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Cretaceous ichthyofaunas of western North
America consisted only of archaic fishes. Mo
recognized members of teleostean groups that
now constitute most of the fauna were present
(Estes 1970). It was not until Late Paleocere,
about 55 million years ago (mya), and during
Eocene (53-37 mya), when freshwater faunas
dominated by teleosts appeared in the fossil
record (Patterson 1981a). Eocene fauanas (Wil-
son 1977; Grande 1980) show little resern-
blance to those of Miocene (23-5 mya) to pres-
ent (R. R. Miller 1959a, 1965; Uyeno and Miller
1963; Cavender et al. 1970; G. R. Smith 1981a;
Grande et al. 1982). Appearance and expan-
sion of the modern fauna in Oligocene and
Miocene coincided with declines of archaic
groups and of teleosts such as hiodontids, um-
brids, esocids, ictalurids and centrarchids to
or near extinction in most of whatis now west-
ern North America by Pliocene (5-1.8 mya)
times (G. R. Smith 1981a). Many genera and
species of extant groups also disappeared, yet
some contemporary genera and species had
representatives in Middle Tertiary (G. R. Smith
1978, 1981a; M. L. Smith 1981).

Modern fishes are thus far older than con-
ditions under which we find them today, and
their distributions often reflect a remarkabile

array of cvents. Taxa that persist have dcalt
with far more spectacular geologic and di-
matic events than their counterparts in other
parts of the Conlinent. Environmental effects
of plate tectonics (Atwater 1970; Ernst 1981),
inland mountain building and volcanism
(Dickinson and Snyder 1978; Armentrout et
al. 1979), plus trends of ever-increasing aridity
despite oscillations toward wetler conditions
during glaciation in Pleistocene (Axelrod 1979;
Hoover et al. 1982), all took their toll. Historic
distributions are further changed because of
the recent activities of humans. Extinction rates:
are rapidly increasing and a substantial per-
centage of species comprising the western
ichthyofauna is in imminent danger of dis-
appearing (R. R. Miller 1946¢, 1961b, 1972a,
1977, 1981; Minckley and Deacon 1968; Moyle
1973, 1974; Moyle and Nichols 1973, 1974; Pis-
ter 1974, 1981; Deacon 1979; Deacon et al. 1979;
Johnson and Rinne 1982; Meffe 1983; Meffe
et al. 1983; Minckley 1983).

Objectives of this chapter are to place this
scientifically valuable and unique fauna in
modern perspective. We present a summary
of Cenozoic geology, palechydrography and
paleoclimatology; review previous studies of
western fishes; outline inter- and intrabasin
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zoogeographic patterns; and discuss their re-
lations to complex patterns of landscape and
drainage evolution.

DEFINITIONS

It is expedient at the onset to define some
relevant terms and principles and to mention
some of our taxonomic usages. Qur definition
of dispersal restricts it to movement between
or within drainages via direct surface hydro-
graphic connections, whether organisms par-
ticipate actively or passively. In some in-
stances of passive dispersal, such as stream
capture, our definition encompasses vicari-
ance, just as a taxon increasing its range with-
out crossing barriers then fragmenting may be
termed “vicariance in disguise” (Platnick and
Nelson 1978). We base our discussion on the
assumption that allopatric speciation has pre-
vailed in western fishes, although we recog-
nize evidence and theory indicating that sym-
patric or parapatric divergence may occur
(Kosswig 1963; Grant 1971; Endler 1973, 1977).
We further emphasize principles of vicariance
biogeography (Croizat 1958, 1964, 1978; Cro-
izat et al. 1974; Rosen 1975a,b, 1978, 1979;
Platnick and Nelson 1978; Nelson and Rosen
1981; Nelson and Platnick 1981) and construct
area relationships based on geologic evidence
from throughout the Cenozoic.

We have generally applied the principle of
minimum age of origin. Presence of fossil evi-
dence of reasonable dating is construed as the
minimum age of a taxon’s presence in an area,
but does not preclude its earlier presence (Ro-
sen 1975a; Parenti 1981a,b; Patterson 1981b).
Single fossils provide discrete data points in
time and further are in no way informative as
lo persistence of a taxon in an area or as to
possibilities for multiple invasions. Area re-
lationships of fossils furthermore must be
interpreted with caution since tectonic dis-
placements have altercd spatial relationships

between fossil localities and their places of
deposition.

Lastly, one must keep in raind the long-
term insular nature of western drainages and
obvious dependency of fishes on habitat con-
tinuity. Presence of fishes demands continu-
ous aquatic conditions since their time of or-
igin. The absence of fishes may either mean
they never arrived in an apparently suitable
habitat, or that water supplies failed for a few
moments in time. It follows that time and ex-
tinction under such condit ons may be related
almost as intimalely as time and chance for
vicariance or dispersal, and that these proc-
esses may be difficult to separate in causa-
tional interpretations of distributional pat-
terns (G. R. Smith 1981a).

We have generally followed taxonomy of
Robins et al. (1980), where applicable, with
exceptions noted when approprate in text and
tables. In addition, Minckley and Hendrick-
son retain the catostomid genus Panlosteus
(Minckley 1973); Bond favrs use of Pantosteus
as a subgenus of Calostomes (G. R. Smith 1966;
Robins et al. 1980). The former is applied here
through majority opinion. Gila inlermedia, con-
sidered part of the G. robusta complex by Ro-
bins et al. (1980), is afforded specific status
(Rinne and Minckley 1970; Minckley 1973;
Rinne 1976). We also follow Parenti (1981a) in
placing the genera Crenichthys and Empetr-
ichthys as primilive, egg-laying members of the
family Goodeidae. (See R. R. Miller and Smith,
Chapter 14, for an alternative,taxonomic al-
location.)

DESCRIPTION OF THE REGION

The vast area with which we are concerned is
bounded on the east by the Continental Di-
vide and on the west by the Pacific Ocean (Fig.
15.1). To the north lies "he Columbia River
system. Our southern beundary is more dif-
fuse, on the basis of biolegical grounds rather
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Figure 15.1 Sketch map of major drainages of western North America, showing study area (west of
Continental Divide {—], south of Columbia River Basin and north of Rie Grande de Santiago Basin)

and some major features emphasized in text.

than on geography. A faunal break previously
recognized by Meek (1903, 1904) and R. R,
Milier (1959a) north of the Rfo Grande de San-
tiago Basin of Mexico was selected as a south-
ern limit.

The Basin and Range Physiographic Prcv-
ince (Fenneman 1931) comprises most of this
region. Basin and Range topography domi-
nates between the Sierra Nevada and Rocky

Mountains from Oregon and southern Idaho
(King 1977) south through Nevada, Utah and
Arizona. It then passes along the coast, in-
cluding part of what is now Baja California
(Dokka and Merriam 1982), and into the
northern Mexican Plateau on both sides of the
Sierra Madre Occidental (Hamilton and Myers
1966; de Cserna 1975; Loring 1976, Demant
and Cocheme 1982) (Fig. 15.2). A large per-
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tures and physiographic regions of western North Amer-
ica emphasized in text.

centage of this province is endorheic, and was
variously so through much of Cenozoic. Riv-
ers that originate in highlands end in adjacent
closed basins that hold temporary or perma-
nent lakes. Major mountain ranges include
Coast Ranges of Oregon and California, the
Klamath-Cascade-Sicrra Nevada axes, the
Sierra Madre Occidental, the Rocky Mountain
axis and highlands of and associated with the
Colorado Plateau (Fig. 15.2).

Geologic Framework

Overview

Formation of landscape components in west-
ern North America has been variable in time

and process, and recent interpretations of plate
tectonics have provided a wealth of new in-
formation. A broad pers»ective of geologic
structure and history of the region as currently
visualized reveals palterns germane to present
fish distributions. Furthe-more, regional to-
pography is intimately related to interplate
tectonics. Geophysical models of spatial and
temporal responses to changing geometry and
velocity of displacements among the North
American, Pacific, Farallon, Juan de Fuca and
Cocos lithospheric plates (Atwater 1970; Co-
ney 1978a; Menard 1978; Dickinson 1979; Bar-
rash and Venkatakrishnan 1982; Engebretson
et al. in Page 1982) offer insights into physio-
graphic relationships obscured by subsequent
tectonism. We apply standards of reference
for geologic events basec on the time scales
of Berggren and Van Couvering (1974), Haq
et al. (1977), and Hardenbo and Berggren (1978)
for Cenozoic epochs.

As variously reviewel by Nur and Ben
Avraham (1977, 1981, 1982), Beck et al. (1980),
Coney et al. (1980), Ben Avraham et al. (1981),
Irwin (1981), Magili and Cox (1981), Mec-
Laughlin et al. (1982), Mc ¥illiams and Howell
(1982), Page (1982), Stevens (1982), and Mar-
low and Cooper (1983), essentially all of North
America west of the presant Basin and Range
Province north to include Alaska consists of a
heterogenous array of allrchthonous terranes.
These have been accreted onto the edge of the
North American Craton from Palezoic to as
recently as Late Miocene. Many of these ter-
ranes are of oceanic lithosphere, but conti-
nental fragments have been identified.

Geographic origins of some fragments are
obscure since paleomagr etic data fail to pro-
vide information on pa eclongitudes. How-
ever, determinable palelatitudes of terrane
origins are generally soath of present posi-
tions. Proposed origins o exctic terranes from
vanished continental masses {(Nur and Ben
Avraham 1977, 1981) have yet to be substan-
tiated (Batten and Schw.eckert 1981; Tedford
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1981). However, northward displacements of
masses along the west coast of North America
are well documented (Beck 1980; Cowan 1982;
Page 1982; Stone et al. 1982).

Responses to changing velocity and ge-
ometry of interplate collisions have not been
as a single, cohesive North American Craton,
but as a conglomeration of intracontiriental

aseismic subplates (Suppe et al. 1975; R, B. ’

Smith 1978; Eaton 1979; Beck and Plumley 1979;
Beck et al. 1980; Magill and Cox 1981: Mc-
Williams and Howell 1982; Page 1982) or
schollen (Livaccari 1979) bounded by scismic
zones (R. B. Smith and Sbar 1974; Hill 1978;
R. B. Smith 1978; Hunt 1979). Some subplates
are accreted terranes that have independently
experienced horizontal, vertical and rotational
movements within the Continent. Other in-
tracontinental subplates cast of allochthonous
terranes consist of large, cohesive blocks of
the original Craton, including the Great Basin-
High Lava Plains, Colorado Mateau, Northern
Rocky Mountains-Columbia Plateau and Sierra
Nevada (Armstrong 1978; R. B. Smith 1978;
Humphrey and Wong 1983). Paleomagnetic
and stratigraphic data indicate that the allo-
chthonous western Cascade Mountains, Or-
egon Coastal Ranges and Klamath Mountains,
from northern California to Washington, are
bound together to behave as a single, coherent
subplate (Magill and Cox 1981; Globerman et
al. 1982). The Mohave Desert Block, between
the Transverse Ranges and Garlock Fault of
southern California and Nevada, apparently
also behaves as an independent aseismic unit
(Livaccari 1979; Burchfiel and Davis [981;
Dibblee 1981; Dokka 1983). Baja California, al-
though fragmented into a serics of smaller
units, has been displaced north-northwest for
a substantial distance, as has much of south-
western California.

Compressive interactions between the Pa-
cific and North American plates produced a
Late Cretaceous eastward sweep of magmat-
ism from the coast across what is now the

Sierva Nevada (Evernden and Kistler 1970) and
Basin and Range (Burchfiel and Davis 1975) to
create a broad band of tectonism and orogeny
in the classic Laramide Axis (Armstrong et al.
1969; Armstrong 1974). Laramide deformation
continued from Cretaceous into Eocene to cre-
ate the ancestral Rocky Mountains and a broad,
uniformly elevated region (Coney 1978a,b;
Damon 1979; Young 1982) including Drewes’
(1978) Cordilleran Orogenic Belt, extending
from southern Mexico via the Sierra Madre
Occidental through Basin and Range north to
Alaska.

Following epeirogenic uplift, a period of ig-
neous and tectonic quiescence (Dickinson and
Snyder 1978; Shafiqullah et al. 1978, 1980) as-
sociated with global reorganization of plate
interactions about 40 mya (Zoback et al. 1981;
Sykes et al. 1982) resuited in Late Eocene-
Early Oligocene erosional surfaces over vir-
tually all the western Continent from Canada
well into Mexico. Fragmentary but conclusive

. evidence of this broad surface, in the form of

wide-spread regional unconformities pre-
served beneath flat-flowing Oligocene extru-
sives, has been reviewed by Epis and Chapin
(1975), Scarborough and Peirce (1978) and
Gressens (1981). .

Reinitiation of tectonism throughout the re-
gion was synchronous with a southwestward
sweep of renewed magmaltism in Oligocene,
to arrive again near the west coast by Early
Miocene (Christiansen and Lipman 1972;
Dickinson 1981; Gastil et al. 1981; Anderson
1982). It was also nearly synchronous with
collision of the East Pacific Rise and the North
American Plate about 29 mya (Atwater 1970).
This event changed the former convergence
margin to the right-lateral strike-slip San An-
dreas Transform system (Atwaler 1970; B. M.
Page 1981, 1982). Shearing and rotation of lith-
ospheric subplates extended far inland. Al-
lochthonous terranes west of the Basin and
Range experienced varying degrees of rotation
and displacement (L. Wright 1976; Beck et al.
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1980; Magill and Cox 1981). Increments of the
Farallon Plate continued to be consumed on
both sides of the transform, and triple junc-
lions among remnants of the Farallon (the
northern Cocos and southern juan de Fuca
plates) and Pacific plates migrated north and
south along the Continental margin (Atwater
1970; Dickinson and Snyder 1978; 197Ya,b).
Volcanic activity continues north and south
necar migraling triple junctions, where plate
descent progresses today.

Mobility of the western cordillera and rel-
ative stability of the Colorado Plateau and Lar-
amide Axis required extension in the inter-
vening region. Extensional stresses developed
originally under a north-55"-east-directed axis
(Coney 1978a; Eaton 1979; Laton et al. 1978;
Livaccari 1979; Zoback ct al. 1981; Laughlin et
al. 1983) to produce broad structural fault-
bounded basins and ranges orthogonal to stress
(north-northwest). During the same lime, the
Colorado Plateau began dextral rotation to
produce an early manifestation of a new tec-
tonic regime beginning around 27 mya in
opening and extension of the Rio Grande Rift
alongits trailing edge (Chapin and Seager 1975;
Livaccari 1979; Kelly 1979; Cape et al. 1983).
Extensional structures with consistent north-
northwest orientation took shape from 27 mya
to 10 mya throughout the incipient Basin and
Range and in arcas now covered by Columbia
River Basalts and the Snake River Plain (Chris-
liansen and McKee 1978; Zoback et al. 1981).
Vertical displacement began to develop rela-
tive to the Colorado Plateau and Sierra Ne-
vada region (Christiansen 1966; Hay 1976; Best
and Hamblin 1978; Christiansen and McKee
1978; Shafiqulilah et al. 1980; Young 1982). Large-
structural troughs such as Walker Lane through
Death Valley, Las Vegas Valley shear zone,
Oregon-Nevada lineament and perhaps a Texas
lineament, likely interconnected the presently
separated southern and northern Basin and
Range provinces and parts of Oregon since
covered by volcanics (Stewart 1967, 1971, 1978;

Stewart et al. 1968, 1975; Longwell 1974; Eaton
1979; Bohannon 1979, '981; Laughlin et al.
1983). Other diverse structural alignments
similarly extend along north to north-north-
west trends (Silver and Anderson 1974; Coney
1978a,b, 1979; Eaton 1979; Anderson 1981;
Rcehrig 1981).

Increased tectonism 13-10 mya produced
the present topography of the southern Basin
and Range along the old north-55%-cast) struc-
tural alignment (Fig. 15.3). About 10 mya the
stress axis in the northern Basin and Range
(Great Basin) suddenly shiited clockwise to
produce structures tha! intersect at 45° and
disrupt those developec eariier (Zoback et al.
1981). Tectonism has ccntinued in the Great
Basin with both right-lateral (Stewart et al. 1968;
Stewart 1978) and vertizal displacements on
faults, but the southern Basin and Range has
been relatively quiescent since 10 mya. Marked
separation of the southern and northern Basin
and Range provinces by the Mohave Block
resulted from uplift, rotation and northward
movement of the California Transverse Ranges
within the bend of the San Andreas Transform
(Livaccari 1979; Dibblee 1981).

Physiography and Geolagy of Subarcas

The Oregon Coast Rar ges were accreted in
Eocene (Magill and C)x 1981), and subse-
quently behaved as part of the Klamath-Cas-
cade Block, although separated from the Cas-
cades by the Puget-Willamette Lowland. The
Cascade Mountains consist of arc volcanics ori-
ginating inboard of the coastal, westward ro-
tating block(s) (Simpson and Cox 1977; Ham-
mond 1979). The Klamath Mountains, which
bridge the Coast Ranges to the Cascades south
of this lowland, are overlapped by Cascade
volcanics (Figs. 15.2 ard 15.3). Dextral rota-
tion has resulted in wes ward displacement of
the south end of this blcck 340 km since about
20 mya (Magill and Cox 1981).

East of the Cascades and north of the pres-
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entGreat Basin, rolling volcanic hills over much
of what is now Washington and Oregon were
buried by Middle Miocene rift volcanics con-
stituting the Columbia River Basalts (McKee
et al. 1977; Swanson et al, 1979; Fecht et al.
1982). Lavas later covered the Snake River Plain
of southern ldaho (Fig. 15.3).

The Sierra Nevada borders Basin and Range
on the west and extends southward from the
Klamath-Cascade region to the Garlock Fault
zone of southern California (Fig. 15.2). Similar
to the Orcgon Coastal-Klamath-Cascade Block,
the Sicrra Nevada regjion has experienced some
rotation (Magill and Cox 1981) as well as west-
ward displacement from its Early Tertiary po-
sition accommodated by the Garlock Fault
(Davis and Burchfiel 1973; Wernicke et al.
1983a,b). During Miocene and Early Pliocene
this highland (Hay 1976) was being eroded to
moderate relief and sloped from the up-
warped and extended Basin and Range into a
depression termed the Great Valley of Cali-
fornia (Axelrod 1955, 1957, 1962; Christiansen
1966; Cole and Armentrout 1979). As noted
before, volcanism migrated stepwise from
south of the Garlock Fault in Middle Miocene
to the latitude of San Francisco by Early Pli-
ocene, and now is limited to north of about
40° latitude (Snyder et al. 1976; Snyder and
Dickinson 1979). Uplift and westward tilting
of the Sierra Nevada to its present elevation
of more than 4300 m began about 18 mya
(Christiansen 1966; Noble and Slemmons 1975),
experienced an acceleration pulse 10 mya (Hay
1976), but was mostly accomplished since 5
mya in the Pliocene-Pleistocene (Axelrod 1955,
1956, 1957, 1962, 1979; Huber 1981). Uplift
proceeded from an origin in the south toward
the north.

The Great Valley is an andent, still largely
intact forearc basin, preserved between the
California Coast Ranges and the Sierra Ne-
vada (Ingersoll 1982a). It passes south from
the Kiamath Mountains to the Transverse
Ranges, with the broad central Stockton Arch
separating it into the Sacramento and San Joa-

quin basins. It received both marine and con-
tinental sediments through Pliocene, filling
from north to south {Cole and Armentrout
1979). The northern Sacramento Basin has ex-
isted as a nonmarine lo-vland since Oligocene,
filled with terrestrial debris from the Klamath,
Cascade, Coast Ranges and Sierra Nevada re-
gions (Dickinson et al. 1979). The San Joaquin
Basin remained beneath the sea through Pli-
ocene. Pleistocene reg-ession of the sea was
associated with general uplift of the Coast
Ranges and the entire Sreat Valley (Hamilton
1978).

The California Coa<t Ranges-and Border-
land areas, including he an Andreas Fault
zone (Fig. 15.2), are remarkably complex
(Hamilton and Myers :968; Armentrout et al,
1979; Ernst 1981). The Northern California
Coast Ranges are north of 5an Francisco, and
the Southern Ranges 2ass south of that city
to the Peninsular Rarges of Baja California
(Crowell 1981). This re;jion consists of Tertiary
deposits superimposed on two markedly dif-
ferent basement compiexes. A predominantly
northeastern Franciscan Terrane represents
materials likely accreted to the North Ameri-
can Plate from an early system{s) of subduc-
tion (B. M. Page 1981; see, however, Blake and
Jones 1981). This complex constitutes the core
of both the Northern and part of the Southern
Coast Ranges. The scuthern Salinian Block
forms the basement fo- much of the Southern
Coast Ranges (Graham 1979; B. M. Page 1981,
1982). This block was thought by B. M. Page
(1981) to represent a narthwestward displace-
ment of a former cortinuation of the Sierra
Nevada Batholith. However, paleomagnetic
and petrologic data now indicate that it orig-
inated in Late Cretaceous al paleolatitudes near
present Central Amer.ca. It was transported
northward along with associated terranes to
accrete to southern California in Eocene
(McWilliams and Howell 1982; Page 1982). It
then remained stationary until after collision
(29 mya) of the East Pacific Rise with the Con-
tinent initiated uplift >f the California Coast
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Ranges and formation of the San Andreas
Transform. The Salinian Block then again
moved 60-100 km along the Transform (20-
15 mya), with splinters moving further. By
Late Miocene the region had again experi-
enced subsidence, only to again be uplifted
from Late Miocene to Recent (Hamilton 1978).
Meanwhile, accelerated movement added] 205~
245 km over the past 5 my, with slivers mov-
ing perhaps an additional 115 km {Graham
and Dickinson 1978).

The Southern Coast and Peninsular ranges
were uplifted coincident with Pliocene-Pleis-
tocene movements of Peninsular Baja Califor-
nia. The Transverse Ranges represent a mi-
croplate(s) that migrated west-northwest and
was rotated and uplifted in apparent response
to Middle Miocene extensional opening of
basins to the west (Hall 1978, 1981). Uplift of
the Transverse Ranges to their present ele-
vation was in DPliocene-Pleistocene (Wood-
burne 1975; Dibblee 1975; Weldon and Mei-
sling 1982).

South and west of the Coast and Transverse
ranges lie the California Borderlands, which
include the Los Angeles and Ventura basins
and numerous offshore depressions extend-
ing across the Continental Shelf. Prior to Mid-
dle Miocene, this region was largely covered
by sea and received continental sediments. from
the east. Uplift or oceanic recession in Middle
Miocene exposed structural blocks, bul sub-
siding basins accumulated deep-sea deposits
over shallow-sea and continental debris of Early
Miocene. Uplift of blocks and castern high-
lands provided sediments for rapid filling of
basins from east to west (Campbell and Yerkes
1976). Other Middle and Late Miocene events
included subsidence, crustal extensior: and
volcanism, uplift and major faulting of the
Transverse Ranges (Coleand Armentrout 1979;
Stuart 1979). Pliocene-Pleistocene north-south
{or northeast-southwest) compression re-
sulted in reverse oblique faulling. The area
was again uplifted in Late Miocene, and this
continues today.

Southeastern California, adjacent Arizona
and northwestern Mexico (Fig. 15.2) lie within
the fragmented transform boundary between
the Pacific and North American plates (Crow-
ell 1981). Rates and magnitudes of displace-
ment along the San Andreas Transform since
Locene are thoroughly documented (Wood-
ford et al. 1968; Clarke and Nilsen 1973; How-
ell et al. 1974; Stuart 1974; Ehlig et al, 1975;
Bohannon 1975; Ehlert and Ehlig 1977; Facley
and Ehlig 1977; Crowell 1975, 1979, 1981; Buesch
and Ehlig 1982; Link 1982a-c). This zone has
provided the medium through which numer-
ous schollen, representing splinters of the once
continuous Peninsular and Sierra Nevada
batholiths, have been displaced northwest-
ward from central Sonora to southern Cali-
fornia (for example, the Orocopia, Chocolate
and Transverse ranges; Crowell 1979; Livac-
cari 1979). These structures are rifted and frag-
mented by the San Andreas Transform, and
blocks between faults have been squeezed
obliquely upward to form highlands or down-
ward to form basins (Yeats 1976, 1978; Blake
et al. 1978). The transform boundary of the
San Andreas complex merges with the diver-
gent plate boundary that creates the Gulf of
California south of the Salton Sea, where sev-
eral active faults are present (Allen 1968, 1981;
Crowell 1981). The fault zone then extends
southeast into mainland Sonora for an un-
defined distance (Merriam 1965, 1968, 1972;
Gastil and Krummenacher 1977). '

Hamilton (1961), Karig and Jensky (1972)
and Dokka and Merriam (1982) outlined de-
velopment of the early Gulf of California re-
gion (30 to around 7 mya) as an extension zone
inland from an offshore subduction align-
ment. Sea water covered parts of southwest-
ern Arizona (P. B. Smith 1970; Shafiqullah et
al, 1980) and western Sonora (Gomez 1971) in
Late Miocene (Fig. 15.3). Miocene marine de-
posits (16-12 mya) are on Isla Tiburén (Stump,
in Gastil et al. 1979). Upper Miocene marine
fossils also are in diatomite west of San Felipe,

Baja California del Norte and Miocene marine

-
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strata (more than 12-13 mya but less than 16—~
20 mya) have been encountered in drill holes
at Yuma, Arizona (Maltick et al. 1973; Eberly
and Stanley 1978), and in western Sonora (Gastil
and Krummenacher 1977; Gastil et al. 1979).

A controversy surrounds the Miocene
Muddy Creek Formation near Lake Mead. It
may be marine or marine/estuarine in origin
(Blair et al. 1977, 1979; Blair 1978; Blair and
Armstrong 1979) or nonmarine (Cornell 1979;
Lucchitta 1979). Basalts overlying the Muddy
Creck Formation and predating downcutting
by the Colorado River near Lake Mead were
deposited 5.8 mya (Shafiqullah et al. 1980).
The extensive Imperial Formation in the Sal-
ton Trough marks definite marine conditions
(Stump 1972) in the northwestern part of the
Gulf depression (Gastil et al. 1979), and the
contemporancous Bouse Embayment (P. B.
Smith 1970; Metzger 1968; Metzger et al. 1973;
Lucchitta 1979) may have extended westward
to approach the Death Valley Trough (Durham
and Allison 1961; D. B. Smith.1960). Ingle (1973)
and Shafiqullah et al. (1980) dated volcanics
beneath both the Imperial and Bouse forma-
tions at 5.5-5.4 mya.

Interactions between the Pacific and North
American plates shifted from west to east of
the Baja California Peninsula after 5 mya, re-
sulting in development of a spreading center
and rapid peninsular separation from the
Continent (Larson 1972; Karig and Jensky 1972;
Mammerickx 1980; Hausback 1982). North-
west velocity of this peninsular splinter(s) has

since varied because of irregular spreading.

centers and telescoping (Larson et al. 1968;
Gastil et al. 1975). Displacement at the en-
trance of the Gulif of California totals 300 to
perhaps 400 km (Bonneau 1971; Moore 1973;
Gaslil et al. 1981). Beck and Plumley (1979)
and Karig (1979) suggested even grealer
movements based on palcomagnetic data.
Whatis now Basin and Range and Colorado
Plateau (Fig. 15.2) were broadly uplifted dur-
ing the Late Cretaccous to Eocene Laramide
Orogeny (Coney 1973, 1976, 1978a,b; Dameon

1979; Damon et al. 1931; Young 1979, 1982).
Oligocene to present extension attributed to
upwelling of asthenosphere to replace de-
scending lithosphere «f the Farallon Plate is
believed responsible for (Dickinson 1979, 1981;
Dickinson and Snydcr 1%79a) or a conse-
quence of (Eaton 1979 Livaccari 1979; Inger-
soll 1982b) early deformation of the Basin and
Range (Fig. 15.3). Easterly to westerly crustal
extension of 100-300% occurred over the past
30 my (Zoback et al. 1981; Wernicke et al.
1983a,b; Anderson et .l. 1982). Perhaps 30%
of the total extension I as occurred since Mid-
dle to Late Miocene tc Early Pliocene, when
block-faulting producec existing parallel horsts
and grabens (Zoback and Thompson 1978; Zo-
back et al. 1981; Nelso.1 1981; Anderson et al.
1983). Uplift elevated some graben floors from
Early Tertiary levels of 300 m to their present
1500 m above sea level. Uplift was greatest
centrally where basins now are 600 m higher
than their counterparts along the castern and
western margins {Stewart 1978; Nelson 1981).
Some southwestern basins experienced alti-
tudinal depression. Death Valley, for exam-
ple, has filled with 2.0 km of alluvium, yet its
floor remains below sca level (Hunt and Ma-
bey 1966; Hunt 1975) The previously men-
tioned shift of stress arientation at around 10
mya resulted in present differences in ar-
rangement of basins and ranges in the Great
Basin compared with that in southern regions.

Eastward compression of the Transverse
Range before 5 mya was opposite the dextral
rotation of the Colorad 3 Plateau, jamming and
largely neutralizing dcforration to the south
(Livacarri 1979). The Mohave Block and south-
em Basin and Range scuth of the Garlock Fault
and Las Vegas Valley shear zone have since
been relatively stable (Guth 1981; Zoback et al.
1981; Dokka 1983). Extension and shear north
of the Garlock Fault an Las Vegas Valley shear
zone, however, has accounted for east-west
extension of at least 140 km between the
southern Sierra Nevada and the western rim
of the Colorado Plateav (Guth 1981; Royse 1983;
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Wernicke et al. 1983a,b). For example, Stewart
(1983) proposed detachment faulting that re-
sulted in Late Cenozoic transport of the Pan-
amint Range 80 km northwestward from the
Black Mountains, forming the rifted area now
occupied by Death Valley.

Extensional faulting in Miocene and into
Pliocene and opening of the Rio Granda Rift
(Elston and Bomhorst 1979; Kelly 1979; Chapin
and Seager 1975; Chapin 1979; Gries 1979; Cape
et al. 1983; Golombeck 1983) left the Colorado
Plateau isolated by complexly faulted border-
lands on the west, south and east (Hunt 1956;
Kelly 1979; Shafiquliah et al. 1980; Humphrey
and Wong 1983). Massive Pliocene-Pleisto-
cene plateau uplift above surrounding Basin
and Range was accepled by Eardley (1962),
McKee and McKee (1972), Shoemaker (1975),
Hamblin (1975) and others. Peirce (1976), Best
and Hamblin (1978), Scarborough and Ieirce
(1978), Peirce et al. (1979), Young (1979, 1982)
and Ulrich (1981) challenged this view on the
basis of elevations of surrounding ranges and
evidence for ancient development of & pe-
ripheral erosional scarp in Middle Tertiary,
which indicate subsidence of surroundirg re-
gions rather than Plateau uplift.

Northwestern Mexico is dominated by the
Sierra Madre Occidental (West 1964), which is
bordered on the north and northeast by asin
and Range block faulting (or southern exten-
sions of the Rio Grande Rift; Gries 1979, and
west by a region of similar faulting (Fig. 15.2).
Basin and Range formation progressed from
the Rio Grande Rift around 27 mya (Chapin
and Seager 1975; Chapin 1979), to 12-10 mya
in Sonora (McDowell and Keizer 1977; Gastil
and Krummenacher 1977), to around 7 mya
in Baja California (Gastil et al. 1979, 1981; Ciokka
and Merriam 1982). Some vertical displace-
ments on the west are greater than 1000 m
and are dissected extensively by west-flowing
rivers (King 1939).

Cenozoic history in northern Mexico in-
volves a cycle of magmatism similar to that

described for western United States (Maldon-
ado-Koerdell 1964). Volcanic activily moved
eastward from the coast from the close of Cre-
taceous through Oligocene {Coney and Rey-
nolds 1977; Gastil et al. 1979; McDowell and
Clabaugh 1979; Clark et al. 1982), then re-
versed, so that by 20 mya volcanism again
bordered the coast (McDowell and Keizer 1977;
Shafiquilah et al. 1980; Gastil et al. 1981). West-
ward movement of magmatism corresponded
with dilation of the Basin and Range and or-
igin of the San Andreas Transform (Fig 15.3).
This volcanism formed the present Sierra Madre
Occidental from 30 to 22 mya in the north
(Karig and Jensky 1972; K. L. Cameron et al.
1980; M. Cameron et al. 1980) until 10-8 mya
in the south (Watkins et al. 1971; McDowell
and Keizer 1977; Mahood 1979; McDowell and
Clabaugh 1979). The sequence presumably
corresponded with north-to-south passage of
the southern triple junction (Atwater 1970;
McDowell and Clabaugh 1979; Keller et al.
1982), which now lies in the belt of active vol-
canism near and south of Mazatldn (Atwater
1970; Dickinson and Snyder 1979b). The Sicrra
Madre Occidental (Fig. 15.2) thus consists of
a deeply eroded volcanic pile of Cretaceous-
Early Tertiary rocks separated by unconform-
ity from little faulted or tilted Middle Tertiary
volcanics * (McDowell and Clabaugh 1979;
Cocheme 1981; Cocheme and Demant 1982a,b;
Demant and Cocheme 1982; Keller et al. 1982;
Gonzalez and Bartolini 1982). The present Sierra
Madre Occidental stands similar to the Colo-
rado Plateau, isolated on three sides by Basin
and Range.

Paleohydrography

Rivers of our region are tightly constrained by
structural geology. The tectonic history just
outlined has resulted in complex paleohydro-
graphic histories and has frequently obscured
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evidence of drainage patterns. However, riv-
ers respond in predictable ways to tectonic
cvents and relationships of drainage history
to tectonics, as outlined by Potter (1976), are
applicable. Arca cladograms (Figs. 15.4 and
15.5) provide a synopsis of gealogic history of
major drainage units in our region. Only broad
paleohydrographic relations are discussed here,
with details deferred for specific outlines of
distributional relations of fish species and
faunas.

Drainage in western North America after
withdrawal of Cretaceous seas was largely east
and/or north from western cordillera (Stokes
1979). Drainages of at least the region destined
to become Basin and Range then were inter-
rupted by the Laramide Orogeny (Coney 1976;
Dickinson and Snyder 1978) to begin devel-
opment of systems we sce today.

As noled before, the Laramide Orogeny re-
sulted not only in formation of the Rocky
Mountain Axis, but also in broad uplift of at
least parts of the Basin and Range and Colo-
rado Plateau (Coney 1976, 1978a,b; Dameon et
al. 1981; Young 1982). Uplift stimulated a long
period of erosion, resulting in development of
a surface now represented by regional Eocene
to Early Oligocene unconformities that extend
from British Columbia to Mexico (Epis and
Chapin 1975; Gressans 1981). Irregularities ob-
viously existed, and Newman (1979) reviewed
evidence for extensive development of closed
basins in Late Cretaceous(?) to Eocene in what
is now the Great Basin and the southern Basin
and Range. Late Paleocene to Eocene inter-
montane basins that contained lakes existed
in what is now Arizona and New Mexico
(Eberly and Stanley 1978; Young and McKee
1978; Shafiquliah et al. 1980; Lucas and In-
gersoll 1981; Young 1982), Nevada (Solomon
et al. 1979; Fouch 1977, 1979), Wyoming, Col-
orado and Utah (the Green River Formation
among, others; Speiker 1946; Schaeffer and
Mangus 1965; Fouch 1976; Mauger 1977; Buch-
heim and Surdam 1981; Smiley and Rember

1981) and ecastern Oregon and Washington
(Nilsen and McKee 197¢). Most of these la-
custrine habitats disappeared, however, by
Eocene or Oligocene (Scarborough and Peirce
1978). Much of western Oregon and Wash-
ington, northern and southern California
Coastal Ranges, and extreme northwestern
Mexico were beneath or near sea level in Pa-
leocene. Some allochthonous terranes of this
region were yet to be emolaced. Parts of west-
ern Oregon and Wash:ngton yielded sedi-
ments eastward from coastal mountains (Nil-
sen and McKee 1979).

Headwaters of the Colurabia River origi-
nale in the western Laramide region, and prior
to Early Cenozoic drainage reversals passed
north or northeast to Hudson Bay (McMillian
1973). This watershed extended in Late Mio-
cene as far south as central Montana and South
Dakota (Lemke et al. 1965) and perhaps to the
upper Snake River and northern Bonneville
regions (G. R. Smith 1975, 1981a).

Long before modern fishes appear in the
fossil record, lands destined through'rotation,
extension and volcanism to become the lower
Columbia River Basin produced Early and
Middle Eocene alluvial ‘ans termed the Tyee
Formation (Lovell 1969), which along with other
fluvial sediments, indicate major streams
flowing westward from Idaho and northern
Nevada (Dott 1966, 1971). Late Eocene deltaic
complexes in central Washington (Buckovic
1974, 1979) were from inland source areas of
near 2100 m elevation {(Axelrod 1968). The
Eocene coastline was expanding through
docking of allochthonous terranes such as the
Oregon Coast Range (Magill and Cox 1981),
volcanism and uplift and rotation (Hammond
1979).

