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Ecotypic differentiation of native rainbow trout
(Oncorhynchus mykiss) populations from British
Columbia

E.R. Keeley, E.A. Parkinson, and E.B. Taylor

Abstract: We sampled 34 native rainbow trout (Oncorhynchus mykiss) populations over a wide geographic area of
British Columbia to determine whether variation in morphology is related to differences in habitat or fish community
characteristics experienced by a population. After correcting for differences in body size, the most dramatic differences
occurred in external characteristics between stream- and lake-dwelling populations. Rainbow trout from streams had
more robust bodies with larger caudal peduncles and heads and longer paired fins than rainbow trout from lakes. Un-
like other lake populations, piscivorous rainbow trout populations had relatively large heads and mouths that were more
similar in size to those of stream-dwelling populations. We found fewer differences in the size of internal organs across
ecotypes, producing little predictive ability of these characteristics to differentiate populations of rainbow trout. We also
sampled 27 additional rainbow trout populations with unknown fish communities to determine how well large-scale pat-
terns predict morphological differentiation over a smaller spatial scale. Of the five ecotypes that we detected at a
smaller scale, the largest differences again occurred between stream and lake populations. Our data suggest that exter-
nal morphological variation among populations of rainbow trout covaries with ecological conditions at a variety of spa-
tial scales, particularly between lakes and rivers.

Résumé : Nous avons échantillonné 34 populations indigénes de truites arc-en-ciel (Oncorhynchus mykiss) dans une
grande région géographique de la Colombie-Britannique afin de déterminer si la variation morphologique est reliée a
des différences d’habitat ou des caractéristiques des communautés de poissons rencontrées par la population. Apres
correction pour les différences de taille, les différences les plus spectaculaires existent entre les caractéristiques exter-
nes des populations des cours d’eau et celles des lacs. Les truites arc-en-ciel des cours d’eau ont un corps plus robuste
avec un pédoncule caudal et une téte plus grands et de plus longues nageoires paires que les truites des lacs. Contraire-
ment aux autres populations des lacs, les truites arc-en-ciel piscivores ont une téte et une bouche relativement plus
grandes, de taille plus semblable a celles des populations habitant les cours d’eau. Il existe moins de différences entre
les écotypes en ce qui concerne la taille des organes internes et ces caractéristiques n’ont qu’un faible pouvoir de pré-
diction pour distinguer les populations de truites arc-en-ciel. Nous avons aussi échantillonné 27 populations additionnel-
les de truites arc-en-ciel appartenant a des communautés de poissons inconnues afin de vérifier dans quelle mesure les
patterns a grande échelle permettent de prédire la différentiation morphologique sur une échelle spatiale réduite. Des
cinq écotypes reconnus a plus petite échelle, les différences les plus accentuées se produisent encore entre les popula-
tions des cours d’eau et celles des lacs. Nos données laissent croire que la variation morphologique externe de la truite
arc-en-ciel est en covariation avec les conditions écologiques a plusieurs échelles spatiales, particulierement entre les
lacs et les rivieres.

[Traduit par la Rédaction]

Introduction

Intraspecific variation in phenotypic traits has been re-
peatedly demonstrated among populations in a variety of
plant and animal species, and much of this variability ap-
pears to represent adaptation to local conditions (Sultan

1995; Smith and Skulason 1996). Turesson (1922) was the
first to coin the term “ecotype” to describe geographical iso-
lates of plants that were consistently associated with particu-
lar environmental or habitat characteristics as a result of
selection in those environments (e.g., alpine ecotype). Such
variability has not only been an essential component of stud-
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ies of the evolutionary origin of geographic variation (Mayr
1963; Gould and Johnston 1972) but is also increasingly
viewed as essential in biodiversity conservation (e.g.,
Crandall et al. 2000). Effective conservation strategies need
to maintain this diversity to ensure that the full evolutionary
potential of a species is protected, especially as a buffer
against extinction in the face of environmental change
(Scudder 1989; Fraser 2000). Empirical mapping of this in-
formation for every population of every species is, however,
clearly impossible. In this paper, we explore a method of
predicting patterns of potentially adaptive variation among
populations of rainbow trout (Oncorhynchus mykiss) using a
variety of existing information for north-temperate salmonid
fishes. We then test this methodology by measuring a series
of morphological traits of rainbow trout from native popula-
tions over a wide geographic area. Our second objective is
use these data to draw some general conclusions concerning
the patterns of adaptive radiation that might be expected to
occur among isolated populations of freshwater fish.

Our predictions of patterns of morphological variation are
based on three types of information. First, breeding studies
have established the genetic basis for a variety of phenotypic
traits in both rainbow trout and closely related species. Sec-
ond, correlations between phenotypic traits and habitat vari-
ation, among both species and populations of freshwater
fishes, suggest that many of these traits are adaptive (Robinson
and Parsons 2002). Finally, our ability to extend our predictions
to the entire species range depends on large, integrated data-
bases that contain a variety of physical, chemical, and bio-
logical information about individual water bodies. Our data
set is an extension of previous studies that have focused on
detailed comparisons of a limited number of populations or
variation in a few traits over many populations (Schluter and
McPhail 1993; Taylor 1999).

If ecological conditions experienced by different popula-
tions of rainbow trout are important in selecting for pheno-
typic characteristics, our most general prediction was that
morphological variation would not be randomly associated
with environmental variation, but rather, it would be consis-
tently correlated with variation in habitat or community
structure. Specifically, we made a number of predictions re-
lated to three general areas of ecological morphology that
have been used to infer adaptation in other systems: feeding,
locomotion, and organ size. Although distinct ecotypes have
been documented in a number of northern fish taxa (Robin-
son and Wilson 1994; Taylor 1999), diversity appears to be
especially high in salmonids (Taylor 1991, 1999). In particu-
lar, rainbow trout in British Columbia are a good model spe-
cies for our study because of their diverse suite of life
histories, multiple phylogenetic groups with distinct evolu-
tionary histories, and diversity of habitats and communities
in which they are found (Taylor and Haas 1996; McCusker
et al. 2000).

Morphological adaptations associated with feeding spe-
cialization appear to be common in north-temperate freshwa-
ter fish, including the salmonids. In comparisons among
species and populations, larger diet items are associated with
shorter and more widely spaced gill rakers, larger mouths,
and larger heads. These types of differences have been re-
peatedly demonstrated among planktivore, insectivore, and
piscivore diet specialists. Piscivores have large mouths for a
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given body size in comparison with nonpiscivorous species
(Wainwright and Richard 1995). Among lake populations,
the presence of benthic competitors such as catostomid fish
appears to cause brook trout (Salvelinus fontinalis) to shift
to a planktivorous diet with a feeding morphology of more
narrowly spaced gill rakers (Magnan 1988). In contrast, the
presence of plankton-feeding specialists has been associated
with shifts by sympatric species to a more benthically ori-
ented diet and with a change to shorter, more widely spaced
gill rakers (Lindsey 1981). If the presence or absence of ei-
ther type of competitor has a significant influence on shap-
ing rainbow trout phenotypes, then this too should be reflected
in their morphological characteristics.

Morphological characteristics associated with swimming
ability are also thought to be influenced by different habitat
conditions. For instance, salmonids that live in fast-flowing
stream habitats tend to have longer fins and a more robust
body than slow-flowing stream or lake-inhabiting popula-
tions (Swain and Holtby 1989; Pakkasmaa and Piironen
2001; Imre et al. 2002). The genetic basis for such variation
has been verified in at least some salmonids (e.g., Riddell et
al. 1981; Taylor and McPhail 1985).

Variation in habitat characteristics may also be related to
the relative size of internal organs. Although we know of no
similar comparison for most organs in a species of fish, stud-
ies of seabirds indicate that the size of organs can vary dra-
matically among populations of the same species, some of
which may be a result of adaptation to local conditions
(Hilton et al. 2000). For instance, metabolic supply and pro-
cessing organs, such as liver and pyloric caeca, may be rela-
tively large under circumstances where individuals can
allocate a greater proportion of their acquired energy intake
to somatic growth instead of activity (Bergot et al. 1981;
Magnan and Stevens 1992). Similarly, a larger heart muscle
is expected in populations that have relatively high activity
levels (Farrell et al. 1990). In our study, we predicted stream
populations of rainbow trout that must actively swim against
a current to have relatively large heart sizes for a given body
size. In contrast with processing and circulatory organs, the
size of digestive organs has been examined extensively in
fishes. Herbivorous and omnivorous fish species, which ex-
ploit a food source with a relatively low energy density, tend
to have a larger gut size than piscivorous species that feed
on prey with a high energy density (Fryer and Iles 1972;
Kramer and Bryant 1995). Hence, piscivorous rainbow trout
populations were predicted to have relatively small intestines
compared with omnivorous populations.

