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ABSTRACT

Bear Lake, Utah and Idaho, is one of only a few lakes worldwide with endemic
ostracode species. In most lakes, ostracode species distributions vary systemati-
cally with depth, but in Bear Lake, there is a distinct boundary in the abundances
of cosmopolitan and endemic valves in surface sediments at ~7 m water depth. This
boundary seems to coincide with the depth distribution of endemic fish, indicating a
biological rather than environmental control on ostracode species distributions. The
cosmopolitan versus endemic ostracode species distribution persisted through time in
Bear Lake and in a neighboring wetland.

The endemic ostracode fauna in Bear Lake implies a complex ecosystem that
evolved in a hydrologically stable, but not invariant, environmental setting that
was long lived. Long-lived (geologic time scale) hydrologic stability implies the lake
persisted for hundreds of thousands of years despite climate variability that likely
involved times when effective moisture and lake levels were lower than today. The
hydrologic budget of the lake is dominated by snowpack meltwater, as it likely was
during past climates. The fractured and karstic bedrock in the Bear Lake catchment
sustains local stream flow through the dry summer and sustains stream and ground-
water flow to the lake during dry years, buffering the lake hydrology from climate
variability and providing a stable environment for the evolution of endemic species.

INTRODUCTION

Bear Lake, Utah and Idaho, is an interesting lake for sev-
eral reasons. It is one of the most long-lived extant lakes in
North America, if not the most long-lived extant lake on the
continent (Bright et al., 2006; Colman, 2006). The limestone-
and dolomite-rich watershed surrounding the lake generates an
unusual water chemistry within the lake (Dean et al., 2007, this
volume). Throughout much of the Holocene (and other relatively
arid, Holocene-like climates) Bear Lake has precipitated arago-
nite as the dominant carbonate mineral (Bright et al., 2006; Dean
et al., 2006, Dean, this volume), which is also unusual for a high-
altitude, northern temperate lake (Dean et al., 2007). Bear Lake

also contains four endemic fish species (Sigler and Sigler, 1996),
which, excluding the Great Lakes basin (Smith, 1981; Smith and
Todd, 1984; Reed et al., 1998), is the largest number of endemic
fishes in any extant North American lake. Recent studies have
suggested that the speciation of the Bear Lake whitefish is a
recent event, and may still be occurring today (Vuorinen et al.,
1998; Toline et al., 1999; Miller, 2006).

Bear Lake also contains an endemic deep-water ostracode
fauna. Cosmopolitan ostracodes are uncommon in the lake and
are primarily restricted to the shallowest littoral zone or lake mar-
gins, which again is unusual. Lakes normally exhibit an ostra-
code distribution associated with environmental change along a
depth gradient from the lake margin through the littoral zone and
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into the hypolimnion (e.g., Kitchell and Clark, 1979; Mourguiart
and Montenegro, 2002). These biofacies owe their existence to
changes in species productivity along the depth gradient. Seg-
ments of the gradient may include wetlands, springs, and the
upper, middle, sublittoral, and profundal zones. Rather than hav-
ing a continuum of ostracode species assemblages from the lake
margins into the profundal zone, modern Bear Lake exhibits an
apparent and relatively abrupt change in the ostracode species
assemblage at a water depth of ~7 m. This paper investigates the
ostracode distributions, both modern and ancient, within Bear
Lake and the surrounding area, and provides two hypotheses to
explain those distributions.

BACKGROUND
Bear Lake

Bear Lake is an oligotrophic, alkaline (pH ~8.4; Dean et
al., 2007, this volume) lake straddling the Utah-Idaho border
(Fig. 1). The lake resides in a half-graben situated between the
Bear River Range and the Bear Lake Plateau. The lake’s elevation
is ~1805 m above sea level and it has a surface area of ~287 km?,
a volume of ~8.1 x 10° m? and a maximum depth of ~65 m.
Geophysical studies show a thick sedimentary sequence below
the lake (Denny and Colman, 2003), with sediments possibly as
old as 6 Ma (Colman, 2006).

Bear Lake’s outline is smooth, without any prominent coves
or bays (Smart, 1958). The littoral zone is rocky and exposed to
persistent wind and wave action. Rooted plants are able to grow
only in the most protected shore areas (Smart, 1958; Lamarra et
al., 1986). The deepest area of the lake (~65 m) is on the eastern
side between North and South Eden Canyons (Fig. 1). The lake
bottom slopes 0.3° to 0.5° toward this deepest point. The bot-
tom of Bear Lake is very flat and regular with distinctive sedi-
ment characteristics. Sandy lake-bottom sediments extend out to
a water depth of ~12 m. A sand-silt bottom is prevalent between
water depths of ~12 and ~30 m, and a silt-marl bottom is preva-
lent at water depths >~30 m (Smart, 1958).