What is now southwestern California (Figs.
15.2 and 15.3) accumulated Eocene deltaic
gravels deposited by streams flowing west or
southwest from Sonora Fig. 15.3). Fluvial, la-
custrine and marine sediments that broadly
connected with Sonoran highlands east to west
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Figure 15.4 Simplified cladistic expression of probable area relationships of subregions east and north of
present and proto-San Andreas Transform zone in western North America. Relationships are mostly inferred
from timing and magnitude of major developments in structural relief. Areas are geographic/tectonic units
that may have had varied hydrographic affinities through geologic time. Geological events, known and
hypothesized interarea connections, and hydrographic relations are detailed in text. Nodes 1-25 denote the
following: 1. end of Laramide Orogeny; 2. deposition of Tyee Formation and associated deltaic sediments;
3. Wasatch-Uinta Disturbance; 4. establishirent of Oligocene erosion surface; 5. initiation of Rio Grande Rift;
6. Sierra Madre Occidental volcanics (30-22 mya in north, 10-8 mya in south); 7. Basin and Range block
favlting isolates Mesa del Norte; 8. collapse of Great Basin region; 9. development of southern margin of
Colorado Plateau; 10. Basin and Range block faulting separates Gila River Basin (rom northern Sonora and
Mohave Block; 11, uplift of southern Cali‘ornia Coast and Peninsular ranges; 12. low-relief Great Basin
surface; 13. Basin and Range block faulling in central Great Basin surface; 14. 45° shift in Great Basin stress
axis; 15. extension of Basin and Range structure to area of Columbia Plateau and Snake River Plain; 16,
Columbia Plateau basalts; 17. Snake River Plain volcanics; 18. Blue Mountains rotation and initial Modoc
Plateau volcanics; 19. uplift of southern Sierra Nevada; 20, vicariance of upper San Joaquin and Owens
valleys; 21. uplift and rotation of northern Sierra Nevada; 22. Cascade-Oregon Coast Range-Klamath rotation
and volcanics; 23. vicariance of Klamath River and Orcgon Lakes regions; 24. capture of upper Snake River
by lower Columbia Basin; and 25. developraent of Sierea Nevada rainshadow.
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Figure 15.5 Diagram indicating possible biotic re-
lationships among coastal drainages and regions
resulting from transport of microplates along the
western margin of North America. Dotted lines
and open nodes are speculative; solid lines and
nodes are based on geologic documentation pro-
vided in text.

are now displaced northwest to southern Cal-
ifornia, ranging from the Transverse Ranges
(Woodford et al. 1968) south to near Isla Gua-
dalupe (Doyle and Gorsline 1977) in both ter-
restrial and submarine deposition sites (Mer-
riam 1965, 1968; Minch 1971, 1972; Sage 1973;
Ehlig et al. 1975; Doyle and Gorsline 1977; Ab-
bott and Smith 1978; Gastil et al. 1979, 1981;
Abbott et al. 1982; others). There also is evi-
dence for Eocene to Pliocene southwestward-

flowing drainages across western Sonora and
from the Imperial Valley across the area of the
Peninsular Range (Gaslil et al. 1979). West-
ward-flowing drainages from the Mohave De-
sert and Sierra Nevada regions and eastward-
flowing streams from cffshore islands also
contributed to alluvial fans along the Califor-
nia Coast (Nilsen and Clarke 1975; Graham
and Berry 1979). The “’San Joaquin River headed
at least as far east as the present Mono Lake
Basin, possibly farther north or east in Ne-
vada, and its course acrcss [the present] west
slope of the Sierra Nevada was changed little
since the Eocene . . . (Fuber 1981). This and
other westward drainage from the Mohave
Desert across the area row occupied by the
Transverse Ranges may have persisted until
interrupted by Pliocene uplifts (Woodburne
1975). A large westward-f owing system termed
the Yuba River (Yeend .974) also originated
east of the present Sierra Nevada crest and
deposited materials in what is now the central
part of that range. Shaliow seas in the Sac-
ramento Trough and what is now the North-
ern California Coast Range also received con-
tinental materials from the east.
Through-flowing dra:nages of northwest-
ern and central parts of Arizona passed north-
ward toward Utah (Cooley and Davidson 1963;
Young and Brennan 1974; Shafiqullah et al.
1978, 1980; Peirce et al. 1979; Scarborough
and Peirce 1978; Young +nd McKee 1978; Nil-
sen and McKee 1979; “'oung 1982). Eocene
drainage relations in northeastern Sonora pre-
sumably were also to the north and/or east
(King and Adkins 1946). .
Oligocene was markad by regression of
coastal seas and deltaic and shallow-marine
fluvial sedimentation alorg the California Coast
(Fig. 15.3). The area of the present Transverse
Range accumulated coarse basin-fill alluvium
from both east and west (Bohannon 1975). The
San Joaquin Trough was submerged, but the
Sacramento Basin north of the Stockton Arch
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was largely nonmarine and reccived fluvial
sediments from rivers draining south and west
(Dickinson et al. 1979). California was gen-
erally characterized by widespread, luvial,
synorogenic sedimentation from new source
areas onto marine terraces (Nilsen 1982). Dep-
osition of a Puget Delta was terminated by
Early Oligocene eruptions of volcanics (Buc-
kovic 1979) related to evolution and rotation
of the Cascade Mountain Range (Hammond
1979). Reestablished volcanism deposited thick
lenses of ash in preexisting lakes and formed
other lakes, such as those of the John Day
Basin of central Oregon (Robinson 1973).

Major Oligocene drainage in central and
northern Arizona continued north and east
into south-central Utah or into smaller closed
basins (Young and Brennan 1974; Young and
McKee 1978; Young 1982). Northward- or
northeastward-flowing streams from central
Arizona were in part interrupted by Late Oli-
gocene (Peirce et al. 1979) to Miocene {(Ulrich
1981) origin of the southern margin of the Col-
orado Plateau. Southward- or westward-flow-
ing drainage remained in southern Arizona
{Nilsen and McKee 1979) into the Miocene
(Hunt 1969; see however Glazner 1982). Mel-
ton (1960) proposed a generally northeast-
southwest trend in river channels of that area
in pre-Miocene time, across what is novs west-
ern New Mexico, east-central and southern
Arizona and Sonora.

Formation of the Wasatch Front perhiaps as
early as Eocene (Cook and Berg 1961; Ander-
son and Mehnert 1979) and collapse of the
Great Basin in the Late Oligocene isolated the
upper Colorado River and Great Basin drain-
ages. The Uinta Mountains became a drainage
center for the Bear, Provo, Weber ard Du-
chesne rivers. The Bear River may have been
part of the Atlantic drainage via the Green and
Platte rivers, while the Weber and Provo rivers
entered the Great Basin and the Duchesne River
flowed to the ancestral Colorado system {Stokes
1979). These divides were accentuated by fur-

ther uplift in Pliocene and Pleistocene (Best
and Hamblin 1978).

North of the Basin and Range, the ancestral
Columbia River maintained a course through
the Cascade Mountain region during volcan-
ism, faulting and folding associated with plu-
ton intrusions and extruded volcanics of the
Miocene (McKee et al. 1977; Swanson and
Wright 1979; Camp and Hooper 1981; Camp
1981) (Fig. 15.3). East of the Cascades the
drainage (including part of the Snake River
Plain) was repeatedly overridden by volcanic
flows 17-6 mya {Axelrod 1968; Suppe et al.
1975; McKee et al. 1977), resulling in mainly
internal drainage (Fecht et al. 1982). The Mio-
cene Columbia River Delta and other coastal
structures were displaced northward, and
basalts streamed through the lower Columbia
River Gorge to extend west as a submarine
flow. Depressions formed in Late Miocene-
Pliocene by plateau subsidence and crustal
faults were occupied by lakes and streams
(Malde and Powers 1962; Malde 1965, 1972;
Eaton et al. 1975; Armstrong et al. 1975), which
were periodically filled by lavas. Late Miocene
silicic volcanics progressed west to east across
the Snake River Plain (Suppe et al. 1975) and
flowed with reduced volume and extent into
Late Pliocene. Lakes were common, yet rivers
occupied essentially their present courses and
have continued to do so for the past 14-12.5
my (Swanson and Wright 1979}, maintaining
integration by cutting and recutting of lava
dams and filled canyons. The uppermost Snake
River (above the Idaho-Oregon boundary)
flowed southwesterly through southeastern
Oregon across northwestern Nevada until it
integrated with the lower Snake River in the
Pliocene (Wheeler and Cook 1954; Malde 1965;
Fecht et al. 1982).

Coastal Oregon, California and peninsular
Baja California began to take on their present
configuration at least by Miocene times (Fig.
15.3). Short precipitous streams developed
along uplifted coastlines. Reactivation of the
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San Andreas Transform and northwestern
rafting of splinters of continental margin in-
terrupted and further altered westward-flow-
ing streams in the south and displaced alluvial
fans and basin deposits northward (Bohannon
1975). No obvious major drainages existed
in these areas in this time period (Nilsen and
McKee 1979), perhaps because of truncated
drainage areas and trends of increasing arid-
ity.

Miocene through Pleistocene extension and
faulting disrupted and obscured drainages
thoughout the Basin and Range. Massive ac-
cumulations of alluvium attest to extensive
erosion throughout the region and resulted in
the Late Miocene and Pliocene Baucarit and
Maune sequences of Sonora and Sinaloa (King
1939; Hawley 1969; Clark 1976; Cocheme and
Demant 1982a,b) and similar clastic alluvia in
Arizona (Gilbert 1875; Nations et al. 1982). Ex~
tensive beds of lacustrine sediments, includ-
ing evaporites, accumulated from Miocene
through Recent in newly formed basins, and
partially in old basins occupied by deformed
carlier Tertiary deposits (Newberry 1870a et
seq.; Hubbs and Miller 1948a; Feth 1961, 1964;
Snyder et al. 1964; Hubbs et al. 1974; Stokes
1979; Nations et al. 1982). Internal drainages
in grabens later began to coalesce. Superim-
posed channels were reoccupied (Melton 1960)
and new waterways cut as structural troughs
filled with afluvium from adjacent mountain
ranges (McKee et al. 1967; Shafiqullah et al,
1978, 1980; Peirce et al. 1979). Ever-larger la-
custrine habitats developed as drainage arcas
increased and precipitation and runoff were
periodically adequate to maintain them,

The Humboldt Formation of northwestern
Nevada (van Houten 1956) may be contem-
porancous with outcrops of similar rocks in
western Utah (Heylmun 1965) and near Salt
Lake (Stokes 1979) to document Miocene en-
dorheic conditions in that region (Feth 1964).
However, rivers flowed from northwestern
Nevada to the Pacific over the present Sierra

Nevada axis in Miocene (Axelrod 1962). Mio-
cene land surfaces destin,d to become the Sierra
Nevada drained west 12 an ancestral Sacra-
mento River (Dickinson et al. 1979). Pliocene
uplifts added runoff to further the evolution
of that drainage. Ancestral rivers now repre-
sented by the Yuba, Stanislaus, Tuolumne,
Merced and San Joaquin flowed at gradients
less than about 6.0 m/km (to as low as 1.0 m/
km) into the Great Valley region (Wahrhaftig
1965; Christiansen 1966; Huber 1981). The San
Joaquin Trough rose atove the sea in Pleis-
tocene to support a large lacustrine habitat
(Feth 1964), which ther disappeared to com-
plete integration of the Sacramento-San Joa-
quin system (Figs. 15.2 and 15.3).

The upper Colorado Fiver system must have
originated before Miccene (izett 1975) as
streams flowing from the uplifted Rocky
Mountains over the gently sloping Colorado
Plateau (see however Larson et al. 1975).
Shoemaker (1975) placed drainage of the Pla-
teau as entering the T'asin and Range near
what is now St. George, Utah, about 18 mya.
However, it more likely deflected northeast-
ward to pond in the Miscene Bidahochi Basin
of Arizona, Coloradoard New Mexico (Uyeno
and Miller 1965) or through the Grand Wash
area to terminate in the Hualapai (Red) Lake
Basin of northwestern Arizona (Lovejoy 1980).

Integration of the upper and lower Colo-
rado River systems over the Colorado Plateau
and through Basin anc Range has long been
debated (Blackwelder 1934; Longwell 1946,
1963; Hunt 1956, 1969; McKee et al. 1967; Young,
1970). It now is knowr to have occurred be-
tween 10.6 and 3.3 mya, both as a result of
headward erosion and through reoccupation
and reversal of flow in older channels (Damon
et al. 1978; Lucchitta 1972, 1979; McKee and
McKee 1972; Lovejoy 980, Shafiqullah et al.
1980; Young 1982). The Colorado River reached
the Parker, Arizona, a-ea after deposition of
the estuarine Bouse Fcrmation (about 5.5 my
old; Metzger 1968; Me zger et al. 1973; Shaf-
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iquilah et al. 1980) and encountered the upper
Gulf of California in Pliocene, resulting in rapid
and extensive filling of the embayraent and
southward migration of the river's mouth
(Merriam and Bandy 1965; Henyey and Bis-
choff 1973; Olmsted et al. 1973; Crowell 1981).
Similar integration of internal drainages such
as the Sevier River Basin, Utah (Rowley et al.
1981), also is apparent. -
Gila River, now the major tributary to the

lowermost Colorado, also became through-

flowing in its lower portion between 10.5 and
6.0 mya (Eberly and Stanley 1978) folowing a
period of discharge into closed basins (Na-
tions et al. 1982). According to Shafiqullah et
al. {1980) the Gila River began to enter the Gulf
of California less than 5.5 mya. Other streams
of the southern Colorado Plateau Borderlands
(for example, the Verde and Salt rivers, Ari-
zona) flowed south and/or west through
structural troughs to enter closed basins or
perhaps the sea by Late Miocene (Melton 1960;
Deal et al. 1978; Eberly and Stanley 1978; Shaf-
iqullah et al. 1980; Nations et al. 1981, 1982).
The uppermost Gila River flowed south into
Mexico for a time before final integration with
its lower segment in Pleistocene (Melton 1960;
Kottiowski et al. 1965).

In Mexico, stream drainage cast of the Sierra
Madre Occidental continued eastward, but
probably by Miocene and certainly by Pliocene
times these watercourses terminated in closed
basins of the Mesa del Norte (Burrows 1910;
Brand 1937; Reeves 1969; Strain 1970). Drain-
age integration of streams to the Pacific must

have resembled that of the Colorado River.

Structural troughs and deeply cut channels
exist that predate Basin and Range formation
(Albritton 1958; Melton 1960; Shafiqullah et al.
1980; Bilodeau 1982a,b). Lakes and streams
amalgamated to form complex modern drain-
ages that remain characterized by inverted en-
try of tributaries (Hovey 1905, 1907) and ap-
parent structural control of major channels
{Hendrickson et al. 1981; Demant and Coch-
eme 1982; Cocheme and Demant 1932a).

Palcoclimatology

Much of western North American is now
classed as desert; evapotranspiration greatly
exceeds precipitation. Air movements over the
Sonoran and Chihuahuan deserts (23°-30°N)
are controlled by permanent high-pressure cells
within which air descends from high altitudes

"~ (Vivo-Escolo 1964; Crosswhite and Cross-

white 1982). Adiabatic warming of 10°C per
1000 m results in hot, dry conditions. Aridity
of the Chihuahuan Desert also is greatly in-
fluenced by its inland position (Medellin-Leal
1982).

North of 30° latitude the Mohave and Great
Basin deserts become less influenced by high
pressure and more by their inland positions
relative to oceanic water sources and by rain
shadows of the Sicrra Nevada and Cascades
to the west and Rocky Mountains to the cast.
Both northern deserts are seasonaliy cold due
to winter invasion of polar air (Fowler and
Koch 1982; Rowlands et al. 1982). The extreme
aridity of Baja California results from the near-
shore, cold California Current. Air aloft is hot
and dry, moist air near the cool ocean surface
is too small in volume to produce rainfall and
surficial thermal inversion prevents convec-
tion that might result in precipitation {Cross-
white and Crosswhile 1982). Climatic condi-
tions on highlands of the west are influenced
by latitude, altitude and distance from and
orientation to the sea, but are more mesic than
lowlands, especially along coastlines and in
the Pacific Northwest.

Climate has varied over geologic time as a
result of: (1) changes in latitude of continents;
(2) altitude changes; and (3) world-wide or
broadly regional fluctuations associated with
glaciation. North America has moved gener-
ally southwestward since Mesozoic for at least
6° in latitude (based on the fixed point of Death
Valley, California), remaining within the tem-
perate zone of westerly winds (Dickinson 1981).
Regional tectonic and climatic events unre-
lated to latitude changes thus have been more
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important in shaping Cenozoic climalic con-
ditions.

G. R. Smith (1978, 1981b) and M. L. Smith
{1981) reviewed Cenozoic climatic changes as
pertain to fishes in western North America
between 23° and about 44° N latitude. Most
paleoclimatological interprelations, including
theirs, are based on occurrences and distri-
butions of fossil floras. Axelrod (1948, 1950,
1958, 1979) reviewed regional paleobotany and
included broad paleoclimatic interpretations
in his 1979 treatise. Modern vegetation was
reviewed in contributions assembled by Bender
(1982} and Brown (1982).

Warm, moist, subtropical climate prevailed
at close of Cretaceous (Lowenstam 1963), and
mesophytic tropical forests of ferns, gymno-
sperms and evergreen and deciduous angio-
sperms persisted through Paleocene and lo-
cally into Eocene (Brown 1962; Leopold and
MacGinitie 1972; Axelrod and Bailey 1976; Ely
et al. 1977; Wolfe 1978). Sufficient heterogene-
ity existed in the Great Basin in Middle Eocene
for evolution of plants adapted to locaily arid
conditions. Climatic change during Oligocene
was loward cooler, drier and more varable
conditions (Barghorn 1953; Frakes and Kemp
1973; Wolfe 1978), and Madro-Tertiary floras
(Axelrod 1958) spread over a semiarid interior
(Axelrod 1950, 1979). Montane floras of the
Great Basin resembled the present conifer-de-
ciduous forests, of northwestern California,
coast redwood and spruce-hemlock, with ad-
mixtures of shrubs and deciduous hardwoods
(Axelrod 1966). From Eocene to Early Miocene
times, with some exceptions, montane coni-
ferous forests were above 1220 m elevation,
conifers and mixed hardwoods lived at %00 m
and deciduous hardwoods prevailed near 300
m (Axelrod 1950, 1966).

Remnants of subtropical vegetation were
essentially replaced by temperate floras dur-
ing Late Miocene through Pliocene (Dorf 1959)
when rifting and extensional faulting were ac-
companied by further trends toward cooler
drier climate (Dorf 1930; Chaney 1944; Axelrod

1950 et seq.; Smiley 1953; Hoover et al. 1982).
Lowlands of the northern Great Basin were
occupied in Miocene by an Arcto-Tertiary flora
of temperate hardwood-deciduous and coni-
ferous forest. More southern latitudes sup-
ported oak woodland, chaparral, thorn forest
and semidesert Madro-Tertiary assemblages
(Axelrod 1950, 1979). The northern assem-
blage indicates uniformly distributed precip-
itation of between 9C and 130 cm per year
under a cool-temperate regime, while south-
ern associations requiced between 40 and 65
cm per year, warm summers and mild win-
ters. Miocene-Pliocene floras from New Mex-
ico and Arizona indicate increasing aridity and
modernization toward more xeric assem-
biages. Through Miocene to Late Pliocene, flo-
ral elements of the present deserts assembled
on drier slopes and in owlands {Axelrod 1950,
1956, 1979). This was in part a function of
relative elevational caange, where low-ele-
vation or warm climate plants were enhanced
in subsiding basins adjacent to forested high-
lands (Axelrod and Bailey 1976; Nations et al.
1981, 1982).

Local and regional v plift in Miocene through
Pleistocene undoubtedly resulted in increased
montane precipitation (for example, Larson et
al. 1975) reflected in floras, and in increased
rain-shadow effects promoting aridity in low-
lands. Uptift of the Sierra Nevada and Cas-
cades at end of Miocene and later accentuated
inland drying trends Compositions of Late
Miocene and Early Pliacerie Great Basin floras
demonstrate the Sierra Nevada axis as a rel-
atively ineffective rair shadow. Late Pliocene
floras clearly show ¢l matic influences of that
range (Axelrod 1957, 2962; Hoover et al. 1982).
Temperatures were h:gher and more constant
over the year in Early Pliocene (Antevs 1952).
By Middle Pliocene, winter and summer tem-
peratures were distinctly different and precip-
itation was reduced. A cooling trend toward
glaciation began in Lite Pliocene.

Local Pliocene-Pleistocene montane glacia-
tion began about 3 mya (Morrison 1964, 1965a;
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Curry 1966; Merrill and Péwé 1977). Paleo-
botanical and geologic evidence indicate a
continuation of inland aridity (Mannion 1962;
Snyder and Langbein 1962). The apparent in-
consistency of vast Pleistocene lakes in the
face of a continued trend toward aridity is ex-
plained not by glacially derived waters, but
rather by modest increases in predipitation and

cooler lemperatures that reduced evapotrans-

piration rates (Morrison 1965a; Brackenridge
1978; Mifflin and Wheat 1979; Scott et al. 1982).
These lakes fluctuated in a manner indicat-
ing increased climate variability as one ap-
proached the present (Meinzer 1922; Antevs
1925 et seq.; Snyder and Langbein 1962; Mif-
flin and Wheat 1979). Substantial short-term
climatic fluctuations in Pleistocene are aiso well
documented by development of soils (Morri-
son 1961a-d, 1964, 1965a—) and by changes
in distribution of fossil and relict biotic rle-
ments (Hibbard 1960; Milstead 1960; J. H.
Brown 1971; M. L. Smith et al. 1975; Mehrin-
ger 1977; van Devender and Wiseman 1977;
Metcalf 1978; van Devender and Spaulding
1979; others). Origin and organization of veg-
etative communities of deserts were postgla-
cial (Wells 1966, 1978, 1983; van Devender 1977;
Axelrod 1979), reflecting conditions warrer
and more arid than before recorded in the re-
gion,

Whether these broad patterns are applica-
ble to Mexico is conjectural. However, much
of Axelrod’s (1979) treatise on the Sonoran De-
sert discussed fossil floras that had been dis-
placed northwestward from Mexico to Cali-
fornia; generalizations should thus apply. The
gradient from cool in the north to warm at

southern latitudes was low in Late Cretaceous

and Early Tertiary (Lowenstam 1963; Frakes
and Kemp 1973) and became increasingly pro-
nounced to Recent (with obvious oscillations
in Pliocene-Pleistocene) south to at least 25°N
latitude. Interpretation of Late Cretaceous-Early
Tertiary precipitation pattemns indicates an arid
zone in what is now Sonora, with increased

precipitation both north and south. Drying
apparently radiated from this focal zone of
aridity through Cenozoic (Axelrod 1979),
However, evidence of relative climatic stabil-
ity in north-central and central Mexico during
Pleistocene climatic oscillations indicates
amelioration of Tertiary trends in that region
(Clements 1963; Bradbury 1971; M. L. Smith
et al. 1975; Watts and Bradbury 1982).

ZOOGEOGRAPHY
Fishes of the Region

R. R. Miller’s (1959a) “Origin and Affinities of
the Freshwater Fish Fauna of Western North
America” provides an excellent introduction
and is largely paraphrased here, with modi-
fications in numbers of taxa and some inter-
pretations reflecting taxonomic changes and
additions to knowledge in the intervening
years. Sixty-nine families including some 334
species are native to nonmarine habitats of the
region (Tables 15.1 and 15.2). Nine families
and 107 species consist of primary or second-
ary fishes (Myers 1938, 1951; Darlington 1957),
which we emphasize here. Primary fishes, with
a few exceptions, are restricted to fresh waters
throughout their life histories, and secondary
species are largely so, but are salt tolerant and
thus capable of crossing narrow brackish or
marine barriers. A more flexible categorization
of fishes for zoogcographic studies includes
freshwater dispersants (primary and second-
ary fishes of Myers) whose distributions re-
flect restriction to freshwaler habitats or dis-
persal over short distances through sea water,
the last of which often may be more readily
explained by plate tectonics (Rosen 1974, 1975a).
Saltwater dispersants are fishes whose distri-
butions may be explained by movements
through the sea (Moyle and Cech 1982).

Of the other 60 families, 35 include pre-
dominantly marine dispersants that enter riv-
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ers to a limited distance from the sea. Num-
bers of such spedies vary inversely with fatitude,
Included here are elopids, some clupeids, os-
merids, ariids, atherinids, centropomids,
lutjanids, mugilids, eleolrids, gobiids and oth-
ers. Spedes representing the families Petro-
myzontidae, Acipenseridae, some Osmeridae
and Salmonidae regularly complete parts of
their life cycles both in fresh- and saltwater
habitats at northern latitudes, and some spe-
cies of each are now restricted to fresh waters.
Species of four additional families of marine
origins, now virtually limited to inland habi-
tats, include a clupeid, an embiotocid, a go-
biesocid and numerous cottids. One family,
Gasterosteidae, includes a species that com-
pletes its life cycle either in {resh- or saltwater
habitats.

Only about one-half as many families and
one-fourth as many species of freshwater dis-
persants occupy western drainages as com-
pared with eastern North America (R. R. Miller
1959a). However, endemism is high in these
western families and in petromyzontids, sal-
monids and cottids. Species of restricted dis-
tributions, defined as isolated in a single spring,
stream or lake basin, are a significant per-
centage of the fauna. Species common over
wide geographic areas (even when in disjunct
populations) are exceptional; some may prove
on careful study to comprise more than one
species.

Coastal Oregon and
Northern California

Coastal Streams of Orcgon

From the Necanicum River on the north to the
Siuslaw River, Oregon coastal streams are
separated from the Columbia River system by
the Coast Range summit. South of the Sius-
law, northern tributaries of the Umpqua River
have a similar relationship to the Columbia,
but the Umpqua has cut through the Coast

Range so the North Umpqua drains from the
Cascade Mountains and tie South Umpqua
flows through a valley between the Cascades
and the Coast Range, also draining a portion
of the Klamath Mountains on the south. The
Coos River drains the Coast Fange between
the Umpqua and Coquille rivers, southern
tributaries of which flow frorm the Klamath
Mountains. The remaining coastal streams,
from Sixes River to Chetco River, drain the
Klamath Mountains, with some eastern trib-
utaries of the Rogue Rive: flowing from the
Cascades.

According to Baldwin (1981), valleys of the
Coast Range were erodec during a time of
general Pliocene and Pleistocene uplift. These
independent drainages have therefore been
isolated from the Columbia andl other systems
at least since Early Pliocene. Early isolation
apparently held until Recent, 50 that original
fish colonists of coastal streams were mostly
saltwater dispersants or freshwater forms with
marine relationships and relatively wide dis-
tributions. The Rogue River continued to flow
westward through the Klamath Mountains
during Late Cenozoic upiift and has main-
tained ancient isolation from other coastal sys-
tems.

The Klamath River consists of discrete up-
per and lower segments sevarated by Klamath
Falis. The lower portion ;aunistically resem-
bles Rogue River and other coastal streams.
The upper supports a fauna sharply separated
from the lower, and from those of both the
Sacramento and Columbia rivers (Table 15.1).
Physical evidence for drairage relationships is
obscured by regional ard local volcanism
(Peacock 1931; Anderson 1941; Pease 1965;
McKee et al. 1983).

Little ichthyological exp oration was carried
out in this region prior to *he 1890s, a notable
exception being Cope’s (1679b, 1883b) reports
on Klamath Lake fishes. (C. H. Gilbert (1897)
dealt with fishes of the Klamath River Basin,
and Evermann and Meek (1897) reported on
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Drainage Occurrence

Habitat

Table 15.1 (Continued)

R .
03pa] ues opf P V200 R Vo [T T T T T R O S S B O 1 [ NEEEA vz Z
{rse0) ueofeuls |y ] R Vo {72 T T T R T L B R A B I 1 ' ter ez [N O !
07U10] Ueg
opy « mbex opy Vo Lzt R Lo {4 T T T T T O T A B S A ZZr v Z L I !
[eise0) UvIouog 1 Vg R T [T T T S Y O T O R Y - | ! [ R A [ !
vioje)) eivg
[P15¥03 WIOE IN0G ] ] RN SR [ T T O O O Y I B A ! 1 Lz [
oA L o ] 1 LI i,
nj opeiojod Z R ZII!ZIII!ﬁIZ \Il'Z. LI T T A S S A I ! i V2L ZLZ 11y 1Lz |
13ATY cjudweIdvy ' z 1z |ﬁzz| Pz o F P r b ZZ 1 Z 1 I P Z A T T I 1
Lanskg,, .
fonen wiead b V1o T T [T T T T S O T O N ' ! [ R R I A [T 1
suiseq
[enuspIoN 1 Vo L Ll i i Z o 0z [T T T T U S T B R O 1 t I O I S I O | [ T T 1
ujseq afiaauung i ] Pr Ll L P Z oz ZZ A T N I S A A i ! 8 ZZ Lz 1
uiseq urjuoye] ] ] R vz [ R T T T L A R A Z ! LrorZo o LZ 1 l
Lsafe] uodaio,, Vo o LTl Lt Z iz 1z PEZ L L Z oy Z ! 1 [ T S I O [ T [
13AD] rewreny - Vo N P N Z it ZZ 1 ! | I T S R T A I | 1
[eise0)) Ti0)RD)
HON + uoSaigy '] ] VLt U Z i Z Nz VZ o PRl Z e ZZ J I LA T T I [ I i
atejosy Suudg RN T T T T VRO OO [ T T A T T O O T O N O i ! | T T T I (IR |
aupsnyey Vo S s> | 8 4 1 1 1 13 13Xx 1 ) oLk L b xx b ox | T T T T R P 35 S O B t
LEEYS) O T IRV RV RV SO S R U . PR T T RS T T B2 T - SR 8 3R a0 S % - S I B N !
weang NV Y B T R Y S VA RV S TV Vv, MM I ICH M I XM IRHR TR ] 2 MR AKX e X
saapy Big [ S I 3 T o SR 3o 3 3 2 S E A T G B M E B XA L XX ' ! IS R I T I I S
auvjuopw 1 R e i [ S N T T B R e S B A | ' (B B B i [ T !
puerdn [V R VSV SV I L VI T VU SV 0 S TV I TV B v 1 ! PR R A I B S S R B B A B S R e e oo Tt TR B B I SR B
puejma N R Y ] ) MM OE PRI R 1D R IHI X X XX b X KX
aupeyling ' o RN R ] | T T T T T O O A A B IO 1 i I R [ B |
3 = ;
& ! E
] 5 ™ T3 - =
T ¥ Ll W8 | ; Ffose
£ B 3 O R . . ) ¥ 5 iy
£ FEE- Y €3 a2 B8R 2 g 0 0->°<§D->~‘ 5P =
S 3 5933- Ee3g 9 . 39v% '\%Q 3 s o EEE .2 T Hg afsedow “3d 9% -gg 2 sy
T BEiv it ea RS tySesioFiiat : R RN R RS S IR R E R E AL S 0] A R
a3 E ESERSSEyEELsReddy ‘ EEE& EP5y .§7§‘"" HEES TSR I EETELS
=988 EE:Eeg GEELItREcEibD f SERRLESIRLNEE §5E@§£§£§éi§ﬁ§§§w§g_;§
I EX3E S 288 " fnnnde S Rl ) 5Ouuuouuuuuuuouu‘d 8 d faamaad JUx¥
bl
=iy -
542 543

nevadensis
C. radiosus

meeki

Cyprinodon diabolis
C. macularius

-

1. pricei

Cyprinodontidae
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Table 15.2  Fishes of Marine Derivation Recorded from Continental Waters of Oregon, California,

Peninsular Baja California and northwestern mainland Mexico.

Taxa

Oregon-California
Coastal, North of
Sacramento River

Sacramento-San

Joaquin Estuary

Pacific Coastal

California-Baja California

South of Sacramento R.

Gulf of California
Coastal, Baja
California

Colorado River
Estuary

Sonoran Coastal

Sinaloan Coastal

Squalidae

Squalus acanthius
Carcharhinidae

Carcharinus leucus

C. porosus

Mustelus californicas

M. henlei

Negaprion brevirostris

Rhizoprionodon longurio
Sphrynidae

Sphryna tiburo
Pristidae

Pristis pectinatus

P. perottei
Rhincbatidae

Rhinobatos glaucostigma
Torpedinidae

Narcine brasiliensis
Rajidae

Raja binoculata
Urolophidae

Urolrygon binghami
Mylobatidae

Aciobatus narinari

Myliobatis californicas
Rhinopteridae

Rhinoptera sleindachneri
Elopidae

Elops affinis
Albulidae

Albula vulpes
Chanidae

Chanos chanos
Clupeidae

Clupea harengus

Harengula thrissina
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Table 15.2 (Continued)

Taxa

Oregon-California
Coastal, North of

Sacramento River

Sacramento-San

Joaquin Estuary

Pacific Coastal

California-Baja California
South of Sacramento R.

Gulf of California
Coastal, Baja

California

Calarado River

Estuary

Sonoran Coastal

Sinaloan Coastal

Clupeidae (Continued)

Lile stolifera
Opisthonema libertate
Engraulidae
Anchoa arenicola
. compressa
. curla
. delicatissima
. helleri
. ischana
Aucida
. mundeoloides
panamensis
. scofieldi
. schulizi
Anchoviella analis
A. miarcha
Anchovia macrolepidola
Cetengraulis mysticetus
Engraulus mordax
Osmeridae
Allosmerus elongatus
Hypomesus pretiosus
Spirinchus starksi
Ariidae
Arius caerulescens
A. gualamalensis
A. jordani
A. liropus
A. secmani
Bagre panamensis
B. pinnimaculatus
Netuma kessleri
N. planiceps
N. platypogon
Sciadeichthys trochcli
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Synodontidae Carangidae (Continued)
Synodus scituliceps - - X X X C. speciosus - - - - - - X
Ophichthidae C. vinctus - - - - - - X
Myrophis vafer - u u u - U X Citula dorsalis - - - - - - X
Ophichthus triserialis U U X X X X X Oligoplites altus - - - X - - -
Scomberesocidae O. saurus - - U X. - - -
| Cololabis saira U X - - - - - Trachinotus paloma - - X X - X X
‘ Hemiramphidae Centropoinidae
| Hyporhamphus roberti - - - - - - X Centroponius armalus - ~ - - - - X
H. rosae - - X u - u X C. nigrescens - - - - - X X
H. snyderi - - X X - u C. robalitos - - - u X X
Beloniidae C. undecimalis - - - X - - X
Tylosurus exilis - U X U - U X Lutjanidae
Atherinidae Hoplopargus guentheri - - - X - U X
Atherinops affinis u X X U - U - Lutjanus artatus - - - - - - X
A. regis - - -~ U ~ X - L. argentiventris - - - X - - X
Atherinopsis californiensis U X U - ~ - _ L. colorado - - - X X X
Eurystole eriarcha - - X u - U X L. novemfasciatus - - X X X X
Hubbsia gilberti - - - ' — X u Rabirubia inermis - - - - - - X
Hubbsiella sardina - - - -U X X - Pomadasiidae
Melaniris crystallina - - - - - _ X Conodon nobilis - - X X - X
M. evermanni - - - - - X Maemulon scudderi - - X X - X
Nectargas nephente - - X X - - X H. steindachneri - - - U - - X
Sygnathidae Pamadasy axillaris - - - u - X X
Pseudephallus starksi - - X _ _ X P. bayanus ~ - X X - - X
Sygnathus leptorhynchus U X X - - - - P. branicki - - - U - - X
Merlucciidae P. leuciscus - - - X - - X
Merluccius productus u X U U - - - P. macracanthus - ~ ~ U - X X
Gadidae P. panamensis - - - U < X X
Microgadus proxinis U Gerreidae
Polynemidae Diaplerus peruvianus X U U X
Polydactylus approximans Eucinostomus argenteus X X U U
Scomberidae E. melanopiterus X X X X
Scomberomorus maculatus Lugerreis lincarus - X X X
Carangidae Gerreis cinereus X X X X
Caranx hippos Sciaenidae
C. marginatus Bairdiclla armata X
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| Sciaenidae (Continued) Gobiidae
| B. icistia - - U U - X X Auwnous transandeanus - - X X - X X
} Cynoscion macdonaldi - - - X X X X Clevelandia ios U X X X - - -
C. nobilis u u X X X X - Evermannia zosterura - - - - - - X
C. othonoplerus - - - U X X X Eucyclogobius newberryi U X U - - -
| C. reticulatus - - X X X X X Garmannia ctheostoma - - - - - - X
‘ C. squamipinnis - - - U X X X G. paradoxa - - - - - X
| C. xanthulus - - - X X X X Gillichthys mirabilis - X X X X X
i Elattarchus archidium - - - U - X X Gabionellus microdon - - - U - X X
i Genyonemus lineatus U X U - - - - G. sagitulla - - X X - X X
Larimus acclivis - - - U - X X Gobius manglicola - - - - - - X
| L. effulgens - -~ - - - X X Lepidogobius lepidus U X U - - ~ -
i Micropogonias altipinnis - - -~ U X X X Quictula y-cauda - u X X X X -
| M. megalops - - - U X U - Sicycium multipunclatus - - - - - - X
| Ophioscion strabo - - X U X X X Hexagrammidae
| Untbrina xanti - - X X X X X Ophiodon elongatus U X u - - - -
| Embiotocidae Scorpaenidae
| Amphisticus argenteus u X u - - - - Scbastes auriculatus U X u - - - -
‘ Cymalogaster aggregata X X X - - - - S. flavidus u X u - - - -
| Embiotoca jacksoni u X - - - - Scorpacna plummieri - - - - - - X
Hyperprosopon argenteum u X U - - - - S. russula - - - U X X X
Phanerodon furcatus u X U - - - - Batrachoididae
Rhacochilus vacca u X - - - - - Porichthys notatus U X U - - - -
Mugilidae Cottidae
Agonoslomus monticols - - X U - X X Clinocottus acuticeps X X u - - - -
Chaenomugil proboscideus - - - U ~ X X Leptocoltus armatus X X X - - - -
Mugil cephalus - - X X X X X Scorpacnichthys marmoralus U X U - - - -
M. curenma - - X X - X X Gobiesocidae
M. hospes - - - - - - X Gobiesox adustus - - - - - X X
Pholidae Stromateidae
Pholis ornata X X - - - Peprilus simillimus u X u - - - -
Eleotridae Bothidae
Dormitator latifrons - - X X - X X Citharichthys gilberti - - X X - X X
Eleotris picla - - X X X X X C. sordidus U X U - - - -
Goliomorus maculatus - - X X - X X Cyclopsclta panamensis - - - - - - X
550 551
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Table 15.2 (Continuad)
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Bothidae (Continued)
Paralichthys californicus X U U - U -
Piatichthys aestuarius - - - U X U -
Pleuronectidae
Hypopsetta guttulata U X u U - u. -
Lyopsetta exilis u X ) - - - -
Parophrys vetulus u X 181 - - - -
Pseltichthys melanosticus U X - - - - -
Achiridae
chirus mazatlanensis - - - U - X X
A, scutum - - - - - — X
Trinectes fonsecensis - - - X X X X
Cyancglossidae
Sympurus williamsi - - - - - - X
Tetraodontidae
Sphoeroides annulatus - - X X u X X

Compiled from Ganssle (1966), Messersmith (1966), R. R. Miller (1966}, D. §. Miller and Lea (1972, 1976) and Castro-
Aguirre (1978). Species that range from the northerri Gulf of California southward to Central or South America, but
are not recorded from the mainland coasts of Sonora or Sinaloa, are assumed lo be present there, and those from
Cabo San Lucas on the tip of Baja California are assumed to occupy both sides of the peninsula. Included are species
not known to reproduce in other than marine habitats; some families with {reshwater representatives are also in Table
15.1. Symbols: X = recorded; U = assumed occurrence because of geographic range; and — = not recorded.

fishes of the Siuslaw River, Woahink, Siltcoos
and Tahkenitch lakes, and mentioned one
species from the Umpqua River. An expedi-
tion that explored the length of the Oregon
Coast in 1899 was reported on by Snyder
(1908d), and he (1931) also dealt with sal-
monids of the Klamath River. Many additional
locality records were added by Schultz and
DeLacy (1935) who reported collections made
by C. L. Hubbs, Schultz and the latter’s stu-
dents during the late 1920s and carly 1930s.

