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Much of recent ecological theory rests
on the assumption that the primary factor
responsible for the organization of natural
communities, particularly of animals, is
interspecific competition (e.g., Mac-
Arthur, 1972; Schoener, 1975). The valid-
ity of this assumption depends almost ex-
clusively on inference drawn from
observational evidence of two types. Mor-
phological changes in the form of ecolog-
ical character displacement (Brown and
Wilson, 1959; Grant, 1972) and niche
shifts correlated with geographic variation
in the number or density of closely related
species are generally considered the
strongest available evidence for the im-
portance of interspecific competition
(MacArthur, 1972; Cody, 1974; Schoener,
1974, 1975).

Grant (1972, 1975) defines ecological
character displacement to be “the process
by which a morphological character state
of a species changes under natural selec-
tion arising from the presence, in the same
environment, of one or more species sim-
ilar to it ecologically . . . .” By this defi-
nition Grant would include both character
convergence and divergence but would
exclude cases of changes in character state
due to the related process of character re-
lease.

It seems clear that the interspecific in-
teraction implicit in Grant’s (1972, 1975)
definition of ecological character displace-
ment is competition. Furthermore, this
causal relationship must be demonstrated
if ecological character displacement is to
be used as observational evidence for the
occurrence of interspecific competition.
Therefore, we define competitive charac-
ter displacement to be a change of char-
acter state in a population that is due to
natural selection arising as a result of com-
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petition with individuals of another pop-
ulation in the same environment. The
characters may be morphological, ecolog-
ical, behavioral, or physiological and the
change may be either divergent or con-
vergent. By divergent competitive char-
acter displacement we mean that a char-
acter state of a population in ecological
sympatry (=syntopy, Rivas, 1964) ex-
hibits greater difference than is the case
when allopatric populations are contrast-
ed, and that this effect can be attributed
to sympatry. If the contrast of allopatric
and sympatric populations reveals that the
character states of the two populations are
more similar in areas of sympatry than in
areas of allopatry and if this effect can be
attributed to competition, then the situa-
tion is one of convergent character dis-
placement. Ecological theory predicts
those situations in which convergent or
divergent displacement would be expected
(MacArthur and Levins, 1964, 1967;
MacArthur and Wilson, 1967; Schoener,
1969a, 1969b, 1970; MacArthur, 1972). In
all of these models the selection responsi-
ble for the character state change or niche
shift arises as a result of interspecific com-
petition.

Grant (1972) in his critical review of the
evidence for ecological character displace-
ment, concluded that “the evidence for the
ecological aspect of morphological char-
acter displacement is weak” and that “the
detection of character displacement in its
ecological aspect, particularly in mainland
regions, will require a level of detail that
has so far not been produced in a single
study.”

The weakness of the available evidence
for competitive character displacement
lies in the difficulty of establishing un-
ambiguously that the character state of
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Fi1Gc. 1. Ventral portion of pharyngeal sieve of C. platyrhynchus (left), 126 mm standard length (first
right arch removed), and C. discobolus (right), 123 mm S.L. Values in this study refer to the number of
rakers in the anterior row on the first (anterior) arch.

one population in sympatry is really influ-
enced by the presence of a coexisting, eco-
logically similar population. Factors other
than competitive interaction with an eco-
logically similar species may affect the
character state exhibited by a given pop-
ulation. Therefore, the demonstration of
competitive character displacement re-
quires that the effect (if any) of sympatry
with an ecologically similar population be
quantified and separated from all other
factors which affect the phenotypic man-
ifestation of the character of interest. The
requirement is one of partitioning the
variance observed in the character of in-
terest into that component which is due to
sympatry and that attributable to all other
sources. It is reasonable to infer that a
shift in character state is due to competi-
tive character displacement only if there
is a significant component of variation
which is accounted for by sympatry with
an ecologically similar population, after
the variation attributable to other sources
is accounted for.

Grant (1972) effectively identified this
as the essential nature of the problem.

However, in his (1975) reexamination of
the classical case of morphological dis-
placement in the rock nuthatches, Sitia
tephronota and S. neumayer, he was un-
able to carry out this partitioning. None-
theless, his analysis revealed no evidence
for competitive character displacement in
either body size or bill size. Since Grant’s
(1972) review, several papers have ap-
peared which purport to demonstrate eco-
logical character displacement (Huey et
al., 1974; Huey and Pianka, 1974; Berry,
1975; Fenchel, 1975; Kellog, 1975; Husar,
1976). None of these studies partitions the
variation into a component explained by
sympatry and a component explained by
other factors.

In this study we critically examine the
evidence for competitive character dis-
placement which has accumulated since
reviews by Grant (1972) and Nursall
(1974) and present an analytical paradigm
for testing for the existence of competitive
character displacement in an example in-
volving the mountain suckers of the fam-
ily Catostomidae.

Patterns of variation in gill raker num-
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F1G. 2. Scanning electron micrographs of gill
rakers on the first and second gill arches of (A) Ca-
tostomus discobolus (123 mm S.L.), (B) C. platyr-
hynchus (126 mm S.L.), (C) C. columbianus (126
mm S.L.), (D) C. commersoni (126 mm S.L.). Mag-
nification 50X.

bers in the mountain sucker Catostomus
(Pantosteus) platyrhynchus and the blue-
head sucker C. discobolus were offered as
an example of character displacement by
Smith (1966). Number of gill rakers
(which increases ontogenetically) was re-
gressed on length of the fish; comparison
of overlap between sympatric populations
of the two species revealed greater diver-
gence than that observed in comparisons
of allopatric populations (Smith, 1966,
Fig. 6). Reduction in morphological over-
lap in areas of sympatry was presumed to
result from competitive reduction in avail-
able food resources in an intermediate
area of the resource distribution. Dimen-
sions of this resource distribution must be
defined in part by food particle size. Suck-
ers have nine rows of gill rakers distrib-
uted on five pairs of gill arches. The rows
interdigitate to form a sieve (Fig. 1) that
separates particles to be ingested from
those that are discarded. Individual rakers
have rows of small spines (Fig. 2); manip-
ulation of the rows in response to taste
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cues forms an active, variable-meshed
sieve for particle sorting. The spacing is
graded, being wider anteriorly and nar-
rower posteriorly (Fig. 1). When feeding,
suckers ingest both substrate and food
particles, actively exercise head and bran-
chial musculature, then eject sand and
detritus from the opercular openings and
(or) mouth while retaining and swallowing
food items.

Natural selection for optimal spacing of
rakers is probably affected by size-fre-
quency distributions of available food par-
ticles and of detrital substrate particles
that must be processed and cleared from
the rakers. The general relationship be-
tween gill raker number and food particle
size is well known but not yet functionally
analyzed. Species of minnows and suckers
that eat fine, particulate organic matter,
diatoms, and minute benthos, have more
numerous, closely spaced rakers than re-
lated forms that eat larger food items.

