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Patterns of Morphological Variation among Endangered
Populations of Gila robusta and Gila cypha
(Teleostei: Cyprinidae) in the Upper Colorado River Basin

DoucLAas M. McELroY AND MiIcHAEL E. DoucLAS

The native fish fauna of the American southwest is in decline as a result of
habitat destruction, disruption of natural water flows, and introduction of non-
native species. The status of several members of the cyprinid genus Gila occur-
ring in the upper Colorado River basin is particularly tenuous, in part because
of uncertainty regarding their taxonomic status. To examine this uncertainty,
we have sampled 363 specimens of G. robuste and G. cypha from eight localities
in the upper Colorado River basin and the Grand Canyon and used canonical
discriminant and cluster analysis to categorize patterns of morphological vari-
ation at three levels of biological organization. At the population level, all sam-
pled populations of both species differed significantly, although there was no
relationship between morphological similarity and geographic proximity of pop-
ulations in either species. At the species level, the two forms were clearly distinct
in morphology whether in sympatry or in allopatry. At the generic level, we
found two somewhat contradictory results: (1) conspecifics from allopatric lo-
calities generally clustered together to the exclusion of heterospecifics; and (2)
heterospecific populations at Cataract and Desolation canyons were more similar
to one another than to allopatric conspecifics. This locality effect influencing the
morphological similarities between species at these sites may be a consequence
of either introgressive hybridization and/or convergent local adaptation. In gen-
eral, allopatric populations of both G. robusta and G. cypha appear to represent
independent evolutionary and conservation units. Populations of Gila should
not be considered in isolation of congeners or of the environment in which they
occur, and biological foresight and an emphasis on habitat conservation should

be used in managing these species.

EMBERS of the western North American
cyprinid genus Gila represent both a tax-
onomic conundrum and a morphological curi-
osity. Extensive (but poorly defined) morpho-
metric variation against a background of mor-
phological specialization is characteristic of the
group (Minckley, 1973; Douglas et al., 1989;
Douglas, 1993), a dichotomy that has hampered
attempts to elucidate species interrelationships
(Douglas et al., 1989). The G. robusta species-
complex has proven especially problematic.
Several big-river species of the Colorado River
basin (e.g., G. cypha, G. elegans) display extreme
morphologies, presumably reflecting adapta-
tions to life in high current regimes (Miller,
1946; Minckley, 1973; but see Kaeding et al.,
1990). However, morphological variation with-
in and among populations of these and other
members of the G. robusta complex is extensive,
and few if any morphometric characters reliably
separate species (see Suttkus and Clemmer,
1977; Smith et al., 1979). Evidence (DeMarais
etal.,, 1992; Dowling and DeMarais, 1993) that
introgressive hybridization has contributed to
the evolutionary history of the group at several

levels further clouds the distinction among spe-
cies, and with other factors confound the iden-
tification of evolutionary units and limit confi-
dence in sorting individual specimens to species.
Questions of species identity in Gila have con-
sequences beyond evolutionary biology and tax-
onomy. To develop appropriate conservation
strategies for these endangered or threatened
taxa, it is desirable to clearly establish species
identity and distinctiveness (Valdez and Clem-
mer, 1982; Douglas et al., 1989). However, the
need to protect these fishes precludes extensive
sampling and/or handling of specimens. Con-
sequently, detailed quantitative studies on Gila
have been limited in both number and scale,
and recovery efforts remain stalled largely be-
cause of the taxonomic confusion surrounding
the G. robusta complex (Douglas et al., 1989).
Vanicek and Kramer (1969) found differ-
ences in growth and length-weight relationships
between G. robusta and G. elegans and suggested
that they constituted distinct species (as opposed
to subspecies of G. robusta). Holden and Stal-
naker (1970) concluded that G. robusta and G.
elegans were each morphologically homoge-
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neous and represented distinct evolutionary lin-
eages, although they considered the status of G.
¢ypha somewhat ambiguous. Using a combina-
tion of morphometric and meristic characters,
Smith et al. (1979) were able to differentiate
museum specimens of G. robusta, G. cypha, and
G. elegans in multivariate space. Three studies
have been carried out using nondestructive
sampling methods. Douglas et al. (1989) dem-
onstrated the utility of a qualitative approach
to classify individual G. robusta and G. cypha col-
lected from the Yampa River, as well as the
difficulty in separating these specimens on the
basis of eight quantitative characters scored in
the field. Using a different set of morphometric
characters, Kaeding et al. (1990) found good
concordance between taxonomic assignments
made in the field and results of quantitative
analyses of G. robusta and G. cypha from the
upper Colorado River at Black Rocks. Douglas
(1993) applied video image acquisition tech-
niques to test sexual dimorphism in G. cypha and
rejected the hypothesis (Holden, 1991) that the
pronounced nuchal hump in this species rep-
resents a male secondary sexual characteristic.