Marine-related native species that inhabit
or spawn in fresh waters of coastal streams
are all from Holarctic families and include three
species of Petromyzontidae, two of Acipen-
seridae, five common and two uncommon
species of Salmonidae, two species of Osmer-
idae, one of Gasterosteidae and five of Cot-
tidac (Tables 15.1 and 15.2). Some marine spe-
cies that are often in freshwater near the head
of tide or even a few kilometers above lide-
water are Hypomesus pretiosus, Cymatogaster ag-
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gregala, Leptocotius armatus and Platichthys stel-
latus (Table 15.2). An inland Cottus, {our genera
of Cyprinidac and one of Catostomidae ap-
parently were added later from the Columbia
Basin. One Catostomus from the Klamath en-
tered the Rogue River, or vice versa. Dispersal
of freshwater fishes into coastal drainages must
have involved headwater transfers, the places
and times of which are speculalive.

On the north coast the Nehalem and major
streams between it and the Columbia, includ-
ing the Necanicum, support Collus rhotheus,
an inland species of the Columbia River (Sny-
der 1908d). Reimers and Bond (1967) dis-
cussed the presence of C. rhotheus above falls
in tributaries of the lower Columbia and its
availability for headwater transfers. Some sites
above falls held no primary species, so in a
transfer only C. rhotheus, the ubiquitous Coltus
perplexus and salmonids would have gained
access to the coast. Cottus rhotheus has limited
salt tolerance (Bond 1963) so is an unlikely
candidate for dispersal between river mouths.

A primary species is Catostomus macrocheilus
in the Nehalem River. The course of the upper
Nehalem is first east then north toward the
Columbia before turning south and west to-
ward the sea; stream capture involving an old
tributary of the Columbia could be possible
(Reimers and Bond 1967). Why only C. ma-
crocheilus (and possibly Cottus rhiotheus) made
successful transfer and not upland forms such
as Cottus beldingi, Rhinichthys (R.) eataractac and
R. (Apocope) osculus, is unexplained. There are
no native primary fishes in drainages between
the Nehalerm and Nestucca rivers. Rhinichthys
osculus is the only such species in the Nes-
tucca, Yaquina and Alsea rivers (Snyder 1908d).

Access to the Yaquina River for Rhinichthys
osculus was doubtless from Marys River. Rhin-
ichthys osculus in the Alsea River could have
beenderived from the Yaquina, Marys or Sius-
law rivers. Zirges (1973) examined dace from
southern Willamelte Valley and the middle and
southern coast. Coastal populations had di-

verged from Willamette stocks in several char-
acteristics, generally converging on appear-
ance and increased body size of R. calaractae.
Coastal populations may have been isolated
so long that no conclusions as to their origins
could be made from morphological compari-
sons.

A connection of Sius aw River with the Wil-
lamette drainage is wel documented by Bald-
win and Howell (1949). The upper part of Long
Tom River, now tributary to the Willamelte,
followed what is now Wildcat Creck west-
ward in Pliocene-Pleistocene before being di-
verled castward. Primary gencra represented
in the Siuslaw are Pty:hocicilus, Rhinichthys,
Richardsonius and Catostomus. Evermann and
Meek (1897), notling diff 'rences between coastal
and Columbia drainage representatives, de-
scribed Catostomus tsillzoosensis and Leuciscus
siuslawi. Snyder (1908¢) placed the (ormer in
synonomy of C. macrocl eilus and the latter into
L. baltealus (now Richardsonius baltealus), but
included the Ptychochei'us with P. umpquae.

Spread of Plychochei us, Catostomus and Ri-
chardsonius into the three major lakes (Woah-
ink, Siltcoos and Tahkenitch) south of the
Siuslaw could have been natural through the
low pass near Canary or possibly through
temporary connections among waters im-
pounded behind ocear. dunes. It also is pos-
sible that these genera were introduced. Use
of suckers and minncws for bail was once
common in the area, aad long, narrow plank
boats called “minnow boats” were used “about
the turn of the century” to gather bait on the
Siuslaw for sale at the lakes (F. Judges, pers.
comm., 1950). Whether this was practiced prior
to explorations of Evermann and Meek is not
known, but it is not i entioned in their 1897
paper.

Invasion of the Ump qua River by Columbia
faunal elements coud reflect the upper
Umpqua having been ¢ former tribulary of the
Willametle, Diller (1915) noted terraces indi-
cating the Umpqua flowed north through the
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early Pass Creek drainage to enter the Willa-
mette drainage at the town of Divide before
being captured by a westward-flowing strcarn.
At present, run-off from heavy rainfall that
fills the drainage ditch along the railroad at
Divide can flow slowly east to Martin Creexk,
a tributary of the Coast Fork of the Willametle,
through a valley that drops 15 m in 3.25 km
or can flow more rapidly west to Pass Creek
of the Umpqua drainage (Bond 1963). Baldwin
(1981) mentions the possibility that rapidly
eroding Pass Creek will eventually capture the
Coast Fork of the Willamelte.

Primary fishes native to the Umpqua drain-
age are Hybopsis (Oregonichthys) crameri (affin-
ities uncertain, otherwise only in the Willa-
mette Basin), Plychocheilus umpquae {denived
from P. oregonensis; Bond 1961), Rhinichthys (R.)
evermanni (derived from R. calaraclae; Bisscn
and Reimers 1977), R. osculus, Richardsonius
balteatus and Catostomus macrocheilus (Snyder
1908d).

Coos River contains a form of R. cataractae
quite distinct from R. evermanni (Bisson and
Reimers 1977), Rhinichthys osculus and Catos-
tomus macrocheilus. Snyder (1908d), Hubbs and
Schultz (Schuliz and Delacy 1935) and Bond
(1961) all failed to find R. cataractac in Coos
River. It was first collected by Reimers in 1967
(Bisson and Reimers 1977).

Rhinichthys osculus and Catostomus macro-
cheilus are native to Coquille River, and prob-
ably pained access from Coos River. Catosto-
mus macrocheilus extends to Floras Creck ard
Sixes River, which represents the southern ex-
tent of influence of the Columbia fauna on the
coast (Reimers and Baxter 1976).

Regue River has one native primary spe-
cies, Catostomus rimiculus (Snyder 1908d).
Rogue River is the southern limit of distri-
bution of Coltus perplexus, a species of virtually
every stream in western Oregon and Wash-
ington. A closely related species, C. gulosus,
has a curious distribution in Washington coastal
streams, in some lower Columbia tributaries,

in a few streams on the northern coast of Or-
egon, many streams of the middle coast and
south to the Coquille River, but not from there
to the Noyo River, California (Bond 1973; Moyle
1976a). Oregon coastal streams south of the
Rogue River, Hunter Creek and Pistol, Chetco
and Winchuck rivers, have no primary fishes
or fishes of inland relationships.

Klamath River Basin

This drainage supports a number of unique
fishes, mainly above Klamath Falls: Lampelra
minima (now probably extinct), Catostonus sny-
deri, Catostormus (Deltistes) luxatus, Chasmisles
brevirostris, Gila (“Klamathella”) coerulca, Cotlus
princeps and C. tenuis. Species shared with ad-
jacent drainages are Lampetra lethoplaga (above
Klamath Falls and in Pit River), Catostomus
rimiculus (below the Falls and in Rogue River)
and Cottus klamathenis {(with distinct subspe-
cies above and below the Falls and in Pit River;
Daniels and Moyle 1984). Below the Falls are
two nominal species of landlocked lampreys
related to Lampetra tridentata (described as L.
folletti and L. similis; see Viadykov and Kott
1976a, 1979a, 1982; see, however, Bailey 1982a).
A slightly differentiated race of L. tridentala
lives above Klamath Falls. Other native, but
more widespread species are Gila (Siphatcles)
b. bicolor, Salvelinus confluentus, Salmo gairdneri,
Salmo sp. (redband) and Rhinichthys osculus.
Several authors (C. 1. Gilbert 1897; Rutter
1903; Snyder 1908b; Hubbs and Miller 1948a;
Robins and Miller 1957; R. R. Miller 1959a,
1965; D. W. Taylor 1960, 1966, 1985; G. R. Smith
1978, 1981a; Taylor and Smith 1981) have dis-
cussed faunal relationships between the Kla-
math and upper Pit rivers and remarked on
isolation of the former from the endemic fauna
of the Sacramento system. They also noted an
absence of lower Columbia River endemics in
the Klamath, but Snyder (1908b) emphasized
resemblance of C. snyderi of the Klamath to
both C. macrocheilus of the Columbia drainage
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and C. occidentalis of the Sacramento. He fur-
ther suggested that the small-scaled suckers,
C. rimiculus of the Klamath, and C. microps and
C. catostomus (= C. columbianus, in part) of the
Pit and Columbia rivers, respectively, are re-
lated. Hubbs and Miller (1948a) expressed the
opinion that C. rimiculus was derived from C.
syncheilus (= C. cohunbianus). G. R. Smith (1966)
placed C. columbianus in subgenus Pantosleus
and C. rimiculus into subgenus Catostomus, and
demonstrated that C. rimiculus approached
Panlosteus in characteristics of the parietal fon-
tanelle and lower jaw. Kochn (1969) later dem-
onstrated that blood proteins of C. colmbianus
most closely resembled those of Catostomus (s.s.)
(G. R. Smith and Koehn 1971). Catostomus (or
Deltistes; Seale 1896; R. R. Miller and Smith
1967; G. R. Smith 1975, 1978, 1981a) luxatus is
most closely aligned with the fossil Catostontus
(D.) shoshonensis (including D. ellipticus: G. R.
Smith 1975) and C. (D.) owyhee of the Glenns
Ferry Formation, Idaho. The further presence
of Chasmistes in the Klamath River Basin dem-
onstrates a relationship to the Great Basin and/
or to the Snake River Plain. Recent records of
that genus in Pyramid and Utah lakes, and
fossil records at several sites including Fossil
Lake in the Fort Rock Basin and from the Snake
River drainage (R. R. Miller 1965; R. R. Miller
and Smith 1981) are lo be detailed later. Giln
cverulea of the Klamath River is related to the
fossil G. (G.) milleri of the Snake River Plain
(G. R. Smith 1975) and perhaps to G. (G.) atraria
of the upper Snake-Bonneville system (G. R.
Smith 1978). Faunal analyses by G. R. Smith
(1978) pointed out “intimate associations” of
the Snake River and Klamath Basin to the Great
Basin, which are detailed below. The absence
of Ptychocheilus in the Klamath River Basin,
despite its occurrence immediately north and
south, was noted by Kimmel (1975) as possible
evidence for early (Miocene) connections be-
tween the Snake River Plain and this system.
Pliocene fishes (Gila and Catostomus) from near
Alturas, Modoc County, California (upper

“

Sacramento River systern), appear most sim-
ilar to modern fishes of the Klamath system
(G. R. Smith 1981a).

Northern California Cocstal

Most streams in this region south of the Kla-
math River Basin and north of San Francisco
Bay are small and support only scawater dis-
persants. Larger rivers, and crecks tribulary
to Tomales Bay, have freshwater fishes all ap-
parently derived from the bacramento River
system.

Holway’s {1907) con ention that the Rus-
sian River was the ances ral home of the entire
Sacramento-San Joaqu n fish fauna stimu-
lated early zoogeographic debate, and Snyder
(1905, 1908a,d, 1913, 1916) summarized early
knowledge of fishes of this region. A sum-
mary of other historical developments is pro-
vided in our later coverage of the Sacramento-
San Joaquin fauna, as are occurrences of ma-
rine and estuarine fishes in coastal habitats.

Hesperoleucus symmet:icus is the only wide-
spread cyprinid in no-th-coastal California,
occurring as a probably : ntreduced population
in Eel River (Moyle 1976.4), then naturally from
the Navarro River southward. We are not con-
vinced that Avise et al. (1975) and Avise and
Ayala (1976) demonstraled that Hesperoleucus
and Lavinia are congene-ic, and thus retain the
former name. The nominal species (Snyder
1913) H. navarroensis from Navarro River, H.
parvipinnis from Gualala River and H. venustus
of Russian River and streams enlering San
Francisco Bay, are geni-rally referred to sub-
specific rank, apparen'ly following Murphy
(1948) (Moyle 1976a, 1980a). Other Sacra-
mento Basin cyprinids, Plychochcilus grandis,
Lavinia exilicauda and Mylopharodon  conoce-
phalus, have penetrated ncrth-coastal drain-
ages only to the Russian River system and
appear undifferentiated.

Calostomus occidentalis is wide ranging and
includes C. o. Inonbold! mnus in the Mad, Eel,
Bear and Navarro(?) rivers, and C. 0. occiden-
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talis in Russian River. It is apparently absent
from the Gualala River and tributaries to To-
males Bay (Moyle 1980b). Hysterocarpus Iraski
in Russian River also is differentiated to the
subspecific level (H. t. pomo) from Sacra-
mento-San Joaquin and Clear Lake forms (H.
1. traski; Hopkirk 1962, 1973; Baltz and Moyle
1981).

Moyle (1976a) discussed two possible roufes
for transfer of fishes from the Sacramento-San
Joaquin system to Russian River: (1) throuzh
Clear Lake Basin, and (2) through tributaries
of San Francisco Bay. Considering alignments
of regional structure, estimates of coastal dis-
placements and known elevational adjust-
mentsof aerial and submerged landforms, plus
volcanic events documented to have causad
drainage reversals (Anderson 1936; Walir-
shaftig and Birman 1965; Howard 1967; Swe
and Dickinson 1970; Cole and Armentrout
1979), it is surprising that more fish species
have not moved (or been moved) northward
along the coast. The region also tends to in-
clude a hiatus in coastal distribution of sorne
species of Cottus (Bond 1963; Moyle 1976a),
yet it has been available for colonization as an
area generally uplifting above the sea since
Pliocene (Cole and Armentrout 1979). Perhaps
regional marine transgressions in latest Pleis-
tocene and Early Holocene excluded fresh-
water species. It is also templing to entertein
the speculation that allochthonous lerranes
along the coast are slowly colonized; compir-
isons of such terranes with range disjunctions
might be informative.

Great Basin

The Great Basin (Fig. 15.2) includes more than
150 discrete drainages, only a few of which
directly connect with the sea (G. R. Smith 1978).
Many of these contained large lacustrine hab-
itats in Pleistocene and earlier (Newberry 1870a
et seq.; Russell 1883 et seq.), remnants of which
still support fishes. Relationships of fish dis-

tributions and geologic history of this region
have fascinated some of the most eminent
North American geologists and biologists for
more than a century.

Early exploration for wagon roads and in
1853 for a Padific railroad route (Beckwith 1855)
yielded some of the first {ishes from this area
(G. R. Smith 1983). Many of these were de-
scribed by Girard (1857b).In 1851, Russell (1883,

. 1885, 1896) began his classic studies of the

geology of Lake Lahontan, and E. D. Cope
began researches on fossil and living fishes of
the Great Basin and its environs about 1870
(Cope 1871b et seq.; Cope and Yarrow 1875).
Jordan and Gill described fishes from Lake
Tahoe (Jordan 1878a,b) and Jordan and Hen-
shaw (1878) reported on collections of the
Wheeler Surveys west of the 100th meridian
{Wheeler 1875). Eigenmann and Eigenmann
(1891, 1893) also dealt with components of this
fauna, and C. H. Gilbert (1893) reported on
fishes of the Death Valley Expedition, staged
in 1891 by V. C. Bailey, C. H. Merriam and
others of the U.S. Bureau of Biological Survey.

J. O. Snyder of Stanford University began
field work in the northern Great Basin about
the turn of the century, wriling a comprehen-
sive report on fishes of the Oregon Lakes re-
gion (Snyder 1908b) that combined resuits of
an expedition led by B. W. Evermann in 1897
and of his own expedition of [904. Snyder
recognized the faunal relationships of Harney
Basin to the Columbia River and pointed out
that Goose Lake and Klamath basins had re-
lated fish faunas (sce also Rutter 1903). His
move into the Lahontan Basinin 1911 (Snyder
1912, 1914) culminated in a monograph on
fishes of that system in 1918. His survey of
the Bonneville Basin in 1915, with assistant C.
L. Hubbs, was never published (Hubbs et al.
1974).

Studies of the Great Basin then expanded
(revicwed by Morrison 1961a-d, 1964, 1965a-
¢). Meinzer (1922) mapped former Jakes and
discussed their climatological significance.
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Jones (1914a et seq.), Antevs (1925 et seq.),
Snyder and Langbein (1962) and Benson (1978),
among others, also dealt with climatologic
interpretations of lakes and lake stages.
Broecker and Orr (1958}, Broecker and Kauf-
man (1965) and many others (Scott et al. 1982),
contributed radiocarbon dates. R. R. Miller
(1946b, 1948) and Hubbs and Miller (1948a)
synthesized data on f{ish distributions and the
extent and interconnections of lacustrine hab-
itats. Their maps have been updated and mod-
ified by Feth (1961, 1964), Snyder et al. (1964),
Morrison (1965a), Flint (1971), Hubbs et al.
(1974), G. R. Smith (1978, 1981a), R. R. Miller
(1978, 1981) and Mifflin and Wheat (1979).

Inland Basins of Oregon (“Orcgon Lakes™)

Inland basins of southern and southeastern
Oregon (Fig. 15.1) are a northwestward ex-
tensionof the Basinand Range Province (Hubbs
and Miller 1948a; Baldwin 1981) lying between
the Cascade Mountains on the west and the
Owyhee Upland on the east. To the north are
the High Lava Plains in which two major bas-
ins, Fort Rock and Harney, are located (Bald-
win 1981). Throughout the area there are
roughly parallel uplifted and tilted grabens and
horsts, all with a general north-south orien-
tation (Russell 1884; Fuller and Waters 1929).

Fossil fishes of this region were dealt with
by Cope (1883b, 1884, 1889), and little infor-
mation has since appeared that aids in inter-
pretation of older drainage relations. Onco-
rhynchus sp. from Pliocene beds indicates
connections with the Columbia River (Cav-
ender and Miller 1972). Late Pleistocene (Al-
lison 1941, 1966) species now recognized (G.
R. Smith 1981a) include Gila (Siphateles) allar-
cus, a relative of G. bicolor (Uyeno 1960; Uyeno
and Miller 1963) and Chasmistes batrachops (also
known as referred material from Inyo County,
California, and Washoe County, Nevada; Miller
and Smith 1981). Salmo sp. (similar to S. clarki),
Gila (Siphateles) sp. and Catostomus (Calostomus
or Dellistes) sp. are associated with Oregon C.

batrochops in the Fossil _akc area (Fort Rock
Basin), The Salmo has recently been identiflicd
as Salmo sp. (redband) by Allison and Bond
{1983).

The basin of Upper Klamath Lake, now
draining south to the Klamath River, was once
apparently without outle’ (Russell 1884; Hubbs
and Miller 1948a), and might then have been
included in this regionzl category. The adja-
cent Goose Lake does not naturally overflow
at present, but spilled luring historic times
into Pit River system (Sacramento Basin)
(Baldwin 1981}. The oth-r basins have had no
recent outlets and held “arge lakes in the dis-
tant past and during at least two periods in
Late Pleistocene (Russell 1884; Waring 1908;
Snyder et al. 1964).

The first of those pcriods, at the time of
Tahoe Glaciation, endec: 32,000 ya (Flint and
Gale 1958; Hansen 196:). Some connections
between basins could have formed during this
time (Bills 1978) and Harney Basin was con-
nected with the Columbia River drainage
(Baldwin 1981). Lakes reached low levels or
dried from 32,000-25,000 ya. During Tioga
Glaciation, a second period spanning about
14,000 years, the lakes ayain filled. This period
ended 12,000-10,000 ya (Flint and Gale 1958},
and was followed by aiother arid period at
its height 8000~4000 ya (Hansen 1947) when
the lakes may have d-ied completely (Van
Winkle 1914; Heusser 1366). In the past 4000
years lake levels have fluctuated (Phillips and
Van Denburgh 1971) and some may have
spread across their former beds (Allison 1979;
Allison and Bond 1983)

Faunal relationships amorig these basins are
not clear. In most instances reliable physio-
graphic evidence of int-rbasin connections is
lacking, although many share one or both of
the persistent species Sila bicolor and Rhin-
ichthys osculus. As G. R. Smith (1978) pointed
out, many biological s.milarities within the
Great Basin stem from local retention of these
two extinclion-resistant species.
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The Fort Rock Basin has only three extant
native species, despite connection with the
Columbia system that must have persisted in
Early Pleistocene. These are Salmo sp. (red-
band), Gila bicolor and Rhinichthys osculus, all
inland forms. Pliocene Oncerhynchus noted be-
fore (Cavender and Miller 1972) and geological
evidence of a drain to the Deschutes River
(Allison 1940, 1979) support the Columbia River
connection. Pleistocene fossils have largely
been referred to Recent species, but presence
of Chasmistes batrachops (Uyeno and Miller 1963;
R. R. Miller and Smith 1981) argues for con-
nections with drainages to the east, including
one with Alkali Lake Basin that Bills (1978)
suggested to exist about 30,000 years ago.
Hubbs and Miller (1948a) proposed Gila bicoior
could have entered the Silver Lake drainage
via stream capture from the Sycan Marsh arca.
Such an avenue should have afforded access
to Salmo and Rhinichthys as well.

Harney Basin shows evidence of at least
two separate invasions of fishes. It once was
connected through Matheur Gap via the Mal-
heur River to the Snake River, and Bisson and
Bond (1971) showed fish faunas of isolated or
semi-isolated creeks and even some headwater
streams of the Silvies and Donner und Blitzen
rivers were related to middle or upper Snake
faunas. Fishes typical of these streams are
Richardsonius balteatus hydrophlox, a lighily
prickled or unprickled form of Cottus bairdi,
Salmo sp. (redband) and Prosopium williamsoni.
Malheur Gap was dammed by lava flows that
make up the Voltage Lava Field, probably in
Late Pleistocene. Lake Matheur formed behind
the dam and probably did not overflow either
at Malheur Gap or Crane Gap (Piper et al.
1939). Fishes derived from Snake River were
isolated and further hydrographic isolation took
place within the Basin during Recent time.
Lavas from Diamond Craters formed the Bar-
ton Lake subbasin and aided in isolation of
Smyth and Riddell crecks. Desiccation 8000~
4000 ya (Hansen 1947) no doubt cut most small

streams from their connections with receding
lakes. Access for fishes among streams and
lakes of the Basin has probably been variable
but limited during the lasl 2000 ycars.

On the other hand, the {ish fauna of main-
stream Silvies River is more typical of the lower
Columbia drainage and includes Richardsonius
b. balteatus, Acrocheilus alutaceus, Plychocheilus
oregonensis, Catostomus macrocheilus, C. colum-
bianus and’a prickled form of Coftus irdi, as

" well as the more generally distributed species

Gila bicolor, Rhinichthys cataractac and R. oscu-
lus. This infers invasion of fishes after dam-
ming of Malheur Gap, cither at a time of over-
flow at that point or of Crane Gap or by
stream capture involving Silvies River and John
Day or Malheur tributaries. Because there is
noclearevidence of overflow (Piperctal. 1939),
stream capture scems the most likely expla-
nation. Specimens from Silvies River com-
pared with samples from John Day and Mal-
heur rivers showed greater morphological
similarity to the former in discriminant func-
tion analyses (Bisson and Bond 1971). The site
of a John Day-Silvies connection has not been
identified. Additional information is, how-
ever, accurmulaling on the subject. Fish re-
mains found by John Fagan at a tentatively
dated site on the lower Donner und Blitzen
River and identified by Ruth Greenspan (pers.
comm., 1983), indicate that P. oregonensis and
C. macrocheilus were in the area approximately
3000 ya.

Gila bicolor columbianus occurs in springs,
lakes and larger streams of Harney Basin and
in the Columbia drainage. There appears to
be two sets of races of G. bicolor in Oregon
drainages, one with gill raker counts of 16 or
more and one with 16 or fewer. Gila bicolor of
Harney Basin and the lower Columbia fit in
the latter group along with those of Klamath,
Fort Rock, Abert, Alkali and Summer Lake
basins. Perhaps the Harney Basin G. bicolor
invaded directly from one of the basins listed
(Fort Rock and Alkali are nearest) or indirectly
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from either to the Columbia and thence to
Harney Basin.

Alvord Basin, south and east of Harney
Basin, includes Virgin and Thousand creeks
of Nevada, and Trout Creek, Alvord Lake and
Borax Lake of Oregon, as well as several springs
in both states. Gila (Siphateles) alvordensis, con-
sidered a sister species of G. bicolor of the La-
hontan and associated basins by G. R. Smith
(1978), is most widespread in the Alvord (Wil-
liams 1980; Williams and Bond 1983). Gila (S.)
boraxabius is a dwarf, short-lived derivative of
G. alvordensis; confined to warm waters of Dorax
Lake, the rim of which is about 10 m above
the playa of Lake Alvord (Williams and Bond
1980). The representative oft Salmo clarki that
once lived in the Basin is apparently extinct
through hybridization with introduced S.
gairdneri. Behnke (1979) believed it most likely
derived from the Lahontan Basin via Summit
Lake, which could have spilled toward Virgin
Creek during an early time.

A subspecies of Salmo clarki similar to the
Alvord form exists in Whitehorse and Willow
crecks, which flow into a shallow sandy basin
east of Alvord Basin. Hubbs and Miller (1948a,
following Russell 1903), advanced the opinion
that Whitehorse Valley would spill into the
Alvord Basin in times of high rainfall. Behnke
(1979) disagreed, pointing out that White-
horse Valley has a lower eastern nim toward
the Owyhee River drainage. The western low
point has an elevation of about 1326 m, whereas
the eastern rim is about 1265 m (Army Map
Service Series V502, Ed. 1-AMS, Sheet NK 11-
4). As Behnke (1979) stated, Salmo of Willow
and Whitehorse crecks were probably trans-
ferred by means of headwater connections. A
few small lakes north of Alvord Lake seem
not to have had native fishes in recent times
(Hubbs and Miller 1948a).

Catlow Valley lies west of the southern part
of the Harney and Alvord drainages and in-
cludes Guano Valley to the southwust. Major
streams arce Rock Creek, which drains the

northern part of Warner Vountains and Poker
Jim Ridge, Guano Creek, draining the south-
ern part of Warner Mountains, and Roaring
Springs, Dry, Home, Threemile and Skull
creeks, from western parts of Steens Moun-
tain west of the Donner und Blitzen River.

Rock and Guano creeks yielded no native
fishes in 1939 (Hubbs and Miller 1948a), but
in a wet period of the :nid-1950s Gila bicolor
was in Rock Creek (possibly introduced) and
Guano Lake. Spedmens fr-om Guano Lake were
found partially decompused after winter-kill.
They could have origincted in Piaute Creek,
which along with Fish Zreck, Nevada, con-
tains G. bicolor eurysoma (Williams and Bond
1981). A related subspec es of G. bicolo? occurs
in Roaring Springs and Home, Threemile and
Skull creeks, along with Salmo sp. (redband).
Rhinichthys osculus is in Skuli Creek.

Although Hubbs and Miller (1948a) referred
to “local testimony”” thal indicated all salmon-
ids in Catlow Valley had been introduced,
Wilmot (1974) and Behnke (1979) considered
Salmo sp. (redband) nat:vg. The species is in
theadjacent Harney and Warnerbasins. Hubbs
and Miller (1948a) mentioned a possible ov-
erflow of Lake Catlow into Harney Basin and
suggested Gila bicolor wight have gained ac-
cess via such a “very teiporary” connection.
Because the gap above Frenchglen stands at
1470 m, and the valley floor at Frenchglen less
than 3 airline km distant is 210 m lower, any
spill at this point would be precipitous. Gila
bicolor would have had cifficulty in ascending
to Catlow Valley. Both forms of G. bicolor in
the Catlow-Guano compl 2x belong to the group
with 16 or more gill ra<ers. They share this
feature with the Warne- Basin form, so they
may be more closely related 1o that population
than to coarser-rakered G. b. columbianus of
Harney Basin,

Warner Valley has fot r indigenous species:
Salmo sp. (redband), Cutostomus warnerensis,
Gila bicolor and Rhinichtl-ys osculus. Hesperoleu-
cus synmmetricus is also present, but may have
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been introduced (R. R. Miller 1959a). If native
it was likcly transferred from the Goose Laie
drainage via stream capture (}H{ubbs and Miller
1948a). Catostomus warnerensis seems closcly
related to C. tahoensis of the Lahontan Basin
and Calostomus sp. of Surprise Valley (G. R.
Smith 1978). Catoslomus microps of it River
drainage, including Goose Lake, is related to
this group (Moyle and Marciochi 1975). Ca-
tostonus warnerensis, like C. microps, is a small-
eyed form. The lacustrine form of G. bicolor of
Warner Valley is not separable from G. bicelor
of Goose Lake at the 75% level using a comn-
bination of meristic and morphometric char-
acters (F. Bills, unpubl. data). Cowhead Lake
between Surprise and Warner valleys appar-
ently drains toward the latter in wel periods
(Hubbs and Miller 1948a), but the Cowhead
Lake G. b. vaccaceps is distinct from that of
Warner Valley (Bilis and Bond 1980).

Although Hubbs and Miller (1948a) dis-
counted a spill of Lake Meinzer of Long Valley
into Warner Valley, or placed such a connec-
tion in “ecarlier pluvial” time, Snyder et al.
(1964) indicated such an overflow on their map
of Pleistocene lakes.

Hubbs and Miller (1948a) mentioned three
endemic subspecies of Rhinichthys osculus in
Warner Valley. One of these occupies Fosket
Spring in Coleman Valley, truly one of the
most restricted habitats in the entire region.
However, as Hubbs and Miller stated, neither
forms of Salmoe nor of Rhinichthys give much
help in assessing past water connections among
basins.

Although now separated by a low ridge,
Summer Lake and the Chewaucan-Abert Lake
complex were once part of Lake Chewaucan
(Huntington 1925; Hubbs and Miller 1948a).
]. A. Davis (1982) provided recent data on
Quaternary geology of this basin. The native
fish fauna consists of Salmo sp. (redband), Gila
bicolor and Rhinichthys osculus. The G. bicolor
represents the group wilh 16 or fewer gill rak-

ers, so relationships would appear with those
of Klamath, Fort Rock or Alkali basins, all of
which are adjacent. Snyder {1908b) described
G. bicolor of XL Spring as Rutilus orcgoncnsis,
and applied that name to populations in Fort
Rock, Alkali and Warner basins as well as to
those of Summer Lake (Ana Spring) and the
Chewaucan River. Hubbs and Miller (1948a)
considered G. bicolor of the last two waters

. racially or subspecifically distinct from that of

XL Spring. Bills (1978) confirmed racial dis-
tinction of Chewaucan G. bicolor and agreed
that populations of Ana Spring and River are
subspecifically distinct. The form studied by
Snyder (1908b} and by Hubbs and Miller (1948a)
is extinct and replaced by a distinctly different
form (Bills 1978). Ana Spring was dammed to
form a reservoir. Game fish were stocked, but
the native population of G. bicolor increased
to the detriment of the sport {ishery. The Or-
egon Department of Fish and Wildlife at-
tempted to kill all fish in the reservoir in 1957,
1961 and 1970. A few G. bicolor escaped and
also may have hybridized with additional (ish
introduced as bait. Hesperoleucus symmelricus
was also introduced to Ana River in recent
years.

Alkali Basin supports an undescribed sub-
species of Gila bicolor in two springs northwest
of Alkali Lake, One habitat was formerly termed
Alkali Spring (Hubbs and Miller 1948a), but is
currently known as Hutton Spring. The other,
about a kilometer distant, seems to have no
consistently-applied name. Snyder (1908b), as
pointed out by Bills (1978), located Hutton
Spring southwest of Alkali Lake playa, but
local residents and government employees fa-
miliar with the area do not know of springs
in that sector. Hubbs (1941) and Waring (1908)
both refer to these springs as being on the
northwest edge of the playa. The fish aligns
with the group having 16 or fewer gill rakers,
which argues for a connection with cither the
Chewaucan Basin as suggested by Hubbs and
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Miller (1948a) or with Fort Rock Basin as stated
by Allison (in Bills 1978).

Laliontan System

The Lahontan system of northwestern Ne-
vada and adjacent California supported Late
Pleistocene Lake Lahontan, equivalent in
maximum size o modern Lake Erie (22,000
km?: Blake 1872a,b; Gale 1915; tubbs and
Miller 1948a; Morrison 1964, 1965a; Benson
1978), plus numecrous smaller valleys that were
variously interconnected. The region has long
consisted of endorheic basins, and the great
lakes of the immediate past may have been
overemphasized as factors contributing to ev-
olution and distribution of (ishes (Taylor and
Smith 1981).

Pyramid and Walker lakes are remnants of
Lake Lahontan. Other lakes of the basin floor,
such as Carson Sink, have dried or have been
too fluctuant and/or saline to support fishes
in historic time. Pyramid Lake has a maximum
depth of about 90 m and is 40 km long. Its
walers are noticeably saline as a result of evap-
orative concentration and are becoming more
so with agricultural diversions of Truckee River.
Declining water levels have been of major con-
cern for many years (LaRivers 1962; Fowler
and Koch 1982). Nearby Lake Winnemucca
formerly received water from Pyramid Lake,
but dried in 1938 when surface elevation of
the latter dropped below its inlet level (La-
Rivers 1962). Walker Lake is 27 km long and
around 40 m deep. Uts recent history of de-
clining water levels as a result of diversions
from Walker River is similar to that of Pyramid
Lake.

Lake Tahoe and Eagle Lake are quite dif-
ferent from the preceding waters, The former
is 501 m deep and 36.4 km in maximum length.
Eagle Lake has a maximum depth of only 23
m and is 20.8 km long. Their positions within
coniferous forests are in marked contrast to

desert settings of most other Lahontan fish
habitats.

Humboldt River is tie largest remnant
stream of the system, passing east to west
across Lake Lahontan anc other valley-fill sed-
iments to traverse much of northern Nevada.
Its major tributaries frori mountains to the
north approach and interdigitate with north-
flowing, tributaries of the Snake River (R. R.
Miller and Miller 1948). In'lowing streams from
the south are fewer in number, with Recse
River originating in the Toiyabe Mountains,
Nevada, as the most extensive tributary of the
system. The Humboldt River desiccates in
Humboldt Sink in the northern Carson Desert
(LaRivers 1962).

Three eastward-flowir g slreams comprise
most of the remainder ¢f Lahontan riverine
habitat. All originate at nigh clevations and
have high gradient head waters, then flow at
low gradient over valley-fill and lacustrine
sediments at Jower elevations. Truckee River,
a major western contributor to Lake Lahon-
tan, originates in Lake Tahoe (1899 m cleva-
tion) on the east face of the Sierra Nevada,
flows north then east in zanyons cut through
the Virginia Mountain Range, and again north
to end at 1150 m in Pyrimid Lake, Nevada.
Carson River next to the syuth heads at greater
than 3000 m near the Sicrra Crest and flows
north and northeast thronigh the southern Vir-
ginia Range onto the Carson Desert to end in
South Carson and Humt oldt sinks. The most
southerly tributary of the Sierran portion of
the system is Walker River, flowing as two
branches from the nortiv and northeast Yo-
semite Rims of Mono County, California (more
than 3000 m). These bran ‘hes coalesce to enter
Walker Lake after the West Fork crosses the
Singatze Mountains.

Presence of the distinctive Eremichthys acros
in the Lahontan region, tae less differentiated
but endemic species Richerdsonius egregius, Ca-
tostomus tahoensis and Clasnusles cujus, sub-
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specifically differentiated populations of Rhin-
ichthys osculus, Salimo clarki and Gila bicolor and
presumably less or scarcely differentiated Pro-
sopnam williamsoni, Pantosteus platyrhynchus and
Coltus beldingi suggest long isolation, then var-
iable, but repcaled connections of the system
to one or more adjacent basins. A less terable
alternative is a vast differential in speciation
rates. Varialion in some of these forms has,
however, scarcely been examined. Highland

species such as P. willimnsoni, S. clarki, R. os-

culus and C. beldingi could have arrived through
stream capture over the rim, but as pointed
out by Hubbs and Miller (1948a) other species
are lowland forms not expected to traverse
mountains. Populations of lowland species in
high elevation habitats such as Lake Tahoe
may reflect uplift (Hubbs and Miller 1948a),
but Truckee River has no major barriers and
R, egregius, C. lahoensis and P. platyriynchus
are common; G. bicolor has been taken ir. tri-
butaries (P. B. Moyle, pers. comm., 1983},

Blake (1872a,b) first discussed the possi-
bility for a northwestern outlet of Pleistocene
Lake Lahontan to Alvord Basin of the Oregon
Lakes region. King (1878) and Whitney (1882)
proposed discharge southward into the Col-
orado River system (see also Keyes 1918). A
southern transfer of fishes from the Lahontan
to the Death Valley “system” is discussed later.
Russell (1885) emphasized that the Lahontan
Basin has an essentially unbroken rim. Hubbs
and Miller (1948a) reexamined Russell’s route
around the Basin and similarly could find. no
evidence for a Pleistocene outlet.

Cope (1883b) considered the most probable
zoogeographic connection for Lake Lahontan
as through the Oregon Lakes region. Black-
welder (1948) speculated that an outlet existed
in Middle Pleistocene via Pit River into the
Sacramento or Klamath, or northward into the
Columbia River. Hubbs and Miller (1948a) also
espoused a close relationship between the La-
hontan and upper Klamath River systems now
obscured by uplift and lavas of the Modoc

Plateau, northeast California and southeast
Oregon. That area now drains via Pit River to
the Sacramento River system (Pease 1965;
Moyle 1976a).

Fish species pairs or groups substantiating
drainage relationships to the west include Giln
bicolor obesa of the Lahontan system and G.
bicolor subspp., plus G. alverdensis and G. bo-
raxobius of the Oregon Lakes. Moyle (1976a)
similarly noted that some G. bicolor of Pit River
drainage were related to G. b. obesa. Calostomus
tahoensis, an undescribed species of Catostomus
from Surprise Valley, Nevada, C. warnerensis
of the Oregon Lakes, Cafostomus fumeiventris
of Owens Valley, California (G. R. Smith 1978)
and possibly C. microps of the Pit River (Moyle
1976a) form a monophyletic assemblage. Chas-
mistes brevirostris of the Klamath River Basin
and C. cujus are, however, less closely related
than C. cujus and C. liorus of the Bonneville
Basin (R. R. Miller and Smith 1981).