To test our predictions, we devised a sampling program to
compare replicate rainbow trout populations from eight puta-
tive ecotypic categories that were selected based on habitat
characteristics or the composition of fish species present. We
used populations from British Columbia, Canada, because
this area represents a core of the natural distribution for this
species that also has numerous populations that are unaf-
fected by artificial stocking. We established three of these
ecotypes based on observations of past researchers, which
include large-lake “piscivores” (Irvine 1978), “headwater”
(stream) populations (Northcote and Hartman 1988), and
“anadromous” populations, commonly referred to as steel-
head trout (Withler 1966; Smith 1969). In addition to the
first two stream-dwelling ecotypes (headwater and anadro-
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mous populations), we also included a “large river” ecotype
representing populations that achieve a relatively large body
size at maturity but do not have access to the ocean (North-
cote 1997). Because competition is thought to be an impor-
tant force in driving differentiation (Magnan 1988; Schluter
and McPhail 1993; Robinson and Wilson 1994), we also
compared rainbow trout populations from lakes with differ-
ent combinations of competitors. As a basis of comparison,
we sampled lakes where rainbow trout were the only fish
species present (solitary populations) as well as populations
with different combinations of competitors. Hence, three types
of mixed species lakes were included in our ecotypic com-
parisons. We sampled rainbow trout populations that only
co-occur with either a sucker species (Catostomidae) as a
benthos competitor (mixed 1) or a minnow species (Cypri-
nidae) as a plankton and benthos competitor (mixed 2) as
well as populations with both types of competitors (mixed 3).

Finally, we also examined rainbow trout populations over
a smaller scale by sampling interconnected streams and lakes
within replicate watersheds. We compared the results from
the large and small spatial scales to determine whether dif-
ferences across large spatial scales can be used to predict
differences at local scales where population and habitat char-
acteristics are less well known. Given the growing and wide-
spread threats of extinction in many ecosystems, our study
provides a method of mapping biodiversity at the intraspecific
level using ecologically based hypotheses and the knowledge
of the aquatic landscape that each population inhabits.

Methods and materials

We attempted to sample at least three replicate popula-
tions of each of the eight putative ecotypes across a wide
geographic area (Fig. 1a). The ecotypes sampled were soli-
tary, piscivorous, mixed 1, mixed 2, and mixed 3 lake popu-
lations as well as headwater, large river, and anadromous
stream populations (Table 1). We sampled over two different
geographic scales. Our initial sample of 34 populations
spanned 600 000 km? of British Columbia, while our second
level of sampling involved 27 populations within the
Nechako River watershed covering about 2000 km? (Fig. 15).
We initiated our search for populations that had a specific
composition of fish species by using a database that provides
a list of species present in water bodies across British Co-
lumbia (http://www.bcfisheries.gov.bc.ca/fishinv). Because we
were only interested in examining natural populations, we
also used the database to eliminate rainbow trout populations
that had been established by artificial stocking or had been
repeatedly stocked with rainbow trout from nonnative popu-
lations. We used this initial list to identify potential sample
sites and we then queried regional government biologists to
determine whether our species list was correct and whether
populations had been artificially established or supple-
mented but were unreported in the database.

To collect the full range of age-classes present in each
population, we used a variety of techniques to capture rain-
bow trout. In streams that had a maximum depth of less than
1 m, we used a backpack electroshocker to sample fish up to
30 cm. In larger streams or rivers that had age-classes of fish
that occupied habitats too deep to be reached by someone
wading with an electroshocker, we collected individuals by
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angling. In lake populations, we collected individuals by us-
ing a monofilament gill net or by angling. Each of 135-m
gill nets consisted of 15-m panels of netting that varied in
mesh size from 1.3 to 9 cm. By using a multipanel net, we
were able to collect fish down to 5 cm in length as well as
the largest individuals in the population. In addition, we
used a 2 m by 25 m beach seine, with 5-mm mesh, to encir-
cle and capture smaller individuals found in the littoral re-
gion of a lake. In most lake populations, we captured 50
individual rainbow trout distributed across as many age-
classes as we could capture. In populations with a narrow
range of age- and size-classes, we limited our sample to 35
individuals.

We held all captured individuals in a holding container
with fresh water until we measured each fish for fork length
(=1 mm) and mass (£0.01 g), collected a scale sample for
aging and a tissue sample stored in 95% ethanol for archiv-
ing and DNA analysis (P. Tamkee and E.B. Taylor, Depart-
ment of Zoology, The University of British Columbia,
Vancouver, British Columbia, unpublished data), and then
attached a unique identification tag to each fish. We
euthanized fish before collecting size measurements and
then finally placed individuals in preservative (10% forma-
lin) for later morphometric analyses. In the laboratory, we
measured external morphological characteristics using a dig-
ital caliper (+0.01 mm) connected to a microcomputer that
compiled all measurements electronically. We selected a
suite of external morphological features that reflected char-
acteristics of the fish that we hypothesized would be selected
for under different ecotypic conditions (Fig. 2). For compar-
ing differences in feeding morphology, we used measure-
ments of mouth, eye, and head dimensions, whereas
swimming morphology was assessed by comparing differ-
ences in paired fin length, caudal peduncle depth, and body
depth (Boily and Magnan 2002). We calculated average gill
raker spacing and length for each individual by removing the
left-most gill arch and measuring the length and distance be-
tween all rakers on the arch with a dissecting microscope. To
assess ecotypic differences in internal organ investment, we
measured the mass of heart, liver, pyloric caeca, stomach,
and intestine. We measured the mass of internal organs of
the preserved fish by clipping off the esophagus and circulatory
system at the level of the esophageal sphincter and removing
the viscera from the body cavity. We separated individual or-
gans and any fatty tissue from each other and then weighed
each organ on an electronic balance (+0.0001 g). The heart
was separated from the circulatory system by clipping off
the organ at the narrowing of the bulbous arteriosus or the
origin of the ventral aorta and removing it from the peri-
cardial sac. The intestine was clipped off from the lower re-
gion of the stomach at the pyloric sphincter and any contents
were removed before being weighed. The liver and pyloric
caeca were cut from the point of attachment to the viscera,
whereas the gonads were separated at the point of attach-
ment to the mesonephric duct. All measurements were made
on moist specimens that had excess water removed by mo-
mentarily blotting organs with a paper towel.

Statistical analyses
To correct for size-related differences across individuals
and populations, we regressed each morphological character-
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Fig. 1. (a) Geographic locations of 34 rainbow trout (Oncorhynchus mykiss) populations included in the large-scale comparison of trout
morphology. Numbers 1-34 identify the populations and correspond to those listed in Appendix A. The hatched box depicts the area
represented in Fig. 1. The inset map identifies the location of British Columbia within the native distribution (shaded area) of rainbow
trout in North America. (b) Geographic locations of 27 rainbow trout populations from interconnected lakes and streams used in the
small-scale comparisons examining trout morphology. Numbers 35-61 identify the populations and correspond to those listed in Ap-

pendix A.
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Table 1. Ecotypic categories and defining criteria used in comparing rainbow trout (Oncorhynchus mykiss) morphology from British

Columbia lakes and streams.

Ecotype Habitat type Ecological criteria Reference(s)*

Solitary Lake Rainbow trout only fish species present Bourke et al. 1999

Mixed 1 Lake Rainbow trout with benthivorous fish species present Magnan 1988
(Catostomidae)

Mixed 2 Lake Rainbow trout with planktivorous fish species present Johannes and Larkin 1961
(Cyprinidae)

Mixed 3 Lake Rainbow trout with planktivorous and benthivorous fish Magnan 1988; Johannes and Larkin 1961
species present

Piscivore Lake Piscivorous rainbow trout Irvine 1978

Headwater Stream First-order stream located above a movement barrier Northcote and Hartman 1988

Large river Stream Fifth-order stream or larger located above a fish move- Northcote 1997
ment barrier

Anadromous Stream Population that migrates between a freshwater and Withler 1966; Smith 1969

marine habitat

“Past studies that have noted putative ecotypes for rainbow trout or morphological or ecological differentiation for a similar species of salmonid fish.