Here we extend the use of video imaging to
a consideration of morphological variation
within and among populations of G. robusta ro-
busta (hereafter designated G. robusta) and G.
cypha in the upper Colorado River basin and the
Grand Canyon. Using canonical discriminant
and cluster analyses, we examine patterns of
variation at three levels of biological organi-
zation. Specifically, we ask three questions. First,
is there evidence of significant divergence
among populations of G. robusta or G. cypha, and
is there a geographic component to any patterns
that may exist? Second, do specimens identified
as G. robusta and G. cypha represent distinct mor-
phologies, or does the pattern of variation rep-
resent a continuum across putative species
boundaries? Third, what are the phenetic re-
lationships among geographic populations of G.
robusta and G. cypha; that is, do conspecific pop-
ulations cluster together, or is there evidence
of a locality effect on the similarity of groups?
We discuss our findings in light of both conser-
vation and evolutionary implications and iden-
tify avenues for future research.

MATERIALS AND METHODS

Field sampling.—Three hundred sixty-three
adult G. robusta (n = 215) and G. ¢ypha (n = 148)
were collected with hoop and trammel nets and/
or electroshocking from eight localities in the
upper Colorado River basin and the Grand Can-
yon between May 1991 and Oct. 1992 (Fig. 1;
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Fig. 1. Collection localities for samples of Gila ro-
busta and G. cypha taken from the upper Colorado
River basin. Population labels are identified in Table
1.

Table 1). Specimens ranged in size from 187-
433 mm TL. Fish were sexed according to de-
velopment of the urogenital papillus (Suttkus
and Clemmer, 1977) and assigned to species by
MED based on overall appearance, body pro-
portions, fin-ray counts, and squamation
(Minckley, 1973; Douglas, 1993; Douglas et al.,
1989).

Sagittal views of each individual were col-
lected on videotape following the procedures
of Douglas (1993). Briefly, specimens were an-
aesthetized in MS-222 and placed against a neu-
tral background with a 10-cm rule to provide
scale. Background material contained a shallow
depression; positioning fish in this depression
minimized error associated with two-dimen-
sional projection of a three-dimensional object
(Schaefer, 1991). Dorsal and anal fins were
spread, and several critical anatomical land-
marks that are difficult to locate from video
images were identified with insect pins. Fish were
videotaped perpendicular to the midsagittal
plane for approximately 10 sec using either a
Sony CCD-V701 8mm or General Electric
9-9808 SE 16mm camcorder. To balance the
need for image resolution against the potential
for image distortion through spherical aberra-
tion, the working distance of the camera was
adjusted such that each specimen filled the cen-
ter two-thirds of a frame. Following videore-
cording, fish were placed in 19 liters of fresh
river water, allowed to fully revive, and re-
leased.
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TABLE 1. NUMBER OF INDIVIDUALS OF Gila robusta
AND G. cypha SAMPLED FROM EAcH OF EIGHT LoCAL-
ITIES IN THE UPPER COLORADO RIVER BasIN.

Population Label* robusta  G. opha  Total
Black Rocks B 19 25 44
Cataract Canyon C 6 11 17
Desolation Canyon D 24 22 46
Debeque Canyon Q 20 0 20
Grand Canyon G 0 28 28
Rifle R 25 0 25
Westwater Canyon w 56 57 113
Yampa River Y 65 5 70

Totals 215 148 363

* Labels refer to symbols on Figure 1.

Data collection.—For each specimen, the (X,Y)
coordinates of 20 anatomical landmarks (Strauss
and Bookstein, 1982; Fig. 2; Appendix) were
digitized directly from frozen videotape images
using a VisionPlus-AT OFG frame grabber
board and Morphosys morphometric analysis
software, Version 1.29 OFG (Meacham, 1993).
In addition, coordinates of five of 12 “helping
points” (points 4, 10, 11, 13, 14; Bookstein et
al., 1985) and the ends of the scale bar were
similarly recorded; positions of the remaining
seven helping points (points 26-32) were com-
puted geometrically from coordinates of digi-
tized landmarks using Morphosys. Helping
points were configured primarily to quantify
shape of the nuchal hump, which is highly vari-
able in these fishes but for which few anatomical
landmarks can be identified (Douglas, 1993). A
modified box truss (Bookstein et al.,, 1985;
Douglas, 1993; Fig. 2) consisting of 56 individ-
ual distances between pairs of landmarks was
constructed for each specimen using Morpho-
sys. All measurements were expressed relative
to the scale bar (i.e., in absolute mm). These
data formed the basis for all statistical analyses
and are available upon request from the au-
thors.

Statistical methods.— All measurements were log,-
transformed and subjected to principal com-
ponents analysis (PCA) of the variance-covari-
ance (VCV) matrix using NTSYS-pc (Rohlf,
1992). In all cases, the resulting first principal
axis (PC I) explained a large proportion of the
total variance (> 78%), and character loadings
on this vector were of the same order of mag-
nitude and uniform in sign. Given these pat-
terns and the broad (> 2x) range of size dif-
ferences among specimens, PC I was interpret-
ed as a general size factor (Jolicoeur and Mos-
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imann, 1960; Jolicoeur, 1963; Rising and
Somers, 1989). To minimize effects of general
size on subsequent procedures, transformed data
were projected onto the space orthogonal to the
first principal axis using the algorithm of Rohlf
(1992), corresponding to Burnaby’s (1966)
method for size correction. Although this tech-
nique generates a data set of ‘‘general-size-al-
lometry-free shape” variables (Bookstein, 1989),
it is important to remember that “shape” in this
context is statistically uncorrelated with our
measure of general size (PCI) but is likely cor-
related biologically with physical size (Sund-
berg, 1989; Bookstein, 1989). As such, we refer
to these data as size corrected rather than size
free.