Modern fish faunas of the Lahontan system
and the Bonneville Basin to the east are scarcely
more similar than those of the Lahontan and
Oregon Lakes despite their proximity and ab-
sence of intervening basins or high scparating
divides. Richardsonius cgregius of the Lahontan
and R. balteatus hydrophlox of the Bonneville
and Columbia River basins are sister taxa (G.
R. Smith 1978). G. R. Smith’s (1966) variational
study of Paitosteus platyrhynchus indicated that
itis relatively uniform within the Great Basin,
and those of the Lahontan system are more
closely allied to similarly isolated populations
in the northern Bonneville-upper Snake River
basins. Hubbs et al. (1974) noted that P. la-
hontan, synonymized by G. R. Smith (1966)
with P. platyrhynchus, may be a recognizable
taxon, and Deacon and Williams (1984) re-
tained it as a subspecics. As noted above,
Chasmistes cujus and C. liorus of the Bonneville
Basin are dlosely related (R. R, Miller and Smith
1981).

Eremichthys acros is restricted to Soldier
Meadows, a closed basin in extreme north-
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western Nevada. It represents an old” en-

demic, aligned with Rhinichthys, but with along,

coiled intestine, cartilaginous sheaths on the

jaws and other featlures, making its direct re-

lationships obscure (Hubbs and Miller 1948b).

The widespread Rhinichthys osculus robustus in

the Lahontan system is sharply separable and
not obviously related to subspecies of major
surrounding basins and has further developed
into other distinctive subspecies (Hubbs and
Miller 1972; Hubbs et al. 1974). Gila bicolor has
similarly differentiated into isolated subspe-
cies in the north-central Great Basin discussed
below, and also is represented by a wide-
spread riverine form (G. b. obesa) and a lake-
adapted form (G. b. pectinifer) within the
system. The last was described as Leucidins
pectinifer, distinguished as a distinct genus by
Snyder (1918) on the basis of ils profuse (29—
30), elongated gill rakers and 5-5 pharyngeal
teeth, It now is considered a subspecies of G.
bicolor (Hubbs 1941; Hubbs and Miller 1942,
1948a; Shapovalov and Dill 1950; Hubbs et al.
1974), but alternately has been afforded spe-
cific status (R. G. Miller 1951; Hopkirk and
Behnke 1966; Hopkirk 1973) or dismissed as a
valid taxon (LaRivers and Trelease 1952;
LaRivers 1962). Snyder (1918) took G. b. pec-
tinifer only in lakes, and extensive series ex-
amined by Hubbs (1961) and Hubbs et al. (1974)
confirmed this tendency. In some lacustrine
environments (for example, Pyramid Lake and
Lake Tahoe) this form and G. b. obesa coexist
with varying degrees of introgression (R. G.
Miller 1951; Hubbs 1961; Hubbs et al. 1974).
Kimsey (1954), however, documented fusion
of the two in Eagle Lake, California, into a
population with bimodal, intermediate num-
bers of gill rakers and relative uniformity of
other features.

Salmo clarki henshawi of Pyramid Lake and
Lake Tahoe also is lake adapted, while an un-
described stream-adapted subspecies inhabits
Humboldt River headwaters in eastern Ne-
vada (Behnke 1981), and S. c. seleneris, isolated

(and likely saved from ¢ xtirction) due to an
early introduction above a waterfall (Snyder
1933, 1934; Busack and Gall 1981), is differ-
entiated only slightly from S. c. henshawi. Pop-
ulations below the falls were destroyed, pre-
sumably by introgression with introduced S.
gairdneri (Busack and Call 1981). The Eagle
Lake S. aquilarium has leen variously classi-
fied as a subspecies of § clarki (Snyder 1933),
a hybrid between S. clirki and S. gairdneri
(Hubbs and Miller 1948:), or as a subspecies
of S. gairdueri derived from Pit River (Busack
et al. 1980; Behnke 1$31). Electrophoretic,
chromosomal and meristic data form bases for
the last conclusion. Salm» regalis (Lake Tahoe)
and S. smaragdus (Pyramid Lake) were de-
scribed on the basis of introduced S. gairdneri
(Behnke 1972, 1981).

That the modern Lahoantan fauna includes
an amalgamation of fish»s of relatively recent
derivation mixed with clder faunal elements
is strongly indicated by fussils. Beds near Honey
Lake, California, include fossil fishes related
to those of the Pliocene Glenns Ferry For-
mation on the Snake River Flain (G. R. Smith
1975), but that also resemble some species of
the present Lahontan sys.em (Taylor and Smith
1981). Included are: Rhaldofario cf. R. lncustris,
which shows some cha-acteristics like those
of the Lahontan Salmo cle rki henshawi; Gila (s.s.)
sp., unlike G, bicolor sub;pp. that now inhabit
the region and showing resemblances to the
fossil Mylopharodon hage -manensis {(and to the
genus Lavinia of the Sac-amento River Basin);
Catostomus sp. dentaries reminiscent of C. cris-
tatus and maxillae like those of C. (D.) shosho-
nensis of the Snake River Plain; and bones
referred to the genus Clasmstes, either C. cu-
jus of the Lahontan Basin or any of several
other I’liocene or Pleistozene forms from else-
where in the west. Four of eight fossil mol-
luscs from the Honey Lake beds similarly show
relationships to southern Idaho. In contrast,
Pliocene fish fossils from Mopung Hills, Ne-
vada, between Carson ind Humboldt sinks,
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include kinds generally referable to modern
species: Salmo sp. may be the same as S. clarki
henshawi; Gila (Siphatcles) sp. strongly resem-
bles G. bicolor; Catostomus cf. tahoensis is clearly
similar to C. tahoensis; and Cottus cf. beidingi
is almost certainly that species, which also is
known from Pliocene(?) deposits on the east
side of the Lahontan system (Jordan 1924a).
Salmo cyniclope and 5. esmeralda, fossil species
from Miocene(?) beds (LaRivers 1964, 1966),
another trout from the Miocene Truckee For-
mation (Bell, in Taylor and Smith 1981) and
the species from the Mopung Hills site, all in
Nevada, and from Pliocene Lake Idaho (Salino|?]
sp.; G. R. Smith 1975), appear of the lincage
that gave rise to most western Salmo, and at-
test to their remarkably long occupation of this
region (LaRivers 1964; Taylor and Smith 1981).
G. R. Smith (1978) also noted that S. esmeralda
may be a relative of S. clarki. Molluscs from
the Mopung Hills site were apparently lacus-
trine endemics, with no close relatives in the
immediate area; only one widespread, living
form was represented as a fossil (Taylor and
Smith 1981).

Identity of some fossil cyprinids of the La-
hontan region remains in doubt. Preservation
only as lateral impressions of skeletons and
body outlines on slabs of lake beds, plus pos-
sibilities for deformation after death of such
features as positions of vertical fins and pelvic
girdle, create problems of generic or subge-
neric identifications. Thus the Miocene Gila
esmeralda (LaRivers 1966; Lugaski 1977a) and
Pliocene Leuciscus (= Gila) turneri (Lucas 1900;
R. R. Miller 1959a, 1965; LaRivers 1962, 1966;
Lugaski 1977a) and Gila traini (Lugaski 1979),
all from Nevada, were somewhat arbitrarily
considered relatives of (and generally com-
pared with) G. (Siphatcles) bicolor. G. R. Smith
(1978) considered G. esmeralda a synonym of
G. turneri. G. R, Smith and Miller (1985) dis-
cussed similar Miocene cyprinids from the
Clarkia Beds of north-central Idaho (presently
Celumbia River Basin) and referred them only

.

to “Gila sp.,” commenting that, “Compared
with the Pleistocene and Recent distribution,
the Miocene distribution of the group [of gen-
cralized western cyprinids] was broader to the
north and east.” Other than fossils from Honey
Lake just discussed, Pliocene to Recent fossils
of this lineage from the Lahontan Basin pre-
served with evidence for critical characters
have, however, been identified as allied with
G. bicolor (R. R. Miller and Smith 1981; G. R.
Smith 1978, 1981a).

Cyprinodontoid fishes also are known as
fossils in the Lahontan region: Fundulus neva-
densis (Pliocene) from northwestern Nevada
(Eastman 1917; Bell 1974) and F. lariversi (Mio-
cene) from west-central Nevada (Lugaski
1977b). These, along with Mural’s (1973) Gas-
terosteus apodus (= G. doryssus; Bell 1974) from
northwestern Nevada and other Gasterosteus,
Fundulus, Cyprinodon and Empetrichthys from
the Mohave Desert and its environs (Hay 1907;
Jordan 1908, 1924b, 1927; David 1945; R. R.
Miller 1945¢; Uyeno and Miller 1962) imply a
terrain of gentle relief occupied by closed-basin
lakes and otherwise drained by streams flow-
ing to the Pacific prior to coastal and Sierra
Nevada uplift (Axelrod 1948, 1958, 1962; Bell
1974; M. L. Smith 1981).

Ictalurus (Amiurus) hazenensis from diatom-
ite of the Miocene Truckee Formation, western
Nevada (Baumgartner 1982), is contempora-
neous with abundant Fundulus and Gaster-
osteus. The ictalurid, a Salmo and Gila sp.,
are each known from single specimens.
This portion of the Truckee Formation likely
formed in several interconnected, variably
saline lakes (Ruben 1971). Ictalurus hazenensis,
1. (A.) wvespertinus of the Miocene and
Pliocene Snake River Plain (R. R. Miller
and Smith 1967; G. R. Smith 1975; Kimmel
1975), and [. (A.) peregrinus (= 1. vespertinus,
Fide. Kimmel 1975) from Oregon (Lundberg
1975) are the only representatives of modern
ictalurids known f{rom northwestern North
America.
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Death Valley ““System”

This fault-splintered zone of extended terrain
of southern California and Nevada (Fig. 15.1)
is characterized by remnant springs and
marshes, often warm and saline, thatrise along
innumerable faults of desert mountains and
valleys (Soltz and Naiman 1978). Large lakes
long ago desiccated and low-elevation streams
are scarce and ephemeral. The northwestern
segment, Owens Valley, receives water from
the Sierra Nevada and the White and Inyo
mountains through streams that feed Owens
River and Lake. Water removed by the Los
Angeles aquaduct (Heinly 1910) dramatically
modified this system. The largest segment in-
cludes Death Valley properand supported Late
Pleistocene Lake Manly, a water body 160 km
long and 185 m deep (Hunt et al, 1966; Hunt
and Mabey 1966; Hunt 1975). Surface tribu-
taries to the sump of Death Valiey include the
Amargosa River and Salt Creek, both of which
typically evaporate or subside into their beds
before reaching the valley floor, plus a series
of major springs and sceps. Springs of the
Death Valley system yield water 8000-12,000
years old (Winograd and Pearson 1976) that
flows {rom a vast arca of southern and eastern
Nevada through fractured carbonate rocks of
Paleozoic age (Dudley and Larson 1976). Pres-
ent aquatic habitats thus depend on interbasin
water movement independent of surface to-
pography (Naff et al. 1974; Winograd and
Thordarson 1975). A southwestern segmentis
the Mohave River, which originates in the
northern San Bernardino Mountains of Cali-
fornia and passes east and north toward Death
Valley. This stream percolates into its sandy
bed after leaving the mountains and rises in-
termittently through its course to end in Soda
Dry Lake.

Aquatic habitats and fishes of the Death
Valley region have received a remarkable
amount of study, which has been reviewed
by R. R. Miller (1943a, 1946b, 1948), Hubbs

and Miller (1948a) and more recently by R.
R. Miller et al. (1977) and Soltz and Naiman
(1978). Hunt and Mahey (1966), Hunt et al.
(1966) and Hunt (1975) reviewed geologic
studies, which commenced in earnest with the
monographic treatmen's of Russell (1{885, 1889)
and G. K. Gilbert (1891) (sce also [Blewclder
1933).

Drainage relations >f this now-arid region
are and have been com plex., Basins result from
Miocene (and perhaps earlier) through Recent
extensional events, coamplex events along the
San Andreas Transfo-m, movements of the
Garlock and related faults and opening of the
Guilf of California. Whole mountain ranges,
such as the San Bernardino, San Gabriel, Pan-
amint and Transverse 1anges, have moved west
and north. Changes n e.cvations and posi-
tions of these and the Hierra Nevada have pro-
vided geographically ind temporally variable
sources of water for lakes and streams during
glacial events of Pleist xcene and earlier wetter
times. Remarkable vo umes of sediment have
been transported to { Il intermontane basins.
Evidence of connective events has thus been
obscured and precisicn in dating is low. It is
especially important to understand that avail-
able time has provide.d ample opportunity for
aquatic connections through most unlikely
areas and that bits of evidence for such events
may not be contemporaneous.

Gale (1915) was first to propose with field
evidence an integrated Ceath Valley system
in Wisconsinan times, rom Owens Valley along
the eastern Sierra Nevada flank to Death Val-
ley proper and including contemporaneous
inflow of the Amargusa and Mohave rivers.
R. R. Miller {1946b, 1348), Hubbs and Miller
(1948a) and Morrison [1965¢) accepled his hy-
pothesis, which invol ed successive filling and
overflow of Owens, Scarles and Panamint lakes
into Lake Manly. It is notable that sudden in-
creases in water volumes in the Owens-China-
Scarles lakes alignment (G. 1. Smith 1977,
1978a,b, 1979) may have resulted from diver-
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sion castward by volcanism of the San Joaquin
River headwaters around 3.2 mya (Huber 1981).
Hubbs and Miller (1948a, and references cited)
further hypothesized an carlier connection of
Mono Lake and Adobe Valley with Owens
Valley, thus providing a plausible route for
Lahontan fishes to the Death Valley region.
Further passage of Panamint Lake into Lake
Manly was questioned by Hunt and Mabey
(1966) and Hunt (1975), but at least one Pleis-
tocene overflow through Wingate Pass, pos-
sibly of a precipitous nature, was documented
by Hooke (1972), R. B. Smith (1978), and G. L.
Smith (1979 and in R. R. Miller 1981). An
alternate pathway for water from Panamint
Lake proposed by Hewett (1954) and es-
poused by R. R. Miller (1981) and D. W. Taylar
{in Miller 1981) is through the east-west Leach
Trough that follows the Garlock Fault toward
Silver, Soda and Bristol (dry) lakes to enter a
progenilor of the Gulf of California, which in
Pliocene extended northwest at least to the
Danby and Cadiz basins (P. B. Smith 1960}
Lake Manly would have achieved similar con-
nections, perhaps at a different time before
Pleistocene, with the embayment or with what
is now the lower Colorado River systern
(Metzger et al. 1973). Mohave River and its
associated lakes were tributary to the Owens-
Panamintaquaticalignment(R. R, Miller 1981.
Hubbs and Miller (1948a) reviewed evidence
for a headwater transfer from their ““Las Vegas
River” through Indian Springs Valley to the
upper Amargosa River, as earlier proposed by
Gilluly (1929) on the basis of physiographic
cvidence.

Fishes of disrupted drainages of the Death
Valley region all are unique, with differentia-
tion ranging from generic to subspecific levels.
Four families are represented, with Cyprin:-
dae including two species with five subspe-
cies, Catostomidae with an endemic species
and cyprinodontoids (Cyprinodontidac an-|
Goodeidace) with two genera, six species and

13 subspecies. 1f native, Gasterosteus aculeatus
from upper Mohave River (Bell 1982) adds an
additional family, genus and species. That
population is short-spined and melanistic, but
otherwise resembles G. a. williamsoni of the
adjacent Los Angeles Plain.

Fishes in the Death Valley region have gen-
erally been discussed in terms of Pleistocene
dispersal and Pleistocene and Recent differ-

- entiation of taxa. Integrity of a Death Valley

“system” has, however, recently been dis-
missed as too simplistic (R. R. Miller 1981),
and far older occurrences and probable dif-
ferentiation in the region have been for-
warded for at least secondary fishes such as
cyprinodontoids {(G. R. Smith 1981a; M. L.
Smith 1981; Parenti 1981a).

Gila bicolor is represented by G. b. mohav-
ensis of the Mohave River drainage and G. 0.
snyderi of Owens Valley. Gila b. molavensis is
a lake-adapted form (gill rakers long, thin and
numbering 18-29, average 24.0) restricted to
Mohave River by desiccation of downflow fa-
custrine habitats. It is approaching extinction
because of hybridization with introduced Gila
{Temeculina) orcutti (Hubbs and Miller 1942).
Gila b. snyderi also is influenced by hybridi-
zation with other subspecies transported to
Owens Valley by fisherman (R. R Miller 1973).
This form closely resembles G. b. obesa of the
adjacent Lahontan Basin, and differs mark-
edly (for example, gill rakers numbering 9 to
15, average 12.1) from G. b. mohavensis. Pleis-
tocene and Holocene remains of these or re-
lated Gila (Siphatcles) sp. are known from Ma-
nix and Searles (dry) lakes in this region
{Buwalda 1914; Blackwelder and Ellsworth 1936;
Flint and Gale 1958).

The second cyprinid species, Rlunichthys os-
culus, includes R. o. robustus-like populations
in Owens Valley, stocks referable to R. 0. nev-
adensis in springs of Ash Meadows, and an
unnamed subspecies in the Amargosa River
{Deacon and Williams 1984). Catostonus fu-
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meiventris occurs only in Owens Valley (R, R.
Milter 1973), where it enjoys a wide distri-
bution in almost all available habitats (Soltz
and Naiman 1978).

Four species of Cyprinodon are separable into
two lineages corresponding to the Owens Val-
ley and Lake Manly segments. Cyprinodon ra-
diosus of Owens Valley was almost destroyed
by water developments and exotic, predatory
fishes, but now persists in protected habitals
within its native range (R. R. Miller and Pister
1971). Cyprinodon nevadensis (Eigenmann and
Eigenmann 1889a; six subspecies, two ex-
tinct), C. salinus (R. R. Miller 1943b; including
C. milleri, LaBounty and Deacon 1972; sce
R. R. Miller 1981) and C. diabolis (Wales 1930),
form a second interrelated group distributed
in Ash Mecadows and southern Death Valley,
Salt Creek-Coltonball Marsh, and the ex-
tremely isolated Devils Hole, respectively
(R. R. Miller 1948, 1950a, 1961a, 1977, 1981;
James 1969; Soltz and Naiman 1978).

Empetrichthys  merriami, recently extinct
(Minckley and Deacon 1968), formerly inhab-
ited springs of Ash Meadows, Nevada. A sec-
ond species, E. latos, had a subspecies in each
of three now-dry springs in the isolated Pah-
rump Valley southeast of Ash Meadows (E. I.
latos, E. I. concavus and E. I. pahrump; R. R.
Miller 1948, 1950a). All natural pupulations
are extinct, with only E. [ latos surviving in
artificial refugia (Soltz and Naiman 1978). Im-
mediate relationships of these fishes are to the
genus Crenichthys of the White River and Rail-
road Valley to the east (Hubbs 1932; Uyeno
and Miller 1962; Parcenti 1981a).

Gila bicolor snyderi, Catostomus fumeiventris
and Rhinichthys osculus cf. robustus, in Owens
Valley, all with relationships to the Lahontan
Basin (Snyder 1919¢; R. R. Miller 1973}, attest
to past continuily between those two systems,
likely through the Mono Lake area (Russell
1889) as hypothesized by Hubbs and Miller
(1948a)and R. R. Miller (1973). The Mono Lake

basin lacked native fishes, perhaps because of
volcanic catastrophe (Huobs and Miller 1948a).
G. R. Smith (1981a) considered G. bicolor in
this region either as a Pleistocene colonist that
differentiated rapidly or as a relict of Pliocene
north-south connections. Gila b. mehavensis,
the only native cyprinid in the Mohave River
drainage (Snyder 1919a; R. R. Miller 1936,
1938b), is the most southern penetrant of this
northern fauna. If the recently discovered
population of Gasterosters aculeatus in Mohave
River headwaters is native (13ell 1982), it must
have been uplifted withthe Transverse Range.

A Pleistocene fossil Chasmistes (cf. batra-
chops) ncar China Lake, California (R. R. Miller
and Smith 1981), further substantiates a north-
south distributional conti1uity east of the Sierra
Nevada on the west sice of the Great Basin.
Chasmistes batrachops is otherwise known from
Pleistocene sediments o’ the Fort Rock Basin,
Oregon, and as referred fossil material from
Washoe County, Nevada (R. R. Miller and
Smith 1981).

Populations of Rhiniclithys esculus nevadensis
in the Lake Manly segmenl were originally
thought to resemble those from Las Vegas
Wash of the middle Colorado River drainage
(R. R. Miller 1946b) and perhaps derived from
headwater transfer between that wash through
Indian Springs Valley to the Amargosa wa-
tershed (Gilluly 1929; Hubbs and Miller 1948a).
R. R. Miller (1984) has described the Las Vegas
Wash form as Rhinichtl ys deaconi, with rela-
tionships to spring-inhcbiting populations to
the north.

Cyprinodon clearly en'ered the Death Valley
region from the south (R. R. Miller 1981).
Among, Recent species, Cyprinodon radiosus
most closely resembles =, macularius from the
lower Colorado River Basin {R. R. Miller 1948),
but must have long beer. isolated. Marked dif-
ferentiation of C. nevarensis and its allies in
the Lake Manly Basin{s: may reflect long iso-
lation from an ancestral form, more rapid ev-
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olution in the Amargosa-Death Valley drain-
age or both (R. R. Miller 1981). Cyprinedon
salinus and C. diabolis presumably evolved from
C. nevadensis or its immediate ancestor in dis-
rupted segments of the system. Cyprincdon
diabolis arose in the last 10,000-20,000 years
in a special, tiny, warm-water spring (Wales
1930; R. R. Miller 1948, 1950a, 1961a, 1977,
1981; Soltz and Naiman 1978). Origins of sub-

species of C. nevadensis date to variable times

before present depending on the sequence of
disruption following high stages of Lake Manly
around 12,000 ya (Hunt 1975). Cyprinodon sal-
inus may have differentiated early as a stream-
adapted form in tributaries to Lake Manly. If
not, it also dates to less than 12,000 ya, coin-
cident with desiccation of the lake. The Cot-
tonball Marsh form, C. s. milleri, has been iso-
lated from C. s. salinus for perhaps no longer
than a few hundreds of years (Mehringer, in
LaBounty and Deacon 1972).

Despite evidence for Recent and rapid
phenotypic differentiation with little genctic
change of species and subspecies (Turner 1974;
Tumer and Liu 1977; Soltz and Hirshfield 1981),
cyprinodontoid fishes are old inhabitats of this
region. A substantial fossil fauna of lowland
fish genera, that is, Fundulus, Cyprinodon, Ent-
petrichthys and one or more gasterosteids {Gas-
terostens), occurs in Miocene and Pliocene de-
posits of southwestern United States (David
1945; R. R. Miller 1945¢; Uyeno and Miller 1962;
Bell 1973a,b, 1977; Mural 1973; Lugaski 1577b;
Bell and Haglund 1982). Fossil Fundulus are
especially widespread, ranging from what is
now the Lahontan Basin necar Pyramid Lake,
Nevada, south throughout the Mohave De-
sert. The present distribution of this genus is
coastal southern California, and Peninsular Baja
California (Foliett 1961). Fossil Cyprinodoit (C.
breviradius) are known only from the Ceath
Valiey region (R. R. Miller 1945¢), {rom de-
posits thought to be Miocene in age (Mc-
Allister, in R. R. Miller 1981). Empetricithys
erdisi occurs in Miocene lake beds in Los An-

geles County, California (Uyeno and Miller
1962; Crowell and Link 1982; Welton and Link
1982). The fossil Empelrichthys localities and
some for Fundulus are, however, from depos-
its transported a substantial distance north and
west from their original deposition sizes.
These fossil occurrences linked with distri-
butions of living species reflect a drainage pat-
tern antedating movements of primary fishes
into the region (M. L. Smith 1981) and support

 existence of a broad lowland drained by

southwesterly flowing streams, as indicated
by regional geologic evidence. Parenti (1981a)
further emphasized the relict nature of this
fauna by proposing Empetrichthys and Cren-
ichthys to be egg-laying genera of the family
Goodeidae (Empetrichthyidae of Miller and
Smith, this volume), an otherwise live-bearing
group presently restricted to central Mexico.

North-Central Great Basin

A series of contiguous endorheic basins in
central and eastern Nevada and extreme west-
ern Utah constitute a zone of intimate contact
among the Lahontan, Bonneville and middle
Colorado River systems. Hubbs and Miller
(1948a) and Hubbs et al. (1974) reviewed geo-
logical and ichthyological research in this arca,
and in the latter paper detailed the fish fauna.
Four fish species comprise the native fauna,
consisting of two widespread Lahontan forms,
Rhinichihys osculus robustus and Gila bicolor and
derivitives and two species of localized dis-
tribution, Relictus solitarius and Crenichthys ne-
vadae. Of 21 basins studied by Hubbs et al.
(1974), 10 supported fishes, 7 supported only
a single species and only 3 were occupied by
two species.

Both Lahontan fishes have differentiated into
local subspedies (! fubbs and Miller 1972). Those
for R. osculus are: R. lnriversi (Lugaski 1972; =
R. o. lariversi, Fide. Hubbs et al. 1974 and R.
R. Miller 1984) from the Toiyabe Basin; R.o.
lethoporus from Independence Valley in Clover
Basin; R. o. oligoporus from Clover Valley also
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in the Clover Basin; and R. o. reliquus from
Gilbert Basin. All these forms were thought
derived from R. o. robustus or an immediate
ancestor, with possiblc exception of R. o. re-
liquus, which Hubbs et al. (1974) noted may
be specifically distinct and a “relict of ancient
and somewhat uncertain origin.” Forms of Gila
bicolor were thought derived from stream-
adapted G. b. obesa of the Lahontan system.
Included are G. b. newarkensis from Newark
Basin, G. b. euchila from Fish Creek Springs
also in Newark Basin, G. b. isolata from Clover
Basin and abberrant (orms from Diamond Basin
referred to G. b. obesa. Hubbs et al. (1974) also
referred to “several unnamed subspecies, still
under study” from Railroad Valley, Nevada.

Relictus solitarius occupies springs and
streams of Franklin and Waring basins, Ne-
vada, and, unlike \heolhercyprinids,isscarcely
differentiated among localities despite marked
Jocal isolation. Its relationships are remotely
with Rhinchthys, but it equally could have been
derived from the Siphateles lineage of Gila
(Hubbs et al. 1974). Along with the monotypic
cyprinid genera Moapa and Eremichthys, Relic-
{us contributes toward a distinctive relict fauna
inhabiting this portion of the Basin and Range
region. Crenichthys nevadae of Railroad Valley
(and C. baileyi of the White River) may also be
assigned to this fauna.

Bonneville Basin

This vast area, lying mostly in northern Utah,
is the largest inlerior drainage of the Great
Basin (Fig. 15.1) and supported a Pleistocene
freshwater sea of at least 51,700 km? and about
335 m depth {Hunt et al. 1953). High-water
stages of Late Pleistocene Lake Bonneville cut
deep terraces on surrounding mountains that
stand in mute testimony to extensive, wave-
washed beaches (Hubbs 1941). These ter-
races are now at variable elevations, both as
a result of rebound of local terrains from load-
ing and unloading of repeated filling and des-
iccation (Crittenden 1963a,b; Curry 1980} and

from local differentials in tectonic uplift (R. B.
Smith 1978). Great Salt Utah and Sevier lakes
are desert remnants of Lake Bonneville. Bear
Lake, at higher elevation in coniferous forests
of the Utah-Idaho border, was and remains
tributary to the systen.

Like the Lahontan Lasin, this vast area has
Jong been subject to iso.ation in bits and pieces,
and may have enlarge 1 in the Pliocene-Pleis-
tocene to its present size by reduction of top-
ographic divides (Tay.or 1985). Miocene and
Pliocene deposils in northwestern Utah are
faunally similar to the 5Snake River Plain
(McClellan 1973). Fishes (and molluscs) of
similar age in northeastern Utah show far less
resemblance to the Srake River fauna (Taylor
1985). Pleistocene fossils from the Bonneville
system mostly are of the same species that
occur today (citations below).

Great Salt Lake no v comprises about 4360
km?and is 15 m in maximum depth. Salinitics
are too high to support fishes, except near
immediate inflows of tributaries. Utah Lake is
also broad and shallcw, 360 km? and a maxi-
mum of 5 m deep, bt its waters remain rel-
atively fresh and support both native and
introduced fishes (Sigier and Miller 1963). Sev-
ier Lake in west-centril Utah is ephemeral and
when filled its waters are highly saline. Bear
Lake is the only large lacustrine habitat of the
system that supporis a substantial ichthy-
ofauna (McConnell e' al. 1957). It lics at about
1800 m above sea level, is 32 km long and
ranges to 63 m in depth.

Bear River originctes cast of the Wasatch
Mountains, flows north, west and south to
Bear Lake, then aga n turns north, west and
back south around th e Wasatch Range to enter
Great Salt Lake at its northeast corner. Weber
River begins in the Jinta Mountains, passes
through the Wasatch Front and enters Great
Salt Lake from the east. Additional inflow
is from Jordan River, which flows north on
Bonneville Lake beds to connect Utah and Great
Salt lakes. Utah Lake receives the short, pre-
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cipitous Provo and Spanish Fork rivers from
mountains to the east. All these streams flow
in disproportionately large valleys cut by out-
flows from montane glaciers of the Wasatch
and Uinta highlands. Sevier River is the long-
est stream of the Great Basin of Utah, heading
on the Colorado Plateau near the Utah-Ari-
zona border, flowing north through succes-
sive structural troughs, then passing west and
again south to desiccate in Sevier Lake (Fig.
15.1).

Unlike the Lahontan Basin, drainage rela-
tions of the Bonneville system include scme
clear-cut connections with adjacent drainages,
especially with regards to the upper Snake
River. G. K. Gilbert (1890) clearly demon-
strated overflow of Lake Bonneville to the Snake
River during what he considered the second
of two high-water stages, which he further
correlated with the last of two continental gla-
ciations then thought to have occurred in west
central North America. Morrison (19654,¢)
summarized and revised older literature on
this event and correlated Lake Bonneville stages
with local montane gladiation. Scott et al. (1982)
substantially revised Morrison’s scheme on the
basis of “C dating and amino-acid measure-
ments of fossil shells. They documented two
“deep lake” cycles, the latest between 24,000
and 11,000 ya and an earlier high stage about
150,000 ya. Overflow of Lake Bonneville was
through Redrock Pass, Idaho, into a tributary
of the upper Snake River during Wisconsinan
time. Cook and Larrison (1954), Trimble and
Carr (1961), Stearns (1962), Broecker and
Kaufman (1965) and Malde (1968) docu-
mented catastrophic flooding that resulted! in
the Snake River. Soils developed before and
between lake maxima indicate almost com-
plete desiccation during interstadial periods.
Lakes occupying the basin earlier in Pleisto-
cene (Hunt 1953) had no apparent outlets, but
also were separated by periods of drying dur-
ing which thick soil profiles developed (Mor-
nson 1964, 1965b,¢). Addition of the Bear River
watershed, which presently contributes about

14% of total inflow to the Bonneville Basin
(Bright 1963), helps to explain Late Pleistocene
overflow whereas earlier glaciations produced
no such events (Morrison 1965c¢).

Bear River repeatedly changed its course
in Pleistocene times due to block-faulting and
volcanism {Morrison 1965¢). It flowed north
via the Portneuf River to the Snake prior to
34,000 ya, then was diverted southward into
Gentile Valley by a lava dam. Successive lava
damming resulted in Lake Thatcher, which
filled to overflow and incised its southern rim,
emplying into Cache Valley Arm of Lake
Bonneville (Rubin and Berthold 1961; Bright
1963).

Probable connections of the Bonneville sys-
tem and the Colorado River Basin via Green
River include no such spectacular incidents.
Headwater transfers doubtless occurred over
broader divides where alluvial cones variably
direct montane discharges between drainages
(Hubbs and Miller 1948a) and stream captures
between adjacent mountain streams are topo-
graphically evident (G. R. Smith 1966). Keyes’
(1917, 1918) hypothesis that the upper Snake
River flowed across the Bonneville Basin to
join the lower Colorado River is, however,
generally unsupported.

Commensurate with its size, the Bonneville
system with 20 species has the largest fish
fauna of any interior drainage in western North
America (R. R. Miller 1959a; G. R. Smith 1978).
Earlier treatments of the Bonneville ichthy-
ofauna include Cope (1874a), Jordan and Gil-
bert (1881), Jordan (1891b), Snyder (1924),
Tanner (1936), Hubbs and Miller (1948a),
R. R. Miller (1959a), Hubbs et al. (1974) and
G. R. Smith (1978, 1981b, 1983). Exchange of
fishes between the Bonneville and upper Snake
River systems during inlcrconnective events
has long been recognized (Jordan 1891b; Ev-
ermann 1892a; C. 1. Gilbert and Evermann
1894). Twelve of the 20 species in the Bonne-
ville system also are represented in the upper
Snake.

Of the fishes studied, Prosopium williamsoni
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may have entered the Bonneville Basin {from
its vast northern distribution on more than
one occasion (Holt 1960). Salnmo clarki wtah of
the Bonneville system is morphologically and
biochemically nearest S. ¢. bouvieri of the Snake
River (Loudenslager and Gall 1980; Behnke
1981). There are three races of S. ¢. ulah, one
widespread in the system, one in the Bear
Lake segment and another (Klar and Stalnaker
1979) in the isolated Snake Valley segment.
Fossils from Great Salt Lake (Stokes et al. 1964;
G. R. Smith et al. 1968) indicate S. clarki achieved
large size (greater than 70 cm standard length)
in Lake Bonneville, as it did in Utah Lake within
historic times (Cope and Yarrow 1875).

Gila atraria exhibits extensive local variation
in body size and shape, coloration and mer-
istic characters such as gill rakers (G. R. Smith
1978). Populations of the upper Snake River
and Bonneville systems thus show little var-
iation correlative with interconnective events.
Distribution of G. atraria in the upper Snake
River only above Shoshone Falls, a pattern
similar to that of other presumed Bonneville
fishes, implies its movement from south to
north. Late Dleistocene fossils from Great Salt
Lake terraces (G. R. Smith et al. 1968) and
from Black Rock Canyon, Tooele County, Utah
(R. R. Miller and Smith 1981), were clearly of
G. alraria.

Gila (Snyderichthys) copei has a distribution
incjuding Wood River system, Idaho. Wood
River is isolated north of lava flows of the
Snake River Plain and enters the Snake River
below falls that form a barrier to other Bonne-
ville fishes. Its occurrence in Wood River could
not be attributed to introduction by Hubbs
and Miller (1948a), and R. R. Miller (1945b)
considered the population differentiated from
others. The species otherwise is known from
uppermost Snake River and its tributaries in
Wyoming (Simon 1946). Occurrence of G. copei
above barriers may reflect a pattern of distri-
bution older than those influenced by Late
Pleistocene connections, yet R. R. Miller (195%q)
considered it a Bonneville species that has

moved from south to r orth. In the Bonnevilte
system it lives from Bear River south to head-
waters of the Sevier R ver.

Richardsonius balteati's iydrophlox may have
entered the Bonneville system from the north,
since it also now occur in parts of the Colum-
bia River Basin above tarrizr falls that predate
Bonneville-Snake Rivir connections (Hubbs
and Miller 1948a). The I"Miocene R. durranti from
the Snake River Plan is nearest R. baltcalus
(G. R. Smith 1975). Rl inicitthys cataractae also
most likely entered the Bonneville system from
the north (G. R. Smitl, 1981a), since it other-
wise inhabits northwestern North America
only through the Coluimbia River Basin and its
connectives. Jordan a1 d Evermann (1896) ac-
knowledged the relatively uniform morphol-
ogy of Rocky Mounain populations of R.
cataraclac and those of the Columbia and
Bonneville basins (as . c. dulcis), and Simon
(1946) referred all pooulations of the upper
Missouri {excluding Platte River), Snake and
Bear river systems of Wyoming to R. c. occlla.

Rhiniclthys osculus, as in the Lahontan sys-
tem and elsewhere, is not instruclive due to
lack of detailed taxoromic studies. It is rep-
resented in the Bonneville Basin by R. o. adobe
described from the Sevier River drainage,
populations from the northern Bonneville sys-
tem and adjacent Columbia Basin referred to
R. 0. carringtoni and a number of other isolated
races. It also presumably gave rise to an un-
described species of Rhinichthys (Apocope)
known from the Bonneville Desert (G. R. Smith
1978; R. R. Miller, 198:4). Simon (1946) attested
to the common occur-ence of R. 0. carringtoni
in the upper Snake an 1 Bear rivers, Wyoming,

Pantosteus platyrlyncus of the northern Great
Basin (including bo:h the Lahontan and
Bonneville systems) and uppermost Snake
River show concordarnce in characters sugges-
tive of recent genetic connections. G. R. Smith
(1966) suggested that the Snake River was oc-
cupied by a form of P. Jatyrhyichus most closely
allied to those of upprr Missouri or Green riv-
ers prior to overflow ¢ f Lake Bonneville. These




572 Zoogeography of Western Fishes and Intracontinental Tectonism

were presumably replaced by Bonneville stock.,
Populations of this species below Shoshone
Falls are sparse, scattered and possess char-
acteristics of fish from the Missouri River
drainage, while those above the Falls are “un-
differentiated assodiates of the Bonneville Basin
populations” (G. R. Smith 1966). Pantosteus
platyrhynchus from the Sevier River Basin, and
some isolated stocks derived from that sys-
tem, appear differentiated from those of the
northern Bonneville region. Hybridization with
introduced P. clarki has, however, been im-
plicated in some detected morphological dif-
ferences, at Jeast in the Shoal Creek drainage
(Koehn 1969).

Pantosteus discobolus in the upper Green River
(Colorado River Basin), uppermost Snake River
tributaries and the northeast Bonneville sys-
tem (Bear and Weber rivers) reflects both
drainage exchanges and major connections.
Characters of these populations suggest re-
cency of common ancestry.

Calostomus ardens, a species most intimately
related to the C. commersoni complex of eastern
North America (G. R. Smith et al. 1968; G. R.
Smith 1978), shows a distinctive “’Bonnevilie”
distribution above Shoshone Falls in the up-
per Snake River and lives throughout the
Bonneville Basin in larger streams and lakes.
A Pleistocene C. ardens from the Great Salt
Lake Basin closely resembled modermn skeletal
material (G. R. Smith et al. 1968). R. R. Mitler
(1959a) considered this species to have entered
the Bonneville Basin from the north, The nom-
inal Catostomus fecundus from Utah Lake (Cepe
and Yarrow 1875) was based on hybrids be-
tween C. ardens and Chasmistes liorus (R. R.
Miller and Smith 1981).

Cottus beldingi and C. bairdi semiscaber in the
Bonneville Basin are relicts isolated near the
southern limits of their ranges. Both are wide-
spread in tributaries of the upper Snake River
Basin (Bond 1963;'Dailey and Bond 1963).