Fig. 2. Position of the landmarks used to measure the size of
rainbow trout (Oncorhynchus mykiss) morphological features.
Features are defined as follows: 1-2, premaxilla length; 1-3,
head length; 4-5, pectoral fin length; 6-7, pelvic fin length; 8-9,
caudal peduncle depth; 10-11, body depth; 12—13, eye diameter.
Other morphological measures not shown include head width
(the distance between the left and right side of the head mea-
sured at the center of the opercula), mouth width (the internal
breadth of the mouth measured proximate to point 2 on either
side of the buccal cavity), and gill raker length and spacing.

istic against fork length. All measurements were log trans-
formed to ensure that we met the assumption of
homogeneity of variance, and we visually examined the re-
siduals from all analyses by plotting them against body size
to ensure that we met this assumption. Because of the large
number of pairwise comparisons of slopes, we could not as-
sume that the slope describing the relationship between mor-
phological traits and body size was equal across all
populations. We used the population or separate within-
group slope to adjust each trait to a common body size based
on the method of Thorpe (1976). We calculated size-adjusted
measurements for internal organs in the same manner except
that we used the mass of organs regressed against fish body
mass to calculate the slope used to estimate the size-adjusted
trait.

Based on our preliminary survey of government databases,
we identified and sampled a target of three populations from
each of the eight ecotypes. We discovered, however, that in
some cases, the species composition was slightly different
from that recorded in the databases. Some lake populations
had more species present than anticipated, resulting in more
than three populations in some mixed species lake ecotypes.
We were also able to identify and sample only two popula-

tions of two categories that contained rainbow trout with one
other fish species: rainbow trout with a sucker species or
rainbow trout with a minnow species. In all other categories,
we obtained at least three populations of each ecotype
(Fig. la; Appendix A).

To assess overall morphological differences between eco-
types, we used a multivariate analysis of variance
(MANOVA) for size-adjusted external features (including
gill raker length and spacing) and a separate MANOVA for
internal organs that were also size adjusted. In our
MANOVA models, we used ecotype as one independent
variable and population nested within ecotype as a second
variable to determine whether our approach of using a popu-
lation as a unit of observation provided meaningful compari-
sons even after controlling for variability among individuals
within populations. To provide an objective summary of
correlated differences across rainbow trout populations, we
performed a principal component analysis (PCA) of correla-
tion matrices on the size-adjusted data to determine whether
morphological variation in swimming, feeding, and organ
size was related to ecotypic variation (Fleming et al. 1994).
We only considered PCs with eigenvalues greater than 1
(Quinn and Keough 2002). When rotation of principal axes
improved their interpretation, we used a promax rotation
method (SAS Institute Inc. 1999). We compared variation in
PC scores with a nested analysis of variance (ANOVA) to
determine whether a significant proportion was accounted
for by ecotypic differences or by populations nested within
ecotypes. For nested ANOVA computations, we used the
mixed-model procedure (proc mixed) with ecotype as a fixed
effect and population as a random effect in SAS version
8.02, which employs a restricted maximum likelihood esti-
mation (SAS Institute Inc. 1999) to evaluate the effect of
population nested within ecotype. Tests of significance for
random effects in nested ANOVA models were based on the
likelihood ratio (LR) statistic (Littell et al. 1996). To calcu-
late the variance components in nested models, we used the
general linear model procedure (proc glm) for fixed effects
and the variance component procedure (proc varcomp) for
random effects (SAS Institute Inc. 1999). All ecotypic com-
parisons (fixed effects) were based on the variation remain-
ing after statistically controlling for the effect of population
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Table 2. Results from univariate nested ANOVA for 11 morphological characteristics of rainbow trout
(Oncorhynchus mykiss), comparing the variation accounted for among populations nested within ecotypes or among

ecotypes.

Large-scale variation Small-scale variation

% of total % of total
Morphological trait Variance component variation P variation P
Caudal peduncle depth Among populations within ecotypes 19.7 0.0005 40.9 0.0001
Among ecotypes 28.8 0.0001 6.92 0.42
Body depth Among populations within ecotypes 33.7 0.0003 30.8 0.0001
Among ecotypes 26.6 0.0011 7.95 0.22
Pectoral fin length Among populations within ecotypes 21.8 0.0004 449 0.0001
Among ecotypes 37.8 0.0001 27.1 0.0098
Pelvic fin length Among populations within ecotypes 25.8 0.0004 26.8 0.0001
Among ecotypes 35.0 0.0001 28.1 0.0004
Head length Among populations within ecotypes 31.1 0.0003 35.1 0.0001
Among ecotypes 20.5 0.011 28.9 0.0001
Head width Among populations within ecotypes 23.2 0.0004 26.5 0.0001
Among ecotypes 19.2 0.0016 42.4 0.0001
Mouth width Among populations within ecotypes 24.5 0.0004 25.8 0.0001
Among ecotypes 30.3 0.0001 243 0.0009
Premaxilla length Among populations within ecotypes 24.8 0.0004 44.5 0.0001
Among ecotypes 32.1 0.0001 24.7 0.016
Eye diameter Among populations within ecotypes 36.6 0.0003 61.7 0.0001
Among ecotypes 52.9 0.0001 222 0.074
Gill raker length Among populations within ecotypes 18.2 0.0006 40.6 0.0001
Among ecotypes 17.8 0.0007 0.6 0.98
Gill raker spacing Among populations within ecotypes 80.0 0.0002 333 0.0001
Among ecotypes 11.5 0.68 9.2 0.15

Note: Large-scale variation refers to 34 populations sampled across British Columbia, and small-scale variation refers to 27 popu-
lations sampled within a single watershed. All traits were adjusted to a common body size of 179 mm (fork length) for the large-

scale data set and 208 mm (fork length) for the small-scale data set.

nested within ecotype. If we made inferences about all possi-
ble pairwise comparisons simultaneously, we employed a
false discovery rate method to avoid the problem of type I
errors in our analyses (Benjamini and Hochberg 1995;
Garcia 2003).

Finally, as a measure of the predictive power of our mor-
phological measurements in distinguishing our hypothesized
ecotypes, we used a linear combination of external features
or internal organ sizes in discriminant function analyses to
determine if we could reliably predict ecotype membership
of a population based on average population scores.

Results

Swimming and feeding morphology

Our analysis of size-adjusted morphology indicated that
there were significant differences in rainbow trout morphol-
ogy both among populations within ecotypes and among
ecotypes. When all size-adjusted external measurements
were combined in a nested MANOVA, significant differ-
ences in morphology were found among rainbow trout eco-
types (Wilks” A = 0.00075, F77,103; = 3.12, P < 0.0001) and
among populations nested within ecotypes (Wilks’ A =
0.022, Fiag6.15579) = 24.99, P < 0.0001). In addition to the
overall measure of morphological differentiation, 10 of 11
morphological features showed significant levels of differen-
tiation among ecotypes based on univariate nested ANOVA,
and all 11 characteristics had a significant, additional com-

ponent of variation accounted for by the effect of population
nested within ecotype (Table 2). On average, among-ecotype
effects accounted for 28.4% of the variation in morphologi-
cal traits (range = 11.6%-52.9%), whereas among-population
within-ecotype effects accounted for 25.6% (range = 18.2%—
80.0%) (Table 2).

When we summarized morphological differences by PCA,
some but not all ecotypic categories were separated from
each other based on PC scores. Four principal axes with
eigenvalues greater than 1 were extracted from the PCA
summarizing relative differences in morphological features
(Table 3a). Across ecotypes, the most distinct separation oc-
curred along the first axis between the three stream and five
lakes ecotypes (Fig. 3a). A nested ANOVA of PC scores
from the first axis revealed that 34.9% of the variation was
accounted for by among-ecotype differences (F7,6 = 8.07,
P < 0.0001) and 31.3% of the variation was accounted for
by among-population within-ecotype differences (LR =
379.8, P < 0.0001). The suite of morphological features that
loaded most strongly along the first axis indicated that
stream and piscivorous populations had relatively large head
and eye dimensions (Table 3a). Based on PC scores from the
second axis, 40.9% of the variation was accounted for by
among-ecotype differences (F|7,6 = 15.94, P < 0.0001) and
20.6% of the variation was accounted for by among-
population within-ecotype differences (LR = 222.3, P <
0.0001). The second principal axis separated groups primar-
ily based on fin length and gill raker length (Table 3a). The
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Table 3. Loading coefficients from a principal component analysis (PCA) for (a) 11 external
characteristics (including gill raking length and spacing) and (b) from a second PCA for five
internal organ characteristics of 34 rainbow trout (Oncorhynchus mykiss) populations.