Size-corrected data matrices were examined
for the presence of significant among-group
morphological differences through canonical
variates analysis (CVA) and multiple discrimi-
nant function analysis (DFA) using Statistical
Analysis Systems (SAS Institute, 1985). Signif-
icance of univariate tests was assessed based on
Bonferroni-adjusted probabilities. Within-group
VCV matrices derived from size-corrected data
were tested for homogeneity using a likelihood
ratio test (Morrison, 1976). Predicted group
membership was then estimated a posteriori for
all specimens, based on their generalized-
squared Mahalanobis distance from the cen-
troid of each source group. Because within-
group variances were homogeneous in all cases,
this classification criterion was based on pooled
VCV matrices. Although error rates derived
from internal classification are unreliable as a
measure of the efficacy of discriminant func-
tions to assign unknown specimens, they pro-
vide a maximum bound on the classification
power one might expect and allow distinctive-
ness of groups used in discrimination to be as-
sessed.

Hierarchical relationships of groups in dis-
criminant space was visualized using NTSYS-pc
through cluster analysis of generalized pairwise
distances among group means. Because any
clustering technique produces clusters regard-
less of the actual structure of the data, we em-
ployed single and complete linkage clustering
methods (Sneath and Sokal, 1973) as well as
UPGMA. The robustness of resulting clusters
was evaluated qualitatively by producing a strict
consensus of all trees derived from these meth-
ods. Clusters resolved in the consensus topology
are likely to be well supported (Rohlf, 1992).
For intraspecific analyses (see below), the matrix
correlation between canonical distances among
group means and geographic proximity (in river
miles) among sampling localities was examined
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Fig.2. Location of anatomical landmarks for Gila robusta and G. cypha: (a) generalized G. cypha; (b) landmark
points; and (c) a 56-character truss network derived from the landmark points. In (b), closed circles identify
anatomical landmarks, and open circles represent helping points designed to provide information on areas
of the body for which few anatomical landmarks can be identified. The truss network in (c) includes three

additional characters (dashed lines) not utilized in Douglas (1993). Definitions of landmark points are given
in the Appendix.
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Fig. 3. Canonical variates analyses of population
divergence in (a) Gila robusta and (b) G. cypha. Axes
represent the first two shape factors extracted from
the analyses. Significant among-group heterogeneity
exists on CVI and CVII in both species, and all pop-
ulations differ significantly in CV space when higher
dimensions are considered. Group labels are as fol-
lows: Black Rocks (open squares), Cataract Canyon
(closed circles), Desolation Canyon (open triangles),
Debeque Canyon (closed triangles), Grand Canyon
(hatched squares), Rifle (open circles), Westwater
Canyon (closed diamonds), Yampa River (open dia-
monds).

using a Mantel test (Mantel, 1967); here, the
normalized Mantel statistic computed from the
original data was compared to a sample distri-
bution based on 1000 permutations of the geo-
graphic matrix using NTSYS-pc (Rohlf, 1992).

Statistical analyses.—Patterns of morphological
variation in Gila were assessed by applying the
above methods to four statistical models, rep-
resenting three levels of biological organiza-
tion. First, the degree of population divergence
within G. robusta and G. cypha was examined in
separate analyses by grouping fish according to
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their population of origin (ng. = 7 for G. ro-
busta, Ny, = 6 for G. cypha). Next, morpho-
logical distinctiveness at the species level was
evaluated by categorizing individuals as G. ro-
busta or G. cypha, independent of their popu-
lation of origin. Finally, geographic patterns of
morphological variation at the generic level were
investigated by combining the first two analyses
into a single model; that is, individuals were
grouped by species and population (ng,q., = 13)
to simultaneously evaluate the relationship
among sympatric and allopatric populations.

In each model, field identifications were used
to group individuals by species. Although a more
robust test of morphological variation would
rely on genetic data or some other independent
character to determine affinity of specimens,
our approach is valid as a test of the nature and
consistency of qualitative field identifications and
the relative distinctiveness of species/popula-
tions among localities.

RESULTS

Variation in G. robusta.— Although principal
components analysis implied limited population
structure in G. robusta, canonical variates anal-
ysis revealed significant among-group diver-
gence in shape. Individuals differed primarily
in size; the first principal component of the vari-
ance-covariance matrix (PCI) was characterized
by consistently high, positive loadings across all
characters and explained 82.2% of the total
variation. By contrast, PCII-IV combined ex-
plained only 47.4% of the residual variation and
failed to clearly separate any populations. At
least 16 latent roots (excluding PC I) contained
significant information (Reyment, 1992).
Despite the high degree of overall variability
evident from PCA, populations could be clearly
differentiated with CVA. Forty-nine of 56 size-
corrected characters displayed significant uni-
variate differences among groups based on con-
servative Bonferroni-corrected criteria (P <
0.0009); multivariate tests of among-group dif-
ferentiation also were highly significant (Wilk’s
Lambda = 0.0032, Fys69906 = 4.4542, P <
0.0001). Characters associated with position of
the pectoral and pelvic fins and body depth (vPe-
OPe, VPd-Dpd, OPl-ODo) displayed the largest
univariate F values. Each of the six canonical
roots carried significant among-group structure
(P < 0.05). The first canonical vector (CVI)
separated the Desolation Canyon and, to a less-
er extent, Cataract Canyon populations from
all others (Fig. 3a). Specimens of G. robusta could
be assigned to groups with a high degree of
confidence using DFA. The overall classifica-
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tion error rate was 0.042, with nine of 215 in-
dividuals misclassified. No pattern was evident
among the misclassifications.

