
The following article is dedicated to Gary L. 
Vinyard. Gary was an aquatic biologist who loved
the Great Basin. He was an excellent teacher, a 
dedicated researcher, a conservation biologist, and a
friend of Great Basin fishes. His works will long be
remembered and used.

The Great Basin in western North America
(Morrison 1991) contains extensive sand dunes
that are of Holocene origin (Born 1972, Benson
et al. 1990). These dunes and their association
with pluvial lakes and water courses have
been well studied (Smith 1982, Benson et al.
1990, Eissmann 1990, Morrison 1991). Eusattus
muricatus (Coleoptera: Tenebrionidae) is per-
haps the most abundant of the 15–20 dune-
obligate, flightless insects confined to these
dunes (Bechtel et al. 1983, Doyen 1984, Rust
1986). Adults may be found foraging on the
dune surface at dawn and dusk throughout the
warmer months of the year (Doyen 1984, Rust
1986). Their ecology appears typical of other
dune-obligate beetles, and therefore E. murica-
tus serves as a kind of “umbrella species” for this
understudied fauna. The distribution of this
insect on relatively isolated sand dunes makes
it an excellent subject for examining popula-
tion genetics, dispersal, and fragmentation
events (Stock and Castrovillo 1981, Higby and

Stock 1982, Larson et al. 1984, Slatkin 1985,
Foster and Knowles 1990, Britten et al. 1994,
1995, Yamashita and Polis 1995, Porter and
Rust 1996).

The relatively well-understood geologic his-
tories of dunes in the Great Basin further aid
in studying population genetic consequences
of habitat isolation for these beetles. Earlier
studies showed that populations of E. murica-
tus are isolated from gene flow in sand dunes
within different Great Basin pluvial basins
even when these areas are separated by only
tens of kilometers (Britten and Rust 1996,
Epps et al. 1998). Evidence from several other
dune-obligate beetle species suggests that
genetic isolation necessary for speciation occurs
at a spatial scale larger than individual dunes
or dune complexes (Porter and Rust 1996).

Silver State Dune Complex within the Great
Basin consists of 3 sand-filled valleys, Paradise
Valley, Silver State Valley, and Desert Valley,
spanning 2 pluvial Lake Lahontan subbasins,
Blackrock and Humboldt (Fig. 1). Sand in
these valleys originated from a delta of the
Humboldt River entering Black Rock sub-
basin of Lake Lahontan at Jungo Flat ending
approximately 11,000 BP (years before present)
at the end of the last high stand (Benson et al.
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1990, Eissmann 1990, Morrison 1991). As lake
levels decreased after 9000 BP, sand was ex-
posed and blown throughout the area in an
east-northeasterly fashion (Eissmann 1990).

We used allozymes to examine population
structure of E. muricatus within Silver State
Dune Complex. Levels of variability within
populations were estimated as were levels of
gene flow within and among populations in
these 3 sand-filled valleys. An increased under-
standing of the small-scale population struc-
ture of this representative dune-obligate insect
may be useful in managing unique dune sys-
tems of the Great Basin (Britten and Rust 1996).

METHODS AND MATERIALS

Study Site

Adult Eusattus muricatus were sampled
from 4 locations within Silver State Valley, 7
within Desert Valley, and 2 within Paradise
Valley using pitfall traps and direct capture of
adults (Fig. 1, Table 1). Three outgroup popu-
lations from outside the Lahontan Basin, 2

from the Mojave Desert and 1 from the Bon-
neville Basin, were sampled in a similar man-
ner (Fig. 1, Table 1).

Eusattus muricatus populations from Silver
State Dune Complex occur in a vast area of
apparently continuous habitat comprising 3
adjacent sand-filled valleys in the northeastern
portion of the Lahontan Basin. Desert Valley
and Silver State Valley dunes are in Blackrock
subbasin of Lake Lahontan, and Paradise Val-
ley dune occurs in Humboldt subbasin (Ben-
son 1991). The last high stand of Lake Lahon-
tan occurred approximately 14,000 BP and
lasted about 200 yr (Benson 1991). Because of
the relatively low elevation of the sill separat-
ing Blackrock and Humboldt subbasins (Fig.
1), the 2 were not separated by lake dry-down
until about 6000 BP (Morrison 1991). This was
a time of high eolian activity in which exposed
deltaic deposits were formed into large sand
dunes present across the Great Basin today
(Born 1972, Eissmann 1990, Morrison 1991).
Wind in the northern Lahontan Basin during
the Holocene was greater than at present,
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Fig. 1. Silver State Dune Complex in north central Nevada with Eusattus muricatus collection locations. The high stand
of Lake Lahontan (1390 m), 20-m contours, geographical locations, and highways are marked.