Morphological variable PC 1 PC 2 PC 3 PC 4
(a) External characteristics
Caudal peduncle depth 0.28 0.17 0.73 -0.14
Body depth -0.058 —-0.045 0.92 0.10
Pectoral fin length 0.36 0.57 0.24 -0.14
Pelvic fin length 0.28 0.52 0.37 0.023
Head length 0.87 -0.0043 0.046 0.101
Premaxilla length 0.88 0.038 -0.071 0.09
Mouth width 0.81 0.046 0.066 0.081
Head width 0.74 -0.089 0.19 -0.097
Eye diameter 0.49 0.51 -0.31 -0.19
Gill raker length -0.16 0.86 0.0036 0.20
Gill raker spacing 0.09 0.058 -0.011 0.97
Eigenvalue 4.67 1.49 1.12 1.025
Proportion of total 0.42 0.14 0.102 0.093
(b) Internal organs
Stomach mass 0.57 0.56 -0.46 -0.38
Pyloric caeca mass 0.83 -0.27 0.12 0.17
Intestine mass 0.79 -0.16 -0.36 0.35
Liver mass 0.73 -0.15 0.52 -0.35
Heart mass 0.16 0.87 0.36 -0.3
Eigenvalue 2.21 1.18 0.76 0.51
Proportion of total 0.44 0.24 0.15 0.10

Note: Eigenvalues from each PC are listed below the column of coefficients.

third axis loaded most strongly on caudal peduncle and body
depth (Table 3a). Based on PC scores from the third axis,
34.1% of the variation was accounted for by among-ecotype
differences (Fi7,6 = 6.59, P = 0.0002) and 33.8% of the
variation was accounted for by among-population within-
ecotype differences (LR = 379.0, P < 0.0001). The fourth
axis loaded most strongly on gill raker spacing (Table 3a);
18.6% of the variation was accounted for by ecotypic differ-
ences (Fi7.6 = 1.34, P = 0.27), whereas 75.3% of the varia-
tion was accounted for by among-population within-ecotype
differences (LR = 1766.3, P < 0.0001)

When all eight ecotypes were compared against each
other along the first principal axis, two separate groups com-
prising all stream ecotypes as well as piscivorous and mixed
1 ecotypes were distinguished from all remaining lake eco-
types (Fig. 3a). Based on scores from the second axis, ana-
dromous and headwater ecotypes were distinguished from
all other ecotypes (Fig. 3a). Although stream ecotypes were
not significantly separated from each other based on scores
from the first principal axis (F|y 5 = 0.27, P = 0.77), when
all stream ecotypes were compared against all lake ecotypes,
stream ecotypes had higher scores than lake ecotypes
(Fl132) = 46.99, P < 0.0001) (Fig. 3a). In contrast, pisci-
vorous lake ecotypes could not be distinguished from stream
populations (F[; 56 = 1.32, P = 0.26) but did have higher
scores than other lake ecotypes (Fj,4 = 6.89, P = 0.014)
(Fig. 3a). Along the second principal axis, stream ecotypes
had significantly higher scores than lake ecotypes (F|; 335 =
61.80, P < 0.0001) and were highest for anadromous and
headwater populations in comparison with all other ecotypes

(Fig. 3a). The third axis, primarily distinguishing caudal
peduncle and body depth, could not differentiate stream and
lake ecotypes (F[ 35; = 0.35, P = 0.56); however, headwater
populations had higher scores than all other ecotypes except
large river populations (Fig. 3b). Given that there was no ad-
ditional component of variation accounted for by ecotypic
differences along the fourth axis, we did not consider it fur-
ther.

Internal organ size

Our analysis of internal organs indicated that there were
significant differences in rainbow trout organ size both
among populations within ecotypes and among ecotypes.
When the mass of all size-adjusted organs were combined in
a nested MANOVA, significant differences in organ size
were found among rainbow trout ecotypes (Wilks’ A =
0.081, F3595) = 2.22, P = 0.0012) and among populations
nested within ecotypes (Wilks” A = 0.16, F{30.7474) = 26.42,
P < 0.0001). Three of five features showed significant levels
of differentiation among ecotypes based on univariate nested
ANOVA (Table 4). All five characteristics had a significant
additional component of variation accounted for by the ef-
fect of population nested within ecotype (Table 4). On aver-
age, among-ecotype effects accounted for 22.8% of the
variation in organ sizes (range = 9.1%-42.6%), whereas
among-population within-ecotype effects accounted for
40.0% of the variation (range = 17.7%-57.8%) (Table 4).

Two principal axes with eigenvalues greater than 1 were
extracted from the PCA summarizing relative differences in
organ size (Table 3b). All internal organs except heart mass
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Fig. 3. Mean principal component scores (+1 SE) based on 11
morphological characteristics for eight ecotypic categories of 34
rainbow trout (Oncorhynchus mykiss) populations comparing

(a) axis 1 versus axis 2 and (b) axis 1 versus axis 3. (¢) Mean
principal component scores (+1 SE) based on five internal organ
sizes for eight ecotypic categories of 34 rainbow trout popula-
tions comparing axis 1 versus axis 2. Note that Fig. 3c repre-
sents scores from a completely separate principal component
analysis than in Fig. 3a or Fig. 3b. Means that are not signifi-
cantly different from each other on either axis (pairwise adjusted
P > 0.05) share both a common vertical and a common horizon-
tal line within the plot area.
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loaded strongly along the first axis, whereas heart mass and
stomach mass loaded strongly along the second axis (Ta-
ble 3b). A nested ANOVA of PC scores along the first axis
found that 29.7% of the variation was accounted for by
among-ecotype differences (F;,6 = 3.42, P = 0.010) and
54.9% of the variation was accounted for by among-
population within-ecotype differences (LR = 932.0, P <
0.0001). When all eight ecotypes were compared along the
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first axis, only solitary populations could be distinguished
from anadromous, large river, and mixed 1 ecotypes
(Fig. 3c). Despite the overlap in scores across the first axis,
when all lake ecotypes were compared against all stream
ecotypes, lake ecotypes (mean PC score = 0.21) had higher
scores than stream ecotypes (mean PC score = -0.39;
Fl126) = 496, P = 0.033). Based on PC scores from the
second axis, 23.1% of the variation was accounted for by
among-ecotype differences (F|;,6 = 5.96, P = 0.0003) and
33.8% of the variation was accounted for by among-
population within-ecotype differences (LR = 374.8, P <
0.0001). When compared along the second principal axis,
stream and piscivorous ecotypes were most similar but were
only significantly different from mixed 1 ecotypes.

Discriminant analyses

Using the 11 size-adjusted external features, three signifi-
cant canonical axes were extracted from our discriminant
analysis, resulting in correct classification of the putative
ecotypes in 32 of 34 populations (94%) and accounting for
91.1% of the morphological variation between ecotypes (Ta-
ble 5a). The only misclassifications occurred between two
lake populations, when one mixed 3 population was mis-
classified as a piscivorous population and one solitary
population was misclassified as a mixed 2 population.
Stream-dwelling populations were most strongly differenti-
ated from other ecotypes by the first canonical axis, which
loaded positively on nine of 11 characteristics (Table 5a;
Fig. 4a). Piscivorous populations were primarily differenti-
ated along the third canonical axis based on relatively large
head features such as premaxilla length, head length, and
mouth width (Table 5a; Fig. 4b).

When we performed a discriminant analysis using internal
organ sizes to differentiate rainbow trout ecotypes, we were
less successful at predicting group membership. Only the
first axis accounted for a significant proportion of the varia-
tion in morphology, successfully classifying ecotype mem-
bership in 27 of 34 cases or a 79.4% success rate (Table 5b).
Discriminant analyses of internal organ features were best at
separating stream versus lake ecotypes, but within each of
these two general categories, the groups were often inter-
mixed (Fig. 4c¢).