Cluster analysis provided little evidence of a
geographic component to hierarchical relation-
ships of populations (Fig. 4a). Population sam-
ples from Black Rocks and Westwater Canyon
were most similar in discriminant space; these
localities are separated by less than 15 river miles
(Fig. 1). However, the Black Rocks/Westwater
Canyon group formed part of a larger cluster
containing populations occurring in different
river basins and separated by over 600 river
miles (Yampa River/Rifle; Fig. 1). In fact, there
was no correlation between geographic prox-
imity and morphological similarity of popula-
tions (Mantel Z = —0.066, t = —0.215, one-
tailed P = 0.475). The Cataract and Desolation
canyon populations were distinct from other
populations (and from each other) under all
clustering methods.

Variation in G. cypha.—As in G. robusta, popu-
lations of G. cypha could be differentiated using
CVA, despite the presence of significant mor-
phological variability. PCA results for G. cypha
were comparable to those from G. robusta. PCI
explained 80.1% of the total variation, and
loadings on this axis reflected primarily size
variation among individuals. PCII-IV combined
accounted for only 48.6% of the variation not
attributable to size (i.e., not explained by PCI),
and at least 15 latent shape factors contained
significant information. There was no evidence
of population structure in these lower dimen-
sions.

CVA of individuals of G. cypha revealed sig-
nificant shape divergence among populations:
41 of 56 univariate comparisons showed signif-
icant among-group differences (P < 0.0009),
and multivariate tests were highly significant
(Wilk’s Lambda = 0.0014, Fyg 430, = 4.264, P
< 0.0001). The largest univariate F values were
in characters associated with relative position
of fins and head and body depth (OA-vIA, Pu-
dPu, OA-IA). Each of the five canonical roots
captured a significant component of among-
group variation. The Cataract and Desolation
canyon populations were separated from all
others along CVI, whereas the Grand Canyon
population was distinct on CVII (Fig. 3b). As in
G. robusta, specimens could be accurately as-
signed to groups using DFA. Only three of 148
individuals were misclassified (error rate =
0.020).

Hierarchical relationships of populations of
G. coypha did not reflect geographic proximity
of localities (Fig. 4b). As in G. robusta, samples
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Fig. 4. Hierarchical relationships among popula-
tions of (a) Gila robusta and (b) G. cypha. Dendrograms
represent the strict consensus topology derived from
UPGMA, complete linkage, and single linkage clus-
tering of generalized-squared Mahalanobis distances
among group means. Branch lengths are not indica-
tive of the true phenetic distances among nodes. In
both species, there is no relationship between canon-
ical distance and the geographic proximity of sampled
populations.

of G. ¢cypha from Black Rocks and Westwater
Canyon were most similar, whereas both Des-
olation and Cataract canyon populations were
distinct from all other localities. Morphological
similarity was uncorrelated with geography
(Mantel Z = 0.003, t = 0.010, one-tailed P =
0.493).

Distinctiveness of species.—Despite high variabil-
ity, individuals of G. robusta and G. cypha could
be discriminated readily. As in intraspecific
comparisons, the first three shape factors ex-
tracted from PCA (PCII-IV) accounted for only
50.2% of the variation not attributable to size,
and at least 16 latent roots explained a signifi-
cant component of the total shape variation.
Although some structure was evident in PCA,
within-species clouds overlapped considerably
(Fig. ba).

By contrast, CVA clearly separated groups
(Fig. 5b). Here, 46 of 56 univariate character
comparisons were significant (P < 0.0009), as
were multivariate tests (Wilk’s Lambda = 0.207,
Fyes0s = 20.961, P < 0.001). Characters asso-
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Fig.5. Principal component (a) and canonical var-
iates (b) analyses of morphological divergence be-
tween specimens of Gila robusta and G. cypha. In (a),
axes represent the first two shape factors derived from
the analysis. PCA provides evidence of structure be-
tween G. robusta (closed circles) and G. cypha (open
circles), but within-species point clouds overlap con-
siderably. In (b), the sample of G. robusta (specimens
1-215) clearly differs from that of G. cypha (specimens
216-363). Samples of both species taken from Cata-
ract and Desolation canyons (indicated by labeled bars)
are, on average, more intermediate (scores closer to
zero) than are other samples.

ciated with relative size and positions of the
dorsal and anal fins (ODo-OA, OA-vIA, OA-
IA) were characterized by having the largest
univariate F values. All specimens were cor-
rectly classified with DFA.

