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Variation and Divergence of Death Valley Pupfish Populations at
Retrotransposon-Defined Loci

David D. Duvernell1 and Bruce J. Turner
Biology Department, Virginia Polytechnic Institute and State University

A population survey of the Death Valley pupfishes (Cyprinodontidae: Cyprinodon sp.) for insertional variation
associated with ‘‘Swimmer 1’’ (SW1), a retrotransposon family, was conducted with Southern blot hybridization.
Numerous polymorphic insertion sites were detected, providing compelling evidence that SW1 has been retrotrans-
positionally active in the recent history of the Death Valley pupfishes. This extensive variation revealed marked
genetic divergence among some populations that were indistinguishably monomorphic by other molecular tech-
niques. Large disparities were also detected among populations in the levels of genetic diversity exhibited at SW1-
defined loci. These differences may have resulted from either variability among populations in SW1 retrotranspo-
sitional activity (i.e., mutation rates) or variable rates of genetic drift mediated by differences in effective population
size. The patterns of genetic variation suggest that most polymorphic sites derive from a common ancestor and that
recent population divergence has occurred primarily through loss of variability via drift.

Introduction

The Death Valley pupfishes (Cyprinodontidae: Cy-
prinodon sp.) comprise a monophyletic assemblage of
relict populations (eight taxa: three species, seven extant
subspecies) occupying the remnant aquatic habitats of
Pleistocene Lake Manly and the Amargosa River drain-
age system in southern California and Nevada (Echelle
and Dowling 1992; Duvernell and Turner 1998a). Iso-
lation of several of these populations dates to the middle
to late Pleistocene, when the region became more arid
and this once-extensive system of lakes and rivers be-
came fragmented (Soltz and Naiman 1978; Miller 1981).
Several of the spring habitats were isolated only within
the past several hundred to few thousand years (Soltz
and Naiman 1978).

Comparative studies of these populations have re-
vealed detailed knowledge of morphological variation
(Miller 1948; LaBounty and Deacon 1972), relation-
ships between morphological and habitat variability
(Soltz and Hirshfield 1981), courtship behaviors (Liu
1969), and the genetic basis of physiological tolerances
(reviewed by Feldmeth [1981] and Soltz and Hirshfield
[1981]). However, despite the phenotypic distinctiveness
of many of these populations, knowledge of the levels
of their molecular genetic diversity and divergence re-
mains less complete. This information is important for
understanding of the processes and influences involved
in the divergence of the Death Valley pupfishes and is
critical for the development of management strategies
for these populations, many of which are threatened or
endangered (Minckley and Deacon 1991).

Studies of the genealogical relationships of mtDNA
haplotypes isolated in separate populations suggest that
population divergence with respect to the mtDNA ge-
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nome has occurred largely through stochastic and, in
most cases, complete sorting of ancestral variation
(Echelle and Dowling 1992; Duvernell and Turner
1998a).

Less is known about the level of nuclear genetic
diversity and divergence exhibited among the popula-
tions. Previous attempts at measuring divergence by al-
lozyme techniques were confounded by a general lack
of detectable variation at those loci (Turner 1974, 1983;
Echelle and Echelle 1993). In general, the effective pop-
ulation size for the nuclear genome should be fourfold
larger than that for the mtDNA genome as a conse-
quence of the maternal haploid inheritance pattern of the
latter genome (Wilson et al. 1985). Therefore, we might
predict that population divergence, on average, should
be more limited in the nuclear genome, with a larger
portion of the genetic variation retained within popula-
tions and more limited divergence among populations.
Such patterns of variation would facilitate more detailed
analyses of the relative historical effective population
sizes retained in the various isolated habitats and might
reveal details regarding population relationships that are
indiscernible by analysis of the mtDNA genome.

The retrotransposable elements are a diverse group
of endogenous mobile genetic elements that constitute a
prominent component of eukaryotic genomes (Finnegan
1992; McDonald 1993). When retrotransposable ele-
ments are mobilized, they generate mutations, and retro-
transposons have been implicated as a potential source
of novel genetic variation in evolutionary processes (see
Kidwell and Lisch [1997] for a recent review).