Cf the seven species shared by the Bonne-
ville and upper Colorado River (P’rosopium wil-

liamsons, Salmo clarki, Rhinichthys osculus, Pan-
tosteus platyrhynchus, P. discobolus, Cottus bairdi
and C. beldingi), all are characteristic of or have
populations that ascend to high elevation and
thus are available for interbasin transfers
through stream captures. Colorado River pop-
ulations of S. clarki (S. c. pleuriticus), R. osculus
(R. 0. yarrowi) and Cottus (C. bairdi punctulatus,
C. beldingi annace) are differentiated from those
of the Bonneville and Snake River systems,
although R. osculus tends o vary radically and
distributions of the myriad of forms add little
information (R. R. Miller 195%a). The other
three species have differentiated only slightly
if at all in the two systems (R, R. Miller 195%a;
G. R. Smith 1966).

Fishes endemic to the Bonneville system
include lotichthys phlegethontis, a diminutive
cyprinid of uncertain generic affinities distrib-
uted in springs, marshes and smaller streams
near Great Salt, Utah and Sevier lakes. The
remainder are remnants of a Bonneville sys-
tem lacustrine fauna: Prosopium gemmiferunt,
P. spilonotus, P. abyssicoln, Chasmistes liorus,
Coltus extensus and C. echinatus.

Prosopium gemmiferum is known only from
Bear Lake (Snyder 1919b). It is so distinctive
as to have been placed in the genus Leucichithys
until Norden (1961) demonstrated its osteo-
logical alliance with Prosopium. Its relation-
ships are otherwise unknown, but it may rep-
resent an old endemic. Its closest geographic
relative is the Miocene-Pliocene P. prolixus of
southern ldaho (G. R. Smith 1975; Kimmel
1975). A Pleistocene fossil 95% separable from
P gemmiferum (G. R. Smith 1981a) from the
Great Salt Lake Basin (G. R. Smith et al. 1968)
may represent an inunediate ancestor from
which P. gemmiferum rapidly evolved, oris a
close relative (G. R. Smith 1981a). The age of
the Bear Lake system is not known, but a
succession of lakes from Miocene to Recent
{Peale 1879) may have provided a continuous,
albeit oscillaling, lacustrine habitat (R. R. Miller
1965). Prosopium spilonotus and P. abyssicola also
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are now restricted to Bear Lake. The former
also occurs as fossils in Great Salt Lake Basin
(G. R. Smith et al. 1968). Relationship of P.
spilonotus is to P. williamsoni or its ancestral
form (R. R. Miller 1965). Miller (loc. cit.) con-
sidered P. abyssicola autochthonous to the Bear
Lake-Bonneville system and derived from an
unknown ancestor.

Chasnustes liorus now lives only in Utah Lake,
but referred fossils are known from Late Pleis-
tocene Bonneville deposits in Toocle County,
Utah (along with Salmo clarki and Gila atraria).
Bright (1967) obtained material of a Chasmisles
related to C. liorus or C. muriei of the Snake
River Basin from Pleistocene beds of Thatcher
Lake, ldaho (R. R. Miller and Smith 1981).
Since a 1936 drought, Chasmistes 1. liorus has
been replaced through hybrid origin of C. L
mictus due to introgression of characters from
Calostomus ardens (loc. cit.). Relationships of
the Bonneville C. liorus are nearest C. cujus of
the adjacent Lahontan Basin.

Cottus echinatus and C. extensus are respec-
tively endemic to Utah and Bear lakes (Bailey
and Bond 1963). They belong to the C. bairdi
species group (Bond 1963) and presumably
represent carly invasions and lacustrine spe-
ciations from C. bairdi or its progenitor. Cottus
extensus was sympatric with C. bairdi in Great
Salt Lake Basin in the Late Pleistocene (G. R.
Smith et al. 1968). According to the last au-
thors C. cxtensus likely gave rise to C, echinatus
in Utah Lake through several cycles of desic-
cation and isolation. Coltus echinatus was ap-
parently forced to extinction by drought (Tan-
ner 1936).

Sacramento-San Joaquin System

The complex Sacramento-San Joaquin system
lies almost entirely within the state of Cali-
fornia. The Sacramento River originates in P’it
River near the Oregon-California border and
flows south to and through the Great Valley.
A now-closed basin, Goose Lake, spilled south

into Pit River in histori: time. Most other ma-
jor tributaries to the Sicramento drain west-
ward from the Sierra MNevada.

The San Joaquin River flows north in the
Great Valley from low2r elevation and more
arid southern California. Aridity results in
pronounced isolation ¢f headwaters, and the
Kern, Tule, Kaweah an 1 Kings rivers enter the
mainstream only in ex :eptional runolf yecars.
The Sacramento and San Joaquin rivers meet
in the central Great Va'ley to form a common
inland delta, then pass through the Suisun,
San Pablo and San Francisco bays to the Pacific
Ocean.

Some coastal streams of northern California
south of Klamath River (Mad River south to
crecks enlering Tomales Bay) have been dis-
cussed before. The Pajaro-Salinas complex and
the Clear Lake Basin lying within confines of
the Sacramento watershed all support ele-
ments of the Sacramerito River fauna (Moyle
1976a; ]. ]. Smith 1982; Taylor et al. 1982) and
are included here.

Much of the Sacramento-San Joaquin fish
fauna was described carly. Baird and Girard
(in Girard 1854) and Girard (1854) named Gila
crassicauda, Lavinia ex‘licauda, Hesperolewcus
symmelricus, Mylopharodon conocephalus, Archo-
plites interruptus, Cottus gulosus and Leptocottus
armatus. Food fishes, Spirinchus thaelichthys,
Orthodon microlepidotus, Pogonichthys macrole-
pidotus, Ptychocheilus grondis and Catostomus oc-
cidentalis, were descrited by Ayres (1854, et
seq.) from markets of San Francisco. Locking-
ton (1878) further reported on food fishes from
the area.

Zoogeography of thi: fauna stimulated early
surveys and publications on variation and dis-
tribution. Campbell (1882) presented notes
on McCloud River and :ts fishes. Jordan (1894)
published on freshwater fishes from San Luis
Obispo County, California. Clear Lake at-
tracted early investigat on (Jordan and Gilbert
1894) and has received substantial subsequent
work (Coleman 1930; Murphy 1951; Hop-
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kirk. 1973; Taylor et al. 1982). Snyder (1905,
1908a,c,d, 1913) produced a series of papers
on fishes of coastal streams from Oregon and
northern California south to Monterey Bay.
Branner (1907) noted drainage pecularities re-
flected in freshwater animals of Santa Clara
Valley. Rutter (1908) produced a summary of
past and original data for the entire basin. Sal-
monid fishes of the region were and are a
major natural resource (Evermann and Meek
1897), and Salme aguabonita, plus forms suck as
the still-unnamed Salmo sp. (redband), have stim-
ulated many workers (Evermann 1905; Need-
ham and Gard 1959; R. R. Miller 1950b, 1972b;
Schreck and Behnke 1971; Legendre et al. 1972;
Behnke 1972, 1979, 1981; Goldand Gall 19752, b;
Gall et al. 1976; Gold 1977). Notes on distribu-
tional records and listings of California fishes
contain many often obscure but important
references, which  were  summarized by
Moyle (1976a) and are mostly cited below.

Configuration of union of the Sacramento
and San Joaquin rivers and the sea, an inland
delta, than three downflow bays connectec by
narrow straits, results in complex interactions
of tides, river currents and salinity (Kelly 1956).
Salt water is kept from the Delta by river in-
flows, but relationships in bays are only gen-
erally those of ever increasing salinity as one
approaches the Pacific. Mixtures of marine,
euryhaline and freshwater fishes are common
in this area (Table 15.2), as in other estuarine
habitats of the California coast such as the
Salinas (Hubbs 1947)and Navarrorivers (Moyle
1976a). Ganssle (1966) considered only H spo-
mesus transpacificus and Spirinchus thalcichthys
as “truly resident” of the Suisun and San Pa-
blo bays. The latter also occupies Humboldt
Bay and Eel River. Spirinclus thaleichthys spavns
in the lower reaches of rivers. Clupea harengus
paliasi spawns in estuaries, and Engraulis mor-
dax is abundant in the Sacramento-San joa-
quin estuary in spring and summer (Ganssle
1966) and may be represented by an endemic
subspecies (Roedel 1953).

A total of at least 48 species of marine fishes
has been recorded in euryhaline waters of this
part of the California coast (Table 15.2). Typ-
ical forms include Hypomesus pretiosus, Ather-
inops affinis, Sygnathus leptorhynchus, Cymalto-
gaster aggregata, Clevelandia ios, Eucyclogobius
newberryi, Gillichthys mirabilis, Clinocottus acu-
ticeps, Leptocolius armatus and Platichthys slel-
latus (Ganssle 1966; D. J. Miller and Lea 1972,
1976; Moyle 1976a). Gasterosteus aculeatus is

* marine, estuarine or freshwater throughout

the area. Fundulus parvipinnis is at its northern
limit in the Salinas River (see however Swift
1980f). Widespread anadromous forms in-
clude Lampetra tridentata, L.rayresi, Acipenser
transmontanus, A. medirostris, Oncorhynchus spp.
and Salmo gairdneri. An anadromous stock of
Salmo clarki reproduces in the Eel River.
Among {reshwater fishes, Pogonichihys ma-
crolepidotus is perhaps the most salinity-tol-
erant cyprinid on the Delta (Messersmith 1966)
and was formerly widely distributed. The spe-
cies now is restricted to the Delta due to up-
stream alterations by man (Danicls and Moyle
1983). Orthodon microlepidotus, Plychocheilus
grandis, Gila (Temeculina{?}) crassicanda, Catos-
tomus occidentalis, Archoplites inferruptus and the
freshwater embiotocid Hysterocarpus traski are
or were abundant on the Delta and in sioughs
and other fresher parts of bays. Archoplites iu-
terruptus is extirpated from the Delta and is
rare elsewhere. Gila crassicauda is likely extinct
(R. R. Miller 1963a; Moyle 1976a). All the last
fishes range widely through lowlands of the
Great Valley and all but I macrolepidotus are
or were also in Clear Lake Basin (Hopkirk 1973;
Taylor et al. 1982) and some coastal drainages
{Moyle 1976a). A record of P. macrolepidolus
from the Russian River (Pintler and Johnson
1958) was considered questionable by Moyle
(1976a). Pogonichthys ciscoides of Clear Lake was
presumably derived from P. macrolepulotus
(Hopkirk 1973). Endemichthys grandipinnis, de-
scribed by Hopkirk (1973) from Clear Lake,
was dismissed as a hybrid between Lavinia
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exilicauda and Orthodon microlepidotus by Hubbs
{1974), an action followed by most subsequent
authors (see however Hubbs et al. 1979). Fur-
thermore, the name Endemichthys is preoccu-
picd according to Coad and Qadri (1978). We
are prone to retain the taxon pending clarifi-
cation of its status, but exclude it from Table
15.1.

Four Lahontan fishes are in the Sacramento
River Basin. Richardsonius egregius was re-
ported near Clear Lake (as Phoxinus clevelandi;
Eigenmann and Eigenmann 1889b) and in up-
per Feather (Rutter 1908) and Rubicon rivers
(Kimsey 1950). Calostontus tahoensis and P. pla-
tyrhynchus also are recorded from the upper
Feather River system (Rutter 1908; Murphy
1941; Kimsey 1950), and Coltus beldingi was
reported from one stream in the same area
(Rutter 1908). Moyle {1976a) further recorded
P, platyrhynchus(?) from the Sacramento River
mainstream, but he (pers. comm., 1983) con-
sidered the record questionable. G. R. Smith
(1966) noted the Feather River occurrence of
P. platyrhynchus as the only record of its genus
on the Pacific Slope of the Sierra Nevada. Al-
though he examined specimens collected by
Rutter, we can find no mention of their vari-
ational status, The area was intensively used
by gold seckers, lumbermen and ranchers in
the 1800s, and Rutter (1908) noted that carly
salmonid introductions from the Lake Tahoe
region could have been accompanied by other
species. Other workers have considered this
a distinct possibility (R. R. Miller 1946¢ [as
Pantosteus sp.]; Hubbs and Miller 1948a; Kim-
sey 1950; Moyle 1976a). Larly dates of collec-
tion for all four nevertheless argue against the
introduction hypothesis, as do the number of
species involved, but their rarity and (in part)
local distributions argue for it (Hubbs and Miller
1948a). They could represent relicts of pre-
Sierra Nevada uplift and drainage reversal at
the Sierra crest, or their presence may record
some later stream caplure.

Goose Lake derived much of its fish fauna

r

{rom the Pit River. Native species now present
are Lampetra tridentata, Salno sp. (redband),
Catostomus occidentalis, Gila bicolor thalassina,
Hesperolencus s. symmel-icus, Rhinichthys oscu-
lus and Cottus pitensis. Catostomus microps was
recorded from the basi: (Schultz and Delacy
1935; Bond 1961), but has not been taken there
for at least 50 years. C. E. Uond (unpublished
data) has intensively sampled the arca and
caught only C. occidenialis.

In discussing an hypothesized connection
between the upper Pit River and Klamath bas-
ins, Robins and Miller (1957) included Gouose
Lake in the zone of interchange. However,
there is little evidence of Klamath faunal cle-
ments in Goose Lake crainage. Gila b. thalas-
sina of Goose Lake Bas:n has higher gill raker
counts than either the Klamath or Pit River
populations (F. Bills, ur published data), which
may align it with G. b peclinifer or other La-
hontan lacustrine forris (R, R. Miller, pers.
comm., 1983). Neither Cottus asperrinus (a close
relative of C. lenuis o the Klamath) nor C.
klamathensis are in the Goose Lake drainage,
whereas C. pitensis is not in the Klamath drain-
age and landlocked La upetra tridentata of Kla-
malh River and Goose Lake drainages are ra-
cially or subspecifically distinct (C. E. Bond
and T. Kan, unpublislied data). Lampetra tni-
dentata does not penctrate to the upper Pit
River and L. lethophaja appears in the Pit
drainage only below Goose Lake. Either the
Klamath-Pit interchan ;e was downflow from
Goose Lake, or all Klariath forms that entered
that basin were extirpated and their influence
on Goose Lake forms s not detected. If G. b.
thalassina of Goose Lake originated in either
the Klamath or Pit svstems it has diverged
from the presumed ancestral stocks in gill raker
number and body shape.

Widespread specie: of the region may or
may not be represenied by distinet subspe-
cies. The nonparasitic Lanipetra pacificais wide-
spread at low elevatior in the Great Valley and
in coastal streams and is relatively uniform in
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morphology (Vladykov 1973). Orthodon riicro-
lepidotus (throughout the Sacramento and San
Joaquin rivers and their tributaries, in Clear
Lake and the Pajaro-Salinas complex), Piycho-
cheilus grandis (entire system with exceptions
of the remote Goose Lake and Kern River),
Mylopharodon conocephalus (absent from Coose
Lake and Kern River, and from coastal drain-
ages except Russian River) and Archoplites in-

lerruptus (Sacramento-San Joaquin and trib-

utaries, Clear Lake and Pajaro-Salinas system)
all appear morphologically uniform through-
out their ranges (Moyle 1976a). Cottus asper
and C. gulosus (both in coastal drainages and
at low elevations in the Great Valley) exhibit
substantial variability, as does Cottus aleuticus,
which reaches southern limits of its range in
coastal streams of San Luis Obispo County,
California (Robins and Miller 1957); non= has
been carefully studied throughout its range.
Interestingly, Rhinichthys osculus, a species
notorious for local variability and thus a
remarkably complex synomicon (LaRivers 1962;
Cornelius 1969), has not received taxonomic
recognition in the Sacramento-San Joaquin re-
gion. Itis in the main part of the system, Goose
Lake and Pit River drainages, "ajaro-Salinas
complex and a few coastal streams (Moyle
1976a).

In contrast to these taxa, the cyprinid genus
Hesperoleucus, as noted in part before, is rep-
resented by nominal species (Snyder 1913) in
the upper Pit River and Goose Lake (H. mi-
trulus), Navarro River (}{. navarroensis), sticams
tributary to Monterey Bay (H. subditus), Gua-
lala River (. parvipinnis), Russian River and
streams flowing into San Francisco Bay (H.
venustus) and of the Great Valiey and its trib-
utaries (H. symmetricus). These are currently
treated as subspecies of H. symmetricus. Lavi-
nia exilicauda is similarly represented by L. e.
exilicauda in main rivers of the Sacramento-
San Joaquin complex, L. e. chi from Clear Lake,
and L. e. harengus from Pajaro and Salinas riv-
ers (R. R. Miller 1945d; Hopkirk 1973). Gila

bicolor also is represented by local differentiae:
G. b. thalassina in Goose Lake and un-
described or poorly characterized forms in Hat
Creek and in parts of the Pit River other than
Hat Creek (G. bicolor subspp.). Forms reported
from the Sacramento-San Joaquin Valley (G.
b. formosa[?}; see Moyle 1976a and Hubbs et
al. 1979) may have resulted from mislabeled

* specimens (P, B. Moyle, pers. comm., 1983).

Catostomus occidentalis is the most widespread
species of this region, inhabiting along with
Salmo gairdneri (but in a far greater diversity
of ‘habitats) all parts of the Sacramento-San
Joaquin complex and associated coastal wa-
tersheds. Four subspecies were recognized by
Moyle (1976a): C. 0. occidentalis in Sacramento
and San Joaquin rivers and their tributaries,
Russian River, Clear Lake and streams tribu-
tary to San Francisco Bay (Snyder 1905, 1908a);
C. o. mniotilus in Pajaro and Salinas rivers
(Snyder 1913); C. o. humbeldtianum in the Eel,
Bear and Mad rivers (Snyder 1908d); and C.
o. lacusanserinus from Goose Lake Basin (Fow-
ler 1913) and likely the upper Pit River. Martin
(1967) demonstrated clinal tendencies in mor-
phology of C. occidentalis from Goose Lake,
down Pit River to the Sacramento. Hubbs et
al. (1979) considered populations from tribu-
taries to San Francisco Bay as another distinct,
undescribed subspecies, and combined C. o.
lacusanserinus with the typical subspecies. Hys-
terocarpus traski also shows differentiation, oc-
curring as H. t. lagunae in Clear Lake, H. {.
pomo in Russian River and . . traski in the
remainder of its range (Hopkirk 1962, 1973;
Baltz and Moyle 1981).

Remaining species of this fauna are isolates,
mostly in headwaler areas, and generaily are
endemic or representatives of species from ad-
jacent watersheds. Lampetra lethophaga is a
nonparasitic form shared by the Klamath and
Pit drainages; differentiated forms of L. fri-
dentata occur in Klamath River and Goose Lake
(C. L. Hubbs 1971; Kan 1975).

Salmo sp. (redband) also is restricted in dis-
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tribution in northern California (McCloud and
Pit rivers, Goose Lake and upper Klamath
River). It also occurs in some Oregon Lake
basins and in a restricted portion of the Co-
lumbia River system (Behnke in Moyle 1976a,
1981). Salvelinus confluentus in the McCloud
River is the most southwestern outlier of a
northem distributional pattern (Cavender 1978)
and was presumably derived from the Colum-
bia system.

Three catostomids occupy greatly restricted
distributions in northern parts of the system.
Catostomus microps is only in a few tributaries
of Pit River (Moyle and Marciochi 1975; Moyle
1976a,b; Moyle and Daniels 1982). As noted
before, Catostomus tahoensis occurs in upper
reaches of the Feather River system, as does
P. platyrhynchus; both are possibly introduced.

Coltus klamathensis, C. pitensis and C. asper-
rimus are in the Pit River. The first is more
widely distributed in the Klamath than in the
Pit River. Robins and Miller (1957) and Daniels
and Moyle (1984) considered the Pit River form
(C. macrops) as subspecifically distinct. Cotfus
pitensis is widespread throughout Pit River
system (Bailey and Bond 1963), whereas Cot-
tus asperrimus is restricted to its middle reaches
(Daniels and Moyle 1978; Moyle and Danicels
1982).

In southern California, the nominal Lam-
petra hubbsi, described from a canal in Kern
County (Viadykov and Kott 1976b) was re-
cently discovered in the Merced River, Cali-
fornia, and was further characterized by Vla-
dykov and Kott (1984). Salmo aguabonita is na-
tive only to the uppermost Kern River Basin,
southern California, from where it has been
widely introduced clsewhere (Gall et al, 1976).
It shares a Kern River distribution with §.
gairdneri gilberti (Moyle 1976a).

Relationships of the Sacramento-San Joa-
quin fish fauna are ancient and complex. Four
species, Ptychocheilus grandis, Orthodon micro-
lepidotus, Mylopharodon conocephalus and Arch-
oplites interruplus, had congeners in Miocene

Pliocene lakes of he Snake River Plain
(G. R. Smith 1975, 1'81a; Kimmel 1975). The
fossil Ptychocheilus arciferus from Idaho is more
closely related to P. grandis and P. oregonensis
than to P. lucius of the Colorado River system
(G- R. Smith 1975). C rthodon hadrognathus and
O. onkognathus of the Snake River Plain have
obvious relationships only to O. microlepidotus.
The fossil Mylopharoden hagermanensis was more
specialized than its Recent sister species M.
conocephalus (G. R. Smith 1975). Archopliles tay-
lori from Miocene and Pliocene deposits of
southern Idaho (R. I . Miller and Smith 1967;
G. R. Smith 1975; Ki-nmel 1975) is onc of sev-
eral fossil centrarchics distributed widely over
western North America in Miocene (Oligo-
cene?) through Pliocene deposits. In addition
to A. taylori, fossil Archoplites are known from
Miocene of northwestern Idaho (G. R. Smith
and Miller 1985) an{ eastern Oregon (R. R.
Miller and Smith 1981). Kimmel (1975) further
considered the Miovene Cottus calcatus from
southern Idaho as licely related to C. pitensis
(Pit River) or C. gulosus (lower Columbia River
Basin, Oregon coast and southern California
coast). These occurrrnces, along with a num-
ber of aquatic molluscs (D. W. Taylor 1960,
1966, 1985; Taylor ar d Smith 1981) support an
aquatic connection t5 the Pacific of the upper
Snake River across northern California. Other
species in Idaho lake beds are represented by
extant relatives in the Columbia River system,
in the Klamath River Basin, in northern and
northwestern North Amecrica (salmonids, one
catostomid and mos' cottids) or in the eastern
United States (one ic:alurid) (G. R. Smith 1975,
1978; Kimmel 1975).

The four Californ a species are further dis-
tributed as fossils within or near their pres-
ent ranges: Orthodo i microlepidotus, Pliocene
through Holocene; Mylopharodon concephalus,
Early Pleistocene ttrough Holocene; Prycho-
cheilus grandis (including P tularis; Jordan 1927),
Late Pleistocene through Holocene; and Ar-
choplites interruplus, Miocene, Pliocene and
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Holocene (Sinclair 1904; Jordan 1927; Casteel
and Hutchison 1973; Casteel and Rymer 1975;
Casteel and Adam 1977). Casteel and Adam
(1977) further reported two distinct, but un-
described species from Pleistocene beds near
San Francisco. One was a cyprinid remniscent
of some fossils from southern Idaho, and the
other a catostomid of unknown affinities.

The equally (or more) distinctive Pogon-
ichthys macrolepidotus, Lavinia extlicauda, Gila
crassicauda and Hysterocarpus traski are in Hol-
ocene deposits {mostly archaeological sites) of
the Sacramento-San Joaquin arca (G. R. Smith
1981a). They have not been recorded as fossils
in other regions, nor have fossils known to us
been referred to as relatives of these species.
G. R. Smith (1975), however, noted similari-
ties in osteology of P. macrolepidotus and the
extingt Idadon hibbardi (Pliocene Snake River
Plain). He further remarked that the Idadon
lineage “is now cither extinct or represented
by a completely generalized form such as Po-
gonichthys.” Taylor and Smith (1981) noted re-
semblances between Pliocene Gila spp. from
Honey Lake and Gila (Siphatcles) spp. from
Mopung Hills with the genus Lavinia. Hesper-
oleucus symmetricus has not yet been recorded
as fossils older than Late Pleistocene or Hol-
ocene (Casteel et al. 1977; G. R. Smith 1981a),
and Castostomus occidentalis, as with many spe-
cies just covered, is known only from Holo-
cene deposits. An additional freshwater em-
biotocid, Damalichthys saratogensis, is known
from Pliocene-Pleistocene strata of California
(Casteel 1978).

Colorado River Basin

This vast watershed comprises nearly 650,(00
km? of some of the most arid terrain in westorn
North America. It begins in Wyoming and
Colorado and collects water from parts of Utah,
New Mexico, Nevada, Arizona and California
in the United States, and Sonora and Baja Cal-
ifornia del Norte in Mexico (Fig. 15.1). The

now-isolated White River of Nevada entered
the system in Pleistocene or Recent time (FHubbs
and Miller 1948a), as likely did Rio Sonoyta of
Arizona and Sonora (treated later). Now-closed
basins of the Salton Sea, California, and La-
guna Salada, Baja California del Norte, plus
other smaller basins, have received Colorado
River walers in the past as parts of the com-
plex Colorado Delta system (Blake 1857; Sykes

- 1937).

As reviewed belore, this river consists of
discrete segments. The upper basin, Green
River and the mainstream Colorado plus their
tributaries, presumably terminated in closed
basins prior to Pliocene. A contemporary mid-
dle segment now represented by the Little
Colorade (Childs 1948), Virgin and White riv-
ers, and perhaps in part by Bill Williams Basin,
drained southwest from the Colorado Plateau.
The lowermost portion consists of Gila River,
which was incorporated after recession of the
Miocene Bouse Embayment.

Fishes in this region attracted carly atten-
tion because of their uniqueness. Baird and
Girard (1853a—, 1854) and Girard (1857a,b,
185%a)described alarge percentage of the fauna
based on specimens obtained during regional
military operations and the U.5. and Mexican
Boundary Survey. Taxa now recognized in-
clude Agosia chrysogaster, Gila elegans, G, inler-
media, G. robusta, Mcda fulgida, Plychocheiius
lucius, Rhiniclthys osculus, Tiaroga cobitis, Pan-

tosteus clarki, Catostomus insignis and C. latipin- -

nis. Abbott (1861) characterized Caslosto-
mus lexanus (= Xyrauchen texanus). Cope
(1872a), described Salmo pleuriticus (= S. clarki
pleuriticus), named Lepidomeda vitlata and 'la-
goplerus argentissimus (Cope 1874a) and Cope
and Yarrow (1875) reported on fishes obtained
from 1871 to 1874 during the Wheeler Surveys.
Jordan (1878a, 1886, 1891a) reviewed most of
Girard’s nominal species and reported (1891b)
on specimens he obtained from the upper basin
in 1889. Kirsch (1889) reported on Gila River
fishes from Ft. Thomas, Arizona. C. H. Gilbert

r
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(1893) included a description of Cyprinodon ma-
cularius baileyi (= Creniclithys baileyi; Hubbs
1932) from the White River in his report of the
Death Valley Expedition. Evermann and Rut-
ter (1895) summarized information on fishes
of the Colorado River Basin and C. H. Gilbert
and Scofield (1898) published on collections
from Arizona and from the Colorado Delta in
Mexico.

After turn of the century, Chamberlain (1904
unpublished) sampled in southern Arizona (R.
R. Miller 1961b; Minckley 1969a, 1973) and
Snyder (1915) reported on fishes collected by
naturalist-mammalogist E. O. Mearns (1894
unpublishedy) in rivers tributary to the Gulf of
California. Ellis’ (1914) Fishes of Colorado closed
this period of active research. For the next two
decades fishes of the Colorado Basin were
scarcely mentioned in the literature,

In the 1930s, V. M. Tanner began his studies
in Utah and Nevada, describing Notolepido-
myzon utaliensis (= Catostomus {Pantosteus] clarki,
Fide. G. R. Smith 1966) in 1932, N. intermedius
(= C. [P.] clarki, Fide. Smith} in 1942 and Gila
Jordani (= G. robusta jordani) in 1950. He also
summarized information on Utah fishes (Tan-
ner 1936). C. L. Hubbs began publication on
Colorado River fishes about this time (1H{ubbs
1932, 1953, 1954, 1955; Hubbs and Miller 1941a,
1948a,b, 1953; Hubbs ct al. 1943) and his work
was carried on and expanded by R. R. Miller
(1943a, 19464, 1950b, 1952, 1955b, 195%, 1961b,
1963b, 19720, 1981; Miller and Winn 1951; Winn
and Miller 1954; Miller and Hubbs 1960).

Subscquent works covering the Colorado
River Basin, in addition to those already cited,
included Beckman (1953) and Everhart and
Seaman (1971) for Colorado; Simon and Simon
(1939), Simon (1946) and Baxter and Simon
(1970) for Wyoming; Sigler and Miller (1963)
for Utah; LaRivers (1952), LaRivers and Tre-
lease (1952), LaRivers (1962) and Deacon and
Williams (1984) for Nevada; Koster (1957) for
New Mexico; R. R. Miller and Lowe (1964) and
Minckley (1971, 1973) for Arizona; Evermann

and Clark (1931), Shapcvalov (1941), Shapov-
alov and Dill (1950), Shapovalov et al. (1959),
Moyle (1976a) and Hub ss et al. (1979) for Cal-
ifornia; and Follett (1961) and Castro-Aguirre
(1978) for the Coloradc Delta. Contributions
by Molflett (1942), Dill (1944) and Wallis (1951)
on development on the nonnative fisheries of
the lower Colorado River included valuable
historic information, as did Evermann (1916)
and Walker {1961) on ‘he Salton Sea. Much
information published sn the Colorado River
fauna since 1960 has dealt with its endangered
status (R. R. Miller 1967b, 1963b, 1972a, 1979;
Minckley and Deacon 1963; Minckley 1965,
1969b, 1973, 1983; Pister 1974, 1981; Deacon
1979; Deacon et al. 1979; Johnson and Rinne
1982; Minckley and Gustafson 1982; others).

Deltaic habitats of tte Colorado River were
severe, plagued by high siltation rates and
variations in position of distributaries (Sykes
1937), remarkably high tides (to 9 m), an un-
predictable tidal bore that passed many tens
of kilometers upstrear and seasonally high
waler temperatures and salinilies that must
have limited fish distributions. The Delta now
is highly modified. The Colorado River is con-
trolled by dams to a voint that occasionally
includes total cessation of flow. Sedimentation
is curtailed by upstreary entrapment of debris
in reservoirs (Minckley and Rinne 1985), as is
input of dissolved nutrients to both the Delta
and the Gulf (Thomson et al. 1979; Paulson et
al. 1980). Arcas of estuarine sloughs and del-
taic distributaries lined by riparian forests and
scrublands as described by Sykes (1937) are
replaced by hypersaline plains devoid of plants
or supporting only ha’ophytes (W. L. Minck-
ley, unpublished data’. Other places such as
Laguna Salada and the Salton Sea receive
walers enriched by dcmestic sewage and in-
organic fertilizers from « gricultural inflows, and
arc variably hypersalit e as a result of evapo-
ration rates greater tha 1 2 r per year and salts
leached from surround ing fields.

Few data are availavle on original or pres-
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entichthyofaunas of the Colorado River Deilta.
Early workers (Orcutt 1890, 1891; C. H. Gilbert
and Scofield 1898; Fowler 1913; Mearns 1894
unpublished; Jordan and Richardson 1907;
MacDougal 1907; Grinnell 1914; Snyder 1915;
Hubbs, in Follett 1961) recorded Xyrauchen tex-
anus, Gila (G.) elegans, Ptychocheilus lucius, Cy-
prinodon macularius (in part as “Lucania brewni”),
Mugil cephalus (in part as M. mexicanus), Gill-
ichthys mirabilis (as G. detrusus) and Paral-
ichthys acstuarius (Table 15.2). Elops affinis pen-
etrates to Imperial Dam, Arizona-California,
and formerly into the Salton Sea (Glidden 1941;
Dilt and Woodhull 1942; Shapovolov, in Follett
1961; Minckley 1973, 1979; Minckley and Brown
1982), and is locally common on the Delta
(W. L. Minckley, unpublished data). Mugil ce-
phalus moves upstream to Palo Verde Diver-
sion, Arizona-California (Minckley and Brown
1982) and also was present in the Salton Sea
before presumably being excluded by ircreas-
ing salinity (Evermann 1916; Thompson and
Bryant 1920; Coleman 1929; Dill 1944; Hen-
dricks 1961). Lleotris picta was recorded by
Hubbs (1953) from Winterhaven, California,
but has not again been taken. Walker and
Hubbs (in Follett 1961) added Micropogonias
megalops, Cynoscion xanthulus and C. macdon-
aldi to this list. Gila elegans, P. lucius, X. texanus,
a species of Salmo and C. macularius, ir. addi-
tion to marine fishes, entered Salton Sea when
it received Colorado River water in 19041907
{Evermann 1916; Walker et al. 1961), and re-
mains of the first three species in archaeolog-
ical sites and other deposits indicate their for-
mer presence there and elsewhere in closed
basins of the Delta (Hubbs 1960; Follett 196%;
Wilke 1980). Marine, estuarine and freshwater
deposits of the lower Colorado River have as
yet yielded only Pliocene fossils of marine-to-
brackish invertebrates, charophytes and the
marine atherinid Colpichthys regis, which re-
mains restricted to the northern Gulf of Cal-
ifornia (Todd 1976).

Castro-Aguirre (1978) reviewed cont nental

occurrences of marine fishes in Mexico and
came up with an impressive list of spedes from
lowermost Colorado River (Table 15.2). Thirty
species, in addilion to those given above, were
reported as gleaned from eartlier literature
(Norman 1934; Fowler 1944; Berdegue 1956;
Castro-Aguirre et al. 1970; Arvizu-M. and
Chavez 1972) or bascd on original collections.

Freshwater fishes of the Colorado River are
separable into three major categories: (1) “'big-
river fishes,” largely endemic, that range
throughout the system in larger streams; (2)
endemic species that occupy smaller strcams
atlow to intermediate elevations; and (3) high-
or intermediate elevation components that are
mostly shared with or have near relatives in
adjacent drainages.

Big-river fishes share an array of morphol-
ogical adaptations that make them collectively
one of the most distinctive faunas in North
America (Hubbs 1940a, 1941; Deacon and
Minckley 1974). Many are large in size, most
have leathery skins with reduced and embed-
ded scales, all have expansive variably falcate
fins and some deveclop an unique, hump-
backed physiognomy and/or pencil-thin cau-
dal peduncles. Ptychocheilus lucius is the larg-
est North American cyprinid, approaching 2.0
m in total length, and Gila elegans, G. (G.) cy-
pha, G. (G.) robusta, Xyrauchen texanus, Panlos-
teus discobolus and Catostomus latipinnis regu-
larly exceed 40 cm in total length. All of the
above, plus the smaller Plagopterus argentissi-
mus and mainstream forms of Rhinichthys os-
culus, have modified skins and large fins. Gila
elegans, G. cypha and X. texanus (especially the
last two) have pronounced predorsal humps.
Thin caudal peduncles are characteristic of G.
elegans, G. cypha and some populations of C.
latipinnis and P. discobolus (Hubbs 1940a, 1941;
G. R. Smith 1966; Minckiey 1973, 1980d; G. R.
Smith et al. 1979).

Relationships of this fauna are to the north
and northwest, to the south or are conjectural
for some autochthonous forms. Ptychocheilus
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Iucius is obviously related to its congeners of
the Sacramento-San Joaquin Basin and north-
ward, but is highly differentiated and most
closely aligned with the fossil P prelucius in
Miocene (Baskin 1975, 1978) Bidahochi lacus-
trine deposits of Arizona (Uyeno and Miller
1965; G. R. Smith 1981a). Fossils from that
deposit also included an extinct, monotypic
cyprinid genus Evomus (L. navaho) of un-
known relationships, an extinct cyprinid spe-
cies referred to Gila (?G. cristifera), but with
characters reminiscent of the genera Acro-
cheilus and Pogonichthys and material refer-
rable to Gila cf. robusta. Some of the last fossils
share features with modern, big-river forms
(G. clegans, G. cypha), which led Uyeno and
Miller (1965) to speculate thal large, swift-water
habitats were already present at the time.

Rhinichthys osculus of big-river habitats is
likely derived independently from popula-
tions of smaller, higher-elevation tributaries
(Minckley 1973) and is widely distributed both
west and north of the river basin. Catostomus
latipinnis also appears most closely related to
species of the north and west on the basis of
the cladistic analysis of G. R. Smith and Kochn
(1971) and negative evidence (absence of fine-
scaled Catostomus to the south). Catostomus la-
tipinnis is known from Pleistocene beds of the
Little Colorado River Basin (Uyeno and Miller
1963, 1965). Pantosteus discobolus was consid-
cred by G. R. Smith (1966, 1978} a sister spe-
cies of P. clarki of the lower Colorado River
Basin. It otherwise occurs in the upper Snake
River and Bear and Weber rivers of the Bonne-
ville system. Variation in this species may be
more reflective of local ecological conditions
than of phylogenetic consequence (G. R. Smith
1966).

A Gila robusta complex now occurs from the
Colorado River Basin far south into Mexican
drainages (R. R. Miller 1959a; G. R. Smith et
al. 1979; Holden and Minckley 1980). Gila ele-
gans and G. cypha are specialized derivatives
of the G. robusta complex, which may have

arisen in response to special conditions in large,
erosive, Colorado River habitats (G. R. Smith
et al. 1979). Xyrauchen texanus also is endemic
and its relations otl.er than generally to the
genera Catostomus an 4 Clhasmistes (Nelson 1948;
Hubbs and Miller 1953; R. R. Miller 1959a) are
unknown; R. R. Millzr and Smith (1981) noted
a closer relationshin of Xyrauchen with the
subgenus Deltistes o Calostomus than to other
catostomid groups. A well-preserved Pleis-
tocene fossil Xyrauci:en from the Colorado De-
sert west of the Salton Sea is clearly X. texanus
(M. A. Roeder, pers. comm., 1982). Plagopte-
rus argentissimus is a member of the distinctive
tribe Plagopterini.

Faunal endemism at intermediate eleva-
tions is due in larg: part to the tribe Plagop-
terini, comprised o Mcda fulgida of the Gila
River Basin, Lepidoiteda spp. and Plagopterus
argentissimus. This zroup is characterized by
ossificalion and other spinelike modifications
of the two anteriormost dorsal rays and pelvic
rays (Cope 1874a; R R. Miller and Hubbs 1960;
Minckley 1969d). M ller and  lubbs postulated
that the group arose from:

a species of Gila or from a similar, relatively un-
specialized cyprinid genus; that Lepidomeda rep-
resents the ancest-al type of the tribe; and that
the more specializad genera, Meda and Plagop-
terus, arose from [epidomeda in the same [Colo-
rado River] river system.