Geographic patterns of variation.—In addition to
clear separation of species, analyses of variation
at the generic level indicated the presence of a
strong locality effect on relationships among
several populations. The separation of groups
(e.g., populations) through canonical variates
analysis was good; 55 of 56 univariate character
ANOV As displayed a significant population ef-
fect (P < 0.0009), and multivariate tests were

COPEIA, 1995, NO. 3

CvI

Fig. 6. Canonical variates analysis of morpholog-
ical variation within and between Gila robusta and G.
cypha. CV Iand I1 represent the first two shape factors
extracted from this analysis. There is a clear sepa-
ration of the following: (1) a G. robusta group (closed
circles) composed of specimens from Black Rocks,
Westwater and Debeque canyons, Rifle, and the Yam-
pa River; (2) a G. cypha group (open circles) repre-
senting samples from Black Rocks, Westwater and
Grand canyons, and the Yampa River; and (3) a mixed
group of G. robusta (open triangles) and G. cypha (closed
triangles) from Cataract and Desolation canyons.

highly significant (ex. Wilk’s Lambda = 0.0002,
Feras5107 = 2.314, P < 0.0001). As before, char-
acters describing fin placement (OA-vIA, ODo-
OA, OA-IDo) showed the largest univariate F
values. Nine of 12 canonical roots contained a
significant component of among-group varia-
tion. CVI and II produced a clear separation of
three groups: (1) a G. cypha group consisting of
individuals from Black Rocks, Westwater and
Grand canyons, and the Yampa River; (2) a G.
robusta group consisting of fish from Black
Rocks, Westwater and Debeque canyons, Rifle,
and the Yampa River; and (3) a mixed group
of G. robusta and G. cypha individuals from Des-
olation and Cataract canyons (Fig. 6). Greater
than 92% (336 of 363) of all specimens were
correctly classified using DFA. In addition, de-
spite an overall classification error rate of 0.075
(27 of 363 misclassified), the majority (89%) of
misclassifications occurred within rather than
among species (Table 2). Three specimens of
G. cypha were assigned incorrectly to G. robusta
populations; no individuals of G. robusta were
classified as G. cypha.

Cluster analysis of generalized canonical dis-
tances among populations produced two pri-
mary, and somewhat contradictory, results. First,
conspecific populations tended to cluster to-
gether to the exclusion of heterospecifics (Fig.
7); samples of G. robusta and G. cypha generally
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were found to be distinct morphologically both
in sympatry and in allopatry. Second, at both
Desolation and Cataract canyons, heterospecific
populations were more similar to one another
than they were to conspecific populations from
other localities (Fig. 6, 7). Populations at these
sites tended to group by locality rather than by
taxonomic affinity. Results of UPGMA cluster-
ing suggest that this morphological conver-
gence is a within-locality (as opposed to a his-
torical) phenomenon; the node separating the
Desolation and Cataract canyon clusters is deep

(Fig. 7).

DiscussioN

Data presented here demonstrate significant
among-group structure in morphological vari-
ation for G. robusta and G. cypha at three levels
of biological organization. Intraspecific analy-
ses indicate that population divergence exists in
both G. robusta and G. cypha; however, geo-
graphic proximity alone is insufficient to ac-
count for the hierarchical relationships ob-
served among populations of either species.
Comparison between species suggests that G.
robusta and G. cypha represent distinct mor-
phologies, both in sympatry and in allopatry.
Nevertheless, patterns of variation at the ge-
neric level indicate that heterospecific popula-
tions at Desolation and Cataract canyons are
morphologically more similar to one another
than to allopatric conspecifics. These results
have implications for the identification of evo-
lutionary and conservation units, the potential
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Fig. 7. Hierarchical relationships among sympat-
ric and allopatric populations of Gila robusta and G.
cypha. Dendrogram represents UPGMA clustering of
generalized-squared Mahalanobis distances among
group means. A strict consensus topology based on
UPGMA, complete linkage, and single linkage clus-
tering is nearly identical; a single branch (indicated
by a dashed line) collapses in the consensus topology.

effects of hybridization and local adaptation on
morphology, and the design of conservation
strategies for these fishes.

Population divergence.—Previous studies of mor-
phological variation among Gila from the upper
Colorado Basin (Smith et al., 1979; Douglas et
al., 1989; Kaeding et al., 1990) have been con-
cerned with partitioning morphological varia-
tion at the species level. In general, these studies

TABLE 2. CLASSIFICATION OF Gila robusta AND G. cypha SPECIMENS BY SPECIES AND POPULATION. The overall

classification error rate was 0.075; however, 89% of misclassifications occurred within (error rate = 0.066)

as opposed to among (error rate = 0.008) species. Rows represent actual group membership; population labels
are the same as for columns. Labels for each population are as in Table 1.