Zoogeographic considerations (Smith,
1966) suggest that C. discobolus differ-
entiated in the Colorado drainage and is
a rather late (Pleistocene) immigrant to
adjacent areas in the Snake and Bonne-
ville systems, while the opposite relation-
ship holds for C. platyrhynchus, although
the latter also occurs in several other
drainages (Fig. 3). In general, C. disco-
bolus inhabits larger streams dominated
by sandy substrate (in the Colorado) or
coarser rubble (in the Bonneville-Snake).
By contrast, C. platyrhynchus is generally
found in smaller streams over rubble sub-
strate, and (in areas of sympatry) occupies
habitats upstream from typical C. disco-
bolus situations.

Specimens of C. discobolus have more
gill rakers than equivalent-sized C. pla-
tyrhynchus, with little overlap between
populations (Smith, 1966, Fig. 6). Stom-
ach contents found in individuals of each
species include fine particulate organic
matter, filamentous algae, diatoms, midge
larvae (Tendipedidae), other small aquatic
insects, and silt or fine sand. Diatoms, lar-
vae, and sand occasionally occur in abun-
dance. The inorganic detritus might have
carried attached food or might be unde-
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sirable matter that was not rejected by the
rakers. Although qualitative examination
suggests that smaller food items are found
in smaller individuals and in C. discobol-
us, quantification of such a relationship
has not been practical because of the floc-
culent, amorphous nature of most gut con-
tents.

Combining information about distribu-
tion, habitat, and gill-raker function in
suckers suggests several predictions re-
garding effects of competition and envi-
ronmental variables on gill-raker number:

1) Fishes taking smaller food items

Distribution of Catostomus platyrhynchus, discobolus, and columbianus samples analyzed in

should be able to feed more efficiently if
they have smaller spaces between rakers.
Raker numbers increase with growth to
allow more spaces (enlargement of the
sieve) without undue enlargement of the
spaces. In areas of sympatry, reduction of
modal food resources by competition
should shift the optima of food size avail-
ability apart. Adaptive responses in gill-
raker number would be a shift upward for
C. discobolus and downward for C. pla-
tyrhynchus.

2) Fishes that live over coarser substrate
might have coarser spacing of gill rakers
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in response to the problem of fouling and
cleaning of the sieve. Coarser substrate is
found in upstream, high-gradient, high-
velocity areas of streams. Therefore, num-
ber of gill rakers might be negatively cor-
related with elevation, gradient, and per-
haps discharge, if all other factors were
constant.

3) Because meristic characters (e.g.,
numbers of gill rakers, vertebrae, scale
rows, and fin rays) are affected by tem-
perature of development (Hubbs, 1926;
Taning, 1952; Barlow, 1961; Fowler,
1970), generally in a negative direction,
such measures are expected to increase
with latitude and elevation.

4) Mountain suckers occur with other
suckers of the genus Catostomus at nearly
all localities. The similarity in morphology
and microhabitat is not as great and the
competition should not be as intense. Ta-
ble 1 and Figure 4 show gill-raker num-
bers in the species in this study. All mem-
bers of the subgenus Catostomus (see Fig.
2) in the study have lower numbers than
C. platyrhynchus and C. discobolus and
prefer larger, slower habitats. Catostomus
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Diagrammatic outline of relative size, modal number of gill rakers, and association by drainage

columbianus, which replaces C. discobol-
us as a potential competitor of C. platyr-
hynchus in the Columbia drainage below
the falls of the Snake, has high gill-raker
counts like C. discobolus. Competition
with Catostomus (s.s.) should displace
gill-raker numbers upward in C. platyr-
hynchus, C. discobolus and C. columbi-
anus for the reasons given in (1) above.

5) Displacement effects should be pre-
dictably different in different ecological
settings. Maximum competitive effect
should occur where C. discobolus and C.
platyrhynchus exist in the same habitats,
mutually reducing available food. Selec-
tion-mediated displacement to nearby al-
lotopic habitats is a possible result of the
competition, as is local elimination of one
of the competitors. Outside their area of
sympatry, C. platyrhynchus and C. dis-
cobolus should be relatively more affected
by other species and environmental vari-
ables.

Displacement might be expected to dif-
fer in the Bonneville and Colorado drain-
age systems because sympatry has come
about as a result of immigration of C. dis-
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TABLE 1. Numbers of gill rakers and vertebrae. (C.) indicates the subgenus Catostomus; * = data are for
adults larger than about 250 mm standard length. (P.) indicates the subgenus Pantosteus.

Species Drainage Gill rakers Vertebrae
C. (C.) catostomus Missouri 19-24%* 41-44
C. (C.) commersoni Missouri 22-25% 42-44
C. (C.) macrocheilus Columbia 23-29% 44-46
C. (C.) ardens Bonneville-upper Snake 28-31% 43-46
C. (C.) latipinnis Colorado 22-29* 4346
C. (C.) tahoensis Lahontan 26-28*% 40-42
C. (P.) columbianus Columbia 24-42 39-46
C. (P.) platyrhynchus Great Basin, Columbia, 23-37 38-44
Missouri, Saskatchewan,
Colorado
C. (P.) discobolus Colorado, upper Snake, 26-44 41-46

northern Bonneville

cobolus from the Colorado to the Bonne-
ville (including the upper Snake River)
and C. platyrhynchus from the Bonneville
to the Colorado, probably in the Pleisto-
cene. In addition, the sandy-substrate
portion of C. discobolus’ habitat spectrum
is uncommon in the Bonneville-upper
Snake system, reducing the opportunity
for spatial segregation. The consequence
of this reciprocal immigration, which ex-
tends only into the north end of each
drainage system, should be an effect on
the northern populations relative to the
southern populations of each species. The
immigrant populations would be expected
to be displaced relative to allopatric south-
ern populations of their own species.
However, because of the relative absence
of sand-substrate habitat in the Bonne-
ville, immigrant populations of C. disco-
bolus there should experience a greater
competitive effect.

6) General observations of geographic
variation suggest that other characteristics
of mountain suckers may also show char-
acter displacement. The number of post-
Weberian vertebrae, which is independent
of growth and shows no within-population
correlation with gill raker number, shows
a pattern roughly similar to that of gill
raker number (Fig. 4). In addition, gen-
eral body size, though difficult to analyze,
shows similar trends, C. discobolus hav-
ing a maximum length about twice that of
C. platyrhynchus (Fig. 4). A predictive

rationale for displacement in vertebral
number is difficult to construct. The num-
ber of vertebrae might be expected to vary
positively with maximum adult size in the
population (Lindsey, 1975). The relation-
ship between size ‘(length) and vertebrae
should be related to the scale of segmental
effects on swimming mechanics. Func-
tional parameters are probably strength
and flexibility (Gosline, 1971). Elevation,
latitude and other factors related to tem-
perature should also affect vertebral num-
ber as mentioned above for gill rakers.
Theoretical considerations (Schoener,
1969a) suggest that in the case of two gen-
eralists using the same set of resources, the
effect of competition on body size should
be slower growth and smaller individuals
of both species. The effect could be seen
as concordant shifts in numbers of verte-
brae. Other models are possible, however.
For example, territoriality and other be-
havioral factors could operate to select for
larger individuals of the larger species in
sympatry, and intermediate sizes of both
species in allopatry. In summary, the ex-
pected responses of body size and the pos-
sible correlate, vertebral number, to com-
petition in these fishes are still not
obvious, but three possible correlates—
body size, developmental temperature,
and behavioral relationships—deserve
testing.

