 4) suggests that any errors in genotyping were likely
made on individuals with very low levels of introgression, thus
minimizing the consequences of mistakenly releasing those
hybrids back into the Yellowstone Cutthroat Trout population.
Recent identiﬁcation of single-nucleotide polymorphism loci
with ﬁxed allelic differences between Yellowstone Cutthroat
Trout and Rainbow Trout (e.g., Hohenlohe et al. 2011) should
help to alleviate genotyping mistakes except for ﬁsh with extremely low levels of introgression.
When trying to phenotypically detect introgression in a
Yellowstone Cutthroat Trout population, the misclassiﬁcation
of a sampling reach as containing no ﬁsh with Rainbow Trout
alleles would be highly unlikely unless very few ﬁsh are surveyed or unless introgression is extremely low in that reach.
However, because genotypic screening is more likely than phenotypic delineation to detect low levels of introgression in
Yellowstone Cutthroat Trout, we encourage any broad-scale
status surveys of this subspecies (e.g., Kruse et al. 2000; Meyer
et al. 2006) to incorporate ample genetic sampling, in as many
locations as possible, to support the classiﬁcation of reaches as
containing unhybridized ﬁsh. For phenotypic detection of hybridization in individual ﬁsh, such as during a culling program or
when operating a weir at which ﬁsh with Rainbow Trout traits are
blocked from spawning tributaries, it could be argued that accidentally culling or blocking access to a few Yellowstone
Cutthroat Trout would be more acceptable than accidentally
releasing or allowing passage to ﬁsh with Rainbow Trout alleles.
Unfortunately, our results indicate that the latter mistakes would
probably be more common. Regardless of the design and goal of
the program, any phenotypically based classiﬁcation of
Yellowstone Cutthroat Trout individuals or populations must
acknowledge that some level of error is unavoidable.
Removal of Rainbow Trout and hybrids from Cutthroat Trout
populations is a common conservation strategy across western
North America to preserve native Cutthroat Trout populations
that are threatened with hybridization (e.g., Metcalf et al. 2008;
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Muhlfeld et al. 2009; High 2010; Al-Chokhachy et al. 2014). Such
activities imply that hybridized populations of Cutthroat Trout
have conservation value, although debate on this subject has
been fervent (Allendorf et al. 2004, 2005; Campton and Kaeding
2005). Many governmental agencies in the western USA collectively delineate Cutthroat Trout populations into three categories
(UDWR 2000), which include core (<1% introgressed), conservation (1–10% introgressed), and sport ﬁsh (>10% introgressed)
populations. According to this delineation, all three categories
are considered valuable for several reasons. First, at the scale of
most existing data, it is usually difﬁcult to describe the extent and
level of introgression throughout a particular Cutthroat Trout
population. Second, even in Cutthroat Trout populations where
hybridization is extensive, contrary to scientiﬁc perception
(Allendorf and Leary 1988), empirical evidence suggests that
hybrid swarms in Cutthroat Trout populations rarely develop
(McKelvey et al. 2016). For populations in which hybrid swarms
have not formed and in which pure Cutthroat Trout still persist, the
removal of Rainbow Trout and hybrids should reduce the level and
spread of introgression (e.g., Host 2003; Al-Chokhachy et al.
2014) and may eventually restore the Cutthroat Trout population
to a genetically pure or near-pure condition (Leary et al. 1995).
Genetic testing of each ﬁsh and releasing individuals only after
their genetic purity has been established will rarely be feasible.
Our results suggest that the use of several simple phenotypic
characteristics to visually identify Rainbow Trout and hybrids in
introgressed populations of Yellowstone Cutthroat Trout will
result in minimal failures to detect Rainbow Trout alleles. Such
phenotypic characteristics should prove useful until more reliable
genetic analyses can be conducted within the population of interest
to conﬁrm or refute conclusions that have been drawn from
phenotypic classiﬁcations.
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