Small-scale variation in morphology

On a smaller spatial scale, we found that most lakes or
streams sampled within a watershed tended to have a similar
species composition. Of the 27 interconnected lakes or
streams sampled, 21 lakes had a rainbow trout population
sympatric with at least one species of benthivorous and
planktivorous fish (a mixed 3 ecotype) and were usually
composed of the same species (Fig. 1b; Appendix A). Two
lakes had solitary populations of rainbow trout and two
streams had headwater populations isolated above an up-
stream migration barrier. Only the largest river in one
subwatershed supported a large river population of rainbow
trout. As with the large-scale data set, a significant compo-
nent of variation in morphological traits was accounted for
by populations nested within ecotypes (MANOVA, Wilks’
A = 0.021, Fip31.10099) = 21.01, P < 0.0001) and a marginal
amount among ecotypes (MANOVA, Wilks’ A = 0.027,
Fly44404 = 1.57, P = 0.070). In addition to the overall mea-
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Table 4. Results from univariate nested ANOVA for five internal organ characteristics of rainbow trout (Oncorhynchus
mykiss) comparing the variation accounted for among populations nested within ecotypes or among ecotypes.

Large-scale variation Small-scale variation

% of total % of total
Morphological trait Variance component variation P variation P
Stomach mass Among populations within ecotypes 57.8 0.0002 514 0.0007
Among ecotypes 27.9 0.034 23.5 0.030
Pyloric caeca mass Among populations within ecotypes 49.9 0.0002 31.6 0.0010
Among ecotypes 42.6 0.0001 9.4 0.14
Intestine mass Among populations within ecotypes 41.2 0.0003 50.5 0.0007
Among ecotypes 22.5 0.018 4.3 0.74
Liver mass Among populations within ecotypes 33.5 0.0003 25.2 0.0013
Among ecotypes 12.1 0.11 8.2 0.13
Heart mass Among populations within ecotypes 17.7 0.0011 29.9 0.0010
Among ecotypes 9.1 0.097 8.8 0.16

Note: Large-scale variation refers to 34 populations sampled across British Columbia, and small-scale variation refers to 27 popu-
lations sampled within a single watershed. All traits were adjusted to a common body mass of 143 g for the large-scale data set and

134 g for the small-scale data set.

Table 5. Loading coefficients from a discriminant analysis for (a) 11 external characteristics (in-
cluding gill raking length and spacing) and (b) from a second discriminant analysis for five inter-
nal organ characteristics of 34 rainbow trout (Oncorhynchus mykiss) populations from across

British Columbia.

Morphological variable

Canonical axis 1

Canonical axis 2 Canonical axis 3

(a) External characteristics

Caudal peduncle depth 0.53
Body depth -0.17
Pectoral fin length 0.81
Pelvic fin length 0.61
Head length 0.51
Premaxilla length 0.69
Mouth width 0.78
Head width 0.66
Eye diameter 0.90
Gill raker length 0.69
Gill raker spacing -0.33
Eigenvalue 14.71
Proportion of total 0.64
(b) Internal organs
Stomach mass -0.34
Pyloric caeca mass 0.82
Intestine mass 0.64
Liver mass 0.54
Heart mass —-0.56
Eigenvalue 3.78
Proportion of total 0.75

0.64 0.11
0.54 0.14
0.20 0.31
0.43 0.45
-0.04 0.55
-0.103 0.58
0.093 0.36
0.14 -0.15
-0.201 0.0019
-0.23 -0.26
0.042 0.202
3.66 2.62
0.16 0.11
0.74 0.51
0.48 0.26
0.34 0.58
0.304 0.54
0.302 0.37
0.92 0.27
0.18 0.054

sure of morphological differentiation, six of 11 morphologi-
cal features showed significant levels of differentiation
among ecotypes based on univariate nested ANOVA, and all
11 characteristics had a significant, additional component of
variation accounted for by the effect of population nested
within ecotype. On average, among-ecotype effects ac-
counted for 20.2% of the variation in morphological traits
(range = 0.6%—-42.4%), whereas among-population within-
ecotype effects accounted for 37.4% (range = 24.3%—-61.7%)
(Table 2).

In comparison with the large-scale data set, we again found
similar morphological differences by ecotypic category
when the traits were summarized by PCA groupings. Stream
populations had significantly larger PC scores based on the
first PC axis (F|j24) = 30.00, P < 0.0001) (Fig. 5a), which
loaded most strongly on fin length and head dimensions (Ta-
ble 6). A nested ANOVA of PC scores from the first axis re-
vealed that 46.3% of the variation was accounted for by
among-ecotype differences (Fi4;; = 8.54, P = 0.0003) and
48.7% of the variation was accounted for by differences
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Fig. 4. Canonical scores based on 11 morphological features
from a discriminant analysis of 34 rainbow trout (Oncorhynchus
mykiss) populations for (a) axis 1 versus axis 2 and (b) axis 1
versus axis 3 across eight ecotypic categories. (¢) Canonical
scores based on five internal organ size characteristics from a
discriminant analysis of 34 rainbow trout populations for axis 1
versus axis 2 across eight ecotypic categories. Note that Fig. 4¢
represents scores from a completely separate discriminant analy-
sis than in Fig. 4a or Fig. 4b.
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among populations nested within ecotypes (LR = 449.6, P <
0.0001). Based on PC scores from the second axis, 9.9% of
the variation was accounted for by among-ecotype differ-
ences (Fy,) = 1.81, P = 0.16) and 47.8% of the variation
was accounted for by differences among populations nested
within ecotypes (LR = 565.4, P < 0.0001). The second prin-
cipal axis provided weak separation of groups primarily
based on caudal peduncle and body depth (Table 6a). The
third axis loaded most strongly on gill raker spacing. Based
on PC scores from the third axis, 9.1% of the variation was
accounted for by among-ecotype differences (Fiy,y = 1.72,
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Fig. 5. Mean principal component scores (+1 SE) based on 11
morphological characteristics for eight ecotypic categories of 27
rainbow trout (Oncorhynchus mykiss) populations comparing

(a) axis 1 versus axis 2 and (b) axis 1 versus axis 3. (¢) Mean
principal component scores (+1 SE) based on five internal organ
sizes for eight ecotypic categories of 27 rainbow trout popula-
tions comparing axis 1 versus axis 2. Note that Fig. 5c¢ repre-
sents scores from a completely separate principal component
analysis than in Fig. 5a or Fig. 5b. Means that are not signifi-
cantly different from each other on either axis (pairwise adjusted
P > 0.05) share both a common vertical and a common horizon-
tal line within the plot area except in Fig. Sc for headwater ver-
sus mixed 3 populations, which were different based on the
second principal axis.
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P =0.18), whereas 31.2% of the variation was accounted for
by among-population within-ecotype differences (LR = 315.1,
P < 0.0001).

Our analysis of internal organs on the small-scale data set
indicated that there were significant differences in rainbow
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Table 6. Loading coefficients from a principal component analy-
sis (PCA) for (a) 11 external characteristics and (b) from a sec-
ond PCA for five internal organ characteristics of 27 rainbow
trout (Oncorhynchus mykiss) populations from within a single
watershed.

Morphological variable PC 1 PC 2 PC 3
(a) External characteristics
Caudal peduncle depth 0.1006 0.83 —0.0059
Body depth -0.053 0.85 —0.086
Pectoral fin length 0.80 -0.073 -0.23
Pelvic fin length 0.80 -0.03 -0.23
Head length 0.85 0.12 0.081
Premaxilla length 0.80 0.088 0.074
Mouth width 0.71 0.05 0.12
Head width 0.63 0.38 0.11
Eye diameter 0.68 -0.13 0.16
Gill raker length -0.014 0.076 0.25
Gill raker spacing 0.028 -0.049 0.93
Eigenvalue 4.45 1.57 1.12
Proportion of total 0.41 0.14 0.10
(b) Internal organs
Stomach mass 0.7 -0.047 -0.61
Pyloric caeca mass 0.53 -0.39 0.67
Intestine mass 0.83 -0.28 0.082
Liver mass 0.42 0.62 0.34
Heart mass 0.28 0.77 —0.00068
Eigenvalue 1.7 1.21 0.94
Proportion of total 0.34 0.24 0.19

trout organ size among populations nested within ecotypes
but not among ecotypes. When all size-adjusted organs were
combined in a nested MANOVA, there were no significant
differences in organ size among the five rainbow trout eco-
types (Wilks’® A = 0.22, F9 573 = 1.64, P = 0.075). One of
the five features exhibited significant levels of differentia-
tion among ecotypes based on univariate nested ANOVAs
(Table 4). A significant proportion of morphological varia-
tion was, however, accounted for by differences among
populations nested within ecotypes (Wilks’ A = 0.13,
Fl105.57205 = 28.31, P < 0.0001, and all five characteristics
had a significant additional component of variation ac-
counted for by the effect of population nested within eco-
type (Table 4). On average, among-ecotype effects accounted
for 10.8% of the variation in morphological traits (range =
4.3%-51.4%), whereas among-population within-ecotype
effects accounted for 31.3% of the variation (range =
25.2%-50.4%) (Table 4).