In this study we examine the pattern of
geographic variation in numbers of gill
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TABLE 2. Drainages, number of localities (K), sample sizes (N) for gill rakers (G.R.) and vertebrae, and
competition indices for populations vepresented in this stuy. Abbrevations for states and provinces ave initial
letters of Arizona, New Mexico, Utah, Wyoming, Colorado, Nevada, Ovegon, Washington, Idaho, Montana,

South Dakota, Alberta, and Saskatchewan.

N Competition indices
Drainage States K G.R., vert. I 1T
C. platyrhynchus
Bear U, Wy, I 6 29, 17 1.00-1.33 1.00-1.50
Weber U 2 4,8 1.00-1.14 1.00
Ogden U 1 4,3 1.00 1.00
Jordan-Provo U 2 37, 36 0 1.00-1.21
Lower Sevier U 7 58, 46 0 1.00-1.55
E. Fk. Sevier U 4 19, 11 0 1.00
Upper Sevier U 5 103, 96 0 1.00
Deep Cr.-Spring V. U, N 2 30, 23 0 1.00
Humboldt N 5 82, 80 0 1.07-1.31
W. Lahontan N, C 9 83, 75 0 1.22-1.95
Willamette (0] 2 28, 30 1.00 1.00
Lower Snake Wy, O, I 7 19, 19 1.00-1.95 1.00-1.42
Upper Snake 1 5 43, 43 1.00-1.64 1.00-1.08
Cheyenne SD, Wy 12 58, 34 0 1.00-1.94
Yellowstone Wy, M 12 108, 85 0 1.00-1.90
Sweetwater Wy 3 30, 32 0 1.00-1.95
Upper Missouri M, Al 4 9, 10 0 1.00-1.98
Milk-Saskatchewan Al S 8 33, 29 0 1.00-1.86
Upper Green Wy, U 7 146, 123 1.00-1.89 1.00-1.50
Lower Green Wy, U, C 8 84, 81 1.00-1.25 1.00-1.72
C. discobolus
Upper Green Wy, U 8 78, 136 1.00-1.80 1.17-1.90
Lower Green U,C 19, 36 1.00 1.00-1.60
Upper Colorado C, U 52,70 1.00-1.29 1.00-1.81
Lower Colorado C, U, Ar, NM 11 124, 183 0 1.00-1.87
Bear-Weber Wy, U, 1 5 38, 50 1.00-1.86 1.00-1.60
Snake I 4 51, 60 1.00-1.64 1.00-1.50
C. columbianus hubbsi
Wood I 5 42, 44 0 0
C. columbianus columbianus
Lower Snake I, N, O 15 119, 120 1.00-1.50 1.00-1.80
Palouse Wa 4 43, 51 1.00-1.02 1.00-1.50
Columbia 0, Wa 5 64, 82 0-1.00 1.00-1.84
rakers and vertebrae to determine wheth-
MATERIALS

er the presence of potential competitors
can be shown unequivocally to be associ-
ated with character displacement. The
functional mechanism whereby competi-
tion might influence selective change in
numbers of gill rakers is discussed, but its
analysis is deferred to later study. It is in-
tended that the description of the relation-
ship between variation and environmental
variables will help formulate the direction
of subsequent ecological and functional
studies.

Data were assembled on 2,049 speci-
mens from 182 populations representing
Catostomus (Pantosteus) discobolus (Col-
orado and northern Bonneville drainages),
C. platyrhynchus (widespread except
southern Colorado drainage), and C. co-
lumbianus (Columbia drainage) distribut-
ed as in Table 2 and Figure 3. Counts and
measurements include size, gill raker
numbers, and vertebral numbers (Smith,
1966). Because the number of gill rakers
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TABLE 3. Sources of environmental data used in regression analyses.

Environmental variable

Source

Competition index I
(C. discobolus x C. platyrhynchus) =

—

number of competitors in sample

total of both species in sample

(but 0 if the competing species does not occur in the

drainage)
Competition index II
(Pantosteus spp. X o .
Catostomus [s.s.] spp.) -1+ number of individuals of Catostomus (s.s.) in sample

number of Catostomus + number of C. platyrhyn-
chus or C. discobolus

(but 0 if Catostomus (s.s.) does not exist in the drainage)

Elevation

topographic maps of U.S. and Canadian Geological Surveys

and Gazeteer of Utah localities and altitudes?®

Gradient

topographic maps. Measured as distance: 200 ft change at

sample locality

Mean discharge
Minimum discharge
Latitude, longitude

50 year data from U.S.G.S. Water Supply Papers?
50 year data from U.S.G.S. Water Supply Papers?
topographic maps

! Division of Biology, University of Utah, Salt Lake City, 1952.
2 U.S. Government Printing Office.

Sample data from Museum of Zoology, The University of Michigan, and the Institute of Fisheries, University of British Columbia.

follows a curvilinear relationship to length
of the fish, analyses of gill rakers were
based on specimens between 25 and 125
mm in standard length—a subsample
showing a straight-line relationship with
almost normally distributed residuals
from regression when plotted as log num-
ber of gill rakers against log standard
length. The data set including all sizes was
also analyzed for comparison.

Data on environmental variables were
assembled from museum records, topo-
graphic maps, and records from stream
gauging stations (Table 3). Two indices of
competition are used and each has two
parts. Competition index I (C. discobol-
us X C. platyrhynchus) includes a code
value for long-term potential for compet-
itive effect (a value of 0 for allopatry, 1
for potential sympatry) plus an additional
estimate of the intensity of local competi-
tion among sympatric populations in the
form of the ratio of the number of indi-
viduals of the competing species to the to-
tal number of both species in the sample
(e.g., 1.0 = sympatry, but no competitors
actually collected; 1.5 = equal numbers
collected). It is an estimate of both long-

term and immediate potential competition
for each sample. The estimate of potential
competition from suckers in the subgenus
Catostomus in each sample was computed
from collection data in the same way and
constitutes index II. The competition in-
dices vary between 0 and 1.98 (Table 2).

