Western North American Naturalist
Volume 69 | Number 1

Article 7

4-24-2009

Effects of elevation and genetic introgression on
growth of Colorado River cutthroat trout
Mark C. Belk
Brigham Young University, mark_belk@byu.edu

Michael N. McGee
Brigham Young University, m1mcgee@blm.gov

Dennis K. Shiozawa
Brigham Young University, dennis_shiozawa@byu.edu

Follow this and additional works at: https://scholarsarchive.byu.edu/wnan
Recommended Citation
Belk, Mark C.; McGee, Michael N.; and Shiozawa, Dennis K. (2009) "Effects of elevation and genetic introgression on growth of
Colorado River cutthroat trout," Western North American Naturalist: Vol. 69 : No. 1 , Article 7.
Available at: https://scholarsarchive.byu.edu/wnan/vol69/iss1/7

This Article is brought to you for free and open access by the Western North American Naturalist Publications at BYU ScholarsArchive. It has been
accepted for inclusion in Western North American Naturalist by an authorized editor of BYU ScholarsArchive. For more information, please contact
scholarsarchive@byu.edu, ellen_amatangelo@byu.edu.

Western North American Naturalist 69(1), © 2009, pp. 56–62

EFFECTS OF ELEVATION AND GENETIC INTROGRESSION
ON GROWTH OF COLORADO RIVER CUTTHROAT TROUT
Mark C. Belk1,3, Michael N. McGee1,2, and Dennis K. Shiozawa1
ABSTRACT.—Inland populations of cutthroat trout have suffered dramatic declines and some subspecies are considered threatened or endangered. Understanding patterns of variation and factors that influence life history in populations
is important for conservation and management. We determined effects of elevation, sex, and genetic introgression (with
Yellowstone cutthroat trout, Oncorhynchus clarkii lewisi, and rainbow trout, Oncorhynchus mykiss) on growth rates of
Colorado River cutthroat trout (Oncorhynchus clarkii pleuriticus) in the Sheep Creek drainage in the Uinta Mountains
of Utah. In this high-elevation system, native trout grew slowly and matured relatively late. Elevation, sex, and genetic
introgression all had significant effects on growth rates. Growth rates were lower at higher elevations. Males were
slightly larger than females, and cutthroat trout in locations that were more introgressed grew faster than those at nonintrogressed locations. Both abiotic effects and effects of introduced salmonids must be addressed in long-term management programs to ensure the sustainability of native trout populations.
Key words: life history, growth rate, elevation, genetic introgression, otolith, inland cutthroat trout.

populations of cutthroat trout may be related
to variation in physical factors. Catchment orientation, catchment discharge, and available
habitat can have significant effects on growth
and life history (Gresswell et al. 1997, Isaak and
Hubert 2004). Habitat factors such as water
chemistry, primary production, cover, water
temperature, and residual pool depth during
periods of low flow may affect time of spawning, growth rate, and mortality (Kennedy et al.
2003). Although interest in native cutthroat
trout has increased in recent years, life history
patterns and phenotypic variation is poorly
known for most populations of Colorado River
cutthroat trout (Young 2008). Observational
data documenting effects of the physical environment and introduced species are important
for determining conservation priorities and
management actions (Dunham et al. 2002,
Peterson et al. 2004).
Remnant populations of pure Colorado River
cutthroat trout exist in several isolated headwater streams of the Sheep Creek drainage in
northeastern Utah. Rainbow trout (RT) and
Yellowstone cutthroat trout (YCT) have been
stocked into this system for many years, resulting in genetic introgression of some populations
(Bray 1999, Jones 1999). Our objectives were
to characterize the life history of high-elevation populations of Colorado River cutthroat

Colorado River cutthroat trout (Oncorhynchus clarkii pleuriticus) are native to the
Colorado River Basin above the Grand Canyon.
Their range has been dramatically reduced
since the settling of the western United States
(Behnke 1992, Young 1996, Young et al. 2005).
This subspecies is now limited to headwater
streams in a few drainages in Utah, Colorado,
and Wyoming. Population declines have resulted from habitat degradation, water development, and introduction of other species and
subspecies of trout. In headwater streams,
where most of the remaining populations are
located, introduction of Yellowstone cutthroat
trout (Oncorhynchus clarkii bouvieri), brown
trout (Salmo trutta), brook trout (Salvelinus
fontinalis), and rainbow trout (Oncorhynchus
mykiss) has led to competitive displacement of
native Colorado River cutthroat trout and
hybridization of this species with Yellowstone
cutthroat trout and rainbow trout (Behnke
1992, Duff 1996, Dunham et al. 2002).
Currently, Colorado River cutthroat trout
exist primarily in small, isolated populations
(Hepworth et al. 2001, Young 2008). Such isolated populations can be adapted to their local
environment on a small geographic scale
(Hutchings 1993). In addition to population
variation caused by local adaptation, differences in growth rate and life history among