Predicted group
G. robusta G. cypha

B [o} D Q R w Y B C D G w Y
B 18 — — — 1 — — — — — — — —_
c — 6 - - - - - - - - - -
D - — 24 — -  — - - = = = =
Q — — — 19 1T - — - - = = = =
R - - — 1 24— — - - - = = =
w - J 1 — 51 1 - - = = =
Y 1T - — 3 — 2 59 - - - = -
B - - — 1 - = — 21 - = — - J—
c - - - - - = - - n - - =
D — — -
G - - - - - - = - —  — 9% -
w - - = =  E— 5 —  —  — 5  —
Y - - - - - - - - - - = 5
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have supported the view that G. robusta and G.
cypha represent distinct species, though “inter-
grades” have been detected in varying frequen-
cies. Our results similarly argue for treating G.
robusta and G. cypha as separate species; despite
the presence of intermediates, the two forms
were clearly distinct both in sympatry and in
allopatry. In fact, the intermediate specimens
in our sample could be assigned to species with
confidence, suggesting that morphological dis-
tinctiveness of G. robusta and G. cypha is suffi-
cient to categorize individuals despite high lev-
els of variability. This would not necessarily be
expected if the bases for a priori assignment of
intermediates were more random than real
(McElroy and Kornfield, 1993). Further, this
variability may not to be a ubiquitous feature
of populations of Gila (Smith et al., 1979; Doug-
las et al., 1989; Kaeding et al., 1990): the ma-
jority of intermediates in our data set were col-
lected from Cataract and Desolation canyons,
and these populations may be subject to evo-
lutionary forces not operating, or less impor-
tant, at other localities (see below).

Only one study to date has addressed the issue
of intraspecific population divergence in upper
basin Gila. Holden and Stalnaker (1970) argued
that populations of both G. robusta and G. cypha
were homogeneous morphologically. However,
their analysis relied on ordinal data and, thus,
provided limited resolving power (Smith et al.,
1979; Douglas et al., 1989). By contrast, we
found subtle but significant differences in mor-
phology among all populations in both species.
This structure is overlain on patterns of varia-
tion at the species level, as a posteriori assign-
ments of all individuals to species agreed with
a priori classications despite the existence of
among-population differences. Our results also
indicate that an isolation by distance model of
gene flow among populations cannot account
for these differences (Fig. 4): the lack of matrix
correlation between canonical and river mile
distances among populations of both species
suggests that local processes must contribute to
distinctiveness of groups. The nature of these
additional biological forces (e.g., hybridization,
selection, gene flow) remains to be elucidated.

The most intriguing aspect of our data con-
cerns the relationships of populations at the ge-
neric level. In particular, although G. robusta
and G. cypha are in general distinct morpholog-
ically both in sympatry and allopatry, the two
species converge morphologically at Cataract
and Desolation canyons. At these sites, a locality
effect appears to contribute significantly to re-
lationships among populations; by contrast, a
species effect appears to dominate relationships
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among other populations (Fig. 7). The Cataract
and Desolation population pairs are clearly dis-
tinct from all other groups (and from one an-
other) in all analyses. This dichotomy between
species and locality effects suggests that popu-
lation dynamics of G. robusta and G. cypha in
Cataract and Desolation canyons may differ
qualitatively from those of other populations of
Gila in the upper basin. The structure of these
populations may be driven by biological forces
(see below) whose effects are less pronounced
elsewhere. The uniqueness of the G. cypha pop-
ulation at Cataract Canyon has been noted pre-
viously: specimens from this area tend to be
smaller, deeper bodied, and less extreme mor-
phologically than are G. cypha from other lo-
calities (R. Valdez, Bio/West, Inc., pers. comm.).
It has been suggested that these fish represent
remnants of a much larger population that in-
habited the region prior to closure of Glen Can-
yon Dam (Holden and Stalnaker, 1975). Time
series data that might provide insight into this
hypothesis are currently being analyzed to ex-
amine changes in morphology over the past cen-
tury (J. Lynch, pers. comm.).

Potential bases for the locality effect.—We postulate
three explanations for the morphological con-
vergence of heterospecific populations at Des-
olation and Cataract canyons. First, the simi-
larity of G. robusta and G. cypha at these localities
may reflect extensive introgressive hybridiza-
tion, either occurring naturally or as a result of
human intervention. Second, sympatric popu-
lations may be subject to similar selection pres-
sures within each of these localities, i.e., the
observed locality effect may reflect parallel local
adaptation of the two species in Desolation and
Cataract canyons. Third, populations of both
species at these sites may retain a high propor-
tion of ancestral traits, and their apparent sim-
ilarity may be a consequence of shared primitive
characteristics. These explanations are not mu-
tually exclusive. It is unlikely, however, that our
results reflect an inability to consistently char-
acterize species, because this would lead to poor
classification of individual specimens. Although
complementary genetic studies might be useful
in evaluating the relative contribution of each
alternative, the likelihood of each based on ex-
isting data is considered below.

Hybridization appears to have played a po-
tentially significant role in the evolutionary dy-
namics of the G. robusta group (DeMarais et al.,
1992; Dowling and DeMarais, 1993). A hybrid
origin for G. seminuda, long suspected (Ellis,
1914; Miller, 1946; Smith et al., 1979), has been
substantiated by comparison of morphological,
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allozyme, and mtDNA data sets (DeMarais et
al., 1992). Similarly, a discordance between well-
resolved allozyme and mtDNA phylogenies, and
sharing of derived molecular characters across
lineages have been used to argue that “Colo-
rado River Gila represent a complex of self-
maintaining, genetically-distinctive species that
are capable of exchanging genetic material”
(Dowling and DeMarais, 1993). Our morpho-
logical data are consistent with this hypothesis.
If introgressive hybridization underlies the ob-
served locality effect, we would expect genetic
studies of populations of G. robusta and G. cypha
to reveal incongruous patterns of allozyme and
mtDNA variation (particularly in Desolation and
Cataract canyons) similar to those seen at higher
taxonomic levels (Dowling and DeMarais, 1993).
Research to evaluate this hypothesis is in prog-
ress (T. Dowling, pers. comm.).