The other variables—elevation, gradi-
ent, mean and minimum discharge, lati-
tude, and longitude—are included in the
study because of their potential relation-
ships to habitat, current, substrate, food
resources, developmental temperature,
and geographic variation in general. Con-
siderable correlation among these effects
is to be expected. Favorable habitat in
these fishes is determined by interaction
of temperature, current velocity, and sub-
strate, which are, in turn, affected by el-
evation, gradient, and discharge. Tem-
perature is also a function of latitude. It
is assumed that other factors affecting
geographic variation, clines, gene flow,
and divergence, are superficially summa-
rized by the spatial coordinates, latitude
and longitude.

Populations are separated into zoogeo-
graphic units for purposes of comparison.
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The Columbia drainage includes (C. pla-
tyrhynchus and C. columbianus) popula-
tions in the Snake River below Twin
Falls. The upper Snake River (C. platyr-
hynchus and C. discobolus) is included in
the Bonneville zoogeographic unit because
of the similarity of these faunas, resulting
from the Pleistocene Bonneville spillover
into the upper Snake (Smith, 1978). The
area of sympatry between C. discobolus
and C. platyrhynchus is defined to include
the Bonneville from the Weber River
northward, the upper Snake, the northern
Green River drainage south to the Price
and White River drainages, and the upper
Colorado drainage in Colorado and Utah
(Fig. 3). It is possible that C. platyrhyn-
chus is not really an inhabitant of the up-
per Colorado drainage in Colorado (Smith,
1966, p. 70), and in any case it must be
extremely rare in historic times; therefore
the analyses were carried out twice to test
the effects on the general model of consid-
ering that drainage to contain only allo-
patric C. discobolus in contrast to sym-
patric populations. In the Wood River
system, tributary to the lower Snake River
in the Columbia drainage unit, there exists
a form of C. columbianus that is isolated
and allopatric above barrier falls. This
form, C. columbianus hubbsi, is distinc-
tive in the possession of low gill raker
numbers like C. platyrhynchus. Analyses
were carried out with and without this
population present in the model in order
to determine whether evidence for char-
acter displacement exists either way.

We tested the null hypothesis that there
has been no significant effect of sympatry
with potential competitors in the same
subgenus (Pantosteus) and with potential
competitors in the subgenus Catostomus,
using both forward and backward step-
wise, multiple linear regression analysis
(Draper and Smith, 1966). Separate anal-
yses were run for each species using the
natural logarithms of the number of an-
terior gill rakers and the number of ver-
tebrae as dependent variables and the ar-
ray of independent variables previously
enumerated (Table 3).

The stepwise procedure admits inde-
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pendent variables into the regression mod-
el one at a time according to the partial
correlation with the dependent variable,
given the effects of previously admitted
independent variables. In these analyses
the “best” regression model was taken to
be that which included only statistically
significant partial regression coefficients
and accounted for the greatest proportion
of variance in the dependent variable.

Separate regression models were com-
puted for each species (C. platyrhynchus,
C. discobolus, and C. columbianus). For
comparison, the samples of each species
were then partitioned into those repre-
senting sympatry with a potential subge-
neric competitor and those representing
allopatry, and new regression models
computed. In addition, separate regres-
sion models were computed for C. platyr-
hynchus and C. discobolus populations
from the Colorado and Bonneville systems
because of our interest in the historical in-
teraction in these drainages.

Prior to carrying out these analyses, we
made predictions as to the effects of the
variables in the array of independent vari-
ables on the dependent variables. Evi-
dence for ecological character displace-
ment was taken to be a statistically
significant partial regression coefficient for
either of the competition variables (Comp.
I, Comp. II).

It is possible that the indices of com-
petition are inadequate and that in the
area of sympatry, certain values of vari-
ables usually associated with presence of
the competing species (certain gradient,
elevation, or discharge values) are better
estimators of long-term competitive effects
than the abundance of the competitor in
individual collections. If so, these vari-
ables might show higher correlations than
the competition index with the displace-
ment of a character. The test of this idea
is comparison of separate stepwise multi-
ple linear regression models for allopatric
and sympatric population groups. A dis-
placement response to an environmental
variable could occur only in sympatric but
not allopatric situations if it were actually
due to competition, but the correlation
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would exist in allopatry, sympatry, and
overall if it were a primary effect inde-
pendent of competition. Similarly, colli-
nearity among environmental variables
and a competition index may be resolved
by the stepwise algorithm by elimination
of the competition index, even if it were
the primary cause of variation. Again, the
test of this phenomenon is comparison of
allopatric and sympatric population
groups. Variables significant in allopatry
would not be reflecting hidden competi-
tion effects.

For example, since northern popula-
tions of C. discobolus are all in the region
of sympatry and southern populations are
in the region of allopatry, any effect of
competition on gill raker number should
be highly correlated with latitude. If num-
bers of gill rakers were significantly cor-
related with latitude within the area of
allopatry, however, competition could not
be claimed to be the cause of the variation
in sympatric areas without strong inde-
pendent evidence. If, on the other hand,
numbers of gill rakers were highly corre-
lated with latitude (and competition) in
the individual drainages but not within
the allopatric populations, then competi-
tion would be the most likely cause, and
comparison of the stepwise regression
models should reveal it. However, it will
always be the case that an untested vari-
able might be causing correlated variation
in occurrence of sympatry and numbers of
gill rakers.

REsULTS
Gill Rakers

Great Basin, upper Snake, Colorado,
and Missouri drainages.—Preliminary
observations and predictions regarding
character displacement are largely con-
firmed by the stepwise multiple regression
analyses. Table 4 shows the resulting par-
tial correlations and their significance for
various comparisons, based on specimens
25-125 mm in standard length in all
drainages except the Columbia. Variation
in the number of gill rakers in C. platy-
rhynchus is significantly correlated with

TABLE 4. Forward stepwise multiple vegression of log number of anterior gill vakers on nine variables. Significant partial correlations are shown.
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the index (I) of competition with C. dis-
cobolus over the entire range and in the
Bonneville Basin. The comparable corre-
lation in C. discobolus is significant over-
all and in the Colorado drainage. The di-
rections of displacement are as predicted.
In the area of sympatry, where the com-
petition (I) index is restricted to variation
in relative abundance in the samples, C.
discobolus shows a significant response to
competitor abundance, but C. platyrhyn-
chus does not. Essentially identical results
were obtained with the backwards step-
wise regression model (results not shown),
indicating a stable model.

In the overall model, C. platyrhynchus
has fewer gill rakers in the presence of C.
discobolus, in the south, and in the ab-
sence of Catostomus (s.s.) spp. By con-
trast, C. discobolus has more gill rakers
in the presence of C. platyrhynchus, in the
presence of Catostomus, at high eleva-
tions, in low gradients, and in small, sta-
ble streams.

In sympatry with each other, both
species respond to the abundance of other
species of Catostomus with a stronger ten-
dency to increase the number of gill rak-
ers. In addition, sympatric C. platyrhyn-
chus have fewer gill rakers at low
elevations and in the west (Bonneville). In
sympatric C. discobolus, there is a signif-
icant gill raker increase in low gradients
and in the east.