facilitating movement of sand from the delta of
the Humboldt River to each of the 3 valleys of
Silver State Dune Complex (Eissmann 1990,
Morrison 1991). Unconsolidated sand is con-
tinuously distributed across the 2 passes sepa-
rating the 3 valleys. Satellite imagery also
indicates active sand movement among the 3
valleys at present (Eissmann 1990). These
populations have probably existed in the area
since the warming and drying of the early
Holocene that marked the end of the last plu-
vial episode in the Great Basin.

Laboratory Procedures

We transported specimens live to the labo-
ratory where they were stored at –80°C until
prepared for electrophoresis. Preparation
included homogenizing the whole beetle in
0.25 mL of cold extraction buffer (0.05 M tris
HCL, pH 7.0; May 1992). After 20 min of cold
incubation, samples were centrifuged at 12,000
rpm for 5 min. The supernatant was pipetted
into 1.5-mL microcentrifuge tubes and stored
at –80°C. We thawed the resulting liquid and
applied it to filter paper wicks (Whatman No.
3) that were inserted into 14% starch gels (1:1
Sigma and Connaught starches) for electro-
phoresis. Gels were run approximately 4 h. All
informative gels were photographed for a per-
manent record.

Allozyme variability was assayed at 27 pre-
sumptive loci from 20 enzymes (Table 2). Stains,
buffer systems, and electrophoretic procedures
followed May (1992). Genotypic frequencies
were obtained by direct count of phenotypes

on the gels, with a common electromorph
being scored as C, faster ones scored as B and
then A, slower ones scored as D, etc.

Data Analysis

Using Levene’s (1949) method, we calcu-
lated genotypic frequencies expected under
Hardy-Weinberg equilibrium at 17 polymor-
phic loci. These were compared to observed
frequencies using a chi-square goodness-of-fit
test in BIOSYS-1 (Swofford and Selander 1981).
The sequential Bonferroni method was used
to test the strength of P-values associated with
Hardy-Weinberg expectations (Rice 1989).

A hierarchical chi-square test for hetero-
geneity of allele frequencies was performed
for sites within the same valley. Nonhierarchi-
cal F-statistics and hierarchical F-statistics
were also calculated for estimates of among-
population divergence using BIOSYS-1 (Swof-
ford and Selander 1981). F-statistics were (1 –
Fit) = (1 – Fis)(1 – Fst) where Fit is overall
inbreeding, Fis is subpopulation inbreeding,
and Fst is the fixation index. Hierarchical F-
statistics were put in terms of variance compo-
nents as (1 – Fpt) = (1 – Fpv)(1 – Fvt). That is,
Fpt estimates variance in allele frequencies
between populations in the total sample, Fpv
estimates variance in allele frequencies be-
tween populations within the same valleys,
and Fvt accounts for variance in allele fre-
quencies due to differences between valleys
within the total sample. Because F-statistics
are a measure of inbreeding, they are useful in
examining relative gene flow among populations
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TABLE 1. Location, position, and sample sizes of all sampled populations of Eusattus muricatus.

Location Position Code Sample size

Crescent Dunea 38°14′N, 117°19′W CD 40
Desert Valley North West 1 41°5′N, 118°9′W DVNW1 40
Desert Valley North West 2 41°6′N, 118°9′W DVNW2 40
Desert Valley 1 41°4′N, 118°5′W DV1 38
Desert Valley 2 41°4′N, 118°3′W DV2 35
Desert Valley 3 41°5′N, 118°1′W DV3 55
Jungo Road 40°57′N, 118°12′W JR 40
Little Sahara Dunea 39°37′N, 112°24′W LSD 40
Mormon Dan Well 41°8′N, 118°10′W MD 40
Paradise Valley Dune 41°6′N, 117°42′W PVD 40
Paradise Valley Feedlot 41°13′N, 117°39′W PVDFL 37
Silver State Valley Central 41°7′N, 117°50′W SSVC 38
Silver State Valley East 41°11′N, 117°46′W SSVE 40
Silver State Valley North 41°11′N, 117°58′W SSVN 40
Silver State Valley West 41°4′N, 117°59′W SSVW 40
Teels Marsha 38°11′N, 118°21′W TM 40
aOutgroup populations



within valleys and among populations within
the total sample (Hartl and Clark 1989, Britten
et al. 1994).