Ancient origin for the group is indicated by
presence of the gen 1s Lipidomeda on both sides
of the Colorado River, which must have formed
a major barrier to tt ese fishes after it achieved
its present positior , size and character. Each
major tributary to the middle segment has one
or more form of Lepidomeda (R. R. Miller and
Hubbs 1960): L. vi:tata in the Little Colorado

" above Grand Falls R. R. Miller 1963b; Minck-

ley and Carufel 1907); L. m. mollispinis and L.
m. pratensis in Virgin River system; and L. al-
bivallis and L. altivelis in springs along the course
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of White River. Species of Lepidomeda other
than L. villata could well have differentiated
in the Virgin-White rivers complex since Pleis-
tocene (R. R. Miller and Hubbs 1960). Meda
fulgida is isolated in Gila River Basin, likely
from before its integration with the lower Col-
orado River mainstream. Plagopterus argeiulis-
simus, unlike other plagopterines, exploits swift,
seasonally hot and turbid rivers. it formerly

occupied the Gila River from Tempe to near

Yuma, Arizona, and now is isolated ir the
Virgin River mainstream, Utah-Arizona-Ne-
vada (R. R. Miller 1961b; Minckley 1969d, [973;
Cross 1975; Deacon 1979).

The Virgin-White rivers system supports a
significant number of additional endemic fshes
(Cross 1975; Williams and Wilde 1981; Hardy
1982). Gila robusta jordani was distributed in
Crystal and Hiko springs and Pahranagat River
downstream from Ash Springs (Tanner 1950;
LaRivers 1962). The nominal Pantosteus inter-
medius, referred to Catostomus () clarki by G.
R. Smith (1966), also was widespread in the
White River system. Two morphological types
of Pantosteus sp. also occur in the Virgin River
system (R. R. Miller and Hubbs 1960; Minck-
ley 1973) and another is known from the Bill
Williams River Basin (Minckley 1973). All ‘were
also referred to C. (P.) clarki by G. R. Smith
(1966 et seq.). Rhinichthys osculus is locally dif-
ferentiated as is typical of the species through-
out its range, consisting of R. o. velifer in Pah-
ranagat Valley, R. osculus subspecies in White
River, R. 0. moapae in Moapa River, the more
widespread R. o. yarrowi in Virgin River Easin
(R. R. Miller and Hubbs 1960; Williams 1978;
R. R. Miller 1984) and elsewhere in the upper
Colorado River system, and others. Moapa cor-
iacea is a thermal isolate in warm springs form-
ing sources of the Moapa River (Hubbs and
Miller 1948b; Deacon and Bradley 1972; Cross
1976), a tributary of Virgin River prior 1o clo-
sure of Lake Mead. Relationships of the mono-
typic genus Moapa are unknown, but appear
to include features indicative of the same line-

age as Agosia, Rhinichthys and Gila (Iubbs
and Miller 1948b).

Crenichthys baileyi also is represented by iso-
lated subspecies (C. b. baileyi, C. b. albivallis,
C. b. grandis, C. b. moapae, C. b. thermoplilus)
in remnant springs of the White River Basin
(Williams and Wilde 1981) and by C. nevadac
in the adjacent, now disjunct Railroad Valley
(Hubbs 1932; Deacon 1979). W. L. Minckley
(unpublished data) identified pharyngeal bones
of Empetrichthys from the Pleistocene(?) Glen-
dale Formation, southern Nevada {see Van
Devender and Tessman 1975).

In addition to special fishes already dis-
cussed, the Virgin River is inhabited by Ca-
tostomus latipinnis and the distinctive Gila ro-
busta seminuda (Cross 1975, 1978). The former
in mainstream Virgin River is typical of the
spedies as described by Baird and Girard (1854)
from the Gila River Basin, but represented in
tributaries by a coarse-scaled form (or separate
species) (Minckley 1980d). The last may have
been recorded by G. R. Smith (1978) as C.
insignis. Gila r. seminuda shows characters in-
dicating possible hybrid origin involving G. r.
robusta and G. elegans (G. R. Smith et al. 1979).

The Little Colorado River now supports an
undescribed Catostomus. presumably derived
from C. latipinnis (Minckley 1973); Pleistocene
fossils from that basin were referred to C. la-
tipinnis (Uyeno and Miller 1963). Minckley
(1980d) hypothesized this form might also be
represented in tributaries of the Virgin River
Basin (see above). Pantosteus discobolus from
Little Colorado Basin also is distinct from those
in the mainstream Colorado River in having
a thick body, short fins and remaining rela-
tively small in adult size (Minckley 1973). The
headwater form of P. discobolus isolated in Zuni
River (tributary to the Little Colorado) has been
referred to P. d. yarrowi. lts distinctiveness is
in part a function of introgression of genes
from P. plcbeius, presumably resulting from a
Late Pleistocene stream-capture transfer of that
species from the Rio Grande Basin (G. R. Smith
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1966; G. R. Smith and Kochn 1971; G. R. Smith
et al. 1983).

Records of G. clegans (as G. robusta clegans;
Hemphill 1954) from the upper Little Colorado
are doublful. Rinne (1976) examined speci-
mens from that system and referred them to
a form of G. robusta, and G. R. Smith et al.
(1979} cast doubt on the Zuni River as a type
locality for G. elegans. That specics, along with
G. robusta and P. lucius, penetrated the Little
Colorado only to the base of Grand Falls in
historic time (R. R. Miller 1963b; G. R. Smith
et al. 1979).

With notable exceptions the Gila River ich-
thyofauna also includes a number of species
at low and intermediate elevations that are
found only there. Big-river fishes and Meda
fulgida are joined by the endemic Tiaroga cob-
itis, a darter-like cyprinid of uncertain generic
relations (Minckley 1980b), but likely a sister
taxon of Rhinichthys osculus. The true Pantos-
teus clarki of the Gila system also occurs in Bill
Williams drainage to the northwest (Minckiey
1973), but does not range into Mexico except
in the uppermost Santa Cruz River (Gila River
Basin). Gila (G.) intermedia is a thick-bodied,
coarse-scaled inhabitant of springs, marshes
and creeks. It is restricted to the Gila River
Basin.

The Gila River fauna also includes Agosin
chrysogaster, which reaches the northern limit
of its range in Bill Williams River and is the
commonest fish in that (Kepner 1980, 1981)
and the Gila watersheds (Minckley and Barber
1971; Minckley 1973; Kepner 1982). Relation-
ships of Agosia are possibly with Moapa, al-
though affinities also are demonstrable with
Gila and Rhinichthys (Hubbs and Miller 1948b)
and many phenetic features are reminiscent
af species of the Mexican genus Algansea (D.
A. Hendrickson, unpublished data). Gila ro-
busta is widespread, occurring as a confusing
array of body shapes ranging from a slim riv-
erine form representing G. r. robusta to a thicker-

bodied, creek-dwelling kind referred by Rinne

(1976) to G. r. grahami. Catostonius insigis is i
northern representative of a widespread group
of northwestern Mexico. Pocciliopsis 0. occiden-
talis also is such a species, being the most
northern representative of its Neotropical ge-
nus (Rosen and Bailey 1963) that once swarmed
in streams of the Sonoran Desert in the Gila
drainage (Hubbs and Miller 1941a; Minckley
1969¢, 1973; Minckley et al. 1977; Mefle et al.
1983). Cyprinodon ma. ularius is a Gila-lower
Colorado River form ( lubbs and Miller 1941a;
R. R. Miller 1943a; Tu-ner 1983) related to the
large pupfish fauna of the Mexican Plateau (R.
R. Miller 1981).

Among fishes of o 1r third category, Salmo
apache is widely distrivuted in the upper Salt
River of the Gila Basin and also occupies head-
watler creeks in the Little Colorado drainage
(R. R. Miller 1950b, 1972b; Rinne and Minckley
1985). Salme gilae also lives (or lived) in trib-
utaries of Verde River, Arizona (where ex-
tirpated and reintroduced), and in uppermost
Gila River headwaters in New Mexico. Rela-
tionships of these trouts remain conjectural
(R. R. Miller 1950b, 1972b; Needham and Gard
1959, 1964; Behnke 1970, 1979, 1981; Schreck
and Behnke 1971). However, recent biochem-
ical studies indicated they are closely related
to one another and ire genctically nearer 5.
gairdneri than to the [ darki lineage (W. Lou-
denslager, pers. com n., 1982). We rctain the
opinion of Minckley (:973) that they are closely
related to Mexican pcpulations, and achieved
their present highlard distributions early in
development of preseat drainage relations. The
progenitor of S. apach: must have invaded the
White Mountains of Arizona after their for-
mation through volcinism in Late Cenozoic
(Merrill and Péwé 1¢77). Rinne (1976) attrib-
uted absence of othe: than G. r. robusta in the
Salt River to reinvasic n after volcanism. Salmo
gilac and other forms of G. robusla persisted in
tributaries of the Ver le and upper Gila rivers
remote from White Mountain lavas (Minckley
1973; Rinnc 1976). Mcvements between upper
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parts of lesser rivers, such as of S. apache be-
tween the Salt and Little Colorado, may be
attributed to local stream transfers.

The fish of most obvious northern deriva-
tion in the Gila River Basin is Rhinichthys o.
osculus, represented perhaps also in the Bill
Williams drainage. The species has not pen-
etrated Mexican watersheds not connected with
the Gila River. In the Little Colorado Basin
this minnow has not been referred to any de-
scribed subspecies, but resembles R. 0. yar-
rowi. Minckley (1973) noted that a “"northern
form” and R. o. osculus “inlergrade chaoti-
cally” in a band along the Mogollon Rim, which
was attributed to repecated stream captures
across that escarpment. The form of R. osculus
upstream from Grand Canyon has been called
R. o. yarrowi (Simon 1946; Sigler and Mliller
1963; Hubbs et al. 1974), with relationships to
Great Basin subspecies (Hubbs and Miiller
1948a). Other forms identified from the Col-
orado River Basin include R. deaconi that oc-
curred in the now-dry Las Vegas Wash, south-
ern Nevada (R. R. Miller 1946b, 1984), and the
isolated R. o. thermalis from Kendall Warm
Spring, Wyoming (Hubbs and Kuhne 1937).

Other northern taxa known only {rom the
upper Colorado River Basin differ at the sub-
specific level or are undifferentiated rom
counterparts in adjacent watersheds. Salme
clarki pleuriticus is in extreme headwaters of
Green River, Wyoming (Simon 1946), tribu-
taries of Green River as far south as inflow of
the Colorado River, in the Dirty Devil River
and in headwaters of Fremont River, Utah
(Sigler and Miller 1963), and in remote creeks
and lakes of Colorado and San Juan head-
waters in Colorado (Ellis 1914); related sub-
species are in all surrounding basins (R. R.
Miller 1972b; Behnke 1981). Prosopium william-
soni and Collus bairdi punctulatus are at high
elevations in Wyoming, Utah and Colorado;
the latter also is in the uppermost San Juan
River, New Mexico (Koster 1957). Cottus bel-
dingi is represented in parts of the upper Col-

orado River Basin by C. annace (synonymized
with C. beldingi by Bailey and Bond 1963). Pro-
sopinm williamsoni and relatives of the two Cot-
tus spp. are widely distributed in the Great
Basin and upper Columbia systems (Bailey and
Bond 1963; Scott and Crossman 1973). Panlos-
teus platyrhynchus in the upper Colorado Basin
show features aligning them with populations
of both Great Basin and upper Missouri River
drainages (G. R. Smith 1966).

Southwestern California and
Northwc-tern Mexico

Coastal mountains of southweslern California
south of the Salinas River and those of north-
western Baja California give rise to short rivers
that flow directly into the Pacific. Most of the
remainder of Baja California is too arid to sup-
port permanent surface walers, exceptions
being springs such as those near San Ignacio
(Goldman 1951) and Rfo San Juan del Cabo
that drains mountains of the tropical tip of the
Peninsula (Tamayo and West 1964). The Basin
and Range and Sierra Madre Occidental of the
mainland, however, produce numerous rivers
of diverse sizes and configurations. Those
containing fishes are, from north to south, the
Rios Sonoyta, Concepcién (= Altar or Mag-
dalena), Sonora, Matape, Yaqui (with two ma-
jor branches, the Rfo de Bavispe and Rfo Pa-
pigochic), Mayo, Fuerte, Sinaloa, Mocorito,
Culiacén, San Lorenzo, Elota, Piaxtla, Presi-
dio, Baluarte, Acaponcta and San Pedro (with
an upper tributary, the Rfo Mezquital). An
increasing rainfall gradient (Vivo-Escoto 1964)
and greater contributions of high-elevation tri-
butaries from the well-watered Sierra Madre
result in increased river discharges with de-
creasing latitudes (Tamayo and West 1964).
These rivers pass to the sea over coalescing
deltas, forming a coastal plain that becomes
narrower north o south to the area of the Rios
Elota and Piaxtla, then again widens toward
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mouths of the Rio San Pedro and Rfo Grande
de Santiago. Where relatively wide coastal
plains exist, major rivers have changed their
courses over time, allowing coastal distribu-
tions of some fishes to be readily explained.
For example, the Rio San Pedrowasa tributary
to the lowermost Rfo Grande de Santiago until
about 500 years ago, when the latter shifted
its mouth to enter the sea independently (Cur-
rey et al. 1969).

The large Rios Yaqui, Fuerte and San Pedro
watersheds extend castward from arid or semi-
arid lowlands to and through highlands of
the Sierra Madre to the Mesa del Norte. These
rivers are complexes of subbasins, with chan-
nels reflecting structural control in their long-
est reaches. This is especially evident in the
Rio Yaqui Basin, where long reaches flow a
few degrees west of north, then short reaches
breach mountain trend-lines from northeast to
southwest (Hendrickson et al. 1981). Rivers
draining northeast to southwest prior to Basin
and Range formation (Melton 1960) are thought
to have maintained their through-cutting ca-
pabilities as that event progressed, contrib-
uting deep-cut canyons (or barrancas) to the
present physiography. Formation and expan-
sion of north-south-oriented structural blocks
and troughs provided valleys and highlands
that now direct much of the surface drainage.
The Rio Fuerte and more southern water-
courses assume more typical dendritic pat-
terns as Tertiary lavas become thicker and the
Sierra Madre Occidental heightens (Fig. 15.2).
Lava dams and diversions become more evi-
dent, and series of lacuslrine deposits indi-
caling consecutive natural lakes along river
channels become common to the south (Bar-
bour 1973b). Some rivers have barrier falls,
effectively isolating upper and lower seg-
ments (for example, Albritton 1958).

Troughs followed by major rivers were sub-
jected to alluviation and local (or regional) al-
titudinal adjustments that transferred major
portions of drainages from one watershed to

another. The Rio de Bavispe-San Bernardino
trough, passing from Honora into southeast-
ern Arizona, is such . probable connection
between the present Gila River and the Rio
Yaqui basins (Blasquez 1959). As compiled by
Hendrickson et al. (1981):

Melton (1960) proposec that the upper Gila River
followed the San Simon Trough southeast, re-
ceived the Rio de Bavispe or its precursor, then
passed westward to coancct with the Santa Cruz
Trough of southern Arizona, through which it
descended to the Phoer ix basin. Continuing uplift
in middle Pliocenc severed the connection be-
tween the Gila and Sarta Cruz rivers. The upper
Gila River then flowed: south into México (Kot-
tlowski et al. 1965), or vas ponded in the vicinity
of Safford, Arizona (Mellon 1960), or upstream
near the Arizona-New Mexico border (Cooley
1968). It eventually flywed northwest through
the Safford Valley to possibly enter the Salt River
northwest of Globe (M elton 1960) and again join
the Phoenix basin. “he Mexican headwaters
continued to flow norlhwward into the San Simon
Trough or Sulphur Springs Valley, accounting
perhaps for some of the vast deposition of the
latter (more than 1,50 m; Meinzer and Kelton
1913). By early Pleistocene the Gila River had
succeeded in cutting o the southwest, reoccu-
pying the gorge through the Mescal Mountains
and establishing connaction to the Sea of Cortez,
either directly or thrmugh the lower Colorado
River. Melton (1960) g roposed that drainages of
northern México tume 4 southward near this time
to occupy the lower Uo de Bavispe. This may
have resulled from general upwarping to the
north, which caused massive stripping of allu-
viuin from former basin fills (Simon 1964; Cooley
1968). Antecedent channels north of Tertiary la-
vas of the Sierra Madre Occidental also were
available to facilitate 'his transfer. Lava flow in
the vicinity of the Sar Bernardino Ranch, Coch-
ise County, Arizona, -onsidered by Sauer (1930)
as . . . recent, almost current,” plus uplift of the
Chiricahua Mountain mass, also must have as-
sisted in southerly diversion of those systems.

Integration of parts of the Mesa del Norte
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into Pacific drainages also occurred through
massive headwater erosion. Examples are the
extensive Rio Papigochic Basin of the Yaqui,
the uppermost Rio Fuerte, parts of the San
Pedro Basin (Rfo Mezquital) and likely other
headwaters that support fishes of castern de-
rivation. Uplift of Mesa del Norte stimulated
increased precipitation, which accelerated
erosion further to produce spectacular bar-
ranca topography along plateau margins (King
1939). Drainages and ancient lakes of the Mesa
del Norte, parts of a formerly and presently
integrated middle Rio Grande system (includ-
ing the Lago de Guzmin complex [Rios
Mimbres, Casas Grandes, Santa Marfa and del
Carmen]}, Rio Conchos and associated closed
basins and Rivs Nazas-Aguanaval) thus con-
tributed watersheds and fishes to western
México (Meek 1904; Belcher 1975; R. R, Miller
1978, 1981; Smith and Miller, Chapter 13).
Minor stream captures also are evidernit, not
only in montane segments, but also on rela-
tively undissected surfaces of the Mesa del
Norte. Meek (1903) noted that Rio Papigochic
formerly drained through Laguna Bustillos (his
Lago de Castillos) into Rfo Santa Marfa, a fea-
sible connection that is, however, not sup-
ported by the present fish fauna (R. R. Miller
1981). R. R. Miller (1959a) suggested a minor
stream capture by the Papigochic from the Rio
Conchos 45 km south of Minaca, Chihuahua,
and also noted Rio Papigochic would be a trib-
utary of the Casas Grandes did it not abruptly
cross the mountains northwest of Midaca to
enter the Yaqui complex. Hendrickson et al.
(1981) pointed out an obvious capture of La-
guna de los Mexicanos by the Papigochic, re-
moving it from earlier probable connections
to the Conchos or Santa Maria. Capture of the
Guadiana Valley, formerly a tributary of Rio
Nazas, by the upper San Pedro is another in-
cidence of Padific drainage piracy from the Mesa
del Norte (Tamayo 1949; Albritton 1958). Rio
San Pedro is exceptional among drainages south
of the Fuerte since most do not penetrate as

deeply into that younger portion of the Sierra
Madre Occidental.

Historically, Girard (1854) described Gaster-
osteus williamsoni and G. microcephalus (= sub-
species of G. aculeatus) and Fundulus parvipin-
nis from the southwestern California region,
on the basis of specimens oblained during early
railroad surveys. Eigenmann and Eigenmann
(1890). named Phoxinus orcutli (= Gila {Teme-
culina] orcutti), and Snyder (1908¢) character-
ized Pantosteus santaanae.

Coaslal and inland fishes of Baja California
were obtained mostly by naturalist-collectors
such as Janos Xantus (Jordan and Gilbert 1882a;
Madden 1949; R. R. Miller and Hubbs 1954)
and L. Belding (Jordan and Gilberl 1882b), or
were collected incidental to marine fishes or
to terrestrial animals or plants. Vaillant (1894)
named Fundulus lima from collections made by
naturalist M. L. Diguet. Many records of entry
of marine fishes into freshwaters of the region
were similarly obtained (for example, Rutter
1896; Follett 1961; Castro-Aguirre 1978).

Fishes from drainages flowing into Gulf of
California also were first described by Girard
(1857b, 1959a)and by Bairdand Girard (1853b,¢,
1854) from specimens collected during U.S.
and Mexican Boundary Surveys and later rail-
road surveys. Cope (1886 reported on a col-
lection of Salmo from the Sierra Madre Occi-
dental and E. W. Nelson revisited that site and
an additional trout locality in Rio Presidio Basin
in 1898. Salino nelsoni (= S. gairdneri nelsoni)
from Baja California del Norte was named for
the noted mammalogist (Evermann 1908;
Needham and Gard 1959). Jordan (1888) de-
scribed Heros (= Cichlasoma) beani and Poecilia
butleri from Rfo Presidio near Mazatlin, and
Rutter (1896) described and listed fishes caught
in 1892 in Sonora by G. Eisen and in 1894 in
Arizona and Sonora by W. W. Price. Jordan et
al. (1895) summarized information on fishes
of Sinaloa, with emphasis on marine forms.
Meek (1902, 1903, 1904) was first to provide a
thorough discussion of Mexican freshwater
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fishes and their distributions. His 1904 con-
tribution summarized earlier works, but was
based mostly on personal collections while
traveling by rail in 1901 and 1903. Absence of
railroads across the Sierra Madre Occidental
and through Sonora and Sinaloa resulted,
however, in his providing little new infor-
mation on faunas west of the Mesa del Norte.

Reports on fishes of the region became more
frequent after Herre and Brock described Ca-
lostomus wigginsi from Rfo Sonora (Herre 1930).
Alvarez del Villar (1950a) produced a key to
Mexican freshwater fishes, and compiled a
comprehensive bibliography (1950b), includ-
ing processed reports dealing with Mexican
ichthyology. R. R. Miller began publishing on
the fauna in the 1940s (1943a, 1945a; Hubbs
and Miller 1941a,b; Miller and Simon 1943).
Also active in that period was DeBuen (1940,
1947a,b). Miller has continued rescarch (1959,
1960b,¢, 1966, 1968, 1976a,b, 1978, 1981; Miller
and Winn 1951; Miller and Schultz 1959) and
has recently been joined by others, usually
dealing with a single species or genus. Reports
of a regional nature are those of Branson et
al. (1960) for Sonora, a review of freshwater
fishes of Baja California by Follett (1961), a
catalog of marine species in continental waters
of Mexico by Castro-Aguirre (1978), a survey
of the Rio Yaqui Basin by Hendrickson et al.
(1981), a review of Late Cenozoic fishes of warm
deserts by M. L. Smith (1981) and reports of
new rtecords of native and introduced fishes
by Hendrickson (1984). Alvarez de Villar (1970)
provided a checklist of species and keys for
identification of Mexican inland fishes, and in
1972 produced a coverage of the history of
Mexican ichthyology.

South Coastal California and
Baja California

South of the influence of the Sacramento-5an
Joaquin fauna, California coastal streams and
those of Baja California support few fishes that

are not actually or potentially anadromous or
principally marine. Lan petra tridentata and Salmo
gairdncri comprise the first group. The former
enters short coastal drainages northwest of Los
Angeles, south throu;h the Santa Maria and
Santa Ynez systems to the Los Angeles Plain
(Hubbs 1967; Moyle .976a). The Ilatter exists
or formerly was present in coastal streams of
southern California, south to headwaters of
Rio Santo Domingo of Sierra San Pedro Martir,
Baja California del Norte (S. g. nelsoni; Need-
ham and Gard 1959, Follett 1961). Sea-run
S. gairdneri are knowr from the Tijuana River,
California, and at sea from as far south as San
Rosario, Baja California del Norte (Hubbs 1946,
and in Follett 1961). .\n additional salmonid,
Oncorhynchus kisutch, s known [rom near Islas
Coronados, Baja California del Norte, and may
have run into streams of northwestern Baja
California in recent past (Schofield 1937; Cas-
tro-Aguirre 1978). Fossils from near 20°N lat-
itude in the Mexican Plateau indicate Oncor-
hynchus ranged much farther south in Pleis-
tocene (Cavender and Miller 1982).

Marine fishes tha: frequently enter fresh-
waters along the Paci ic Coast of southern Cal-
ifornia (D. ]. Miller and Lea 1972, 1976; Moyle
1976a) include Elops affinis (north to Ventura
County, California), /lbula vulpes (north to San
Francisco Bay) and C upee harengeus pallasi and
Hypormesus pretiosus (coaslal streams south to
Los Angeles). Cymal gaster aggregata and Lep-
{ocottus armatus occur south to Bahia San Quin-
tin, Baja California del Norte. Eucyclogobius
newberryi lives south to Agua Hedionda La-
goon, California. Cle clandia ios and Gillichthiys
mirabilis range southward to Bahia Magda-
lena, Baja Californiz del Sur; the latter also
occupies the norther1 Guif of California. Syg-
nathus leptorhynchus and Atherinops affinis also
range south into Baja California del Sur, Plal-
ichthys stellatus enters mouths of streams south
to the Santa Ynez River, California, and Mugil
cephalus behaves similarly from San Diego south
throughout Baja Cal fornia.
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Continental waters of Peninsular Baja Cal-
ifornia, as categorized by Castro-Aguirre (1978),
have yielded more than 90 kinds of marine or
euryhaline fishes (Table 15.2). Species only on
the outer (Pacific) side of the Peninsula mostly
are northern forms moving south in response
to the cold California Current augmented by
coastal upwelling (Hubbs and Roden 1954).
Species occurring both on the outer and inner
(Guif of California) coastlines are biased to-
ward the Pacific Coast by our arbitrary con-
sideration of records from Cabo San Lucas as
indicative of accurrence on both sides of the
Peninsula. Most species recorded only from
the inner coast are restricted to the Gulf or are
tropical, ranging southward along the Mexi-
can mainland.

Excluding species of the Colorado River,
only six native fishes fulfill their life cycles in
freshwaters of this region. Gila orcutliis native
to the Los Angeles Plain, the upper Santa Clara
River system and the San Luis Rey and Santa
Margarita rivers, southern California (Green-
field and Greenfield 1972; Greenfield and
Deckert 1973; Moyle 1976a; Swift 1980a). Rhin-
ichthys osculus shares much of its range in
southern California (Cornelius 1969) with G.
orcutli, as does Pantosteus santaanae in streams
of the Los Angeles Basin (Culver and Hubbs
1917; G. R. Smith 1966; Greenfield et al. 1370;
Moyle 1976a). As pointed out by G. R. Srnith
(1966) and Cornelius (1969), populations of I’
santaanac and R. osculus in southern California
show little interbasin differentation, implying
short-term isolation within their presently dis-
junct ranges. Variation in G. orcutti has scarcely
been studied (Hubbs and Miller 1942).

All these fishes obviously are isolated from
other congeneric or conspecific populatinns.
Their origins have been cited by G. R. Smith

(1966) as evidence for connections of the Col- -

orado River and Pacific Ocean. Plate tectonics
of *hat region provide an alternate explanation
for these distributional patterns, as is to be
detailed later. Gila orculti and G. bicolor mo-

havensis introduced into Arroyo Santo Tomds,
Baja California del Norte, apparently did not
survive (Follett 1961; R. R. Miller 1968). Ca-
tostomus fumeiventris, introduced into Santa
Clara River, California, hybridized extensively
with P. santaanac (Hubbs et al. 1943; Bell 1978);
present status of that situation is unknown
(see, however, Crabtree and Buth 1981; Buth

and Crabtree 1982).

Of the last three species, Fundulus parvipin-
nis inhabits mostly marine habitats, but also
lives in coastal marshes, estuaries and creeks
from the lower Salinas River, California (where
possibly infroduced: D. ]. Miller and Lea 1972
Swift 1980(), to Bahia Magdalena on the Pa-
cific Coast of Baja California del Sur (R. R.
Miller 1939; Follett 1961). Status of the two
described subspecies (F. p. parvipinnis in vicin-
ity of San Diego and F. p. brevis in southern
Baja California) is conjectural (R.R. Miller and
Hubbs 1954; Follett 1961; Hubbs et al. 1979).
Fundulus lima from springs near San Ignacio,
the only endemic freshwater fish species in
Baja California, is an inland counterpart of I,
parvipinnis (Myers 1927; R. R. Miller 1943¢).
The genera Fundulus and Gaslerosteus, as al-
ready noted, are widely represented by fossils
in the Great Basin and Mohave Desert regions,
so present coastal distribution of Fundulus is
relictual in nature (M. L. Smith 1981).

Gasterosteus aculentus exists as three forms
in this region (R. R. Miller and Hubbs 1969;
Ross 1973). An unarmored form (G. a. william-
soni) is native to the Los Angeles Basin. Other
populations are freshwater or marine, ranging
southward to Bahia de Todos Santos, Baja Cal-
ifornia del Norte (Castro-Aguirre 1978). They
are referred to G. a. wicrocephalus if with one
to cight lateral plates and G. a. aculeatus if bear-
ing 28 to 35 plates (R. R. Miller and Hubbs
1969). A Miocene fossil of the Jast is known
from the California Coast (Bell 1977). These
morphological types occur together as specics
in some places (Hagen 1967, Ross 1973), but
numerous intermediate populations also exist
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(R. R, Miller and Fubbs 1969; Moyle 1976a).
Bell (1976) considered G. aculeatus a superspe-
cies, so dynamic that subspecific names have
little meaning.

Coastal Rivers of Northwestern
Mainland Mexico

Streams of extreme northwestern parts of the
Mexican mainland, Rios Sonoyta, Concepcién
(= Altar or Magdalena), Sonora and Matape
(Fig. 15.2), lack high-clevation watersheds and
drain arid Sonoran Desert terrains. High evapo-
transpiration rates and infiltration into al-
luvial fill consume surface waters, and flows
reach the Gulf of California only during rare
periods of high runoff (Blasquez 1959). Fishes
are in headwaters and consist only of fresh-
water dispersants.

Rio Sonoyta, thought by Hubbs and Miller
{1948a) to be a disrupted segment of the Col-
orado River diverted southward by Pinacate
volcanics (0.4-0.5 mya; Lynch 1978), supports
Agosia chrysogaster and one or more distinctive
populations of Cyprinodon macularius (R. R.
Miller 1943a; Minckley 1973; Turner 1983). Gila
(Temeculina) ditaenia characterizes the Rfo Con-
cepcién Basin, next to the south, where it lives
with A. chrysogasler and Poeciliopsis occidentalis.
Recent records of G. (T.) purpurea from the
Concepcién system (Hendrickson 1984) may
represent an introduction. An all-female Poe-
ciliopsis, P. monacha-occidentalis, occurs from the
Rfo Concepcién southward and is discussed
later. Contreras-Balderas (1969) miscited Bran-
son et al. (1960) in reporting Campostoma or-
natum from the Rfo Concepcién, and the error
was perpetuated by Burr (1976).

The extensive Rfo Sonora, albeit small in
discharge, supports six or seven fishes: Agosia
chrysogaster, Gila purpurca, Campostoma orna-
tum, Catostomus wigginsi, Ictalurus pricei, Poe-
ciliopsis occidentalis and the all-female P. mon-
acha-occidentalis have been recorded. Lowland
species such as A, chirysogaster and both Poe-

ciliopsis may have moved along the coast in
better-watered times or may have been trans-
ported northward by tec oniz movements. Oc-
currence of C. ornatum in the Rio Sonora is the
most western penetration of a Rio Grandean
faunal element into the region (Burr 1976,
1980a). We are not convinced of the presence of
1. pricei, which was recorded incidentally by R.
R. Miller and Lowe (1964). No native ictalurids
from the Rfo Sonora Basin have been seen by
us. Rio Matape betwecn the lowermost Rios
Sonora and Yaqui has records for only G. pur-
purea, P. occidentalis anc the all-female Poecil-
iopsis, which may refle:t a lack of collecting
effort.

South of these deser! rivers, the mouths of
the large Rfos Yaqui, Miyo, Fuerte and others
are frequented by a far j;realer number of ma-
rine than freshwater fis1es (R. R. Miller 1966;
Castro-Aguirre 1978; Hendrickson et al. 1981).
About 20 essentially marine fishes have been
taken from the lower Yaqui and absence of
records for large spedes such as Cynoscion spp.,
which are abundant in the mouth of the Col-
orado (Table 15.2), point toward a need for
additional sampling.

Of abundant clupeiform fishes of the Gulf
of California, Lile stolifera enters Rfos Yaqui
and Mayo (Gunter 1942) and engraulids (An-
choa lucida, A. curla) occupy the Yaqui Delta
(Hildebrand 1943, 194n; Fowler 1944; Chiri-
chigno 1963). Elops affin’s, ariids (Arius liropus,
A. caerulescens), centropornids (Centropomus
robalito, C. nigrescens) and lutjanids (Lutjanus
novemfasciatus, L. coloradv) also inhabit the Delta
(Castro-Aguirre 1978; Hendrickson et al. 1981).
Mugil cephalus and M curema are present,
Chaenomugil proboscidens has been taken from
canals near Ciudad Otregon (Castro-Aguirre
1978) and Agonostomus monticola ascends the
Yaqui to near Presa Novillo and attains foothill
streams of more southern systems. With ex-
ception of the goby Awaous transandeanus that
penetrates well into [othills, other marine
fishes (Dormitator latifrans, Eleotris picta, Go-
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biomorus maculatus, Trinccles fousccensis) are
largely restricted to deltaic habitats. The
sciaenid Eiattarchus archidium enters lowermost
Rio Mayo (Castro-Aguirre 1978), and Cynos-
cion macdonaldi is known from the mouth of
the Fuerte (Jordan and Evermann 1898).
South of Rio Fuerte, lists of marine fishes
entering freshwater habitats become larger, rot
in small part as a result of extensive carly col-
lecting in the estuary of Rfo Presidio near Ma-
zatlin (reviewed by Castro-Aguirre 1978). This
is in part reflected in 126 of the 178 speces
listed in Table 15.2 being recorded from “’Sin-
aloa Coastal.” Other factors are increasing di-
versity of the rich Gulf fauna as one proceeds
southward (Thomson et al. 1979) and perhaps
reduced numbers of lowland freshwater fishes.
Marine fishes that penetrate far into fresh-
waters include Awnous transandeanus, Eleotris
picta, Dormitator latifrons and Gobiomorus mia-
culatus. Lile stolifera, Elops affinis, Mugil spp.
and Melaniris evermanni occupy deltaic habi-
tats. Agonostomus monlicola and Melaniris crys-
talling extend far inland. The latter is fresh-
water in the northern portion of its range (R.
R. Miller, pers. comm., 1983). The freshwaler
Gobiesox fluviatilis is known from the Rios
Fuerte, Piaxtla and Grande de Santiago (Briggs
and Miller 1960; Burr and Buth 1977).
Among freshwater dispersants, single-basin
endemism is rare in these larger coastal rivers,
although inter-basin differentation of wide-
spread species has scarcely been examined.
Headwater forms typically occupy mountain
streams of two or more adjacent basins. As
with fishes adapted to highlands in the Great
Basin (G. R. Smith 1978), these species are
positioned to move by headwater stream cap-
tures, and almost certainly have done so.
Among Mexican trouts, headwater Salmo
sp. in the Rio de Bavispe (Rio Yaqui Basin)
also occupy the adjacent Rio Casas Grandes
drainage (R. R. Miller 1959a; Contreras-Bald-
eras 1978) and a similar form in the upper Rlo
Papigochic (Rio Yaqui system) also is repre-
sented in the Rio Mayo (Hendrickson et al.

1981). These trouts were considered “almost
identical” to Salmo chrysogaster of the Rios
Fuerte, Culiacdn and San Lorenzo by Need-
ham and Gard (1964). Other unique Salmo of
undefined status are, however, known from
the uppermost Rio 'residio and Rfo San Pedro
{Ncedham and Gard 1959, 1964). Nativity of
S. gairdneri in Mexico south of the range of 5.
g. nelsoni is doubtful (Miller and Smith, Chap-
ter 14), although introduced populations are
certainly present. The Pleistocene fossil Salmo
australis from Lake Chapala, Mexico, the most
southern salmonid occurrence in North Amer-
ica, is not closely related to S. chrysogaster, and
presumably represents a lineage achiceving the
Mexican Plateau during a period of cool oceanic
surface waters (Cavender and Miller 1982).
Fossil Oncorhynchus from ncar Lake Chapala
(loc cit.) supports this hypothesis. A Pliocene
cyprinid near the genus Gila from upper Rio
Yaqui Basin, Chihuahua, Mexico, is one of the
oldest primary fishes known from the region
(M. L. Smith 1981).

Undescribed, endemic species of Calosto-
mus, one from the uppermost Rfos Bavispe-
Casas Grandes and another from the Rios
Papigochic-Mayo headwaters, share their re-
spective distributions with the two Salmo of
that region (Hendrickson et al. 1981). Another
headwater endemic is an undescribed specics
of Gila (s.s.) in the upper Rio Presidio (un-
published data), the relationships of which to
Gila cf. pandora of the Rio Tunal-Laguna San-
tiaguillo and G. conspersa of the Nazas-Agu-
anaval and the adjacent Rio Mezquital Basin,
are yet to be worked out.

Other species of western affinities distrib-
uted along the Sierra Madre Occidental-Mesa
del Norte contact zone are Panlostens plebeius,
Gila (Temeculina) pulchra and Gila (T.) sp. Pop-
ulations of the former range from the upper
Rio Grande, U.S.A., through the Guzmin,
upper Rio Conchos and Rios Nazas-Aguana-
val-Trujillo systems of the Mesa del Norte to
the Pacific drainages of the Yaqui (uppermost
Rio de Bavispe), Piaxtla and Rio Mezquital (G.
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R. Smith 1966; Minckley 1980c). G. R. Smith
(1966) reported Piaxtla and Mezquital popu-
lations meristically allied and different from
all others. Ferris et al. (1982), however, dem-
onstrated biochemical differentiation between
these populations at a genetic level more dis-
tinctive than other “well-differentiated cy-
priniform subspecies.” They expressed the
opinion that neither could be an ancestor of
the other, an observation reducing probability
that Rio Mezquital P. cf. plebeins was derived
by stream capture of a former Rfo Nazas trib-
utary (Meek 1904; Albritton 1958; R. R. Miller
1978). Gila pulchra occupies Rio Conchos. The
Yaqui Basin, that of Laguna Bavicora and the
upper Rio Mayo system support the related
Gila sp. (Smith and Miller, Chapter 13). We
have no explanations for the presence of Gila
<f. pandora in the Rio Tunal-Laguna Santia-
guillo Basin of Mexico (M. L. Smith ct al. 1984),
hundreds of kilometers disjunct from G. pan-
dora in the upper Rio Grande system of the
United States.