In allopatry (with respect to each other)
C. discobolus and C. platyrhynchus show
few correlations between the independent
variables and variation in gill-raker num-
ber. Elevation has a positive, highly sig-
nificant effect on C. discobolus and lati-
tude is positively correlated with variation
in C. platyrhynchus. The index of com-
petition with Catostomus is insignificant
in both cases.

In the Bonneville Basin and upper
Snake River, C. discobolus is limited to
the area of sympatry and consequently has
limited variation in the competition (I) in-
dex (1.0-1.86), and shows no significant
competitive effect. The equivalent situa-
tion exists for C. platyrhynchus in the Col-
orado drainage.
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In both species the correlation between
number of gill rakers and environmental
variables is extensive in the Colorado
drainage and weak or absent in the
Bonneville. The direction of the effect is
opposite in the two species for all signifi-
cant variables except longitude—both
species show a trend toward more gill rak-
ers in the western Colorado drainage. The
trend in the Colorado basin is toward few-
er gill rakers in C. platyrhynchus at high
elevation, low gradients, stable streams
(high minimum discharge), and in the
south; C. discobolus shows more gill rak-
ers at high elevations, low gradients, high
minimum discharge, in small streams, and
in the presence of C. platyrhynchus. In
the Bonneville Basin, C. discobolus has
more gill rakers at low elevations and in
the south.

Considering the variables in terms of
their own profiles in Table 4, it can be
seen that the effect of elevation is most
important, especially on C. discobolus
and in the Colorado drainage. Similarly,
effects of the three fluvial variables are
especially important on C. discobolus and
in the Colorado. Effects of co-occurrence
with species of Catostomus (s.s.) are great-
est in the presence of sympatric Pantos-
teus. Effects on sympatric Pantosteus are
most easily demonstrated in comparisons
that include some allopatric populations.
In C. platyrhynchus, latitude shows the
trends predicted by the relationship be-
tween gill rakers and temperature. The
variables chosen explain about two-thirds
of the variation in gill rakers in C. dis-
cobolus, but only a third or less in C. pla-
tyrhynchus. The relationship between
number of gill rakers and size is generally
consistent and is usually much stronger in
C. discobolus.

Columbia drainage.—In the Columbia
drainage below Twin Falls on the Snake
River, Catostomus platyrhynchus is sym-
patric with Catostomus (Pantosteus) co-
lumbianus and C. (C.) macrocheilus. The
presence of C. columbianus in these hab-
itats eliminates the usefulness of consid-
ering these populations of C. platyrhyn-
chus as allopatric with regard to C.
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TABLE 5. Comparison of effects on number of gill vakers and vertebrae in C. platyrhynchus and C. colum-
bianus. Significant partial correlations ave shown. * = P < 05, % = P < .01.

C. platyrhynchus

C. columbianus

Gill rakers Vertebrae
C. col- C. col- C. col- C. col-
Gill bi bi bi bi
rakers Vertebrae  +hubbsi alone + hubbsi alone
Competition index (I)

(C. columbianus X C. platyrhynchus) -.31* L16%* A7 11 (NLSY)
Competition index (II)

(Catostomus X Pantosteus) 40 —.23%%
Elevation —.18%% —.24%%
Gradient —.35% — . 38¥%  3g%*

Mean discharge L3k V3 b J16** A7*
Minimum discharge .16*

Latitude —.24%%  — 3%k — . 47%*
Longitude BrEr — 17 —.27%*
Standard length 39k 41%* 50%*

Sample size 49 48 263 221 296 252

% Variance explained (R?) .56 .14 .44 43 .18 .36

discobolus, because C. columbianus is a
Columbia drainage equivalent to C. dis-
cobolus, in size and the number of gill rak-
ers, at least. On the other hand, it is pos-
sible to consider these populations of C.
platyrhynchus as sympatric with a “dis-
cobolus-type” species because the inter-
action between C. platyrhynchus and C.
columbianus could be somewhat compa-
rable to that between C. platyrhynchus
and C. discobolus.

The modal number of gill rakers is
higher in C. platyrhynchus of the Colum-
bia drainages than elsewhere in its range
(Fig. 4). The number of rakers varies from
29-37 (mode = 33)in C. platyrhynchus in
the Columbia, while C. columbianus co-
lumbianus has 30-42 (mode = 34) gill
rakers in specimens over 70 mm in stan-
dard length. Catostomus columbianus
hubbsi, isolated above the Wood River
Falls and therefore never in contact with
C. platyrhynchus or C. macrocheilus, has
24-31 (mode = 27) gill rakers, and is
therefore ecologically and morphologically
distinct in a way very suggestive of char-
acter displacement.

In C. platyrhynchus from the Columbia
basin, the number of gill rakers is nega-
tively correlated with the abundance of C.

¢. columbianus (Table 5) and with gradi-
ent. No other environmental variables
were significantly correlated.

The number of gill rakers in C. ¢. co-
lumbianus also varies in the direction pre-
dicted by the character displacement hy-
pothesis. In an analysis of all samples of
C. c. columbianus the number of gill rak-
ers is higher in the presence of C. platyr-
hynchus and C. macrocheilus, in large,
stable, high-gradient streams and in the
west. Much of this effect is a result of the
differentiation of C. columbianus hubbsi.
With C. c. hubbsi removed from the anal-
ysis the number of gill rakers in C. ¢. co-

lumbianus is higher in larger streams, in

the south, and in the east—the areas of C.
platyrhynchus abundance. However, cor-
relations with the competition indices are
not significant (Table 5).

Vertebrae

Correlations between the competition
(D indices and vertebral number indicate
significant effects for C. discobolus and C.
platyrhynchus on each other and for C.
platyrhynchus on C. discobolus in the re-
stricted test in the area of sympatry (Table
6). In the Columbia drainage, C. platyr-
hynchus is not affected by C. c. colum-
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that dropped to insignificance during the stepwise analysis.

Competition (I)

Elevation
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bianus, but C. ¢. columbianus shows an
effect if the Wood River populations (C.
c. hubbsi) are included in the analysis
(Table 5). The direction of effects is as
predicted by the competition model.
These results are similar to those for gill
rakers, but not as general, partly because
of collinearity among the variables (to be
discussed below). Vertebral number is
never correlated with length and R? values
are low.