SW1 is a low-copy-number retrotransposable ele-
ment family that has been identified and characterized
in the genomes of the desert pupfish (Cyprinodon ma-
cularius) and the Japanese medaka (Oryzias latipes)
(Duvernell and Turner 1998b). Southern blot analyses
of genomic DNA revealed that the composition of SW1
family members is highly variable in some pupfish ge-
nomes. The goals of this study were twofold: (1) to as-
sess the level of genetic variation associated with the
SW1 element family in natural populations and to infer
whether mutational processes associated with the SW1
family have generated novel genetic variation among
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FIG. 1.—Diagram depicting the structural features of the complete SW1 element (Duvernell and Turner 1998b), including two open reading
frames (ORFs) flanked by untranslated regions (UTRs) at the 59 and 39 ends. The probe used in this study falls within the reverse transcriptase
(RT) domain of ORF2. Nucleotide sequence of the entire ORF2 and 39 UTR regions (shown in black) has been obtained for an SW1 insert
from Cyprinodon macularius (GenBank accession number AF055643). There are no PvuII endonuclease sites and only one HindIII site (indicated
in diagram) within the region of the element that has been sequenced.

FIG. 2.—Geographic distribution of pupfish population samples. Sample numbers refer to collection sites identified as follows: Cyprinodon
salinus salinus—(1) McLain Spring, (2) Salt Creek; Cyprinodon salinus milleri—(3) Cottonball Marsh; Cyprinodon nevadensis nevadensis—
(4) Saratoga Springs; Cyprinodon nevadensis amargosae—(5) Amargosa River at Valley Spring, (6) Willow Spring Creek at China Ranch, (7)
Amargosa River at Tecopa, (8) unnamed spring near Tecopa Spring Road, (9) Tecopa ‘‘Bore’’; Cyprinodon nevadensis shoshone (?)—(10)
Shoshone Spring, (11) Amargosa River at Shoshone; Cyprinodon nevadensis mionectes—(12) Big Spring, (13) Point of Rocks Spring; Cypri-
nodon nevadensis pectoralis—(14) School Spring, (15) Indian Spring; Cyprinodon diabolis—(16) Devil’s Hole.

populations in isolation, and (2) to use SW1-associated
variation to assess the genetic distinctiveness of pupfish
populations and to attempt to evaluate the relative im-
portance of duration of isolation and effective popula-
tion sizes in driving population divergence.

Materials and Methods

The survey strategy employed was to identify re-
striction enzymes that apparently do not cleave within
the SW1 element sequence (fig. 1). A Southern blot
analysis of the resulting restriction endonuclease frag-
ments, using a portion of the SW1 element as the probe,

resulted in a series of bands. Each band was composed
of all or a portion of the SW1 insertion element and a
variable length of unique site-specific flanking genomic
DNA at one or both ends of the insert. The variation
that is detected among individuals may result from a
combination of the presence/absence of insertion ele-
ments at individual genomic sites or possibly from re-
striction fragment length polymorphisms (RFLPs) in the
flanking genomic DNA.

DNA samples were obtained from 16 populations
distributed among 3 geographical regions (Salt Creek
drainage, Amargosa River drainage, and Ash Meadows).
Collection locations and population identification are
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FIG. 3.—Southern blot surveys of pupfish specimens from (A) Saratoga Springs (4) and the Amargosa River at Valley Springs (5) and (B)
Devil’s Hole (16). The extensive variation revealed among individuals from Saratoga Springs and the Amargosa River contrasts sharply with
the absolute band identity detected among individuals from Devil’s Hole. Samples were prepared with enzyme PvuII and hybridized with a 309-
bp probe derived from the SW1 reverse transcriptase gene. Size standard indicated in kilobases.

given in figure 2. Collections were made in April 1994
under permits listed in the acknowledgments section. All
specimens were pithed, degutted, and fixed in absolute
methanol in the field. Fixative was changed at least
twice in the 36–48 h following initial fixation.

DNA Analysis
Ten-microgram aliquots of DNA, extracted from

caudal peduncle muscle tissue, were digested with 15–
20 U of the appropriate restriction enzyme (PvuII or
HindIII) following supplier specifications. Digested
DNAs were size fractionated on a 1% agarose gel (1 3
TAE), alkaline-transferred in vacuo, and probed accord-
ing to standard protocols (Ausubel et al. 1987).

Data Analysis
The electrophoretic conditions gave maximum res-

olution of bands ranging in size from approximately 0.5
to 35 kb. Bands within this size range were scored as
present (1) or absent (0) for each individual. A similarity
matrix of all individuals was constructed with GEL-
STATS (version 2.61; Pelikan and Rogstad 1996; Rogs-
tad and Pelikan 1996) using a band-sharing index of sim-
ilarity (S 5 (2 3 NXY)/(NX 1 NY), where NXY is the num-
ber of bands shared between individuals X and Y, and NX

and NY are the numbers of bands in individuals X and Y,
respectively; Nei and Li 1979; Lynch 1990; Rogstad and
Pelikan 1996). A measure of pairwise genetic distance
among individuals was calculated as 1 2 S.