Introgressive hybridization may also be a con-
sequence of human impact. Holden and Stal-
naker (1970) attributed the unique morphology
of G. cypha in Cataract Canyon to extensive hy-
bridization resulting from habitat changes
brought about by construction of Glen Canyon
Dam in 1963. Although the potential effects of
such water management projects cannot and
should not be discounted, it appears that hy-
bridization among some species of Gila predate
known human modifications of the upper Col-
orado basin (Dowling and DeMarais, 1993).
Thus, hybridization in Gila is to some degree a
natural phenomenon, and comparison of extant
populations with museum collections made pri-
or to known habitat alteration may help quan-
tify the degree of human impact in Cataract
Canyon and elsewhere.

Members of the genus Gila have long been
assumed to show adaptations to local habitat
conditions, both within (Smith et al., 1979) and
among (Miller, 1946; Holden and Stalnaker,
1970; Rinne, 1976) species. Miller (1946) sug-
gested that a number of putative taxa of the G.
robusta group in fact constituted ecological sub-
species. Subsequent studies failed to support this
hypothesis (Holden and Stalnaker, 1970; Rinne,
1976; Smith et al., 1979). Nevertheless, the de-
gree of spatial heterogeneity may influence both
morphological and species diversity of Gila at a
given locality (Smith et al., 1979; Grant and
Grant, 1989). Desolation and Cataract canyons
are both extremely energetic habitats (R. Val-
dez, pers. comm.), characterized by rapid and
turbulent flow regimes. Such conditions may
impose strong selection for a common mor-
phology in both species, whereas less severe
habitats may allow several distinct morpholo-
gies to persist. Even so, our data indicate that
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fish of both species from Desolation and Cata-
ract canyons are relatively more robusta-like in
morphology; this would not be expected if the
morphology of G. ¢ypha indeed reflects adap-
tation to high current regimes (Miller, 1946;
Minckley, 1973; Kaeding et al., 1990) and con-
ditions at Desolation and Cataract canyons fa-
vor such adaptations. A local adaptation sce-
nario for the locality effect observed here would
be supported if genetic studies provided no ev-
idence of introgression between G. robusta and
G. cypha at the population level; however, evi-
dence for hybridization would not in itself pre-
clude the concomitant existence of local adap-
tation.

Symplesiomorphy seems an unlikely expla-
nation for the similarity of G. robusta and G.
cypha at Desolation and Cataract canyons. If
these areas support relatively ancestral mor-
photypes, we would expect that, in addition to
similarity of heterospecifics within localities, fish
from the two localities would be similar to one
another. This is not the case; although both
Cataract and Desolation canyons contain robus-
ta-like forms, the node separating conspecifics
from these localities is deep. This implies that
the two sites support morphologically distinct
forms of both species. Nevertheless, rejecting
this hypothesis with any confidence is problem-
atic given the paucity of cladistically informa-
tive characters capable of differentiating species
of Gila (Suttkus and Clemmer, 1977; Smith et
al., 1979).

Implications for conservation.—The existence of
significant population divergence in both G. ro-
busta and G. cypha suggests that all populations
represent (to some degree) independent evo-
lutionary, and thus conservation, units. Al-
though this is most apparent with respect to
Desolation and Cataract canyon populations of
both species, all populations are distinct.
Whether this divergence is a consequence of
local adaptation, hybridization, or genetic drift
(or any combination) cannot be ascertained from
our data. The lack of a consistent geographic
component to relationships among populations,
however, suggests that an isolation by distance
scenario is insufficient to explain the results.
Based on these findings, it is clear that caution
and biological foresight must be employed when
making management decisions.

We also emphasize that the existence of hy-
bridization, if confirmed by genetic studies, does
not imply that introgressed populations are less
valuable from a conservation standpoint, for two
reasons. First, it appears that hybridization in
Gila represents to some degree an evolutionary
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rather than anthropogenic phenomenon (Dowl-
ing and DeMarais, 1993). Second, the two spe-
cies remain distinct despite their putative con-
vergence; at both Desolation and Cataract can-
yons, G. robusta and G. cypha can be clearly dis-
criminated. These results may suggest that
selection is of sufficient magnitude to prevent
genetic homogenization or swamping (Haldane,
1948; Endler, 1977; Grant and Grant, 1989).
Gene flow among Gila species may facilitate lo-
cal adaptation by providing additional variation
upon which selection can act (Ehrlich and Ra-
ven, 1969; Slatkin, 1987; Dowling and De-
Marais, 1993), as has been suggested previously
for a range of organisms (Lewontin and Birch,
1966; Gill, 1980; Grant and Grant, 1989).

The potential for introgressive hybridization
and/or local adaptation suggests that popula-
tions of ‘Gila cannot be considered in isolation
of congeners or of the environment in which
they occur. We echo the view espoused by Grant
and Grant (1989) that ‘‘maintaining commu-
nities intact could be essential for the long-term
persistence of their members. It is not enough
to concentrate on one or two species of interest
unless, by conserving them, all others are con-
served as well.”” Clearly, such an approach will
require an increased emphasis on habitat con-
servation.