1Department of Biology, Brigham Young University, Provo, UT 84602.
2Present address: c/o BLM Marsing Field Office, 20 First Ave. West, Marsing, ID 83639.
3E-mail: mark_belk@byu.edu

56

2009]

GROWTH OF CUTTHROAT TROUT

57

Fig. 1. Map of collection sites of Colorado River cutthroat trout in the Sheep Creek drainage, Utah. Collection sites
were identified as follows: North Fork (site 1), Middle Fork above Spirit Lake (site 2), Middle Fork below Spirit Lake
(site 3), Middle Fork (site 4), Hickerson Park (site 5), Sheep Creek below Sheep Creek Lake (site 6), and South Fork (site
7).

trout in the Sheep Creek drainage and to
determine the relative effects of elevation, sex,
and genetic introgression on somatic growth
patterns.
METHODS
Study Site
The Sheep Creek drainage is located on the
northeastern slope of the Uinta Mountains in
Daggett County, Utah. The riparian habitat
consists of coniferous forests, willows, and
alpine meadows. Elevation of collection sites
varied from 3200 m at the Middle Fork of
Sheep Creek above Spirit Lake to 2475 m at
the sampling site below Sheep Creek Lake.
We sampled 7 sites in the Sheep Creek
drainage. Sites were chosen to represent spatially separated segments of the drainage along
an elevation gradient. North Fork (site 1) and
South Fork (site 7) were located on tributaries
of the main stem and were characterized by
relatively small stream size and shallow pools
compared to the lower Middle Fork. The North
Fork site was >4 km from the confluence with
the main stem, and the South Fork site was
about 1 km from the main stem confluence.

Middle Fork above Spirit Lake (site 2) was the
highest elevation site, and fish from this location were possibly able to occupy the lake
habitat during low-water periods. Site 3—
Middle Fork below Spirit Lake—was separated from site 2 by Spirit Lake, and fish could
not access the lake from downstream because
of a drop at the lake outlet. Middle Fork (site
4) was downstream about 4 km from site 3 and
upstream about 3 km from Hickerson Park
(site 5). Sheep Creek below Sheep Creek Lake
(site 6) was >6 km below the nearest sampling
site and well below the confluence of the 3
forks. Site 6 was located at the lowest elevation of all sites (Fig. 1).
Collection and Measurement of
Growth and Life History
To characterize variation among locations,
we collected 50 fish from each of the 7 sites
during late May to mid-June 1995 using a
backpack electroshocking unit. We measured
mass and total length for each fish and
removed the pair of sagittal otoliths. We also
inspected gonads to determine sex and reproductive state. We collected 3 additional samples (about 25 fish each) from the South Fork
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Fig. 2. Mean marginal increment of otoliths during the
growing season of Colorado River cutthroat trout at the
South Fork location in the Sheep Creek drainage of Utah.
Numbers in parentheses represent sample sizes. Marginal
increment increases during the growing season suggest
formation of one annulus per year. Bars represent 2 standard errors above and below the mean.