Codoma ornata, Dionda sp., Cyprinodon spp.
and Etheostoma potisi, with alfinities to the Mesa
del Norte and ultimately to faunas of eastern
North America, are similarly distributed in
upper parts of major river basins of the region
(R. R. Miller and Smith, Chapter 14). Codoma
ornata occupies the Nazas-Aguanaval, Fuerte
and San Pedro (Mezquital) systems to the
south, ranging east and north into the Rios
Conchos and Yaqui (Contreras-Balderas 1975,
1978; R. R. Miller 1976b, 1978). Divnda sp. is
only in the uppermost Rio Mezquital. Fishes
of the genus Cyprinodon are most speciose and
widespread in the Chihuahuan Desert region
(R. R. Miller 1978, 1981). Cyprinodon of the
western  highlands of Mexico presumably
achieved their distributions prior to regional
uplift (Hendrickson et al. 1981). An undes-
cribed species (whitefin) of the upper Rio Pa-
pigochic (Yaqui Basin) is shared with the Rio
Santa Maria (Lago de Guzmén system) to the
north, and C. mecki of the upper Mezquital
(San Pedro system) is closcly related to C. nmazas

of the adjacent Nazas-Ag ranaval and Laguna
Santiaguillo systems (R. I. Miller 1976b, 1981;
Minckley and Brown 19¢2). Lthcostoma potlsi
is restricted on the Pacitic Slope to the Rio
Mezquital and has relatives in the Nazas-Agu-
anaval and other streams of the Mcsa Central
(M. L. Smith et al. 1984).

Some other fishes of scuthern Mexico enter
our region only in the upper Rfo Mezquital.
Notropis cf. calientis is such a species, other-
wise ranging (as N. calici:tis) through the Rio
Lerma, upper Rio Grandc de Santiago and up-
per Panuco systems (R. 2. Miller and Smith,
Chapter 14). Characodon ‘ateralis is shared by
that drainage and the Par-as Basin of Coahuila
{as C. ganmani) (Garman 1£95; R. R. Miller 1961b;
Fitzsimmons 1972) and possibly with southern
basins in Jalisco as well (Pellegrin 1901). Good-
eid fishes have inhabitec the Mesa Central at
least since Miocene times {Alvarez del Villar
and Arriola-Longoria 1972; M. L. Smith 1981).
Chirostoma jordani, another element from the
Mesa Central (Barbour 1¢73a), was thought by
Barbour (1973b) to have :ntered the Rio Mez-
quital drainage via interc >nnected Pleistocene
lakes. It also is in the now-isolated Laguna
Santiaguillo lying betwe:n headwaters of the
Rios Nazas and Mezqui.al (Barbour 1973a,b;
R. R. Miller 1981).

Notropis formosus and Canipostoma ornatum
are two species charactesistic of small to mod-
erate-sized streams, clearly derived from the
Rio Grandean fauna. The former occupies the
Rio Yaqui Basin, in whic it has differentiated
into northern (Rio de B.ivispe) and southern
(Rio Papigochic) races (Cc ntreras-Balderas 1975,
1978; treated as N. lulr-usis). The species is
further distributed in Ligo de Guzmén trib-
utaries and other closcc basins between that
system and the Conchos drainage. Chernoff
and Miller (1982a) revicwed the N. formosus
complex, treating the nominal N. santamariac
and N. mearnsi as junier synonyms and re-
jecting the presence of lefinable subspecies.
Campostoma ornatum also is distributed in the
north in present and former Rio Grande con-
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nectives (Rfos Casas Grandes, del Carmen,
Conchos, Nazas-Aguanaval), but also in Pa-
cific drainages of the Rfos Sonora (as already
discussed), Yaqui, Mayo, Fuerte and Piaxtla
(Burr 1976, 1980a; Buth and Burr 1978; Hen-
drickson 1984). While occupying a broad al-
titudinal range in the first three drainages
{Hendrickson et al. 1981; unpublished clata),
it is more restricted to higher elevations in the

last two. Its apparent absence in the Rio Santa .

Marfa is puzzling in light of its abundance in
surrounding watersheds.

Fishes characteristic of larger aquatic habi-
tats of castern North America also exist through
the Chihuahuan Desert region of the Mesa del
Norte into the Mesa Central of Mexico. Do-
rosoma smithi, Ictalurus pricei and Iclalurss sp.
are of such affinities and must represent a dif-
ferent crossing of the Continental Divide than
do cyprinids just discussed. The former is
known from the Piaxtla and Yaqui tasins
(Hubbs and Miller 1941b; Branson et al. 1960
R. R. Miller 1960c), with the approximately 600
km range disjunction attributed by Minckley
e al. (1980) to a lack of collecting in that re-
gion. Ictalurus pricei lives in the Rfos Yaqui,
Casas Grandes and Fuerte (R. R. Miller 1976b,
1978; Hendrickson et al. 1981). Hendrirkson
(1984) also obtained an Ictalurus likely refera-
ble to I. pricei from the Rfo San Lorenzo and
anticipated additional localities for ictalurids
in intervening river basins when collections
became available. We foliow Hendrickson et
al. (1981) in tentatively referring Ictalurus meeki
from the Yaqui Basin to [ pricei. The Ictalurus
of the Rfo Mezquital is an unnamed soecies
resembling I. lupus (Miller and Smith, Chapter
14; M. L. Smith et al. 1984). Relationships to
1. dugesi of the Rfo Lerma (upper Rio Grande
de Santiago) and to an undescribed fossil spe-
cies of that system (R. R. Miller, pers. comm.,
1983) are unknown.

In addition to D. smithi and Ictalurus spp.,
Moxosioma austrinum (including M. mascolae;
Buth 1978) ranges south through the Conchos

and Mezquital to the Rios Armeria, Ameca
and Grande de Santiago systems (Robins and
Raney 1957; Jenkins 1970, 1980a). Miocene to
Pleistocene lacustrine beds in Jalisco have fur-
ther yielded a mixture of eastern and western
or Mesa Central fossil fishes, including (wo
extinct salmonids (Salmo australis and Onco-
rhynchus sp.), two Moxostoma, minnows of the
genera Algansea and Yuriria, extinct ictalurids
of the L punctatus group, goodeids, atherinids
of the genus Chirostoma and an extinct cen-
trarchid, Micropterus relictus (Alvarez del Villar
1966a, 1974; Alvarez del Villar and Arriola-
Longoria 1972; M. L. Smith 1986, 1981;

M. L. Smith et al. 1975; Cavender and Miller

1982).

Fishes of apparent western affinities enjoy
wider and more congruent geographic distri-
butions in northwestern Mexico than those
from other regions. These include the Gila ro-
busta complex, Agosia chrysogaster, the Calos-
tomus bernardini group (including C. insignis
from the Gila Basin, C. bernardini from the Rio
Yaqui, C. conchos from the Rio Conchos; R. R.
Miller 1976a; Hendrickson et al. 1981; Hen-
drickson 1984), and specics and all-female forms
of Poeciliopsis. Along with Campostoma ornatum
and Iclalurus pricei, these form a broadly sym-
patric faunal assemblage from the Rio Yaqui
south through the Rfo Sinaloa system. The
first four also range northward into the Col-
orado River system. Fishes referable to G. ro-
busta range south to the Rfo Culiacdn. Holden
and Minckley (1980) erred in text by citing a
record from the Rio Culiacdn (G. R. Smith et
al. 1979) as being from the Rlo Piaxtla; their
mapping of the locality was correct. Agosia
chrysogaster ranges south to the Rio Sinaloa
(Minckley 1980a; Hendrickson 1984). Species
of Catestomus resembling C. bernardini and Poc-
ciliopsis spp. range far southward (to the Rio
San Lorenzo for the first [Hendrickson 1984],
and to Central America [Rosen and Bailey 1963],
for the last).

The wide, essentially continuous distribu-
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tions of these species speak for their long oc-
cupation of this diversified region, remarkable
abilities of dispersal or both. The cyprinoids
all share the attribute of being highly adapt-
able, capable of reproducing at small or large
sizes (for Gila, Catostomus and Pantosteus; G.
R. Smith 1981b) or throughout the year (Agosia
chrysogaster; Minckley and Barber 1971; Lewis
1978; Kepner 1982), and thus are capable of
living from headwater streams to large low-
land rivers. The livebearing Pocciliopsis pre-
sumably can disperse through estuaries, and
includes species that resist severe conditions
of inland streams, even under desert condi-
tions (Hubbs and Miller 1941a; Constantz 1974
et seq.; Schoenherr 1974 et seq.; Meffe et al.
1983). The aggressive Cichlasoma beani, often
part of this assemblage in lowlands and dis-
tributed from the Rio Yaqui south to the Rio
Ameca, Nayarit (Hendrickson et al. 1981),
likewise must disperse through estuaries and
dominates pools in streams of any size.
Fishes of the genus Pocciliopsis are wide-
ranging in our region (Rosen and Bailey 1963).
Poeciliopsis occidentalis is in the Basin and Range
region of the lower Gila River drainage south-
ward through the Rios Magdalena, Sonora,
Matape, Yaqui and Mayo, where it is often the
only or the most abundant fish in small
ephemeral reaches of desert streams. Since
discavery of an “all-female strain”’ of Poecil-
iopsis (R. R. Miller and Schultz 1959), interest
in the genus has been great, and it is now the
most thoroughly studied group in northwest-
ern Mexico. Research has been reviewed by
Moore el al. (1970), Schultz (1977), Vrijenhoek
(1978, 1979) and Vrijenhoek et al. (1977, 1978},
Numerous unisexual strains are known and
demonstrated ta be of interspecific hybrid or-
igin. Doth diploid and triploid strains exist,
the former reproducing by hybridogenesis in
which females depend on sperm from males
of a parental species, but while the paternal
genome is expressed in all-female offspring
phenolypes it is excluded {rom ova. Triploids

reproduce by gynogenzsis, in which sperm
initidtes embryogenesis but no paternal gen-
ome is incorporated in progeny. Numerous
strains arising from lifferent interspecific
crosses have been ident fied, and within many
strains numerous identifiably distinct clones
are known, progeny of different individual
malings. In addition te P. vccidentalis, species
that have naturally produced all-female strains
via various interspecif.c dihybrid and trihy-
brid combinations are P. inonacha of the Rios
Mayo, Fuerte and Sinaloa; P. lucida from Rios
Mocorito, Sinaloa and Fuerte; P. viriosa from
the Rio Sinaloa south :hroughout our region
to the Rfo Ameca; and P. latidens, distributed
from the Fuerte south through lower reaches
of streams to the Rio Grande de Santiago. Also
having a range equal 13 that of P. latidens and
extending north into the lower Yaqui is P. pro-
lifica, although it has not yet been implicated
in natural hybrid crosses creating unisexuals,
It appears that unisexual strains in rivers
north of the Rio Mayc are ultimately derived
from an original hybr dization between P. oc-
cidentalis and P. monicha in the Rio Mayo
(Schultz 1977). Dispersal to these northern
drainages from the Ri» Mayo is thus implied.
The proportion of uaisexuals in Pocciliopsis
populations generally decreases with increas-
ing latitude. Thus proportions of unisexuals
near the border in the ios Magdalena, Sonora
and Yaqui are low. Unisexuals are not known
from the Gila River dra nage (Moore ct al. 1970).
The only other native poeciliid in our region
is Poccilia butleri, distrituted from the Rfo Fuerte
south to Guatemala {R. R. Miller 1983).

DISCUSSION AND SUMMARY

Many have studied fish distributions in the
west relative lo geolegic history (Cope 1883b;
Snyder 1908a,b, 1914. 1918; R. R. Miller 1946b,
1948, 1961a, 1965, 198" ; Hubbs and Miller 1948a;




594 Zovgeagraphy of Western Fishes and Intracontinental Tectomsm

R. R. Miller and Hubbs, 1960; LaRivers 1962;
R. R. Miller and Smith 1967, 1981; Barbour
1973a,b; Hubbs et al. 1974; G. R. Smiih 1975,
1978, 1981a,b; M. L. Smith et al. 1975;
Taylor and Smith 1981; M. L. Smith 1931), and
distributional patterns of fishes have in turn
contributed to our understanding of that his-
tory. We also rely heavily in following dis-
cussions on knowledge of geology, and dem-
onstrate from literature rooted in plate tectonic
theory that many events dating to Oligocene,
perhaps earlier, and cerlainly from Miocene
to Recent, were influential in determining
components of today’s patterns.

Dispersal during wetler periods of Pleis-
tocene and Recent has been justifiably em-
phasized in carlier literature. Elapsed time has
been relatively short, and fish distributions
plus geologic evidence for potential dispersal
routes are yet to be obscured or erased. Biotic
and geologic evidences of older events are at-
tenuated by vagaries of time and suaperim-
posed upon by later phenomena. However,
in many instances, empirical “hard-rock” evi-
dence now is available from which tointerpret
far older area relationships. It also is useful to
consider hypothetical palcogeomorphologies.
Scenarios have been produced using geome-
tries and velocities of interplate interactions
known from paleomagnetism (Atwater 1970;
Beck and Plumley 1979; Engebretson 2t al., in
Page 1982), petrography (Kovach and Nur 1973;
Dickinson el al. 1979a; Crowell 1931) and
geophysical theory (Livaccari 1979; Zoback et
al. 1981; Page 1981, 1982) to project expected
responses of the earth’s crust. We discuss these
ideas for their plausibility, and propose them
to have far-reaching consequences for re-
interpretations of zoogeography of modern
continental fishes. Such has only recently be-
gun to be examined for modern fishes and
other groups (Cox 1973; Cracraft 1974; G. M.
Davis 1979, 1982; Kay 1980; papers in Nelson
and Rosen 1981; Springer 1982).

Fossil Record

In considering the fossil record, we have often
been frustrated by vaguely reported ages. Some
confusion is attributable to recent changes in
accepted geological time scales since times of
publications. For example, the term Pliocene
was formerly applied to the period 9-1.8 mya.
In many cases we reflined dates by reference

- to recent geologic literature. Dating of for-

mations throughout the west is now compre-
hensive, and the data base is rapidly expand-
ing. The geologic record is sufficiently resolved
to allow much finer scales of temporal and
spatial analyses of fossil distributions and we
encourage paleoichthyologists to attempt fur-
ther constraint of ages for material

Most knowledge of Early Cenozoic fresh-
water fishes in western North America has
been derived from the Eocene Green River
Formation of Wyoming, Utah and Colorado,
and contemporaneous deposits of Canada.
Paleocene fossils referred to Ictaluridac are
known from the west (Lundberg and Case 1970;
Lundberg 1975), but other modern groups are
rare if present through Oligocenc times. Eocene
faunas share relict non-teleosts (polyodontids,
acipenserids, lepisosteids, amiids) with pri-
mitive salmonids, clupeids of lineages other
than those giving rise to modern groups, hio-
dontids, primitive catostomids (genus Anry-
zon), ictalurids, percopsids, percoids and oth-
ersof obscurerelationshipsoractualor probable
marine derivation {Cavender 1966, 1968;
Lundberg 1975; Wilson 1977, 1978, 1979, 1980b,
1982; Grande 1979 et seq.; Grande et al. 1982).
Oligocene faunas are rare, but in Nevada and
Colorado include Amyzon, which along with
amiid and ictalurid fishes also is known from
the Late Eocene-Early Oligocene of Oregon
(Cavender 1968). An extinct percopsid (Tri-
cophanes foliarumy) is associated with Oligocene
Amyzon in Nevada and Colorado (Cope 1872b,
1884; Uyeno and Miller 1963). An Oligocene
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umbrid (Novumbra orcgonensis) lived in what is
now north-central Oregon (Cavender 1969).

Many of these groups, largely extinct in
western North America, have Recent repre-
sentatives now restricted to cast of the Con-
tinental Divide. This is true of all the non-
teleosts except acipenserids, still represented
by northwest-coastal species. Hiodontids per-
sisted until Miocene (Hiodon sp.; G. R. Smith
1981a), and two species now live east of the
Rockies. Anryzan is not known from Miocene
or subsequent fossils unless represented by
ictiobiin or cycleptiin derivatives in the east.
Percopsids remain represented in the lower
Columbia Basin by Percopsis transmontana and
east of the Divide by . omiscomaycus (also in
the north to the Yukon River system) and the
related Aphredoderidae. Percid (or percoid)
and priscacarid genera of the Green River and
associated formations have no Recent relatives
in the region unless they align with modern
percids and centrarchids.

Modernization of the western ichthyofauna
oceurred in Oligocene, since Miocene depos-
its yicld diverse fossils including hiodontids,
salmonids, osmerids, umbrids, esocids, cy-
prinids, catostomids, ictalurids, atherinids, cy-
prinodontoids, gasterosteids, centrarchids,
embiotocids and cottids. Of these, all but os-
merids, umbrids, esocids and ictalurids re-
mainabundant. Extirpationof non-teleostsand
most of the last four families plus Amyzon must
have been precipitated by the transition from
Oligocene lowland rivers flowing over a broad
erosional surface to diverse topography and
disrupted drainages of Miocene, perhaps aided
by magmatism. Oligocene cyprinid fragments
are known from Washington and Oregon (T.
M. Cavender, pers. comm., 1983), and most
or at least many present genera of cyprinids
and catostomids, which dominale the present
fauna, were in areas of present occurrence by
Miocene. Miocene-Pliocene forms are usually
judged specifically distinct from Recent faunal

clements. Pleistocen:- taxa are not usually dis-
tinguishable at the soecies level from Recent
taxa (R. R. Miller 1905; G. R. Smith 1981a).

Of the lesser groups, osmerids now are rep-
resented in the west only along the Pacific
Coast. The Oligocere umbrid was similar to
Nouvimbra hubbsi of coastal Washington (Cav-
ender 1969; Meldrim 1980), which presumably
is a relict of an earlicr repional fauna (Schultz
1929). Other umbrils (genus Umbra) are in
eastern North Amer ca and Europe. Esocidae
are known from Pa cocene of Canada, Mio-
cene of Oregon and Pliccene of Washington,
but not elsewhere in time and space of the
west (Cavender et al. 1970; Wilson 1980b; G.
R. Smith 1981a) except for E. lucius far to the
north. Ictalurids continued to occupy the re-
gion in Miocene (Baumgartner 1982) through
Pliocene to Early Plcistocene (R. R. Miller and
Smith 1967; Lundbe-g 1975; G. R. Smith 1975,
1981a), then disappzared. Ictalurus pricei and
Ietalurus sp. of Pacif ¢ ccastal streams of Mex-
ico are the only native ictalurids remaining in
our region. Gasterosteids, although not spe-
ciose, exist as a phenomenal array of forms of
Gasterosteus aculeatu: (Hagen 1967, 1973; R. R.
Miller and Hubbs :969; Hagen and McPhail
1970; Hagen and Gi'bertson 1972 et seq.; Ross
1973). Centrarchids are represented by “one
or two genera and “hrer or four species™ (G.
R. Smith and Miller 1985) at Miocene-Pliocene
localities in Oregor, California and Nevada,
plus fossil Archoplites spp. from Idaho, Ore-
gon, Utah, Nevada and California (R. R. Miller
and Smith 1967, 19¢1; C. R. Smith 1975, 1978,
1981a). Archoplites interrupius of the Sacra-
mento-San Joaquin Basin is the only native
centrarchid now west of the Rocky Moun-
tains.

Characteristics of the Modern Fauna

Faunal lists of prirary and secondary fishes
for our portion of western North America (Ta-
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ble 15.1) are summarized as numerical com-
pilations of modern taxa in Table 15.3. The
Sacramento-San Joaquin system supporls the
largest fauna, resulting from numcrous ma-
rine-derived and anadromous forms, espe-
cially salmonids and cottids, and substantial
numbers of cyprinoids. Other large faunas in
the northwest similarly result from anadro-
mous groups and cottids. Larger inland basins
with complex interconnective histories, such
as the Bonneville and Colorado, have rela-
tively large faunas numerically dominated by
cyprinoids. Cyprinodontoids become impor-
tant in Mexican drainages. Smaller, drier, more
isolated basins have fewer species than larger,
wetter, less isolated or through-flowing sys-
tems (R. R. Miller 1959a; Hubbs et al. 1974; G.
R. Smith 1978, 1981a,b; M. L. Smith 1981).
The modern fish fauna of western North
America is characterized by endemic subfaunas
in major drainage basins plus an interspersion
of sparse but unique taxa in minor sysiems
{Hubbs and Miller 1948a; R. R. Miller 195%a,
1965, 1981; Hubbs et al. 1974; G. R. Smith
1978, 1981a,b; M. L. Smith 1981). Major drain-
age basins have few fishes in common, and
species that occur in more than one system

typically could move through scawater (pe-
tromyzontids, some salmonids, some cottids
in the north and poeciliids and cichlids in the
south) or occupy high-elevation tributaries or
high latitudes with low relief. Montane spe-
cies are subject to vicariance through stream
captures or structural reversals, ways zoo-
peography may change without alteration of
a specics’ habitat (G. R. Smith 1978). Or, spe-
cies may dispersc through headwater connec-
tions or watercourses shifting over broad di-
vides. The last two mechanisms may have
operated in determining present distributions
in the north of inland genera of salmonids
(Salmo, Salvelinus, Prosopium), some cyprinids
(especially  Rhinichthys), catostomids (es-
pecially Pantosteus) and freshwater-restricted
cottids (Cottus spp.). Cyprinoid fishes pene-
trate far higher into montane habitats in the
south due in part to latitudinal amelioration
of minimum temperatures (G. R. Smith 1981a),
which in part serves to explain broad distri-
butions of Campustoma ornatum, the Catostomus
bernardini complex, Gila robusta and relatives
and others.

Modern genera and species that apparently
demonstrate movement over the Continental

Table 15.3 Summary of Families, Genera ard Species of Freshwater Dispersant Fishes of Drainage

Basins of Western North America
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Divide include northern forms that may have
dispersed stream lo stream or through lakes,
or in coastal seas. Most are far north of our
area: Coregonus clupcaformis, Prosopium cylin-
draceum, Salvelinus confluenltus, S. namaycush,
Thymallus arcticus, Esox lucius, Couesius plum-
beus, Hybognathus hankinsoni, Rhinichthys cala-
ractae, Richardsonius balteatus, Catostomus catos-
tomus, Lota lota, Gasterosteus aculealus, Pungitius
pungitius and Cottus cognatus. Other northern
forms may cither have dispersed or experi-
enced vicariance in montane regions, or may
represent relicts. Prosopium williamsoni occu-
pies castern drainages from the upper Mis-
souri River region north into tributaries of
Hudson Bay (1 olt 1960). Prosopium coulteri lives
in a disjunct distribution in northwestern
Washington and western Canada, then east
in Lake Superior (Lindsey and Woods 1970).
With respect to the last species, P. gemmiferum
of Bear Lake, Idaho-Utah, shows no apparent
relationships {R. R. Miller 1965) other than
notably in its elongated jaws to P. coulteri and
to the Miocene-Pliocene P. prolixus of the Snake
River Plain (G. R. Smith 1975). Hybopsis (Or-
egonichthys) crameri of the lower Columbia River
and associated drainages is far disjunct from
conceivable relatives, and may represent a re-
lict or a taxon distinct from Hybopsis. Rhin-
ichthys cataractae gave rise to R. evermanni of the
Umpqua River, Oregon (Bisson and Bond 1971);
its presence in the west may be ancient. Dis-
tribution of Cotius bairdi displays a broad cen-
tral disjunction across Plains habitats, defini-
tively separating western and eastern pop-
ulations {Robins 1954).

Transdivide distributions in the north of
Salmo clarki, Rhinichthys cataractae, Catostomus
macrocheilus and Pantosteus platyrhynchus, plus
weslern populations of Coltus bairdi, and in
the south of Salmo sp. (Rfo Yaqui), Campostoma
ornatum, Codoma ornata, Gila pulchra, Dionda
sp., Gila (Temeculina) sp., G. cf. pandora, No-
tropis cf. calientis, N. formosus, Panltosteus ple-
beius, Moxostoma ausirinum, Cyprinodon sp.

(whitefin), Etheostoma pottsi and atherinids of
the genus Chirostoma, must have involved
stream captures, drairage reversals and struc-
tural integration of subbasins, in addition to
dispersal. Events allow ing lowland forms such
as Dorosoma smithi, Ictalurus spp. and perhaps
some poeciliids and cichlids to cross to Pacific
drainages of Mexico will be dealt with below.

Unique species of vestern North America
reflect isolation and continuity of drainage
units in two major ways. First, endemic
species may be alloparric differentiae of wide-
spread genera, for examgle, regional species
of Ptychocheilus, Gila, rumerous Caltostonus and
Chasmistes. Special conditions may also have
stimulated developm:nt of endemics, which
are specialized derivatives of generalized
groups; Gila elegans and G. cypha of the main-
stream Colorado River scem to be examples
(G. R. Smith et al. 1379). Second, some ap-
parently endemic forms, such as the genera
Orthodon, Mylopharodon and Archoplites now
characterizing the Sacramento-San Joaquin
system, represent relicts of formerly wider
distributions. They ecrlier also occupied lakes
of the Snake River I’ ain and adjacent areas.
Other unique taxa n ay have long been iso-
lated in their own dra nage units, which either
remained isolated or later were integrated into
a larger system. Examples of the last may in-
clude Moapa coriacea and Crenichthys baileyi of
the White River, Nevada, now part of the mid-
dle Colorado River svstem.

Tectonism and Fish Distribution

Barriers separating [z unal areas are diverse in
nature, but often are similar in position to tec-
tonic boundaries between subplales. For ex-
ample, the barrier zone between Great Basin
and upper Columbia Snake) watersheds along
the southern margin of the Snake River Plain
(G. R. Smith 1978} lies along a seismic bound-
ary separating that region and the Great Basin
(R. B. Smith and Sbar 1974; Eaton et al. 1978;
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R. B. Smith 1978). Other seismic alignmenls
corresponding to limits of faunal regions in-
clude the Wasatch Mountain Front, margins
of the Colorado Plateau, a separation of the
Great Basin from the southern Basin and Range,
zones separating the Great Valley (Sacra-
mento-San Joaquin Basin) {rom surrounding
regions, the San Andreas Fault zone and oth-
ers. Major faunal areas thus tend to corre-
spond with major (aseismic) subplates. Sys-
tems that cross seismic zones, such as the
Columbia and Colorado rivers, have compos-
ite faunas (R. R. Miller 1959a; Hubbs and Miller
1948a; R. R. Miller and Hubbs 1960; G. R. Smith
1978).

Direct effects of tectonism on differentia-
tion and distribution of faunas occur by sep-
aration of formerly continuous habitals or
joining of isolated habitats. Evidence for direct
effects include concentrations of derived en-
demics in areas of recent tectonism (Taylor
1966; G. M. Davis 1979) and the corollary of
relicts isolated (or persisting) in areas of ‘ong-
term aseismicity, both of which are demon-
strable for western fishes. Indirect influences
are manifest through environmental changes.
For example, exclusions of fishes from vast
areas recently changed to deserts by the Sierra
Nevada rainshadow are indirect results cf tec-
tonism.

Vicariance is an evident factor in dislribu-
tional and evolutionary history of fishes in our
region. Numerous fossil and recent species
pairs and groups clearly adhere to the classic
allopatric speciation model (G. R. Smith 1978).
This has been largely attributed to dispersal
and subsequent isolation through indirect ef-
fects of tectonics, especially increasing re-
gional aridity (IHubbs and Miller 1948a; R. R,
Miller 1948, 1959a, 1961a, 1965, 1981; G. R.
Smith 1978, 1981a,b; M. L. Smith 1981 Vi-
cariant or disjunct species and/or populations
may, however, also imply earlicr more wide-
spread continuity of ancestral forms (Taylor
1966).

D. W. Taylor (1960, 1966), R. R. Miller (1959a,
1965), G. R. Smith (1975, 1978, 1981a,b), R. R.
Miller and Smith {1981}, and Taylor and Smith
(1981) have documented fossil and Recent zoo-
geographic tracks linking aquatic faunal ele-
ments of the Snake River Plain westward south
of the lowermost Columbia River to the Pacific
Slope through regions of the: (1) Sacramento
and (2) Klamath rivers, and (3) from the Snake
River-northern Great Basin south on the east
side of the present Sierra Nevada to the Mo-
have Desert("Fish hook pattern”). Fossil fishes
involved in these tracks include ancestors of
modern species that now are Jargely allopatric
from congeners (G. R. Smith 1966, 1975, 1978,
1981a; G. R. Smith and Koehn 1971; R. R. Miller
and Smith 1981). Included genera and subgen-
era are Chasmistes, Catostomus (s.s.), C. (Del-
tistes), Piychocheilus, Gila (s.s.), Gila (Sipha-
teles), Richardsonius, Mylopharodon, Mylocheilus,
Orthodon, Acrocheilus and Archoplites.

Estimates of timings of connections within
this regional pattern have been juslifiably
vague. The Snake-Sacramento track is over-
lain and thus must be older than the Fish hook
pattern (Taylor 1966), and G. R. Smith (1975)
concurred with its greater age because of

greater phenetic divergence evident in Sac- |

ramento River relict taxa than elsewhere. Geo-
logic evidence for such a drainage connection
includes convincingly positioned remnants of
stream channels of appropriate size, original
grades and original directions of flow (Wheeler
and Cook 1954; Axelrod 1958, 1962; Christian-
sen 1966), fluvial sedimentation in the north-
ern Great Valley since Oligocene from appro-
priate source areas (Dickinson et al. 1979) and
likelihood of physical absence of highland bar-
riers in the northern Sierra Nevada until much
later times (Christiansen 1966; Hay 1976). The
Snake-Klamath and Fish hook patterns are
evident mostly in faunal distributions. Direct
geologic evidence is sparse, hinging mostly on
north-south-oriented structure. We reiterate
regional geologic history (in part, Fig. 15.4) to
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set a stage for tectonic interpretations that in
part explain present distributional patterns.
Late Eocene-Early Oligocene were limes of
widespread erosion and tectonic quiescence
after Laramid compressional tectonism (Gres-
sans 1981). Following collision of the North
American Plate and the East Pacific Rise
in Late Oligocene (around 29 mya), intracon-
tinental rotation and shear produced expan-
sion of the region west of the northern Lar-
amide Axis and Colorado Plateau, which
resulted in development of extensional struc-
ture after about 27 mya (Zoback et al. 1981).
The elongate Cascades-Oregon Coast
Range-Klamath Mountains subplate, an al-
lochthonous terrane through which the Co-
lumbia River now passes and including parts
of the Rogue, Umpqua, Klamath and north-
ernmost Sacramento (Pit) rivers, was oriented
essentially east to west in Eocene. It had ro-
tated 46° dextrally by end of Oligocene, re-
mained quiescent for a time, then an addi-
tional 27° rotation in the last 20 my resulted
in 340 km of western displacement at its south-
ern tip (Magill and Cox 1981). This complex
has scarcely changed in elevation since Mio-
cene times (Welis and Peck 1961), and is sep-
arated from the northern Sierra Nevada block
by a shear zone (L. Wright 1976) that presum-
ably acted as a hinge during displacements.
Extension occurred sparingly within the Cas-
cades (Hammond 1979) and Sierra Nevada
(Hamilton and Myers 1966), mostly in Basin

~and Range (Oregon Lakes region; Simpson

and Cox 1977; Magill and Cox 1981), and per-
haps in rift formations of the Columbia Pla-
teau now covered by lavas. Rotation of this
subplate was contemporancous with 210 km
of westward displacement of the Sierra Ne-
vada at its southern end since 20 may (Magill
and Cox 1981), accommodated for by exten-
sion in Basin and Range to the cast. Block
faulting in the Great Basin, beginning around
17 mya and well established by 10 mya, re-
suited in formation of north-northwest-trend-

ing mountains and -alleys conducive to de-
velopment of paralel drainage trends, as
tracked by the shanx of the Fish hook zoo-
geographic pattern, Length of the shank may,
however, have been modified by displace-
ment of 130~190 km along shear zones in the
regional alignment (Stewart et al. 1968; Stew-
art 1978).

The Sierra Nevada was relatively stable and
undergoing erosion in Early Miocene. Uplift
and westward tilting segan fromsouth to north
about 18 mya, accclerated 10-9 mya, then
waned to again puse to present clevations
4.5-1 mya (Christitnsen 1966; Noble and
Slemmons 1975; Hav 1976; Huber 1981). East-
ern margins of the Sierra Nevada developed
as an escarpment ttrough block faulling 9-3
mya, while western slopes remained more en-
tire. Large structural units such as Walker Lane
east of this escarpment provided continuity
lacking in smaller Basin and Range structures.

We compare in Figures 15.6 and 15.7 gen-
eralized range maps of selected species with
diagramatic palinspastic reconstructions of the
region concerned. I1 each instance a case may
be made for formerl: continuous distributions
prior to post-Oligocene rotations and accom-
modative extension. n addilion, adjustments of
extended terrains bi:ck to estimated positions
at various limes in Easin and Range formation
detract considerabl from lincarity and geo-
graphic extent of all threc zoogeographic tracks,
especially in earliest extensional stages. A
Snake-Sacramento lrack must have been sev-
ered more than 10 and perhaps about 17 mya
due to developmen of extensional structures
associated with roti-tion. of the adjacent Cas-
cade-Oregon Coast-Klamath Mountains sub-
plate and western displacement of the Sierra
Nevada. The Klamath River area was removed
from a Snake-western Lahontan Basin track
more than 10 mya through continued rotation,
and emplaced westivard. Basalts of the Modoc
Plateau originating 5-10 mya (McKee et al.
1983) further isolat>d that system. The Fish
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Figure 15.6 Diagram of present distributions of seven catostomid fishes (genus Catostomus) in western North America
held fixed in size relative to rotation of the Cascade-Oregon Coast Range-Klamath Subplate and the Sierra Nevada.
Great Salt Lake Is held immobile as a reference point, and extension behind (east of) the rotating and westward
displading blocks was progressively reduced ata time-dependent rate. See text for details and Figure 15.4 for further

explanation.

hook pattern may have been severed about 10
mya by a 45° shift in patterns of fauling
that disrupted earlier Great Basin alignments
(Zoback et al. 1981), or persisted until later
when broken by indirect tectonic effects de-
siccation) less than 4.5 mya with rise of the
Sierra Nevada.

Tectonism also provides substantial infor-

mation on isolation of the Lahontan and
Bonneville faunas, often cited as being unique
despite absence of spectacular divides. G. R.
Smith (1981a), although certainly not mini-
mizing tectonism, emphasized hydrographic
connections and dispersal in Pleistocene, and
subsequent disruption through desiccation in
explanation of present distributional patterns.
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Figure 15.7 Diagram of fossil and recent records for the catostomid genus Chasmistes in western North America
relative 1o extension between the Wasalch Front-Colorado Plateau margin and the Sierra Nevada axis, Great
Salt Lake is held immobile as a reference point and extension was progressively reduced at a time-dependent
rate. Fossil records of ages known to be younger than diagram dates were retained as indications of minimum
ages of occupation; see text for details and Figure 15.4 for further explanation. Symbols: (O) modern records;
(@) Pleistocene; {A) Pliocene; and (M} Miocen: (from Taylor and Smith 1981).
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Vertical displacements potentially isolating
the Great Basin from the Colorado P’lateau and
Sierra Nevada regions occurred from around
27-10 mya (Christiansen and McKee 1978).
Basin and Range topography did not exist in
the region 20 mya based on thickness distri-
butions of volcanic tuffs (Stewart 1978). Ex-
tension, spreading from a central region to-
ward the east and west margins, may have
preceded block faulting (Scholtz et al. 1971; R.
B. Smith and Sbar 1974; Stewart 1978). Large
basins were nonetheless established 14-10 mya,
and perhaps as early as 17 mya, on both sides
of the upward-arched central region (Robin-
son et al. 1969; Nelson 1981). Block faulling
oriented north-northwest around 17-10 mya
surely controlled drainage development, which
must have been disrupted by the 45° shift to
north-south structural alignment about 10 mya.

Evidence seems adequate to hypothesize a
broadly distributed ancestral fauna consisting
of the genera Salmo (or near relative), Gila (Si-
phateles)-like and Rhinichthys (Apocope)-like cy-
prinids, and Catostomus (s.s.) in streams flow-
ing through low relief of the Great Basin region
around 17 mya. Barriers existed between the
Great Basin-Snake-Sacramento (including
Klamath) drainages, Great Basin-Colorado
River system and Great Basin-southwestern
lowlands, the last occupied by cyprinodon-
toids and gasterosteids. A barrier must also
have existed, and likely had long been pres-
ent, between the Jower Columbia and Snake-
Sacramento systems, preventing interchanges
of umbrids, esocids, percopsids, Chasmistes,
Mylopharodon, Archoplites and others (in part,
G. R. Smith 1981a). Albeit negative data, ab-
sence of genera such as Ptychocheilus, Mylo-
pharodon, Mylochetlus, Acrocheilus, Archoplites,
the extinct ldadon and others in modern or
fossil faunas of the Great Basin may similarly
indicate long isolation between it and the Snake-
Sacramento track. Some northwest Lahontan
fossil localities that have yet to have their early
drainage relations described may confuse the
last relationships.

Basins today containing lakes and most of
the fishes of these systems are in peripheral
zones of most recent tectonism. Central zones
of carly tectonism have long been aseismic
and are fishless or support highly differen-
tiated relictual taxa such as Relictus solilarius
and Moapa coriacea, as well as oviparous good-
cids (Crenichthys nevedac, C. baileyi). Erem-
ichthys acros is similarl » unique, but is toward
the western margin ¢f the Lahontan Basin.
Iotichthys phlegethontis is distributed in the
eastern Donneville system. Synapomorphies
linking Chasmistes cujus and C. liorus from the
Lahontan and Bonnev lle basins, respectively,
indicate their close relationships (R. R. Miller
and Smith 1981), fittirg observations that de-
rived endemics inhabit zones of most recent
tectonism.

Many differences hetween the Bonneville
and Lahontan faunas relate to complex con-
nections between the former and the upper
Snake River, and in tum interrelations of those
basins to the northeast. The extreme upper Snake
River Basin commun cated early with north-
ern or eastern drainages as evidenced by fossil
cottids, Myoxoccplmlus and Kerocollus, and per-
haps Prosopium prolixus, in southern Idaho (G.
R. Smith 1975, 1978, 1981a). Smith considered
Myoxocephalus idahoens:s of the Snake River Plain
a sister taxon of M. tiompsoni of Great Lakes,
Hudson Bay and Great Bear Lake drainages.
Modern taxa of northern and eastern affinities
in the Snake and Benneville (especially the
Bear River segment) systems further empha-
size such a connection: Prosopium (four spe-
cies, three endemic), catostomids (Calostomus
catostomus, C. ardens, Pantosteus platyrliyncius)
and cyprinids (Richardsoniins, Rhinichthys cala-
ractae). Their presence is best explained by
Miocene access used oy ancestral forms, or by
later, complex connec:ions (G. R. Smith 1981a);
molluscan distributicns show similar relation-
ships (Taylor 1985).