Relative genetic diversity among populations was
estimated by pairwise similarity tests using GELSTATS.
These tests determined whether paired populations differ
in average within-population, interindividual similarity
(Rogstad and Pelikan 1996). The significance of these
comparisons was determined using a nonparametric per-
mutational test (1,000 randomizations) performed by
GELSTATS.

An analysis of molecular variance (AMOVA, ver-
sion 1.55; Excoffier, Smouse, and Quattro 1992) was ap-
plied to the distance matrix to estimate variance compo-
nents and population pairwise distance measures (Fst).
The AMOVA procedure utilizes an analysis of variance
format to reveal the patterns of intraspecific genetic struc-
ture among populations from distance metrics derived
from molecular data (Excoffier, Smouse, and Quattro
1992). The significance of all population statistics was
determined using a nonparametric permutational proce-
dure (500 randomizations) performed by AMOVA. The
utility of AMOVA for analyzing phenotypic patterns
from multilocus markers such as random amplified poly-
morphic DNAs (RAPDs) has been well demonstrated by
others (e.g., Huff, Peakall, and Smouse 1993; Stewart and
Excoffier 1996; Gillies et al. 1997).

A multidimensional scaling (MDS; Kruskal and
Wish 1978) analysis was conducted on the pairwise pop-
ulation estimates of Fst (analogs of Fst estimated by
AMOVA). The MDS analysis provides a means of spa-
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Table 1
Band Frequenciesa and Sample Sizes for 16 Populationsb of Death Valley Pupfishes

BAND

POPULATION NUMBER

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

A. . . . . . . . . . .
B. . . . . . . . . . .
C. . . . . . . . . . .
D. . . . . . . . . . .
E . . . . . . . . . . .

1.000
1.000

1.000
1.000

1.000
1.000

0.240

1.000

0.324

1.000
0.068
0.023
0.182
0.091

1.000
0.091
0.091
0.333
0.061

1.000
0.141
0.107
0.250
0.071

1.000
0.345

0.793

1.000

0.481
0.037

1.000

0.452
0.419

1.000

0.462

1.000
0.111
0.111
0.444
0.222

1.000
0.333
0.250
0.083
0.500

1.000
0.647

1.000
0.091

0.364
0.091

1.000

F . . . . . . . . . . .
G. . . . . . . . . . .
H. . . . . . . . . . .
I . . . . . . . . . . .
J . . . . . . . . . . .
K. . . . . . . . . . .

1.000 1.000

0.440

1.000

0.297
0.162

0.135
0.027

0.023

0.159
0.023

0.121
0.061

0.091

0.143
0.036

0.107 0.793

0.037

0.074

0.222
0.444
0.111

0.333

0.083
0.167
0.083
0.167
0.250

0.588 0.091

L. . . . . . . . . . .
M . . . . . . . . . .
N. . . . . . . . . . .
O. . . . . . . . . . .
P . . . . . . . . . . .

1.000 1.000 1.000

0.351
0.081
0.486
0.189
0.541

0.045
0.227
0.136
0.182
0.636

0.091
0.152
0.152
0.576

0.143
0.107
0.107
0.571

0.690

0.931

0.185
0.148
0.037
0.593

0.097
0.613

0.115
0.423
0.692

0.333
0.111
0.222
0.111

0.500

0.333
0.500

0.647

0.091
0.273
0.182

0.455
1.000

Q. . . . . . . . . . .
R. . . . . . . . . . .
S . . . . . . . . . . .
T . . . . . . . . . . .
U. . . . . . . . . . .
V. . . . . . . . . . . 1.000 1.000

1.000

1.000

0.135

1.000

0.023
0.114
0.023

1.000

0.030
0.212

1.000

0.143

1.000 1.000

0.037

0.037
1.000 1.000 1.000

0.333

0.555

1.000

0.500

1.000 1.000 1.000 1.000
W . . . . . . . . . .
X. . . . . . . . . . .
Y. . . . . . . . . . .
Z . . . . . . . . . . .