We used Nei’s (1978) unbiased genetic iden-
tity to calculate overall genetic similarities
among all pairs of populations. DISPAN (Ota
1993), a genetic distance and phylogenetic analy-
sis program, was used to generate a neighbor-
joining (Saitou and Nei 1987) phenogram based
on Nei’s unbiased (1978) genetic distances (D)
with bootstrap values (Felsenstein 1985).

A protein molecular clock calculation (Pen-
ney and Zimmerman 1976, Nei 1986, Bilton
1994) was used for all pairwise populations to
estimate time of divergence using the follow-
ing formula:

t = D / (2cnta)

where t is pairwise divergence time, D is Nei’s
(1978) genetic distance, c is the proportion of
amino acid substitutions detectible by elec-
trophoresis (0.3; Lewontin 1974), nt is the total
number of potentially mutable codons com-
prising a protein (80,367 / 110 = 731; where
80,367 is the mean molecular weight of pro-
teins used in this study, and 110 is the mean
molecular weight of an amino acid; Penney
and Zimmerman 1976), and a is the mean
number of amino acid substitutions per year
(2.1 × 10–9; Nei 1986).

Pairwise geographic distance and estimates
of pairwise gene flow (Nm; Wright 1943) were

calculated for all populations using a program
developed by M. Slatkin. A regression analysis
of log pairwise gene flow against log geo-
graphic distance was used to test for isolation
by distance (Slatkin 1993). A Mantel test
(Manley 1991) was used to test the correlation
among pairwise gene flow and pairwise geo-
graphic distance using 10,000 randomizations.

RESULTS

Allele frequencies for polymorphic loci are
reported in Table 3. Of 27 loci, 10 were mono-
morphic in all populations. Nine of 16 popula-
tions examined differed significantly from
Hardy-Weinberg expectations for at least 1
locus. Of these, 3 populations within Desert
Valley dune differed from Hardy-Weinberg
expectations at ≥2 loci. All deviations from
Hardy-Weinberg proportions were heterozy-
gote deficiencies. Mean observed heterozy-
gosity ranged from 0.015 to 0.041, and per-
centage of polymorphic loci ranged from 7.4%
to 22.2% using the 95% criterion (Table 4). Ten
alleles were found segregating at only 1 sam-
ple location within Silver State Dune Com-
plex (Table 3). Probabilities of detecting these
unique alleles in other samples at the frequen-
cies in Table 3 where n = 40 were 0.55 for
ME-1d; 0.59 for PGM-3a and 3b; 0.65 for
EST-2g, GAM-1d, and GDA-2b; 0.68 for GK-
1b; 0.87 for GLU-1d; and 0.99 for ME-2d and
PGM-3d (Table 3).
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TABLE 2. Enzyme and buffer conditions used with populations of Eusattus muricatus.