Two principal axes with eigenvalues greater than 1 were
extracted from the PCA summarizing relative differences in
organ size (Table 6b). All internal organs loaded strongly
along the first axis, and heart and liver size loaded strongly
along the second axis (Table 6b). Based on a nested ANOVA
of PC scores from the first axis, 9.2% of the variation was
accounted for by among-ecotype effects (Fy,;, = 1.24, P =
0.33) and 45.5% of the variation was accounted for by
among-population within-ecotype effects (LR = 575.0, P <
0.0001). When compared along the second PC axis, 17.3%
of the variation was accounted for by among-ecotype effects
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(Fi4n1) = 3.18, P = 0.035) and 38.5% of the variation by
among-population within-ecotype effects (LR = 442.9, P <
0.0001). The relatively low proportion of variation accounted
for by ecotypic differences in organ size was reflected in the
overlap of PC scores when compared by ecotype (Fig. 5¢).
We could not detect any significant difference among eco-
types along the first axis (F4,y = 1.24, P = 0.33). There
were, however, differences across the second axis (Fiyz,) =
3.18, P = 0.035): stream ecotypes had higher scores than
lake ecotypes (F|j .4 = 12.32, P = 0.0018) (Fig. 5c¢). Based
on pairwise comparisons, only headwater ecotypes could be
distinguished from mixed 3 ecotypes along the second prin-
cipal axis (Fig. 5¢).

We also applied the discriminant function from the large-
scale data set to classify the small-scale data set and to test
its applicability to an unrelated sample based on external
characteristics. Despite similar patterns in morphology-
based PC scores and the high predictive ability of the large-
scale data set in correctly classifying ecotypic category, the
success was not as high when the large-scale discriminant
function was applied to the interconnected system of streams
and lakes. Although all stream populations were correctly
classified as stream ecotypes and 22 of 24 lake populations
were correctly classified as lake ecotypes, only 19 of 27
populations in the small-scale data set were correctly classi-
fied by the large-scale discriminant function. Four lake pop-
ulations were assigned to an incorrect lake category and two
were assigned as stream ecotypes. In addition, one headwa-
ter stream population was assigned as an anadromous eco-
type and the large river population was assigned as a
headwater ecotype.

Discussion

Our data indicate that a significant proportion of morpho-
logical variation among rainbow trout populations is associ-
ated with our hypothesized ecotypic categories, with the
largest differences occurring between stream- and lake-
dwelling populations. Several observations suggest that the
differences in body and fin morphology between stream and
lake populations are adaptive responses to differences in wa-
ter velocity. Salmonids often use their pectoral fins as hydro-
foils to minimize energy expenditure in streams (Arnold et
al. 1991). A relatively large surface area is more effective at
generating negative lift than a small one (Webb 1975, 1978).
This may explain why we observed that stream populations
tended to have larger paired fins when compared with lake-
dwelling populations. A number of past studies have also
found that salmonid morphology is influenced by water ve-
locity, but the morphological response to higher velocity can
vary both within and between species. For example, Riddell
and Leggett (1981) found that juvenile Atlantic salmon
(Salmo salar) from a higher gradient stream differed than
those from a lower gradient stream primarily in pectoral fin
length and possibly as a result of higher water velocities in
the high-gradient stream. Among individuals within popula-
tions, both McLaughlin and Grant (1994) and Imre et al.
(2002) found that brook trout from high water velocities had
larger caudal fins than those from lower water velocities, but
they found opposing differences in caudal peduncle height.
Similarly, Pakkasmaa and Piironen 2001 found that Atlantic
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salmon had deeper bodies under increased flow, but brown
trout (Salmo trutta) exhibited no difference. Although past
studies have consistently found that water velocity influ-
ences salmonid morphology, the variability in morphological
responses suggests that other factors also play a role.

Within stream ecotypes, anadromous populations exhib-
ited the most distinctive morphology. Anadromous popula-
tions tended to have the largest mouth and head size as well
as the largest eye size among all rainbow trout populations.
This distinctive morphology is associated with an onto-
genetic habitat shift from a freshwater to a marine environ-
ment that is absent in both resident stream ecotypes. In
addition to facing a prolonged period in a stream environ-
ment as juveniles, anadromous fish must undertake long mi-
grations and cope with a switch to feeding on fish in an
ocean environment (Pearcy 1992). Since our samples include
fish taken prior to ocean migration (i.e., in an environment
similar to that of resident fish), anadromous rainbow trout mor-
phology may, therefore, reflect adaptation to this ontogenetic
switch between freshwater and marine environments.

Rainbow trout from populations that were classified as
piscivorous had some features that were larger in compari-
son with all other lake populations. As expected for a preda-
tor that feeds on relatively large prey, our prediction that
piscivorous rainbow trout would have the largest mouth fea-
tures among all lake populations was supported by relatively
large premaxilla and head lengths. As in other taxa of fishes,
species that tend to have a large proportion of fish in their
diet also tend to have large mouths relative to their body size
than nonpiscivorous species or populations (Snorrason et al.
1994; Wainwright and Richard 1995). In addition to mouth
morphology, piscivorous rainbow trout appear to have a nar-
row caudal peduncle relative to other lake ecotypes. Al-
though we know of no other intraspecific study with a similar
result, others have noted that across fish taxa, open-water
predators such as the billfishes (Xiphiidae) and tunas
(Scombridae) do tend to have relatively narrow caudal
peduncles, a trend that has been argued to stem from selec-
tion for the most efficient configuration for an open-water,
cruising predator (Lindsey 1978; Webb 1978). The samples
from the piscivorous populations that we studied also in-
cluded juveniles collected from stream and littoral lake habi-
tats prior to the initiation of open-water piscivory at about
age 2 and 20 cm in length (Andrusak and Parkinson 1984).
This suggests that the morphological differences that we
found are not entirely induced by the unusual diet and habi-
tat of adult piscivores.

The presence of competing species is a factor that is
thought to be an important force in shaping the phenotype of
a species. In fishes, numerous examples exist of dramatic
trophic and morphological diversification among species that
depends on the composition of competitors present in lakes
(Robinson and Wilson 1994). We chose to compare lakes
where rainbow trout had no fish competitors present, with
lakes where only a benthos competitor, a plankton—benthos
competitor, or both types were present. In salmonids, ben-
thic catostomid species that feed on larval insects at the bot-
tom of lakes are important competitors for this potential prey
source for coexisting salmonids (Magnan 1988). In rainbow
trout, cyprinid fishes such as redside shiners (Richardsonius
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balteatus) or lake chub (Couesius plumbeus) may be impor-
tant plankton competitors (Johannes and Larkin 1961;
Magnan 1988). We predicted that the presence of such spe-
cies might be responsible for a displacement of morphologi-
cal characters in rainbow trout because of this potential
competitive influence. Our data indicate that rainbow trout
from solitary populations tend to have some of the smallest
head features of all of the populations that we sampled but
were not significantly different from the populations that
were sympatric with a minnow species. As Magnan (1988)
and Bourke et al. (1999) suggested, small-bodied cyprinid or
minnow species may actually impose very little competitive
influence on co-occurring salmonids. The similarities in
morphology among solitary rainbow trout populations and
those that were sympatric only with a minnow species are
consistent with this observation.