1.000 1.000
0.280
0.880 1.000

0.162
0.243

1.000
0.182

1.000
0.212

1.000
0.321

1.000
0.724

1.000
0.148

0.032
1.000
0.387

1.000
0.231

1.000
0.555

1.000
1.000

1.000 1.000
1.000

1.000
1.000

Sample size . . 15 16 25 37 44 33 28 29 27 31 26 9 12 17 11 10

a For 26 scored SW1 bands using PvuII as the restriction enzyme.
b Populations are identified in figure 2.

tially arranging the matrix of Fst values in a configu-
ration of points which visualizes the relative genetic dis-
tances among populations. The ‘‘stress’’ value associ-
ated with the MDS analysis is the square root of the
normalized residual sum of squares (Kruskal and Wish
1978) and provides a measure of the goodness of fit.
The MDS analysis was conducted using the MDS mod-
ule of STATISTICA (release 4.3; StatSoft 1994) with
the ‘‘Standard Guttman-Lingoes’’ starting configuration.

Results

A Southern blot analysis of 370 individuals from
16 Death Valley pupfish populations, using PvuII as the
restriction enzyme, uncovered approximately 35–40 dis-
tinguishable bands in total. These bands varied from
about 0.5 kb to roughly 75 kb in length. The number of
bands observed in each individual ranged from 4 to 15,
with the mean number of bands per population ranging
from 6 (populations 1, 2, 15, and 16) to 9.5 (population
14). The hybridizing DNA fragments revealed extensive
genetic variation in many of the populations (fig. 3A),
although others were completely invariant (fig. 3B).
Nearly all bands were polymorphic in the majority of
the populations in which they were found, with only
three bands appearing fixed or nearly fixed in all 16
population samples. A more limited survey of some
populations (populations 1, 2, 3, 10, 14, and 15), using
HindIII as the restriction enzyme, revealed similar band-
ing patterns with equivalent levels of genetic variation.

Distribution and Frequency of Bands

Twenty-six of the PvuII-generated bands (ranging
in size from ;0.5 to 35 kb) were scored; their popula-
tion frequencies are indicated in table 1. Most polymor-
phic bands were distributed among multiple populations;
only three bands (T, U, and Z) were unique to single
samples, and three others (F, K, and R) appeared local-
ized in pairs of geographically adjacent samples. Fixed
differences between populations were rare but not ab-
sent. A fixed difference between Salt Creek/McLain
Spring (1, 2) and Cottonball Marsh (3) was demonstra-
ble using both PvuII and HindIII restriction enzymes
(fig. 4A and B).

Genetic Diversity

The number of polymorphic bands present within
populations varied markedly among populations. Levels
of interindividual variation within populations ranged
from identity to virtual individual-specificity. These dif-
ferences were quantified based on pairwise individual
similarities and on probabilities of identity among in-
dividuals within populations (Rogstad and Pelikan
1996). Both measures of band complexity amount to
estimates of relative genetic diversity among the respec-
tive populations. Permutational tests of pairwise simi-
larities among individuals within populations revealed
that population band complexity estimates could be sep-
arated into several distinct clusters that were signifi-
cantly divergent (P , 0.05; table 2).
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FIG. 4.—Southern blot surveys of pupfish specimens from Cottonball Marsh (3), Salt Creek (2), and McLain Spring (1) using (A) PvuII
and (B) HindIII restriction enzymes. Fixed differences between Cottonball Marsh (Cyprinodon salinus milleri) and Salt Creek/McLain Spring
(Cyprinodon salinus salinus) are observed with both restriction enzymes. Both blots were hybridized with a 309-bp probe derived from the
SW1 reverse transcriptase gene. Size standard indicated in kilobases.

Population Structure

Estimates of variance components within popula-
tions, among populations within species, and among
species revealed that the largest portion of the variation
was distributed within populations (45%; P , 0.001).
However, nearly as much of the variation was parti-
tioned among species (40%; P , 0.001); the smallest
portion of the variance occurred among populations
within species (13%; P , 0.001).

When the same analysis was restricted to Cypri-
nodon nevadensis populations and conducted at the sub-
specific hierarchical level, a larger portion of the vari-
ance was partitioned within populations (79%; P ,
0.001). The amount of variation partitioned among C.
nevadensis subspecies was only 8% (P , 0.025), with
13% (P , 0.001) of the variation distributed among
populations within subspecies.