location in July, September, and October for a
marginal increment analysis in order to validate the assumption that rings on the otolith
corresponded to true annuli (Brothers 1987).
To test the assumption that only one presumptive annulus was formed per year, we plotted
marginal increment width against month of
collection.
To determine age and growth patterns, we
processed otoliths as follows. We mounted
otoliths, concave side down, on strips of plastic
acetate. To make annuli visible, we removed
material from the convex surface using 400–
600 grit sandpaper on a lapidary grinding wheel
(Struers, Dap-7 model). Annuli appeared as
opaque bands when viewed against a dark
background. We captured video images of each
otolith (under 12X magnification) using a video
camera mounted on a dissecting microscope
and Sigma Scan image analysis software (Jandel Scientific 1993). Using the video images
and direct observation, 2 researchers independently estimated the number of annuli of each
otolith. We then compared independent estimations and resolved discrepancies by concurrent observation. Additionally, to determine
growth rates, we measured total radius of each
otolith along the longest axis and the radius at
each annulus from video images. We used
measures of total length and otolith radii to
back-calculate total length-at-age for all previous ages for each fish using a modified FraserLee formula (Campana 1990). The pattern of
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marginal increment growth suggests formation
of only one ring per year, validating the
assumption that rings represent true annuli
(Fig. 2). We were able to estimate age for 370
of the 412 fish collected for life history analysis.
Age at maturity was determined by comparing the proportion of reproductive individuals to nonreproductive individuals at each age.
Reproductive females had enlarged ovaries
with obvious ova. Males were considered
reproductive if their testes were low in the
abdomen and had a milky white color. Proportion of individuals that were reproductive was
plotted against age, and age at maturity was
defined as the age at which at least 50% of
individuals were reproductive. We used both
nuclear (Bray 1999) and mitochondrial (Jones
1999) markers to estimate the level of genetic
introgression of populations. The average percent introgression was computed with a double
weighting of the internal transcribed spacer
(ITS) data since the ITS region is part of the
nuclear genome. However several assumptions
were made in this estimate. The first was that
no assortative mating is taking place between
Colorado River cutthroat trout, Yellowstone
cutthroat trout, and rainbow trout. Second, we
treated the ITS region as a simple diploid locus.
Experimental crosses between cutthroat and
rainbow trout (D.K. Shiozawa unpublished data)
indicate that the ITS region in the F1 generation does not undergo concerted evolution,
but the inheritance of the ITS region is not
documented for backcrosses. For these reasons,
and because the estimate is only a sample, the
averages presented here should be considered
as general estimates of the degree of introgression in each location. A more precise estimate
would require multiple nuclear markers, which
were not available at the time of the study.
Introgression with RT ranged from 0%–47%,
and introgression with YCT ranged from 9.3%–
21.3% (Table 1) among locations.
Statistical Analysis
We were interested in the effects of elevation, sex, and genetic introgression on backcalculated total length at ages 1–4 years. Rather
than comparing size at each age independently, as in a typical univariate analysis, we
were interested in the entire growth pattern
from ages 1–4, so we used a repeated-measures
design for the analysis. Total length was the
response variable, and total lengths were
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TABLE 1. Elevation and percent introgression with rainbow trout (RT) and Yellowstone cutthroat trout (YCT) at 7 sampling locations for Colorado River cutthroat trout in the Sheep Creek drainage of Utah.

Location

Elevation (m)

1. North Fork
2. Middle Fork above Spirit Lake
3. Middle Fork below Spirit Lake
4. Middle Fork
5. Hickerson Park
6. Sheep Creek below Sheep Creek Lake
7. South Fork

2774
3030
2853
2719
2829
2475
3200

Percent introgression
_________________________
RT
YCT
0
6
15
6
0
0
47

14
21
19
21
9
12
21

vidual). Random effects account for the variance-covariance structure among locations
and individuals. Fixed effects in the model
were (1) year of age (included as a main effect
to account for repeated measures of growth
over years for each individual) and (2) a combination variable of sex by age for which we had
3 categories—mature males, mature females,
and undetermined juveniles. Three other variables, elevation and percent introgression of
the population with RT and YCT, were continuous population-level variables and we
included them as covariates.
Fig. 3. Age frequency histogram of juvenile and reproductive (by sex) Colorado River cutthroat trout combined
for all locations.j
TABLE 2. Results of a repeated-measures mixed-model
analysis of covariance on effects of habitat, sex, introgression, and elevation on length at ages 1–4 of Colorado
River cutthroat trout in the Sheep Creek drainage of
Utah. Significant effects are indicated with bolded P-values.
Effect
Year of age
Sex
Year by Sex
Introgression-RT
Introgression-YCT
Elevation

df

F

P-value

3, 617
2, 364
6, 613
1, 8.15
1, 7.04
1, 7.2

2920
10.6
9.7
10.88
8.49
24.3

<0.0001
<0.0001
<0.0001
0.0106
0.0224
0.0016

available for up to 4 years for each individual.
Thus, year of age was the repeated variable
(each individual yielded up to 4 estimates of
length— 1 for each age). Because our sampling
structure included random and fixed effects,
we used a mixed model (PROC MIXED; SAS
Institute, Inc. 1990, Littell et al. 1996). The
model included 2 random variables: sampling
location (sites 1–7) and individual (because up
to 4 lengths at age were used from each indi-