Locus Enzyme Buffera E.C. number

AAT-1,2 Aspartate Aminotransferase C 2.6.1.1
ADA Adenosine Deamoinase C 3.5.4.4
ADH Alcohol Dehydrogenase R 1.1.1.1
DIA Dihydrolipoamide Dehydrogenase R 1.8.1.4
ESTF-1,2 Flourescent Esterase R 3.1.1.–
GAM Flu. Galactoseaminidase R 3.2.1.23
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase C 1.2.1.12
GDA-1,2 Guanine Deaminase C 3.5.4.3
GK Glucokinase C 2.7.1.2
A-GLU Flourescent Alpha-Glucosidase R 3.2.1.20
GPI-1,2 Glucophosphate Isomerase C 5.3.1.9
G3P-2,3 Glycerol-3-Phosphate Dehydrogenase C 1.1.1.8
HA Flu. Hexoseaminase R 3.2.1.52
HBDH 3-Hydroxybutyrate Dehydrogenase C 1.1.1.30
IDH Isocitrate Dehydrogenase (NADP) TC1 1.1.1.42
LDH Lactate Dehydrogenase R 1.1.1.27
ME-1,2 Malic Enzyme TC1 1.1.1.40
MUP Flu. Methylumbelliferyl Phosphate R
PGM-2,3 Phosphoglucomutase C 5.4.2.2
SOD Superoxide Dismutase R 1.15.1.1
aBuffer recipes from May (1992)
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The chi-square test for population hetero-
geneity in allele frequencies was significant
over all loci and sample locations (χ2 =
5660.18, P < 0.001, df = 465). Chi-square
heterogeneity tests were carried out individu-
ally for each dune. Samples from both Silver
State Valley and Desert Valley dunes were sig-
nificantly heterogeneous (χ2 = 242.89, P <
0.001, df = 45; χ2 = 187.93, P < 0.001, df =
90, respectively), while those from the 2 Par-
adise Valley Dune sample locations were not
(χ2 = 12.79, P < 0.236, df = 10). Mean F-sta-
tistics for all 16 populations included in the
study were: FST = 0.364, FIS = 0.240, and
FIT = 0.517. Hierarchical F-statistics revealed
only weak population structuring due to sam-
pling in different dunes within the complex;
Fvt = 0.143, Fpv = 0.248, and Fpt = 0.356.
Expressed as components of total variance in
allele frequencies (i.e., percentage of the vari-
ance component for Fpt), populations within
valleys (Fpv) contributed 60% of the estimated
total variance in allele frequencies while val-
leys within the total sample (Fvt) contributed
40%. Estimated number of migrants exchanged
per generation between pairs of sample loca-
tions (Nm) within Silver State Dune Complex
ranged from 2.0 between Silver State Valley
Northwest and Silver State Valley West to 51.4
between Mormon Dan Well and Desert Valley
Northwest. Regression of log Nm against log
pairwise geographic distance for all samples
included in the study was not significant (R2

= 0.00, P = 0.38 for which the observed re-
gression coefficient was equaled or exceeded

in 37.8% of the 10,000 Mantel pseudorepli-
cates; Fig. 3). Mean F-statistics and Nm esti-
mates for each dune are given in Table 5.

Topology of a neighbor-joining tree (Saitou
and Nei 1987) based on unbiased genetic dis-
tances did not correspond to the expected
topology predicted from relative locations of
sample sites within Silver State Dune Com-
plex (Fig. 2). For example, Silver State Valley
Northwest clustered closest to the 2 Paradise
Valley Dune populations, not with nearer Sil-
ver State Valley Dune populations (Fig. 2).
Divergence times estimated from genetic dis-
tances were <7000 yr for all pairs of popula-
tions within Silver State Dune Complex, with
some populations showing divergence times of
<1000 yr. All divergence times between pop-
ulations within Silver State Dune Complex
and outgroup populations were >18,000 yr.

DISCUSSION

Previous work has demonstrated that isola-
tion by distance describes Eusattus muricatus
population structure over greater distances
between sample locations than encountered in
Silver State Dune Complex (Britten and Rust
1996, Epps et al. 1998). This finding was attrib-
uted to an equilibrium between drift among
populations on isolated sand dunes within the
same pluvial basin and among those derived
from different pluvial basins (Britten and Rust
1996, Epps et al. 1998). It is likely that this
equilibrium is due to gene flow in the recent
past and that populations will continue to
diverge in allele frequencies by drift. While
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TABLE 4. Percent polymorphic loci and mean expected heterozygosity for all populations of Eusattus muricatus.

Population % polymorphic loci Mean heterozygosity

Crescent Dune 29.6 0.038
Desert Valley North West 1 7.4 0.015
Desert Valley North West 2 14.8 0.022
Desert Valley 1 18.5 0.035
Desert Valley 2 22.2 0.029
Desert Valley 3 22.2 0.032
Jungo Road 14.8 0.02
Little Sahara Dune 25.9 0.031
Mormon Dan Well 7.4 0.029
Paradise Valley Dune 14.8 0.018
Paradise Valley Feedlot 11.1 0.024
Silver State Valley Central 14.8 0.041
Silver State Valley East 18.5 0.035
Silver State Valley North 11.1 0.015
Silver State Valley West 18.5 0.031
Teels Marsh 40.7 0.036



isolation by distance suggests equilibrium be-
tween drift and gene flow at larger geographic
scales (e.g., basin-wide), a nonequilibrium sit-
uation in which gene flow occurs with little
drift is still apparent among populations at
smaller scales in the relatively continuous habi-
tat of Silver State Dune Complex. At yet smaller
geographic scales (e.g., sample sites within a

dune), we see evidence of inbreeding and/or
Wahlund effect within populations. It is possi-
ble that individuals from the same broods were
inadvertently sampled at some, or all, locations.
This would be consistent with our observation
that E. muricatus is somewhat patchily distrib-
uted on dunes at this small scale. Similar results
have been reported for Aegialia species,