Pairwise estimates of Fst (table 3) were employed
to resolve population genetic structure from the back-
ground of within-population variation. An MDS analysis
of these distance measures (fig. 5) revealed extensive
fine-scale genetic structure. The greatest genetic dis-
tances were encountered at the nominal species levels
between populations of C. nevadensis, Cyprinodon sal-
inus, and Cyprinodon diabolis (table 3 and fig. 5). The
two C. salinus subspecies were quite divergent as well
(Fst 5 0.64; P , 0.05).

Three important points regarding the relationships
among C. nevadensis populations emerged from the
MDS analysis. First, populations that exhibited the high-
est genetic diversities (table 2) were clustered near the
center of the MDS array, while populations with lower
levels of genetic variation were generally scattered
around the periphery. Second, although the genetic dis-
tinctiveness of all the C. nevadensis subspecies was not
supported, there was a clear separation among C. nev-
adensis populations between those located in Ash Mead-
ows and those occupying habitats along the Amargosa
River drainage. Third, the spatial relationships of pop-
ulations from the Amargosa River drainage largely re-
flected their linear hydrological relationships along the
river channel consistent with isolation by distance.

Discussion

The banding patterns of the SW1 element family
revealed extensive genetic variation within and among
the pupfish populations of Death Valley. The extent of
variation exhibited by this retrotransposon family
strongly suggests that it has been active in the recent
history of the Death Valley pupfishes. These patterns
appeared to be highly individual-specific within a num-
ber of the populations, with levels of band complexity
rivaling those typically observed when other multilocus
DNA screening techniques, such as minisatellite (Jef-
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freys, Wilson, and Thein 1985) or microsatellite (Laugh-
lin and Turner 1994, 1996) ‘‘VNTR fingerprints,’’ are
employed.

Death Valley pupfish populations varied most dra-
matically in the levels of genetic diversity exhibited by
their respective SW1 banding patterns. The differences
in genetic diversity may be explained by one of two
possible forces: (1) variability among populations in
SW1 retrotranspositional activity (i.e., mutation rates),
which would give rise to new genetic variation, or (2)
variable rates of genetic drift and consequent loss of
genetic variation at the SW1-defined loci mediated by
contemporary or historical differences in effective pop-
ulation sizes. The possibility that selection has operated
at these SW1-defined sites is not ruled out. However, it
is assumed that, on average, any selective forces im-
posed at insertion element sites should be equivalent
across populations.

The highest SW1-associated genetic diversity was
found in C. nevadensis populations occupying the rela-
tively large spring habitats at Ash Meadows and Sara-
toga Springs (population sizes estimated at 1,500–3,000
individuals), and in the much larger but highly fluctu-
ating riverine habitats of the Amargosa River. While the
river populations may be substantially larger than spring
populations throughout much of the year, they also fluc-
tuate seasonally by several orders of magnitude, making
direct population size estimates difficult (Soltz and Nai-
man 1978). Most of the polymorphic bands identified in
these populations were shared between localities. Ac-
cordingly, a large majority of the variation was distrib-
uted within populations, with correspondingly small ge-
netic distances among populations. These observations
suggest that much of the transpositional activity that led
to this variation occurred in a common C. nevadensis
ancestor and that little or no novel genetic variation has
been generated subsequent to the isolation of extant pop-
ulations. The comparable levels of diversity found in
both the spring and riverine habitats also suggest that,
over the long term, effective population sizes have been
similar.

In contrast, genetic variation was nearly or com-
pletely absent within populations of C. diabolis and C.
salinus. Cyprinodon diabolis occurs in an isolated fault
depression elevated above Ash Meadows. This popula-
tion became isolated from other C. nevadensis popula-
tions approximately 10,000–20,000 years ago, and its
population size has probably fluctuated between about
200 and 800 individuals over that period (Soltz and Nai-
man 1978). Likewise, populations of C. salinus have
probably been isolated from C. nevadensis for at least
as long and likely much longer (Echelle and Dowling
1992; Miller 1981). It is difficult to discern whether lim-
ited genetic variation detected in populations of these
two species has resulted from genetic drift accelerated
by small effective population sizes or whether the SW1
element family has been less active in these species sub-
sequent to their isolation from the C. nevadensis ances-
tor.
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Table 3
Pairwise Estimates of Fst Among Death Valley Pupfish Populationsa

3 4 5 6 7 8 9 10 11 12 13 14 15 16

1, 2 . . .
3 . . . . .
4 . . . . .
5 . . . . .
6 . . . . .
7 . . . . .
8 . . . . .
9 . . . . .
10 . . . .
11 . . . .
12 . . . .
13 . . . .
14 . . . .
15 . . . .