Despite the importance of gill raker length and spacing in
exploiting zooplankton prey in some species of freshwater
fish (e.g., Lavin and McPhail 1986; Sanderson et al. 2001),
we could not detect any pattern of diversification in gill rak-
ers among the lake populations of rainbow trout that we
sampled. Intraspecific divergence in gill raker morphology is
common in fish but was noticeably absent among the popu-
lations that we studied. Most previous observations are in
sympatric benthic—pelagic species pairs (Taylor 1999) and
appear to be the result of character displacement driven by
competition (Pritchard and Schluter 2001). Sympatric popula-
tions of closely related species show similar character dis-
placement (e.g., McDowell 1998). The absence of divergence
that we observed among allopatric populations of rainbow
trout that were paired with benthic and pelagic competitors
suggests that distantly related species do not produce the
same level of character displacement as closely related spe-
cies or sympatric populations of the same species.

Unlike external features, internal organ sizes did not pro-
vide as strong discriminating abilities. For instance, despite
living in a flowing-water environment, there appeared to be
only a small difference between stream-dwelling populations
and lake populations in terms of heart size. Given that ven-
tricle size is correlated with cardiac output and aerobic ca-
pacity (Farrell et al. 1990), we expected that stream
populations, which must swim continually to maintain posi-
tion, would have a larger heart size than lake populations.
Similarly, we also expected intestine size in piscivorous pop-
ulations to be relatively small because piscivorous fishes
tend to have a shorter gut length than omnivores or herbi-
vores (Kramer and Bryant 1995). Instead, we found little
difference among ecotypes, which suggests that gut size has
not been influenced by differences across ecotypes.

Within ecotypes, morphological differences among indi-
vidual fish from the same population were smaller than the
differences among individuals from different populations. In
contrast with our large-scale comparison, these differences
cannot be replicated in different locations and there are no a
priori predictions for the type of differences that may be ex-
pected. Nevertheless, these observations are consistent with
the presence of adaptive radiation among populations within
an ecotype. Previous studies of anadromous trout have docu-
mented differences among populations in life history charac-
teristics, such as percentage of repeat spawning, time of
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return to fresh water, and adult body size (Withler 1966)
along with the heritability of some of these differences (Smith
1969; Tipping 1991). The other ecotypes in this study have
not been examined as extensively as anadromous trout, but
we expect that the variation among the ecotypes that we ob-
served is only a fraction of the overall variation among pop-
ulations within this species.

A key goal of our work is to develop a practical method
of documenting adaptive genetic variation to identify rare
and endangered ecotypes for conservation purposes. Pheno-
typic variation among populations, such as that documented
in this study, probably results from a combination of genetic
divergence and phenotypic plasticity (Robinson and Parsons
2002). We did not estimate the heritability of each trait in
each population, and therefore, we cannot differentiate ge-
netic variation from phenotypic plasticity. However, if the
association between environment and phenotype is partially
the result of genetic adaptation to local environmental condi-
tions, then the environment can be used as a surrogate for
genetic variation. The success of this approach depends on
the strength of this relationship between genetic and envi-
ronmental variation.

Several lines of evidence suggest that the association be-
tween morphological and environmental variation that we
observed in rainbow trout is partially the result of natural se-
lection for genetically based traits that have adaptive signifi-
cance. Clearly, some variation in morphology is the result of
phenotypic plasticity (Pakkasmaa and Piironen 2001; Imre et
al. 2002), but a variety of studies have shown that differ-
ences in morphology between salmonid populations have
significant, measurable heritabilities (Riddell et al. 1981;
Skilason et al. 1989; Proulx and Magnan 2004). These dif-
ferences occur in consistent, predictable directions (larger
fins at higher velocity, larger mouths in piscivores), which
suggests that some are likely under selective pressure in nat-
ural environments (Taylor 1991). More directly, we have ob-
tained evidence of a genetic basis of the phenotypic
difference that we have documented in this study for a sub-
set of six populations representing solitary lake, mixed-
species lake, piscivorous lake, headwater stream, large river,
and anadromous ecotypes (E.R. Keeley, E.A. Parkinson, and
E.B. Taylor, unpublished data). In this companion study, be-
tween 18% and 79% of the total phenotypic variation (de-
pending on the trait) was attributable to differences among
ecotypes raised under controlled environmental conditions
(E.R. Keeley, E.A. Parkinson, and E.B. Taylor, unpublished
data). Although we could not partition maternal effects from
the among-population component of the variation, the per-
sistence of ecotypic morphological differences under con-
trolled environmental conditions supports the idea that much
of the phenotypic variation that we have documented is un-
der genetic control and can respond to different, environ-
ment-specific selection regimes. In our data set from the
native populations, juveniles from at least two ecotypes
(anadromous, piscivore) can be differentiated from other
ecotypes prior to entering their distinctive environments. Dis-
tinguishing what proportion of the variation in morphology is
a response to varying environmental conditions or represents
relatively fixed differences as a result of selection remains to
be tested experimentally in rainbow trout ecotypes.
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Conservation implications of ecotypic variation

Intraspecific diversity has been recognized as an impor-
tant component of biodiversity (Waples 1995; Waples et al.
2002) and is particularly important in areas such as the
freshwater habitats of northwestern North America, which
have a relatively depauperate fish fauna. British Columbia
covers an area of approximately 950 000 km? but has fewer
than 70 officially described species of native freshwater fishes.
Taxonomic units in conservation plans clearly must include
more than the species level of classification to capture
adaptive divergence among populations within species
(Hard 1995; Allendorf and Waples 1996; Crandall et al.
2000).

Diversity among rainbow trout populations has been an is-
sue for biologists attempting to create lists of regional fauna
for some time. Early efforts to describe rainbow trout diver-
sity from British Columbia resulted in three described spe-
cies: anadromous (steelhead) trout (Salmo gairdneri),
Kamloops trout (Salmo kamloops), and mountain Kamloops
trout (Salmo kamloops whitehousei), as well as earlier spec-
ulation on up to 16 different types of rainbow trout (Jordan
et al. 1930; Dymond 1932; Mottley 1936a). Although early
researchers recognized that different forms occupied differ-
ent ecological roles, all forms of rainbow trout were eventu-
ally placed under a single species (S. gairdneri and later
O. mykiss; Stearley 1993) because some of the meristic char-
acteristics used to define a species were found to be largely
environmentally induced (Mottley 1936a, 1936b). As is the
case for neutral molecular diversity, some meristic charac-
ters may be used to define phylogenetic groups but may not
represent ecological characteristics that are important for
persistence in particular environments. Because our analysis
has shown that significant morphological variation, under at
least partial genetic control, is consistently associated with
habitat characteristics that are relatively easy to quantify on
a large scale, it may provide a practical methodology for
conservation planners to encapsulate differences among pop-
ulations of polytypic species that are of high conservation
concern. In the face of ever-expanding threats to native pop-
ulations by human activities, our method provides a precau-
tionary means of assessing the frequency of relatively rare
forms of rainbow trout before any damaging activities occur.
This is an important consideration in conservation planning
where priorities for protection must be assessed among thou-
sands of populations that cannot be examined individually.
For example, we were able to morphologically distinguish
populations of large piscivorous rainbow trout from other
populations. This ecotype is consistently found only in lakes
greater than about 10 000 ha in surface area that also support
kokanee (Oncorhynchus nerka), which is the key prey species
for piscivorous rainbow trout in these lakes. Importantly, fewer
than 15 lakes in British Columbia fit this description and those
easily accessible to humans have had stringent harvest regula-
tions imposed because of heavy exploitation pressure.

Habitat—phenotype associations that we have documented
in rainbow trout suggest a landscape ecological approach
that can be used as an alternative proxy measure of adaptive
variation, i.e., inferring phenotype divergence from habitat
(Watters et al. 2003). This approach, in combination with
phylogeographic diversity (e.g., Crandall et al. 2000;
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McCusker et al. 2000) and landscape genetics (how land-
scape may influence gene flow among populations; e.g.,
Manel et al. 2003), can form an important component of as-
sessing conservation priorities. Our study represents a con-
tribution towards justification, when necessary, of a means
to balance the desire for detailed scientific documentation of
the adaptive significance of phenotypic variation among
populations with the pragmatic need for conservation plan-
ning and decisions that must often be made over short time
frames.
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Table Al. Location of sampling sites, ecotypic category, and fish species composition of water bodies used in morphological compari-
sons of rainbow trout (Oncorhynchus mykiss) populations.