Of 12 species shar:d by the Bonneville and
Snake River basins, two (Gila atraria, G. copet)
may have moved soiith (o north while Catos-
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tomus ardens and Richardsonius balteatus hydro-
pilox might have moved north to south [R. R.
Miller 1965). Distributions of Prosepiur wil-
liamsoni, Salmo clarki, Rhinichithys cataractae, R.
oscutus, Pantosteus discobolus, P. platyrhyichus,
Collus bairdi and C. beldingi, all of which achieve
highlands and thus move over divides, and
many of which are indicated by fossils to have
occupied the region since at least Pliccene,
provide little information on timings or direc-
tions of interchanges. They could, however,
as readily have achieved their distributions by
vicariance of older broad distributions as an
alternative to such things as overflow cvents
from lakes. All of the last eight species except
R. cataractae, for example, are also in the upper
Colorado River to which there is little evidence
of direct connection with adjacent lake basins.

Excluding the last eight species, early iso-
lation of the upper Colorado River Basin on
the aseismic Colorado Plateau is substantiated
by modern Ptychocheilus lucins and Miocene P.
prelucius (Bidahochi Formation) being closely
related and clearly separated from their con-
geners (G. R. Smith 1975). Fossil Gila cristifcra?
and Evomus namho of the Bidahochi Formation
have no apparent relatives other than a gen-
eralized western cyprinid prototype (Uyeno
and Miller 1965). The modern Catostonus la-
tipinnis is cladistically near C. macrocheilus of
the Columbia system (G. R. Smith and Koehn
1971), and Xyrauchen texanus shows stinilari-
ties with subgenus Deltistes of Catostomus (R.
I, Miller and Smith 1981) also distributed to
the north and west. Fossil catostomids older
than Pleistocene are unknown from the Col-
orado River Basin. Large cyprinids of the Gila
robusta complex are, however, known from
the Bidahochi, as well as being widely dis-
tributed southward.

Long separation of future upper and lower
Colorado rivers was assured by formation of
margins of the Colorado Plateau greater than
20 mya, and such an crosion scarp also al-
lowed development of drainage channels with

habitats that must have stimulated evolution
of a distinctive middle Colorado River fauna
(R. R. Miller and Hubbs 1960; G. R. Smith
1978; others). Cyprinids of the tribe Plagop-
terini are centered here (Lepidomeda spp. and
a remnant population of Plagopterus argeittis-
simus) and likely originated from a Gila copei-
like ancestor. Pantosteus spp. also differen-
tiated along this margin (referred to C. [I2]
clarki by G. R. Smith 1966) as has a form of
Catostomus related to C. latipinuis, and G. ro-
busta (G. r. seminuda, G. r. jordani). Crenichthys
baileyi subspp. of the White River may be rem-
nants of an earlier fauna, and the cyprinid
Moapa coriacea is either a relict representative
of an early Basin and Range fauna isolated on
the southern end of central upwarping, or was
derived from the south.

The lowermost Colorado River Basin is
comprised mostly of the Gila River, a strcam
of independent history since at least Middle
Miocene (Eberly and Stanley 1978; Nations et
al. 1982). Earlier formation of Basin and Range
physiography in the south allowed this drain-
age to complete a cycle of integration that re-
mains in progress in the younger Great Basin.
Endorheic basins in structural troughs were
largely integrated by Pliocene. Endemics of
the Gila River thus may trace their origins to
in situ allopatric divergence. Pantosteus clarki
represents its group as an apparent sister spe-
cies of P. discobolus, Meda fulgida and Plagop-
terus argentissimus represent the plagopteriins,
and the distinctive Tiaroga cobilis may be an
autochthon, derived from a Rhinichithys (Apo-
cope)-like ancestor. Other components have
nearest relatives to the north, Salmo apache, S.
gilae; south and/or east, Agosia chrysogaster,
Catostomus insigmis, Cyprinodon macularins and
Poeciliopsis occidentalis; or both north and south,
Gila intermedin. Integration of the Colorado River
over the Plateau margin to the Guif of Cali-
fornia in Late Miocene allowed upper basin
fishes to invade south (R. R. Miller 1961a).
Species of the middle and lower reaches, with
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possible exception of Plagopterus and perhaps
Gila robusta, scarcely dispersed. Southernand/
or eastern forms were allowed access through
basin transfers (Rio Yaqui, Gila) or tectonic
movements on the west.

Evolution and distribution of montane or
potentially montane fishes may have been more
closely allied to mountain building and con-
tinuity of high-altitude terrains that supported
aquatic habitats than to continuity of individ-
ual drainage basins, and thus are direct results
of tectonic activities. Extension zones produc-
ing lowlands act as barriers as effective to these
specics as mounlains are to cyprinoids such
as Gila, Catostomus and Chasmistes. This seems
true in some of the more widespread taxa,
such as the Salmo clarki group, some forms of
the Rhinichthys osculus complex, some inland
Cottus and especially in the genus Panlosteus.
The last is the best documented (G. R. Smith
1966) and is discussed as an example.

Panlosteus consists of a generalized form, P.
plebeius, which occupies the southern Rocky
Mountains (Rio Grande) and Sierra Madre Oc-
cidental axis far south into Mexico, a compact
group of specialized forms (P. clarki, I’ disco-
bolus, P. platyrhynchus) concentrated along or
on the Colorado Plateau and extending west-
ward to the Sierra Nevada, and P. santaanne of
the Los Angeles Basin, southern California.
Catostomus columbianus from the northwest is
problematical, resembling Pantosteus in mor-
phology but Catostomus (s.s.) biochemically

(Koehn 1969; G. R. Smith and Koehn 1971);-

we place it with the latter. As typical of flu-
viatile fishes, fossils are rare, consisting only
of the Pliocene P. arenatis from the Snake River
Plain, osteologically a Panlostens considered a
near relative of C. columbianus (R. R. Miller
and Smith 1967; G. R. Smith 1966, 1978).
Despite elevational adjustments, rotation
and marginal retreat through fauiting and ero-
sion, the Colorado Plateau has remained a sta-
ble highland since more than 20 mya, drained
by (pre-Miocene to Recent) disrupted, ponded

and reintegrated rive rs onits surface and along
its margins (lzett 197'5; Shoemaker 1975; Love-
joy 1980; Young 1¢82). The uppermost Rio
Grande also is old, “vith the river as we know
it flowing in a rift that originated about 27 mya
(Chapin and Seager 1975; Cape et al. 1983) and
leading southward *oward highlands of Mex-
ico that are similar i1 age to the Colorado Pla-
teau. The northern Sicrra Madre formed 30-
22 mya in the north and 10-8 mya in the south
(Karig and Jensky 1972; McDowell and Keizer
1977). Origins of these highlands also stimu-
lated increased precipitation and runoff, pro-
viding cool, hard-bc ttomed streams suited for
production and harvest by fishes of diato-
maceous films (a mijor food source of Panlos-
teus) and highly ox/genated water, the need
for which is demon: trated by morphology (G.
R. Smith 1966) and perhaps hemoglobin struc-
ture (Powers 1972) in these specialized ani-
mals.

Evolution within Panlosteus must have been
coincident with de relopment of Miocene re-
lief. Such would all »w time for ancestors of .
plebeius to achieve the Rio Mezquital of Mexico
and to explain prisence of P. santaanae in
southern California. which we attribute below
to crustal displacerients. Populations of Pan-
tosteus further show evidences of introgressive
hybridization and stock replacement among
Bonneville, Snake, Colorado and Missoun Basin
populations (P. discobolus, P. platyrhynchus; G.
R. Smith 1966). Isolation of taxa in developing
watersheds resulted in early differentiation,
followed by seconcary contacts and hybridi-
zation to produce a 1 anastomosing evolution-
ary pattern that wz interpret as demanding
long-term occupation of the area. With rela-
tive stabilization of drainage relations, distinct
taxa evolved, only to again be influenced by
interconnective events. Such an eventin Pleis-
tocene involving introgression of traits from
P. plebeins into a local form of P. discobolus to
produce P. d. jarrcwi in the Little Colorado
River headwaters has been detailed by G. R.
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Smith et al. (1983). Selective introgression fol-
lowing hybridization may be a common mode
of evolution in this and other western fishes
(G. R. Smith 1966; Echelle and Echelle 1978;
G. R. Smith et al. 1979; R. R. Miller and Smith
1981).

A faunal association in areas now com pris-
ing the Mohave Desert and environs south
and west of the Great Basin and Colorado Pla-

teau was markedly different from those just °

discussed, including Miocene Fundulus, Cy-
prinodon, Empetrichthys and Gasterosteus (David
1945; R. R. Miller 1945¢; Uyeno and Miller 1962;
Mural 1973). This assemblage extends rorth
and inland to near Pyramid Lake, Nevada (Bell
1974), where joined by Miocene Salmo, Gila
and Ictalurus (Baumgartner 1982). Other fresh-
water fish fossils are otherwise yet unknown
from the region until Pleistocene (M. L. Smith
1981). Miocene-Pliocene floras and recon-
structed gradients of fossi! streams indicate
extension of Coastal Plain conditions into the
Great Basin (Axelrod 1958, 1962; Huber 1981),
ard such is accommodated in Miocene by di-
rect geologic evidence. Northward extersion
of this fauna into what is now the western
Lahontan Basin may be explained in part by
postdeposition displacements along Walker
Lane, the Oregon-Nevada Shear Zone, and
other lineaments (R. B, Smith 1978). Som: fos-
sil and modern elements must similarly have
been displaced northward {rom some dis:ance
te the south. Populations of Fundulus parvi-
pinnis and F. lima now occur in south coastal
California and springs of Baja California. Cy-
prinodon is concentrated in Death Valley, the
lowermost Colorado River and far south and
east in Mexico. Empetrichthys and the related
Crenichihys are in Death Valley region and east
in the middle Colorado River drainage; other
goodcids are in central Mexican highlands.
Gusterosteus is along the coast and, although
possibly introduced, also in the upper Mo-
have River. Modern fauna of the region also
includes Gila (Siphateles) bicolor subspp., Ca-

tostomus fumeiventris and Rhinichthys osculus
subspp. All but one subspecies of the last,
presumably with affinities to the Colorado River
Basin, have relationships to modern fishes of
the Lahontan Basin and represent southern
outliers of the Fish hook pattern. Fossils pres-
ently include only Pleistocene representatives
of Gila (Siphatcles).

Origins of cyprinodontoids of the Death
Valley region have been of major interest and
have stimulated repeated attempts to recon-
struct connections among closed-basin lakes
to facilitate dispersal from the east and south,
largely in Pleistocene or later. Parenti (1981a)
vastly expanded potentials for interpretation
in proposing primitive goodeids now repre-
sented by Empetrichthys and Crenichthys were
part of a Late Cretaceous-Early Tertiary biota
better represented in fossil and living facies
by primitive dicotyletonous forests. Disjunc-
tions in ranges of cyprinodontoid fishes, north
to south for the goodeids and cast to west for
Fundulus and Cyprinodon, were proposed to
reflect disruption of continuous distributions
by intervention of Eocene-Oligocene and later
aridity. Present world distributions of cyprin-
odontiforms were further interpreted by Par-
enti (1981a) as Pangean in part, and consid-
ered Late Triassic In age, coincident with a
time when the Laurasian and Gondwanian
landmasses had begun lo scparate.

If the fossil Cyprinodon breviradius from near
Death Valley (R. R. Miller 1945¢) is of Late Mio-
cene (McCallister in Miller 1981), minimum
regional age for the genus is established. This
substantially predates and excludes from con-
sideration as dispersal routes most lacustrine
habitats for which surface evidence remains.
It similarly negates the importance of Pliocene
and later events pertaining to origins other
than for extant species. Cyprinodon now lives
in some of the most tectonically active regions
of southwestern United States, reflecting in
part the correlated presence of springs in such
zones. These arcas are, however, inboard on
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the continent from migrating terranes, and
there is no evidence that this genus ever
achieved the Pacific Coast. Its present-day
proclivity for low-gradient habitats is perva-
sive (R. R. Miller 1981) and presumably held
in the past.

We expect that Cyprinodon was distributed
in eastward-flowing, low-gradient streams
penetrating in Oligocene times south of the
Laramide Axis to near the western continental
margin. Tectonic events would have trans-
ferred headwaters and fishes of these systems
to internal or Pacific drainages. Development
of shear and extension zones produced west-
ern, northwestern and northern structural ori-
entation. If the genus was thus not already
present on land surfaces now comprising the
Death Valley region, which were than located
to the east and south, a parsimonious expla-
nation for origin of Cyprinodon is provided by
formation of near coastal and inland shear zones
from Miocene to Recent (Haxell and Dillon
1973; Page 1982). A long zone of right-lateral
wrench-faulting developed in Mexico {in part,
Merriam 1972), extending northward into the
Great Basin (Longwell 1974) and northwest as
the San Andreas Transform. Schollen ranging
to blocks as large as the Transverse Range were
displaced north-northwestward along this
splintered alignment. Movements of more than
300 km are indicated for schollen along and
across the Salton Sea region (Crowell 1981;
Ehlig 1981). Springs rising directly or indi-
rectly along such fractures now support most
fishes of the Death Vailey region. Transport
of fishes on schollen or in spring zones as-
sociated with migrating schollen seems rea-
sonable, and potentials for passive or active
dispersal through this mechanism have ex-
isted for longer than 20 my. Origins of some
schollen in southwest Arizona and north-
western Mexico (Livacarri 1979) are obviously
concordant with the derivation of Cyprinodon.

Another plausible alternative is dispersal of
Cyprinodon through shallow marine incursions

inland to or near the Death Valley area (P. B.
Smith 1960, 1970; Watkins 1975; Gastil et al.
1979; M. L. Smith 1981). Estuarine parts of
such a system may have supported the taxon
(R. R. Miller 1981). Conditions such as tides
higher than 9.0 m that likely exclude C. ma-
cularius from the upper Sea of Cortez (W. L.
Minckley, unpublished data) would not have
occurred prior to formation of a large volume,
but constrained Gul’ of California Rift. Traces
of westward-flowing streams in the Imperial
Valley and Mohave Desert (Woodburne 1975;
Gastil et al. 1979) must predate the Pennisular
and Transverse ranges, and indicate at least
moderate highlands immediately west of the
embayment that wculd have prevented west-
ern dispersal. The.e drainages were inter-
rupted by Pliocene uplift and emplacement of
intervening schollen. -

Transport of fos:ils through displacement
is certain, and it is 2vident that fossil Cyprin-
odon and Fundulus from Death Valley were
interred east and south of their present po-
sitions. Possibilities for similar displacement
of fossil Fundulus ar d Gaslerosteus in west-cen-
tral Nevada have bren mentioned. Fossil Em-
petrichthys erdisi are in Miocene components
(Link 1982b) of the Ridge Formation now em-
placed north of Los Angeles, California, de-
rived from the Orocopia Mountains now lying
northeast of the Salion Sea (Eaton 1939; Farley
and Ehlig 1977; Etlert and Ehlig 1977; Link
1982b,¢). We have veen unable to determine
the probable position of the Orocopia Moun-
tains at deposition time of Ridge Formation
sediments, but the » wcre even further south
and east of their present position (Haxell and
Dillon 1973).

Origins of ovipa-ous goodeids and perhaps
Fundulus and Cypri 1odon conceivably relate to
even older and mcre exlensive movement of
terranes along anc wilhin the southern and
western margins >f North America. Large
masses of continertal margin were lost from
central Mexico between the Late Cretaceous
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and Miocene (Karig et al. 1978). Paleomag-
netic reconstructions indicate these may now
be represented more than 2000 km north by
the southern California batholith, including
coastal areas south of Los Angeles and all of
Baja California (Beck and Plumley 1979). Rocks
forming San Miguel Island near Los Angeles
were deposited in Eocene near 15°N latitude,
3800 km south of their present position
(Champion ctal. 1981). B. M. Page (1981, 1932)
documented similarly long displacement of the
Salinian Block, and loss of some of itssplinters
perhaps to as far north as Oregon or Alaska.
Combined with evidence for Middle Cenoznic
east-west displacement of about 260 km across
the Transverse Volcanic Belt of central Mexico
(Gastil and Jensky 1973), transport from cen-
ters of present abundance and species diver-
sily becomes an apparent possibility for early
goodeids, Fundulus, perhaps Cyprinodon and
other enigmatic taxa such as Dorosoma smithi,
Moxvstoma spp., Ictalurus spp. and the fossil
Micropterus relicius. Recent additions and po-
sitional adjustments in known distributions of
{ossil and modern goodeids (M. L. Smith, pers.
comm., 1983) may, however, supporl Paren-
ti's (1981a) hypothesized continuous pre-Mio-
cene distribution (Fig. 15.8).

We suggest examination of possible rcla-
tionships of western American Fundulus to
those of southern and central Mexico (F. gran-
dis, F. grandissimus, F. persimilis). R, R. Miller
(1955a) anticipated such congruence in nis
“tentative phylogenetic sequence” by group-
ing some of these with F. parvipinnis and F.
lima. Cladistic relations of western Cyprinodon
also may in part lie further south than before
appreciated (for example, C. meeki of the Rio
Mezquital); however, these last fishes also may
demonstrate reticulate evolution (Echelle and
Echelle 1978) that bodes ill for cladistic mecth-
odology.

The most clear-cut example of probable
transport of fishes by documented tectonic
displacement involves Gila orcutti of the Los

T

Figure 15.8 Geographic distribulion of fossil (@) and
modem () goodeid fishes; modified from Parenti (1981a),
M. L. Smith (1980, 1981, and pers. comm., 1983), and
Uyeno et al. (1983). Sce text for further explanation,

Angeles Basin. Palinspastic coastline recon-
struction places present distribution of G. or-
culli in juxtaposition with those of its closest
relatives, G. ditaenia (Rio Magdalena) and G.
purpuren  (Rfos Matape-Sonora-Yaqui), in
northwestern Sonora (Fig. 15.9). Rocks and
other sediments along the coastline derived
from northwestern Sonora confirm drainage
continuities prior to northward translocation.
If relationships of the subgenus Temeculina of
Gila are as postulated by Barbour and Miller
(1978) with the genus Algansea of the Mexican
Mesa Central, a zoogeographic track of that
group is concordant with shear and displace-
ment alignments discussed for western cy-
prinodontiform fishes. Possible relationships
of Algansea and Agosia (D. A. Hendrickson,
unpublished data) also may apply. If one in-
cludes G. crassicaudn of the Sacramento-San
Joaquin Basin in Temceculing (Barbour and Miller
1978) the pattern extends to the modern north-
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Figure 15.9 Diagrams of present distributions of six cyprinid fishes (genus Gila, s1 bgenus Temerulina) of
western North America held fixed in size relative to displacement of microplates along, the present and proto-
San Andreas Transform zone. Great Salt Lake is held immobile as a reference point. Scme extension between
the Colorado Plateau margin and the Sierra Nevada axis and across Sonora was reducd at a time-dependent
rate. Sce text {or details and Figure 15.5 for further explanation.

ern boundary of regional transform tectonics
(compare Figs. 15.5 and 15.9).

Pantosteus santaanae, which shares a distri-
bution in the Los Angeles Basin with Gila or-
cutti, has less definitive palinspastic congru-
ence with probable ancestors. However, it is
clearly a relative of P. plebeius (G. R. Smith
1966) that partially shares a present distribu-
tion with subgenus Temeculing, and may thus
reflect the same tectonic history. The absence
of members of the genus Pantoesteus in inter-
vening drainages detracts from this interpre-
tation.

A viable alternative for origin of Pantosteus
santaanne may involve the lower Colorado re-
gion and conditions that existed prior to Basin
and Range formation and inlegration of the
upper, middle and lower parts of the Colorado
River. The region should have early been oc-
cupied by a primitive, P. plebeins-like form,
Basin and Range faulling south and west of
the Colorado Plateau isolated stocks perhaps
now represented by problematic populations
(Minckley 1973) of the White, Virgin and Bill

Williams rivers. Panlcsteus santaanac sharcs
some characters with these populations as well
as with southern popu ations of P, plebeius (G.
R. Smith 1966). Invasiin of stocks giving rise
to P. clarki as a sister taxon of P. discobolus (G.
R. Smith 1978) may be reflected in characters
of these fishes, and could as well have resulted
in extirpation of remrant stocks in the Gila
River. Precedent for stock replacement after
such invasion has been ind:cated for the upper
Snake River system (C. R. Smith 1966).
Emplacement of a primitive Panlostens in
coastal California through events associated
with schollen migration is feasible and may
be supported by presence of Rhinichthys os-
culus in the Los Angeles Basin. Cornelius (1969)
demonstrated morphological alliance of the last
with the middle Colorado River and not with
the Sacramento-San Joaquin Basin or north-
east through Owens Valley to the Lahontan
Basin. Rhinichthys o. nevadensis in Ash Mead-
ows of the Death Valley region (R, R, Miller
1946b; Hubbs and Miller 1948a) and Rhin-
ichthys deaconi in Las Vzgas Wash (R. R. Miller
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1984) may reflect the same processes. Rhin-
ichthys osculus further does not occupy Mexico
south of the Gila River Basin, Inconsistencics
between this hypothesis and those just for-
warded for Cyprinodon may in part be recon-
ciled by typical differences in habitat prefer-
ences, lowland versus upland, respectively,
for that taxon and the pair of cyprinoids.

Application of principles of vicariance bio-
geography (Rosen 1975a,b; Nelson and Plat-
nick 1981; Nelson and Rosen 1981) to,analysis
of some situations just described was in part
attempled by comparison of hypothesized area
relations (Fig. 15.4) with two available specics-
level cladograms (Figs. 15.10 and 15.11). There
are no phylogenies yet available for compar-
ison with area relationships in Figure 15.5.

A cladogram of G. R. Smith and Koehn
(1971), based on morphological and biochem-
ical data for Catostomus (excluding Panlostcus)
depicts the group as paraphyletic. Pantostcus
forms a sister group to C. rimiculus (Fig. 15.10).
Only 13 of 23 species of our region were in-
cluded, making interpretation tenuous, but
there is a lack of obvious congruence of the
overall phylogeny with area relationshivs.
Congruence of disjunct parts of the phylogeny
suggest, however, that both area relationships
and phylogeny may be at least pattially cor-
rect. We thus altered the cladogram through
internal rotations without change in relation-
ships or in concept relative to implied or pro-
posed times of origin to see how much change
was required to produce a reasonable “fit”
with geologic history.

If we accept arca relationships as true,
greatest correspondence is obtained by al:er-
ation of the phylogeny to hypothesize early
divergence of two lineages, one being the left
limb in Figure 15.10 including the C. comnter-
soni line and a second giving rise to the C.
occidentalis-C. tahoensis—C. rimiculus group and
its early-differentiated sister group, Pantos-
teus, Consideration of the basal trichotomy as
an early event produces initial congruence:
basal divergence of the eastern Calostomus
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(Columbia R)

¢ ardens (Bonne-
vilie-Upper Snake}
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Figure 15.10  Cladistic estimate of phylogenetic relation-
ships of some catostomid fishes of western North America
(modified from G. R. Smith and Kochn 1971). Inscls be-
low the overall cladogram are reoriented and reinter-
preted segments of the original, with nodes numbered to
correspond to those on the area cladogram of Figure 15.4
as discussed in text.

commersoni corresponds to node 1 of Figure
15.4 whereas chronologics of divergences of
C. ardens and C. macrocheilus correspond to
nodes 13 and 16, respectively. Positions of C.
insignis and C. latipinnis are nevertheless far
from congruent with proposed area relation-
ships (sce later). Relationships of C. occiden-
talis, C. tahoensis and C. rimiculus (Fig. 15.10)
are, however, congruent with events depicted
at nodes 19, 21 and 22 (Fig. 15.4). If such is
the case, ancestral distibution of Pantosteus is

e e
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Figure 15.11 Cladistic estimate of phylogenetic relation-
ships of catostomid fishes of the genus Chasmisies relative
to Catostomus and Deltistes. Xyrauchen was added as im-
plied, but not illustrated, in the original cladogram of R.
R. Miller and Smith {1981: Fig. 12-B). Boxed areas rep-
resent time ranges for fossils; see text for details and Fig-
ure 15.4 for fusther explanation.

constrained to the small region represented
above node 22 (Fig. 15.4), and attainment of
its presently wide distribution since 8 mya is
implied. Such extensive dispersal seems un-
likely and would not have produced the pro-
posed phylogeny (Fig. 15.10).

We note considerable concordance with
predictions of area relationships if Panlosteus
is allowed a much older age of origin. Isolation
of C. columbianus may have resulled from events
at node 2, with subsequent separation of P.
plebeius in the Rio Grande and Mesa del Norte
{nodes 5 and 6). The wide distribution of P.
platyrhynchus must be attributable in part to
dispersal, but correspends with origin in the
Great Basin region by vicariance relating to
node 8 (Fig. 15.4), leaving a sister group on
the Colorado Platcau/southern Basin and
Range/Mohave Block to respond  subse-
quently to events at ncdes 9 and 10. Arrange-
ment of these three taa by G. R. Smith and
Koehn (1971) differs from that predicted by
area relationships (Fig 15.4), which indicates
that P. clarki and P. santaanae would {orm the
sister group of P. disccholus (Fig. 15.10). With
minor adjustments we thus find nearly com-
plete congruence of paylogeny with area re-
lationships within Pan-ostcus and basal taxa of
the lineage leading to Paniosteus.

Considering that the detailed pattern of area
relationships may harbor errors, such a phy-
logeny also is consistent with a different, more
generalized scheme of area relations, for which
there is a geologic basis. Suppe et al. (1975)
discussed data indicating that our region north
and west of the Colorado Plateau and north
of the Garlock Fault/Las Vegas Valley shear
zone behaves as a major “western North
American Subplate.” Viczriance of this sub-
plate would be depict:d in a modified Figure
15.4 as a bifurcation with one limb containing
the western North Amrrican component (nodes
12-25) and the other limb producing a sister
lineage comprising most of the remainder of
the region (nodes 5-11). Congruence with the
Pantosteus group of the phylogeny is improved
if such a bifurcation is placed above node 6 to
produce one lineage o{ nodes 8-11 and a sister
group of nodes 12-25. This is consistent with
geology, since formation of the subplate was
likely a result of initiatior: of transform shear
at 29 mya, roughly coincident with opening
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of the Rio Grande Rift (27 mya) and rotation
of the Colorado Plateau. It is interesting to
note that the left limb of the Catostomus (s.s.)
phylogeny, which presumably would have ex-
perienced the same history as the right limb,
is discordant in a similar fashion. The two taxa
(C. insignis and C. latipinnis) incongruent with
area relationships matched by the other three
(C. commersoni, C. ardens and C. macrocheilus)
are those not now inhabiting surfaces of the
western North American Subplate.

A second set of phylogenetic data was pro-
vided by R. R. Miller and Smith (1981) as twc
hypotheses of relationships within the catos-
tomid genus Chasmistes. Their Figure 12-A was
“constrained to have character states of the
oldest known fossil near the base” and in-
volved many character reversals. Such con:
straints were not applied in their Figure 12-B,
however, which was more parsimonious but
involved parallclisms and homoplasy of some
characters. We chose to employ the latter (Fig.
15.11) for comparison with area relationships
(Fig. 15.4), and found strong congruence.

Early divergence of Dellistes from its pro-
posed sister, Xyratichen, is congruent with node
8 (Fig. 15.4); reasons for early divergence o!
that lineage are not explained by area rela-
tionships unless the former was isolated ori
the western North American Subplate and the
latter taxon elsewhere (see above). Subse-
quent isolation of the Bonneville Basin (node
13) is congruent with divergence of Chasmistes
liorus. Later divergence of “Miocene C. cujus
sp.”" lineage may be most parsimoniously
explained by events of node 17, with disper-
sal derivation of a C. cijus ancestor in the La-
hontan Basin. Alternatively, an earlier split of
this clade might be proposed, which is unex-
plained by area relationships. Such, however,
would predict presence of other derivatives of
the C. cujus lineage in all areas isolated from
the Lahontan, areas where they are presently
unknown, by events of nodes 19 to 25. The
next divergence, that of C. brevirostris in the

Klamath Basin, corresponds with node 22.
Within the final group, separation of C. murici
in the upper Snake River relates to node 23
leaving the ancestor of C. balrachops in the
Oregon Lakes region. The sister of C. batra-
chops, C. spatulifer, is thus hypothesized to have
arisen by dispersal of a C. batrachops ancestor
to the middle Snake River arca. Fragmentary
fossil material from Duck Valley and China
Lake referred to C. batrachops (R. R. Miller and
Smith 1981) might also represent dispersal de-
rivatives, or might be vicariant isolates form-
ing a sister group to C. muriei (node 24). Un-
identified fragmentary fossils from various
localities in the Lahontan Basin also may rep-
resent an autochthonous sister of C. murici
(Fig. 15.11).

Biological, hydrological and geological real-
ities, as well as methodology employed to con-
struct cladograms, impose limitations on va-
lidity of interpretations. Although congruence
seems remarkably high in the two available
comparisons, we are obligated to provide cau-
lionary comments.

Results of an approach to fish distributions
based on tectonism seems useful since hy-
drography responds predictably to tectonic
events. Terminal areas defined mostly by tec-
tonic margins thus correspond well to faunal
areas. However, the extent of interconnective
events must be kept in mind. It cannot be
expected that vicariance biogeography meth-
odology will be as readily applied in inland
areas as it has been to less complex, trans-
oceanic intercontinental relations, where bar-
riers are definitive and reticulate events fewer
or absent.

Lack of congruence between area and phy-
logenetic patterns indicate either erroncous
depiction of true relationships, complexities
resulting from dispersal or speciation through
other than allopatry. Inland regions of com-
plex geologic history have ephemeral barriers.
Vicariant events may not be permanent be-
cause of subsequent direct or indirect tectonic
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effects, and dispersal opportunities may be
frequent in geologic time. Any altempt to por-
tray all connective events in area relationships
results in a reticulum, and necessitates an as-
sumption of unfailing dispersal of biotic ele-
ments to attain cosmopolitan distributions
within composite areas prior to subsequent
vicariance of any part. Construction of anas-
tomosing cladograms incorporates into the vi-
cariance biogeography methodology the dis-
persal that it was implicitly designed to detect.
We therefore defined areas as geographic units,
recognizing that any one may have had mul-
tiple and varied hydrographic affinities through
geologic time. Each was treated in effect as if
it were permanently endorheic, experiencing
only subdivision, with no growth or loss of
arca. All vicariant events were considered to
produce allopatry of subdivisions, not as con-
nective events to adjacent regions, although
they may in fact be such. We discussed con-
nective events and their chronologies else-
where in text. Our decision to define vicariant
evenls as those that changed drainage alfili-
ations of areas obviously limits use of resulting
diagrams in studies that involve organisms that
may not respond to such barriers as do the
aquatic biota.

Our rooting of most of the area cladograms
on the Oligocene erosion surface, implying
pan-regional distributions of ancestral fishes
at that time, may obviously be questioned. We
deem it likely, however, that drainage inte-
gration over the broad, stable, long-lived, low-
relief surface was extensive, and that a biota
attained a regional distribution far more wide-
spread than any similar monophyletic assem-
blage displays today. Additionally, potential
ancestors of at least some groups in the mod-
ern fauna (for example, cyprinids) are known
from the limited Oligocene fossil record in the
area. Others (for example, catostomids other
than the earlier Amyzon) have minimal re-
gional ages of Miocene.

Although we attempt no statistical analyses

of goodness of fit, it secms improbable that
stochastic processes would have produced ob-
served degrees of conccrdance of relatively
large segments of hypothesized phylogenies
with area relationships indicated by geology.
The small sample indicat2s that regional phy-
logenetic patterns may rosull from vicariance
processes dating to Oligcere. At least on a
regional scale, dispersal and Fleistocene events
appear lo have had rela‘ively litlie influence
on today’s broad patterns. We encourage clad-
istic analyses of other regional groups, as well
as continued scrutiny of area relationships.

EPILOGUE

Our biological interpretations have been based
on and often constrained by limited infor-
mation on relationships developed by a di-
versity of systematists using equally diverse
methodology. Needs fcr phylogenetic anal-
yses of major fish grops over broad geo-
graphic areas are apparcnt, and until they are
available little more can ve accomplished than
inferences for future research, Not only are
such studies of importance within our area,
but relationships across the Continental Di-
vide remain little quantified, and we further
suspect that indications of sister groups span-
ning the Pacific Ocean (R. R. Miller 1959a,
1965; Uyeno 1960; Hopkirk 1973; Gosline 1974;
Howes 1980, 1984; G. R. Smith 1975; G. R.
Smith and Miller 1985 may reflect tectonic
phenomena rather than dispersal. G. M. Davis
(1979, 1982) documented delivery of compo-
nents of the freshwater molluscan fauna of
Asia via the Indian Plate, and the Pacific Basin
is rimmed by allochthonous terranes of un-
certain origins (Nur and Ben-Avraham 1982),
yet of recent enough accretion to be acceptable
vehicles carrying ancestors of some modern
faunal elements.

Despite our original intent and timely urg-
ings of Endler (1982a,b , scope of this chapter
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allowed only passing consideration of influ-
ences of ecology on past and present distri-
butional patterns. Ecology of western fishes
has been reviewed by Deacon and Minckley
(1974), contributors in Naiman and Soltz (1981),
Moyle et al. (1982) and in regional compenclia
cited earlier. We further have not satisfactorily
dealt with especially interesting questions of
influences of tectonics and paleoclimatic fac-
tors on life histories, community structures or
distributional relations, and have dealt orly
in passing with explanations for the absence
of groups from vast regions. Severity of cli-
matic change, however, necessilates some fur-
ther comments.

Climatic trends toward aridity, the latest of
which being the most severe yet recorded (Ax-
elrod 1979), must have resulted in remarkable
amounts of species and faunal extirpation. In
some of the best studied examples, evolution
of lake-adapted taxa in Late Miocene and Pli-
ocene ended with disappearance of large la-
custrine habitats in Pleistocene, and such fishes
became extinct or exist only as local relicts (R.
R. Miller 1946b, 195%a, 1965; Hubbs and Miller
1948a; G. R. Smith 1975, 1978, 1981a,b; M. L.
Smith 1981). However accumulated evapor-
ites in lake basins that existed far earlier in
Tertiary attest to recurrent droughts over geo-
logic time spans, often on a regional basis, and
extinction must have then prevailed as well.
Adaptations to environmental variations at-
tending drought conditions in surviving fishes
must thus have been necessary in the distant
past, and responses to physical, chemical and
biological conditions that allowed these obli-
gate aquatic animals to persist, even if by charce
in the regional vastness, merit study and def-
inition. That tolerances evolved early is dem-
onstrated indirectly by ecology of deposition
of many fossil-bearing strata. For example, the
Miocene Gila traini lived in highly alkaline
waters (Lugaski 1979), as do today many pop-
ulations of related cyprinids (Williams 1980;

Williams and Bond 1981, 1983). Potentially
estuarine forms such as cyprinodotoids were
presumably preadapted toinland salinitiesand
other vagaries of western waters (M. L. Smith
1981). By Miocene, extremes intolerable to some
groups brought about their regional extinc-
tion, while ancestors of the modern fauna per-
sisted. Itis, however, important to emphasize
that much of western North America is not

- and has likely never been desert. In fact, gaps

in fish distributions generally correspond to
desert areas except where geologic waters oc-
cur or highland runoff passes into desert ter-
rains, and the most diverse faunas are at in-
termediate elevations in temperate habitals
(Minckley and Brown 1982).

A few forms in special habitats such as ther-
mal springs seem to be narrow niche special-
ists intolerant to fluctuating environmental
features of surface runoff. Taxa that become
highly specialized to local conditions may be
evolutionarily blocked, with extinction far
more probablethan survival (R. R. Miller1950a,
1961a). However, many species restricted to
springs and spring-fed habitats show few if
any restrictive specializations (Deacon and
Minckley 1974; Soltz and Hirshfield 1981), and
most widespread or formerly widespread
western fishes tend to be generalists.

Some of these less differentiated relict fishes
of wetter times must have remained poised in
refugia during drought to reoccupy with sim-
ilarly protected congeners expanded aquatic
habitats of the next wet period (Minckley and
Brown 1982). Tolerance to extremes viewed as
generalist traits thus may have arisen in re-
sponse to special local conditions, only to be
assimilated into hybrid swarms when sym-
patry was achieved, then sorted out anew in
allopatry forced by another cycle of desicca-
tion. Pronounced intraspecific varation in
morphology of some western fishes (for ex-
ample, G. R. Smith 1966; Hubbs et al. 1974;
Rinne 1976; Minckley 1980d) also may origi-
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nate from historic secondary contacts of allo-
patric differentiae. Introgression of genes after
hybridization of species or semispecies may
lead to rapid adaptive evolution (Lewontin and
Birch 1966), and severe selective forces are cer-
tainly available to act on western fishes. An-
derson (1949) speculated that introgression
might incorporate new genes into populations
that could allow occupation of new habitats
and presumably lead to advantageous new
adaplive peaks. This scenario differs only in
relaling to much longer periods of time and
far greater space from diflcrentiation of demes
or other population units in microisolative
pockets (Ehrlich and Raven 1969; Endler 1973,
1977; G. M. Davis 1979, 1982). Mixing of dis-
tinct fishes is documented in cyprinodontoids
of the Anatolian Basin of Turkey (Villwock 1958,
1963, 1966; Kosswig 1961, 1963) and the Mex-
ican Plateau (Arnold 1972; Minckley 1978, un-
published data); in western North American
catostomids {G. R. Smith 1966; Koehn 1969;
G. R. Smith and Koehn 1971; G. R. Smith et
al. 1983); cyprinids of remnant waters of the
Lahontan Basin (Kimsey 1954; Hubbs 1961);
and others. Many examples dealing with hy-
brid swarms have been attributed to failure of
isolating mechanisms due to human activities.
Natural trends in habitat deterioration must
sometimes have similar results (Hubbs 1955).
Putative hybrids are indicated in the fossiland
archaeological records as well (Hubbs and
Miller 1948a; Hubbs 1961; G. R. Smith 1975;

R. R. Miller and Smith 1981), and probable or,

possible hybrid origins of some western taxa
are becoming recognized (Echelle and Echelle
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1978; G. R. Smith et al. 1579, 1983; R. R. Miller
and Smith 1981).

High mountains and fractured lowlands
giving rise to springs assure the presence of
regional waters, and such appears almost the
only thing required for survival by some west-
ern fishes, be they of hybrid origin or not. We
thus view the western fish fauna as an assem-
blage sorted out as has been much of the arid-
land flora (Axelrod 1958. 1957, 1979) by rep-
etition of drought and tectonism to its present
composition. It consists of preadapted cyprin-
odontoid (M. L. Smith 1981) and evolved cy-
prinoid generalists capable of persisting by
tracking of seismic zones and climatic condi-
tions that provide highly variable but per-
manent waler, plus a smaller contingent of
specialists of these and other groups locked
in their dependency on scarcer, constant aquatic
habitats.
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