The indices of competition (II) with the
subgenus Catostomus are significantly
correlated with vertebral number in a
number of instances. Vertebral number in
C. discobolus is always higher in the pres-
ence of C. latipinnis, but lower in the
Bonneville where it lives with C. ardens.
C. platyrhynchus, by contrast, has fewer
vertebrae in the presence of C. latipinnis
and more in the presence of C. ardens. C.
latipinnis is a fastwater species in the Col-
orado drainage and C. ardens is a slower-
water species in the Bonneville and upper
Snake. Both species have essentially the
same vertebral numbers as C. discobolus.
The interpretation of these results requires
evaluation of considerable collinearity
among the variables, especially the com-
petition indices, latitude, and longitude.
In four of the studies, the competition (I)
index was initially the largest, most sig-
nificant variable in the model, but its par-
tial correlation became insignificant after
other variables joined the stepwise selec-
tion model. In the Bonneville basin C.
platyrhynchus began with a partial cor-
relation coefficient of —0.27, which
dropped in response to collinearity with
latitude, and C. discobolus began with a
partial correlation of 0.48, which dropped
to 0.03 because of collinearity with lon-
gitude and the competition (II) index. In
the Colorado drainage, C. platyrhynchus
initially showed a partial correlation of
—0.24 for the competition (I) index, but
the correlation became insignificant be-
cause of collinearity with the competition
(IT) index; C. discobolus began the anal-
ysis with a value of 0.40, which dropped
from significance when latitude entered
the model. Other collinear systems includ-
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ed minimum discharge and the competi-
tion (IT) index in the analysis of Bonneville
C. platyrhynchus. These results are inter-
preted in the discussion.

Latitude and longitude are important
correlates of vertebral number, especially
in C. platyrhynchus, which has an exten-
sive distribution. Discharge variables ap-
pear to be important especially in C. pla-
tyrhynchus and in the Bonneville.
Elevation and gradient also seem to be im-
portant in C. platyrhynchus variation. In
that species vertebral number is high in
the north and east (Missouri drainage), at
high elevations, and in high-gradient
streams. In the area of sympatry, how-
ever, its vertebral numbers are low in the
northeast, as well as being low in the east-
ern part of the Colorado and the northern
part of the Bonneville. Furthermore, its
vertebral numbers tend to be lower in the
larger streams in the Bonneville and Col-
orado, as well as in the less permanent
streams of the former and the high-gra-
dient streams in the latter drainage. All of
these correlations except that with mini-
mum discharge (Table 6) are consistent
with expectation of lower vertebral num-
bers in areas inhabited by C. discobolus.
In C. discobolus, vertebral number seems
to be higher in the southern part of the
area of sympatry, in the northern part of
the Colorado drainage, and in the western
part of its Bonneville-Snake range. In the
Bonneville it shows a strong tendency to-
ward more vertebrae in more stable
streams.

In the Columbia drainage (Table 5) gra-
dient seems to be an important factor in
variation of vertebral number (and gill
rakers) in C. platyrhynchus. In C. colum-
bianus, competition with C. platyrhyn-
chus, elevation, mean discharge and lati-
tude are important overall. But when the
analysis is done without the Wood River
(C. c. hubbsi) populations, the competition
(II) index replaces the competition (I) in-
dex, and longitude is added to the other
significant variables. In general the trend
is toward more vertebrae in larger
streams, at lower elevations, and in the
south and east, as well as in the presence
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of C. platyrhynchus (and in the absence
of C. macrocheilus, without C. c. hubbsi
in the analysis).

DiscussIoN

Gill vakers.—The results are interpreted
as supporting the hypothesis that feeding
competition among these fishes has been
sufficient to cause selection for displace-
ment of gill raker number downward in
the low-numbered species (C. platyrhyn-
chus) and upward in the high-numbered
species (C. discobolus) in response to com-
petition with each other, and upward in
both species in response to the low-num-
bered competitors in the subgenus Catos-
tomus. The correctness of this interpreta-
tion and its corollaries depends on the
statistical reliability of the regression
models and the applicability of the hy-
pothesis that gill raker function is related
to competition. Several assumptions are
discussed in order to evaluate the results
and interpretation.

The primary assumptions of this study
are that meaningful variables have been
chosen for study, that they have been
measured accurately and without bias,
and that the stepwise regression algorithm
correctly selects the functionally impor-
tant variables from among those sets
linked by collinearity. The nonfunctional
aspect of latitude and longitude is readily
acknowledged. Yet in the absence of
methods for measuring trends and spatial
autocorrelation in drainage networks, the
spatial coordinates are necessary. The
competition indices may be the weakest,
vet the most important, independent vari-
ables. They attempt to estimate immedi-
ate as well as long-term competitive ef-
fects, yet they must be a compromise,
given the absence of data other than that
pertaining to samples taken over the past
100 years and distribution maps that sum-
marize the patterns of occurrence. Data
on inheritance and rates of selective mod-
ification of numbers of gill rakers or ver-
tebrae do not exist, so we can only guess
that measurable changes might occur in
50 to 100 generations and that changes of
the magnitude seen in our most extreme
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cases might involve much longer times. It
seems likely, therefore that combinations
of habitat and geographic variables might
be better estimators of the density of com-
petitors than our indices. If so, these in-
dependent variables would be selected by
the model from collinear sets including a
competition index. For example, in the
analysis of C. discobolus in the Bonneville
drainage group, the competition (I) index
has an initial, significant partial correla-
tion coefficient of 0.27 with number of gill
rakers, but is dissolved to insignificance
by entry of latitude into the stepwise
regression model. It is possible that lati-
tude is simply reflecting the southern areas
in which C. platyrhynchus are most com-
mon in this system (Table 4). Similarly, C.
platyrhynchus in the Colorado drainage
tend to have fewer gill rakers in the south,
east, and in stable streams (i.e., C. dis-
cobolus range). However, in each of these
cases other significant variables show ef-
fects in the opposite direction to that pre-
dicted, and therefore the results are incon-
clusive. By contrast, C. discobolus in the
Colorado drainage show increase in gill
raker number not only in the presence of
C. platyrhynchus, but in the habitat sit-
uations characteristic of C. platyrhynchus:
at high elevations, low gradients, and
small, stable streams.

The results of the forward, stepwise so-
lutions to the collinear complexes of vari-
ables were checked by repeating all anal-
yses using the backward selection
procedure. The major conclusions and
most of the peripheral interpretations
were substantiated: C. platyrhynchus
showed significant effects overall (» =
—0.31) and in the Bonneville (r = —0.48),
and C. discobolus showed significant ef-
fects overall r = 0.24) and in the Colorado
(r = 0.21).

An additional test of the robustness of
the model is available in the comparison
of results based on the assumption that C.
discobolus is allopatric in the upper Col-
orado drainage. In this comparison, the
overall results are the same as shown in
Table 4 within one percentage point for
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each value, except that discharge is a less
significant variable. Data for the Colorado
drainage and sympatry match less well. In
the Colorado the competition (II) index
and latitude are significant if C. discobol-
us is considered to be allopatric. In sym-
patry, longitude is insignificant. Other
values are within 1 to 12%. R? values are
within 3%.