RESULTS
Fish ranged from young-of-year to age 12,
but only 27 individuals (of the 370) were older
than age 5. Mean age was 3 years (s = 1.5; Fig.
3), and the youngest mature individuals were
age 3 for both sexes. Average age at maturity
was age 4 for males and age 5 for females (Fig.
3). Average total length at maturity for males
(age 4), adjusted for all effects in the model,
was 169 mm (sx– = 2.4). For females, average
total length at maturity (age 5), adjusted for all
effects in the model, was 187 mm (sx– = 2.8).
Length-at-age and corresponding growth
rates varied among locations (Fig. 4). Both
main effects had a significant effect on lengthat-age and the interaction year-of-age by sex
was significant. In addition the 3 covariates,
elevation, and percent introgression with RT
and YCT were significant (Table 2). All 3 sex/age
groups were about the same size at age 1, but
by age 3, prospective males and females were
larger than undifferentiated juveniles, and
males were larger than females (Fig. 5). Introgression with RT had a significant positive effect
on growth rates, accounting for a maximum
difference in length of about 13 mm across
ages. Similarly, introgression with YCT had a
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Fig. 4. Mean total length of Colorado River cutthroat trout at ages 1–4 by collection location. Bars represent 2 standard errors above and below the mean.

significant positive effect on growth rates,
accounting for a maximum difference in length
of about 18 mm across ages. Elevation had a
significant negative effect on growth rates,
accounting for a maximum difference in length
of about 24 mm across ages.
DISCUSSION

Fig. 5. Mean total length of Colorado River cutthroat
trout at ages 1–4 by sex and maturity category. Bars represent 2 standard errors above and below the mean.

This study provides comparative data of the
life history of Colorado River cutthroat trout
at high elevations. Maximum life span appears
to be about age 6, with the exception of fish at
the location associated with Spirit Lake. This
result is consistent with age and growth patterns found in high-elevation populations of
westslope cutthroat trout (O. c. lewisi; Downs
et al. 1997) and the general expectation for
western trout (Behnke 1992). Most of the fish
age 6 and older in this study were collected
from the site above Spirit Lake. These older
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ages are likely a result of the opportunity fish
have to move into the lake during periods of
low water and extreme seasonal temperature
fluctuations in the stream (Adams et al. 2001).
Since most individuals do not reproduce
until their 4th or 5th year, and few fish from
the study sites live to their 6th year, most individuals that do live to reproduce will only
reproduce once during their lifetime. It could
be that reproduction has such high energy
requirements that few individuals can reserve
enough energy after spawning to overwinter
(e.g., Gresswell et al. 1997). In other similar
systems, female cutthroat trout may spawn in
alternate years because of resource limitation
(Willson 1997, Schmetterling 2001). This pattern of life history suggests that Colorado River
cutthroat trout populations at these locations
may be marginally viable (Harig and Fausch
2002). As such, heavy angling-caused mortality in the Sheep Creek system could be particularly detrimental to the persistence of selfsustaining populations of native trout.
Because of low growth rates of native fish
in this system, size of stocked fish could negatively impact the native cutthroat trout population. Rainbow trout stocked into the system
average 254 to 305 mm (based on captures
during sampling) and are one year of age when
stocked. Few cutthroat trout in the system ever
reach that size. The larger rainbow trout may
take the best feeding lanes and habitat (Fausch
1983). Large male rainbow trout and fastgrowing hybrids may have reproductive advantages that may augment introgression. Larger
males in this system may have greater access
to spawning females. In golden trout (O. m.
aguabonita), the largest males always occupied
the position closest to the spawning female
(Knapp and Vredenburg 1996). After accounting for all other sources of variation, we found
that faster growth rates were exhibited at locations where native trout were introgressed with
rainbow trout and Yellowstone cutthroat trout
than at locations where native trout were genetically pure. Laboratory studies suggest that
rainbow–cutthroat hybrids suffer some reduction in fitness (Leary et al. 1995, Allendorf et
al. 2004). However, data from this study and
others suggest that hybrids may have higher
fitness-related performance (Seiler and Keeley
2007) or at least have no decline in fitness relative to genetically pure populations (Rubidge
and Taylor 2004). Equivocal or advantageous
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performance of hybrids may lead to rapid
introgression of populations and development
of homogenized hybrid swarms, as observed
in many cutthroat trout populations (Allendorf
et al. 2001, Young 2008).
High elevations had a strong negative effect
on growth. That result was consistent with
observations in other species and systems
(Kennedy et al. 2003, Young et al. 2005, Harvey
et al. 2006). Elevation should be considered a
broad surrogate for several environmental
variables such as temperature, growing season
length, stream size and depth, and height and
coverage of riparian vegetation. From our data
it is not clear how these variables interact to
reduce growth rates. However, the site with
the highest elevation was also the location
associated with access to Spirit Lake. Even
with access to the lake, growth rates were still
among the lower of the 7 locations (Fig. 4).
Thus stream size or depth may not be as
important as temperature-related variables in
determining somatic growth rates.
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