Population Sample Longitude  Latitude

Water body“ No.? Ecotype Fish species present® size (°W) (°N)

Thutade Lake 1 Mixed species 3 RB, KO, BT, MW, LSU, CC 18 126° 50.6" 56° 50.8"
Tatlatui Lake 2 Solitary RB 50 127° 15.3"  56° 55.8"
Polley Lake 3 Mixed species 3~ RB, LSU, RSC 50 121° 35.5" 52° 30.6
Jacobie Lake 4 Mixed species 1 RB, LSU 50 121° 45.2”  52° 30.5"
Tzenziacut Lake 5 Mixed species 3 RB, LKC, LNC 50 122° 50.2" 52° 35.8’
Khtada Lake 6 Piscivore RB, KO, DV 50 129° 25.5"  54° 05.57
Ealue Lake 7 Solitary RB 50 129° 50.0° 57° 45.3’
Canyon Creek 8 Headwater RB, BT, CT 35 126° 45.6"  54° 40.7"
Division Lake 9 Mixed species 1 ~ RB, LSU, CSU 50 125° 35.9”  54° 20.2°
Nellian Lake 10 Mixed species 3 RB, LSU, LKC 50 125° 40.8°  54° 20.6"
Hannay Lake 11 Mixed species 3 RB, LSU, WSU, LKC, BB 50 125° 00.3” 54° 15.6"
Kuyakuz Lake 12 Mixed species 3 RB, KO, LSU, LKC, MW, CA, NSC 50 124° 35.0° 53° 05.7’
Lucas Lake 13 Mixed species 3 RB, KO, LSU, WSU, LKC, MW, CA, NSC, 50 125° 10.0°  53° 30.7"

BB

Moosevale Creek 14 Anadromous RB, CH 35 126° 30.6" 56° 35.8"
Fry Creek 15 Headwater RB 35 116° 4577 50° 00.6”
Bayonne Creek 16 Headwater RB 35 116° 55.5”  49° 05.6"
Clearwater River 17 Large river RB, CH 50 120° 10.2"  51° 55.0"
Coldwater River 18 Anadromous RB, CH, CC 35 120° 50.6"  49° 45.7"
Nahmint River 19 Anadromous RB, CO, CH 35 124° 55.5"  49° 05.2°
Memekay River 20 Anadromous RB, CO, DV 35 124° 45.6"  50° 05.9’
Tsitika River 21 Anadromous RB, CO, CH, CT, PL 35 126° 25.3"  50° 15.9’
Nimpkish River 22 Anadromous RB, CO, CH 35 126° 35.1”  50° 10.3"
Gold River 23 Anadromous RB, CO, CH 35 126° 05.1”  49° 50.2"
Heber River 24 Anadromous RB, CO, CH 35 126° 00.2" 49° 45.5°
English Lake 25 Mixed species 2 RB, RSC, NSC 50 120° 35.8"  51° 30.9"
Fish Lake 26 Solitary RB 50 123° 353" 51° 2547
Chaunigan Lake 27 Mixed species 2 RB, RSC 50 123° 55.77  51° 30.8"
Blackwater River 28 Large river RB, NSC, MW 50 123° 30.9” 53° 05.5"
Eutsuk Lake 29 Piscivore RB, KO, MW, SU 80 126° 45777 53° 18.9’
Pennask Lake 30 Solitary RB 50 120° 05.9”  49° 59.4’
Dean River 31 Large river RB, SU, CB 50 125° 26.9” 52° 36.5"
Pimainus Lake 32 Solitary RB 35 121° 045"  50° 24.3"
Murray Creek 33 Headwater RB 35 121°22.2"  50° 25.5"
Kootenay Lake 34 Piscivore RB, KO, BT, SU 48 116° 51.5° 49° 36.3"
Blanchet Lake 35 Mixed species 3~ RB, LNC, LKC 50 126° 18.0°  53° 24.2/
Small Lake 36 Mixed species 3 RB, LNC, LKC 50 126° 23.1"  53° 22.3’
Large Lake 37 Mixed species 3~ RB, LNC, LKC 50 126° 25.3”  53° 21.2/
Tlutilias Lake 38 Mixed species 3 RB, LSC, LNC, LKC 50 126° 14.4" 53° 24.5
Grizzly Lake 39 Solitary RB 50 126° 22.6" 53° 245
Glatheli Lake 40 Mixed species 3~ RB, MW, LNC, LSC, LKC 50 126° 20.1”  53° 38.2"
Unamed Lake 41 Mixed species 3 ~ RB, KO, MW, LSC, LNC, SQ, LKC 50 126° 28.3"  53° 37.0°
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Table A1 (concluded).
Population Sample  Longitude Latitude
Water body* No.? Ecotype Fish species present® size (°W) (°N)
Michel Lake 42 Mixed species 3~ RB, LSC, LNC, KO, NSC, MW 50 126° 29.8°  53° 35.8"
Lake 43 43 Mixed species 3~ RB, LNC, LKC 50 126° 20.2"  53° 36.6"
Kidney Lake 44 Solitary RB 50 126° 19.4”  53° 36.9’
Ghitzeli Lake 45 Mixed species 3 RB, KO, LNC, LSC, NSC, LKC 50 126° 15.4°  53° 38.0"
Theleteban Lake 46 Mixed species 3 RB, KO, LNC, LSC, NSC 50 126° 13.1” 53° 35.3’
Fenton Lake 47 Mixed species 3 RB, LKC, LNC 50 126° 29.1”  53° 30.0"
Goodrich Lake 48 Mixed species 3 RB, LKC, LNC 50 126° 31.8°  53° 30.3’
Morgan Lake 49 Mixed species 3 RB, LKC, LNC 50 126° 19.9”  53° 30.0"
Nutli Lake 50 Mixed species 3 RB, LKC, LNC 50 126° 16.77  53° 29.5"
Twinkle Lake 51 Mixed species 3 RB, LSC, LNC, NSC, MW, BT, CC 50 127° 01.1"  53° 48.5’
Needle Lake 52 Mixed species 3 RB, KO, SU 50 126° 58.4" 53° 48.9’
Lake Unamed 53 Mixed species 3~ RB, SU, LKC 50 127° 06.3"  53° 48.27
Upstream Lake 54 Mixed species 3 RB, SU, LKC 50 126° 55.9” 53° 482"
Skinny Lake 55 Mixed species 3~ RB, KO, CA, LNC, LSC, MW, BB, NSC 50 126° 53.6" 53° 49.6"
Upstream Skinny 56 Mixed species 3 RB, SU, LKC 50 126° 53.9”  53° 47.0"
Lake

Horseshoe Lake 57 Mixed species 3~ RB, MW, KO, LNC, LSC 50 126° 50.4° 53° 50.4"
No Man Creek 58 Headwater RB 50 126° 38.0°  53°49.1"
Chelaslie River 59 Large river RB 50 125° 55.17  53° 28.7
Star Lake 60 Mixed species 1 RB, SU 50 125° 52,77 53° 31.0"
Unamed Creek 61 Headwater RB 50 125° 52.6" 53° 274"

“Geographic place names are from Canadian topographic maps of British Columbia. If no official place name was available from the map, we assigned
an unofficial place name.

PRefer to locations in Fig. 1.

‘RB, rainbow trout (Oncorhynchus mykiss); KO, kokanee (Oncorhynchus nerka); LSC, largescale sucker (Catostomus macrocheilus); LNC, longnose
sucker (Catostomus catostomus); LKC, lake chub (Couesius plumbeus); RSC, redside shiner (Richardsonius balteatus); BT, bull trout (Salvelinus
confluentus); DV, Dolly Varden (Salvelinus malma); CO, coho salmon (Oncorhynchus kisutch); CH, chinook salmon (Oncorhynchus tshawytscha); CT,
cutthroat trout (Oncorhynchus clarki); CA, prickly sculpin (Cottus asper); CB, mottled sculpin (Cottus bairdi); CC, unknown sculpin species (Cottus sp.);
MW, mountain whitefish (Prosopium williamsoni); BB, burbot (Lota lota); SU, unknown sucker species (Catostomus spp.); NSC, northern squawfish
(Ptycholeilus oregonensis); PL, Pacific lamprey (Lampetra tridentata).
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