The effect of choosing to analyze the
specimens in the size range of 25 mm to
125 mm in standard length (the straight
line segment of the curve of log number
of gill rakers on log standard length) was
checked by repeating the analyses, includ-
ing all lengths. The general results are the
same for C. platyrhynchus in that signif-
icant competitive effects are shown for the
Bonneville drainage and overall. Al-
though the sample sizes are larger, the
proportion of the variance explained (R?)
is smaller by 5-18%. The results for C.
discobolus differ in that the correlation
between number of gill rakers and the
competition index is not significant, indi-
cating that in this large species the dis-
placement effect exists only in those indi-
viduals that overlap in size with C.
platyrhynchus. The overall sample size in
this case is 449, R? =0.55, and the signif-
icant variables are standard length 0.62%*,
elevation 0.30**, competition index II
0.21*%* minimum discharge 0.21%, mean
discharge —0.12%, and longitude —0.11%,

The functional significance of the dif-
ferences in gill raker number is not yet
understood. A difference of one additional
raker to 32 (for example) would represent
only a proportional change of 0.03. As-
suming spaces of about 0.3 mm between
rakers, the above difference would give a
proportional change of about 0.01 mm.
Similarly, an increase of one raker per row
would increase the number of spaces in
the total sieve only from 240 to 248, for
example. It is difficult to imagine signifi-
cant changes in feeding efficiency based
on these values. However, if the changes
result from spatial displacement into dif-
ferent habitats, different substrates or dif-
ferent feeding modes, the differences do
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not seem implausible as results of selec-
tion. The observed differences, which
may be up to three times the values given
in the example, might be important in spe-
cialized or critical feeding situations. The
mechanism still remains to be explained
and tested.

Vertebrae.—Results of the analyses of
vertebral numbers also support the inter-
pretation that variation has been strongly
affected by interactions among competing
species. The direction and magnitude of
the correlations indicate that, of the vari-
ables measured, competition with the
most closely related species has had the
strongest effect on C. platyrhynchus and
C. discobolus. The effect of C. platyrhyn-
chus onC. c. columbianus has been weaker,
but significant, in the comparison involv-
ing C. columbianus hubbsi, which is iso-
lated without catostomid competitors
above the falls of the Wood River, Idaho.

In general, these analyses were less sta-
ble statistically than those of gill rakers.
Collinearity among the variables caused
more fluctuation in significance from one
step of the analysis to the next. For ex-
ample, in all four analyses of C. platyr-
hynchus and C. discobolus in the Bonne-
ville and Colorado drainages, the
competition (I) index entered the stepwise
selection model as a dominant, significant
variable, and was then eliminated from
significance as other variables, especially
competition (II), latitude, and longitude
entered the model. The methodologically
preferred explanation is that the variables
remaining have a more proximal causal
relationship with variability in vertebral
number; however, it is possible that the
other variables simply reflect more accu-
rately the likelihood of competition. It
would be inappropriate to suggest this ex-
planation, were it not for the weakness of
our competition indices and the positive
evidence for character displacement.
However, even the results that we take as
positive evidence for displacement could
be an artifact of unmeasured variables
that affect both vertebral number and the
abundance of competing species. Given
these considerations of possible errors in
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both directions, it can be concluded that
the present example provides tentative
evidence for the occurrence of character
displacement in vertebral numbers.

The weakest link in the explanation of
displacement in vertebral number is the
absence of a convincing model for a func-
tional relationship between competition
and vertebral number. We chose this vari-
able with the expectation that it would
provide a contrasting (relative to gill rak-
ers) test of the null hypothesis that char-
acter displacement might be an artifact of
responses to other environmental vari-
ables (Grant, 1972). Surprisingly, it shows
displacement; therefore it requires a func-
tional explanation. We suggest that the
effect results from competitive displace-
ment of individuals into different habitat
gradients with respect to discharge, cur-
rent, and temperature, and that strength
and flexibility, which depend on optimal
segmental proportions of vertebrae and
muscle units relative to fish size, are also
changed. The effect is therefore suggested
to be secondary to a habitat displacement.

Despite the lack of functional explana-
tions linking the observed displacement to
competition and selection, the attempt to
test the evidence by stepwise multiple lin-
ear regression appears to be useful. The
partition of variance into proportions ex-
plainable by different environmental vari-
ables provides insight into the sources of
geographic variations. An interesting pro-
portion of the total variance was account-
ed for in most models and all independent
variables were significantly associated
with at least some variation in number of
gill rakers and vertebrae. In seven of eight
independent tests (the models examining
an entire group—*“all” rather than a sub-
set—Table 4-6), the index (I) for compe-
tition between closest relatives is signifi-
cant. Among all analyses reported in
Tables 4-6, the index (I) for competition
among Pantosteus was significant in 11 of
22 possible models and has the highest
partial correlation among the environ-
mental variables in five models. The index
(IT) for competition between species in dif-
ferent subgenera is significant in 14 of 26
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models. The frequency of significance of
the other environmental variables is as
follows: elevation 193¢, gradient %26, mean
discharge 826, minimum discharge /2,
latitude !3/26, and longitude !!/26.

Use of allopatric populations as “con-
trol” models in the analyses provided ad-
ditional evidence that significance of the
competition indices was not due to colli-
nearity with other environmental vari-
ables. Attempts to analyze sympatric pop-
ulations alone as “controlled” tests of
collinearity were only partially successful;
significance of the competition (I) index
was substantiated in only two of four
cases.

Other recent studies purporting to dem-
onstrate character displacement generally
lack quantified comparison of variation
within areas of allopatry and sympatry,
and thus fail to provide a comparative
basis for understanding causes of differ-
ences between these groups of popula-
tions. Schindel and Gould (1977) provide
a univariate and multivariate comparison
of shell form in fossil Bermudian land
snails, Poecilozonites civcumfirmatus and
P. discrepans. Four different lithologies
of preservational environment are inter-
preted as different living environments.
Species differences are found to conform
to categories of sympatry and allopatry,
not to lithology; sympatric forms differ
most and seem to vary in parallel across
lithologies. The demonstration is plausible
to the extent that variation is compared in
relation to one environmental variable
and is graphically presented to enable
comparison within as well as between al-
lopatry and sympatry. The authors argue
that the fossil record is superior to the
Recent time slice for demonstrating pat-
terns of variation among populations, but
since they fail to sequence their samples
chronologically, their time slice is merely
thicker, not more informative. A more
convincing example of morphological
character displacement in the fossil record
is offered by Kellog (1975). This example
involves the radiolarian species Eucyrti-

dium matuyemai and E. calvertense from -

a pair of North Pacific deep sea cores of
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Miocene to Recent age. Following the es-
tablishment of sympatry E. calvertense
underwent a marked decrease in size as C.
matuyamai from both allopatric and sym-
patric populations increased in size. Fur-
ther, E. calveriense exhibited no signifi-
cant size changes either prior to the
establishment of sympatry or after the ex-
tinction of E. maetuyamai in these cores.
Although size variation due to environ-
mental causes cannot be ruled out, these
data are consistent with an hypothesis of
character displacement and are perhaps,
the best available form the fossil record.