Future directions.—Our data point to the need
for additional studies of Gila on at least two
fronts. First, genetic studies are required to
evaluate the potential importance of introgres-
sive hybridization and local adaptation to mor-
phological variation within and among popu-
lations. A better understanding of the relation-
ship between genotype and phenotype in these
fishes is crucial to resolving the status of inter-
mediate specimens and to quantifying the ex-
tent of human intervention (Kaeding et al.,
1990). Second, the nature and range of mor-
phological variation among upper Colorado ba-
sin populations (particularly those of G. robusta)
should be compared to that present in the lower
basin. Only by considering additional species
and populations can the taxonomic confusion
surrounding upper basin Gila be resolved and
appropriate management strategies then be im-
plemented.
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APPENDIX. ANATOMICAL LANDMARKS CHARACTERIZED FOR SPECIMENS OF Gila robusta AND G. cypha. (X,Y)

coordinates of all anatomical landmarks (Type A) and five of the 12 helping points (Type H; 4, 10-11, 13—

14) were digitized directly from frozen videotape images using Morphosys; coordinaies of the remaining

helping points (Type H; 26-32) were computed geometrically from positions of digitized landmarks using

Morphosys. Data were used to construct a modified box truss for each specimen (Douglas, 1993). Names and
acronyms for each landmark follow Douglas (1993), except where indicated.

Landmark Acronym Type* Description

Ventral peduncle VPd A Posterioventral junction of caudal peduncle
with most anterior procurrent caudal-fin ray

Dorsal peduncle DPd A Posteriodorsal junction of caudal peduncle
with most anterior procurrent caudal-fin ray

Insertion of anal IA A Posteriormost junction of base of anal fin with
body at presumed midsagittal line

Vertical of 1A viIA H Intersection of a line drawn tangent to IA and
perpendicular to long body axis with dorsal
edge of body at presumed midsagittal line

Origin of anal OA A Anteriormost point where anal fin contacts
body at presumed midsagittal line

Insertion of dorsal IDo A Posteriormost junction of base of dorsal fin
with body at presumed midsagittal line

Origin of pelvic OPI A Anteriormost junction of pelvic fin with body,
representing presumed junction of first pel-
vic-fin ray with pelvic girdle

Origin of dorsal ODo A Anteriormost point where dorsal fin contacts
body at presumed midsagittal line

Origin of pectoral OPe A Center of a circle of greatest curvature at
junction of pectoral-fin rays with pectoral
girdle, representing presumed junction of
first pectoral-fin ray with scapula

Vertical of pectoral vPe H Intersection of a line drawn tangent to OPe
and perpendicular to long body axis with
dorsal edge of body at presumed midsagittal
line

Descent of pectoral dPe H Intersection of a line drawn tangent to OPe
and perpendicular to long body axis with
ventral edge of body at presumed midsagit-
tal line

Pupil Pu A Center of eye

Descent of pupil dPu H Intersection of a line drawn tangent to Pu and
perpendicular to long body axis with ventral
edge of body at presumed midsagittal line

Vertical of pupil vPu H Intersection of a line drawn tangent to Pu and
perpendicular to long body axis with dorsal
edge of body at presumed midsagittal line

Mouth corner MC A Posterorventralmost point on upper lip, at its
apparent junction with lower lip

Snout Sn A Anteriormost point of upper lip at implied
symphysis of left and right premaxillae

Anterior eye margin AEye A Anteriormost point on orbit as aligned with
long body axis

Posterior eye margin PEye A Posteriormost point on orbit as aligned with
long body axis

Upper operculum UpOp A Anterodorsalmost tip of operculum at its junc-
tion with head

Nape Na A Posterodorsal end of head, at junction of
scaled and unscaled regions of skin

Tip of pectoral TPe® A Distal tip of first pectoral-fin ray

Tip of dorsal TDo® A Distal tip of first dorsal-fin ray

Tip of pelvic TPP A Distal tip of first pelvic-fin ray
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APPENDIX. CONTINUED.

Landmark Acronym

Type*

Description

Fork Fk

Tip of anal TA®

Y4 (ODo-vPe)

Y2 (ODo-vPe)

% (ODo-vPe)

Y2 (vPe-Na)

Y2 (Na-VPu)

Y2 (vPu-Sn)

Vs (VPd-Dpd)

> >

T

Anteriormost point of trailing edge of caudal
fin

Distal end of first anal-fin ray

Geometric point % of way along dorsal con-
tour of body from ODo to vPe at presumed
midsagittal line

Geometric point %2 of way along dorsal con-
tour of body from Odo to vPe at presumed
midsagittal line

Geometric point % of way along dorsal con-
tour of body from Odo to vPe at presumed
midsagittal line

Geometric point Y2 of way along dorsal con-
tour of body from vPe to Na at presumed
midsagittal line

Geometric point 2 of way along dorsal con-
tour of body from Na to vPu at presumed
midsagittal line

Geometric point %2 of way along dorsal con-
tour of body from vPu to Sn at presumed
midsagittal line

Geometric point halfway along line connect-
ing VPd and DPd

* A = Anatomical landmark; H = Helping point.
* These acronyms do not appear in Douglas (1993).
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