288 WESTERN NORTH AMERICAN NATURALIST [Volume 60

Fig. 2. Neighbor-joining phenogram for Eusattus muricatus populations with Little Sahara Dune selected as an outgroup
(numbers at nodes indicate bootstrap values).

1

TABLE 5. Mean F-statistics and estimates of numbers of genetically effective migrants exchanged each generation
(Nm) for Eusattus muricatus within the 3 dunes of Silver State Dune Complex.

Dune FIS FIT FST Nm

Desert Valley 0.238 0.265 0.035 6.9
Silver State Valley 0.183 0.266 0.102 2.2
Paradise Valley 0.180 0.184 0.005 49.7



another sand-obligate beetle genus from many
of the same dunes sampled for E. muricatus
(Porter and Rust 1996).

Estimates of pairwise divergence times
based on a molecular clock reflect the geologic
history of the 3 valleys of Silver State Dune
Complex. Divergence times of <7000 yr were
estimated for several pairs of populations
within the complex while divergence times
among Silver State Dune Complex populations
and our 3 outgroups (Teels Marsh, Crescent
Dune, and Little Sahara Dune) show diver-
gence times >18,000 yr.

Geologic evidence also supports the appar-
ent anomalous placement of the Jungo Road
(JR) population, which is in Desert Valley
(Blackrock subbasin), with 2 Paradise Valley
(PV and PVFL; Humboldt subbasin) popula-
tions on the neighbor-joining phenogram (Fig.
2). The course of the Humboldt River has
changed from late Pliestocene to the present
(Eissmann 1990). The mouth of the river was
near the south end of Desert Valley ( Jungo
Road site) between 22,000 and 13,500 BP. At
present, the Humboldt River turns south in
Paradise Valley and flows further southward,
ending in Humboldt Sink. This changing
course of the Humboldt River since the last
high stand (14,000 BP) provides sand habitat
contact in river bank sand deposits between
Jungo Road and Paradise Valley populations.

The other apparently anomalous grouping of
Silver State Valley West (SSVW) and 2 Desert
Valley sites (DVE and DVC) on the neighbor-
joining phenogram (Fig. 2) is expected as SSVW
and DVE are only 3 km apart and within the
wind flow and sand drift patterns suggested by
Eissmann (1990).

Although flightless, E. muricatus is capable
of moving distances of 500 m in a single night
(Rust personal observation). Gene flow esti-
mates suggest there is enough genetic exchange
among distant locations within the dunes of
Silver State Dune Complex to prevent genetic
divergence and that geographic distance and
gene flow are not statistically related. The
presence of unique alleles in high frequencies
would be contrary evidence for this assertion.
Probabilities of detecting 7 of 10 unique alle-
les found segregating at various sample loca-
tions are low (≤0.68) due to low frequencies
for these alleles and relatively large sample
sizes (n = 40) for each site in Silver State Dune
Complex. The remaining 3 unique allles with
higher detection probabilities (≥0.87) suggest
that some genetic isolation between sample
locations has occurred.

Allozyme results from Silver State Dune
Complex and previous work (Britten and Rust
1996) suggest that there is, or has been in the
recent past, substantial gene flow among sam-
ple locations in different dunes within the
same pluvial basin. Hierarchical F-statistics
suggest only a weak influence on population
structure due to sampling from different
dunes within the complex. Divergence time
estimates were within the range expected for
the sample locations given the known history
of Silver State Dune Complex.
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Fig. 3. Regression of log pairwise dispersal (Nm) on log
pairwise geographic distance for Silver State Dune Com-
plex samples of Eusattus muricatus (R2 = 0.00, P = 0.70,
y = 1.2 – 0.0x).
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