0.638 0.496
0.506

0.533
0.553
0.078

0.526
0.543
0.052
NSb

0.556
0.566
0.073
NS
NS

0.761
0.731
0.261
0.287
0.258
0.278

0.624
0.630
0.097
0.028c

NS
NS

0.304

0.666
0.665
0.181
0.104
0.062
0.048c

0.370
0.080

0.689
0.683
0.187
0.089
0.103
0.093
0.470
0.179
0.092

0.690
0.581
0.146
0.175
0.110c

0.122
0.397
0.210
0.252
0.323

0.714
0.661
0.246
0.202
0.181
0.167
0.437
0.300
0.286
0.319
0.076c

0.633
0.578
0.315
0.390
0.357
0.370
0.615
0.459
0.523
0.533
0.411
0.517

0.787
0.723
0.186
0.188
0.151
0.125
0.353
0.189
0.213
0.348
0.169
0.164
0.543

1.000
0.885
0.446
0.419
0.417
0.424
0.739
0.532
0.506
0.501
0.504
0.481
0.795
0.582

a Populations are identified in figure 2.
b NS, estimates not significantly different from zero in randomization tests (P , 0.05).
c Estimates not significantly different from zero when critical values were adjusted (overall a 5 0.05) using the sequential Bonferroni correction (Rice 1989)

for multiple tests.

FIG. 5.—A multidimensional scaling analysis of Fst values generated for SW1 banding patterns (stress 5 0.117). The magnitudes and
significance of Fst values are given in table 3.

Genetic Structure and Population Divergence

Analysis of the SW1 variation described here, in
combination with recently reported mtDNA data (Du-
vernell and Turner 1998a), provides the most detailed
description of molecular genetic diversity and structure
among Death Valley pupfish populations thus far avail-
able. In addition to providing insights into the influences
involved in the divergence of Death Valley pupfishes,
these data are critical for discerning demographically in-
dependent units which are important for establishing
conservation priorities (Moritz 1995) in a group con-
taining several threatened and endangered populations/
species (Minckley and Deacon 1991).

The SW1 data have resolved the presence and mag-
nitude of genetic structure among some populations for
which other genetic markers have proved uninformative
due to limited or absent genetic variation. For example,
populations from McLain Spring/Salt Creek and Cotton-
ball Marsh exhibited a fixed difference in SW1 banding
patterns (fig. 4A and B), despite being indistinguishably
monomorphic for D-loop sequence–defined mtDNA

haplotypes (Duvernell and Turner 1998a). This is the
first molecular evidence of the genetic distinctiveness of
these populations, which have been isolated for only a
few thousand years (LaBounty and Deacon 1972). The
difference is demonstrable with both restriction enzymes
(Fig. 4A and B), suggesting that it represents the pres-
ence/absence of an SW1 copy at a specific genomic site
and not simply restriction site divergence in flanking
genomic DNAs.

The Indian Spring and School Spring populations
(Cyprinodon nevadensis pectoralis) were also quite di-
vergent with respect to SW1-associated banding patterns
(Fst 5 0.73; table 3) despite being monomorphic for
identical mtDNA haplotypes (Duvernell and Turner
1998a). These populations have probably been isolated
for no more than a few hundred years and are among
the smallest in Death Valley (fewer than 200 individuals
each; Soltz and Naiman 1978). This substantial genetic
divergence over a brief time interval was likely facili-
tated by rapid genetic drift as a consequence of the small
effective population sizes imposed in these habitats. In
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contrast, the much larger populations at Big Spring and
Point of Rocks Spring (Cyprinodon nevadensis mionec-
tes; census sizes ø 3,000 individuals) were not signifi-
cantly divergent for SW1-associated banding patterns,
although they may have been isolated for at least as long
as School Spring and Indian Spring (Soltz and Naiman
1978).

There was generally less divergence among popu-
lations in the Amargosa River drainage, particularly
among river populations that may undergo occasional
genetic exchange. Additionally, divergence among the
river populations and nominal subspecies from Saratoga
Springs and Shoshone Spring were relatively low. Per-
haps surprisingly, the most extensive divergence in this
region was not among the nominal subspecies. Instead,
the most divergent population was one of Cyprinodon
nevadensis amargosae in a small, unnamed spring only
partially isolated from the adjacent river population.
Concordantly, the estimated relative genetic diversity in
this small spring population was among the lowest in
Death Valley. This observation supports the supposition
that genetic divergence among these populations has
been driven primarily through loss of genetic variation
via drift.
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