Berry (1975) has argued that reduction
in specialization for molluscivory (mea-
sured by head width-carapace length
regressions) in the musk turtle (Sternoth-
erus minor) when in sympatry with a con-
gener (S. odoratus) represents a case of
convergent character displacement. The
argument is not convincing because vari-
ation in trophic morphology attributable
to variation in food resource abundance
is not quantified. Variation in the density
of the specialist’s principal prey (Goniob-
asis; Berry, 1975) is sufficient to account
for the observed differences in regression
models without recourse to a competitive
explanation. The same considerations
complicate the interpretation of dietary
differences between allopatric and sym-
patric populations of the insectivorous
bats Myotis evotis and M. auriculus (Hu-
sar, 1976) as an example of behavioral
character displacement. Likewise, the ex-
ample of character displacement in the
sympatric skates Raja erinacea and R.
ocellata offered by McEachran and Mar-
tin (1976) must be interpreted with ex-
treme caution.

Huey and Pianka (1974) and Huey et
al. (1974) reported a case of probable di-
vergent character displacement involving
two species of legless fossorial skinks (Ty-
phlosaurus) from the southern Kalahari
desert. Snout-vent lengths, head dimen-
sions, proportional head lengths, and prey
size of the larger species (T. lineatus) are
larger in sympatry than in allopatry. The
geographic range of the smaller species (7.
gariepensis) is entirely included within
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that of T. lineatus. Typhlosaurus garie-
pensis is restricted to southern sandridge
habitats.

The interpretation that this represents
a case of divergent character displacement
is weakened by two considerations. First,
the attempt to quantify possible clinal
variation in the characters of interest is
weak. The comparison was carried out on
data pooled from several geographic lo-
cations representing different classes of
allopatry and sympatry. Thus the analysis
of geographic variation in allopatry as
suggested by Grant (1972) cannot be done.
The ranges of allopatric populations stud-
ied average 2°E of the sympatric popula-
tions further emphasizing the need for
quantifying geographic variation in allo-
patry and sympatry separately (Grant,
1972). Pianka et al. (1978) attempted to
separate physical environmental from
competitive influences on body size by
comparing body sizes of T. lineatus from
allopatric northern sandridge and flatland
localities. Lack of significant differences
in body size in this comparison indicated
that the presence of the sandridge micro-
habitat had effect on body size in T. li-
neatus. However, a contrast involving al-
lopatric northern and southern flatland
populations revealed that 7. lineatus from
northern flatland localities are significant-
ly larger than are those from southern flat-
land localities. Second, the two species
differ significantly in microhabitat asso-
ciations (Huey et al., 1974). It is possible
that the effects attributed to competitive
character displacement may be due to dif-
ferences in character, availability, and (or)
utilization of microhabitats among allo-
patric and sympatric populations of 7. li-
neatus independent of any interaction
with T. gariepensis.

Fenchel (1975) presented a case for
competitive character displacement in
populations of mud snails from northern
Jutland. Hydrobia ventrosa was smaller
in average body size when in sympatry
with H. ulvae than when allopatric. The
latter species showed the reverse size
trend. The author points out that a num-
ber of environmental factors can influence
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body size in snails and demonstrates dif-
ferent salinity preferences in these two
species (Fenchel, 1975). However, since
no attempt was made to quantify the pos-
sible effects of such factors on body size,
the competitive interpretation is weak-
ened by the existence of a likely but un-
tested alternative. Fenchel and Kofoed
(1976) subsequently demonstrated exploit-
ative interspecific competition between
these two species in a series of laboratory
experiments. They also showed that dif-
ferences in body size are related to the size
of the substrate filtered by these snails
while feeding. These results suggest that
the earlier competitive character displace-
ment explanation for the differences in
body size in sympatry may be correct.

Character displacement should be as
widespread as the above examples indi-
cate, yet most demonstrations go no fur-
ther than showing consistency with the
explanation and are therefore equivocal.
The mechanisms, though predictable in
general, are not understood. Quantitative
comparison of the effect of competition in
relation to other causes of geographic vari-
ation should provide the background for
development of functional models of com-
petitive character displacement.

SUMMARY

The study of competitive character dis-
placement requires examination of geo-
graphic variation in relation to distribu-
tion of competitors as well as other sources
of selection. Stepwise multiple linear
regression is a technique for partitioning
variation into separate patterns of corre-
lation associated with several geographic
and environmental variables. In this
study, variation in three species of moun-
tain suckers was compared in relation to
potential competition with each other and
with other species in the same genus, as
well as to latitude, longitude, elevation,
stream gradient, maximum discharge and
minimum discharge. The index represent-
ing potential competition with the closest
relative is significantly correlated with
variation in the numbers of gill rakers and
vertebrae in Catostomus platyrhynchus
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and C. discobolus. The index of potential
competition with other Catostomus is fre-
quently correlated with variation, as are
the geographic coordinates and environ-
mental variables. Stepwise selection of in-
dependent variables allows assignment of
partial correlations to collinear variables
and thus allows tests of alternative hy-
potheses. Competition appears to be a
dominant cause of geographic variation in
the characters examined.

The significant examples of displace-
ment in both characters are divergent. In
C. discobolus (the species with high num-
bers) displacement of gill raker number
was upward in response to all competi-
tors. In C. platyrhynchus the number of
gill rakers is negatively correlated with the
index of interaction with C. discobolus
but increases in response to presence of
lower-numbered species of Catostomus.
Variation in vertebral numbers follows the
same pattern in the interaction between
C. platyrhynchus and C. discobolus but
is more complicated in relation to other
Catostomus, which have vertebral num-
bers similar to C. discobolus.

Interaction between C. platyrhynchus
and C. columbianus, the Columbia drain-
age analogue of C. discobolus, results in
upward displacement of gill rakers and
vertebrae in C. columbianus and down-
ward displacement of gill rakers in C. pla-
tyrhynchus. The result observed in C. co-
lumbianus is based primarily on the
contrast with allopatric C. columbianus
hubbsi, which has low numbers. In re-
sponse to C. macrocheilus, which has few
gill rakers and high vertebral numbers, C.
columbianus shows upward displacement
of gill rakers and fewer vertebrae.

Analysis of interaction among different
size classes reveals that the observed dis-
placement of numbers of gill rakers in C.
discobolus is limited to individuals in the
size classes that overlap with C. platyr-
hynchus. Above that size, the number
does not increase with growth. The com-
petitive effect on gill raker number is thus
restricted to interactions that occur in the
first months of growth and probably in-
volves the effect of gill raker number and
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spacing on feeding efficiency. The dis-
placement of vertebral number is proba-
bly related to interactions among habitat,
body size, and swimming mechanics.
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