Local climate is characterized by a mean annual tempera-
ture (MAT) near the lake of ~6 °C and a mean annual precipita-
tion (MAP) of ~316 mm (MAT and MAP are long-term aver-
ages (16-95 yr) from Lifton, Idaho, Bear Lake State Park, and
Laketown, Utah; http://wrcc.sage.dri.edu/summary/climsmid
and /climsmut.html). Annual precipitation throughout the region
is dominated by snow. Summers are warm and dry. Evaporation
rates at Bear Lake are poorly known. Type A pan measurements
at Lifton, Idaho, place the evaporation rate near 1000 mm yr'
(www.wrcc.dri.edu/CLIMATEDATA .html), but a more intensive
evaporation study at the lake suggests that the rate may be closer
to ~600 mm yr' (Amayreh, 1995).

The catchment area of Bear Lake contains numerous flowing
springs, wetlands, small to moderate-sized streams, and the Bear
River. The streams and springs on the west side of Bear Lake
are cold and dilute (total dissolved solids [TDS] ~250-350 mg
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L"), whereas those on the east side are primarily cold and more
saline (TDS ~400-2000 mg L") (Bright, this volume). A small
hot spring complex (47 °C) discharges at the northeast corner of
the lake (Fig. 1). The TDS of Bear River base flow was 550 mg
L' during the summer of 2000.

Since ca. A.D. 1912, flow from the Bear River has been sea-
sonally diverted into Mud Lake and from there into Bear Lake for
storage and then withdrawn for irrigation and power generation.
The diversion of Bear River water into Bear Lake both reduced
the lake’s TDS and changed its solute composition by dramati-
cally increasing the alk:Ca ratio (Dean et al., 2007, this volume).
Bear Lake’s TDS was ~1100 mg L' ca. 1912 (Birdsey, 1989) and
is ~550 mg L' today. Prior to Bear River diversion, local inflow,
including direct precipitation, was sufficient to maintain limited
outflow (McConnell et al., 1957). A hydrologic balance model
developed by Lamarra et al. (1986) suggests that Bear Lake
would have overflowed throughout the 1970s and into the early
1980s if the lake had been left in its natural state.

The Mud Lake wetlands were sustained by local stream flow
as well as by spring and diffuse groundwater discharge from the
surrounding highlands prior to Bear River diversion. In the past,
Mud Lake water may have entered Bear Lake through the sand-
bar that divides the two water bodies (McConnell et al., 1957).
The sandbar was reinforced during the 1912 Bear River diversion
and Mud Lake water now enters Bear Lake though an inlet gate
near Lifton. Groundwater exchange through the sandbar between
Mud Lake and Bear Lake probably still occurs, however.

Ostracode Ecology

Ostracodes are microscopic, aquatic, bivalved crustaceans.
Their life cycles depend, in part, on environmental parameters
that link species occurrences to climate and hydrology. They are
sensitive to three primary environmental factors: (1) chemical
hydrology (hydrochemistry), including both the general solute
composition, but especially the total carbonate alkalinity (alk) to
calcium ratio (alk/Ca), and, secondarily, the total dissolved solids
(TDS) (Forester, 1983; Smith, 1993; Curry, 1999); (2) physical
hydrology, including the general setting, e.g., lakes, springs, and
streams (Curry, 1999), as well as the nature and variability of the
setting’s water properties (e.g., permanence), and of its ground-,
surface-, and atmospheric-water interchange; and (3) water tem-
perature as determined by the annual water-temperature profile
derived from the resident air masses and/or by the groundwater
flow path(s) (Forester, 1985, 1991a; Roca and Wansard, 1997).
A study by Curry (1999) did not show any significant correlation
between water temperature and the distributions of several com-
mon North American ostracode species, however.

Ostracode occurrences in lakes are primarily linked to cli-
mate through their coupled water-air-temperature dependent
biogeographic distributions and their effective-moisture driven
hydrochemical requirements (Delorme, 1969; DeDeckker, 1981;
Forester, 1987) and are secondarily linked to physical hydrology.
A lake’s physical hydrology can significantly modify the climate
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Figure 1. Bear Lake locality map. Bathymetry lines are in 10 m increments. Numbered sites and site P were sampled for ostracodes from
1999 to 2004. Lake sites A—O were sampled for ostracodes in 1999. Core localities labeled BLR2K-3, BL2K-3, BL.96-2, and BL0O-1E.

Sites P, “Colman site”, and “Popcorn Spring” are methane seeps. “Microbialite mound” is a probable sublacustrine spring.
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signature by, for example, groundwater through-flow or changes
in the relative contributions of multiple groundwater sources
(Smith et al., 2002a).

MATERIALS AND METHODS

The ostracode data come from numerous grab samples
from springs and wetlands around the lake, ~30 Eckman surface
grab samples from the lake floor, and four lake sediment cores,
BLR2K-3, BL2K-3, BL96-2, and BLOO-1 (Fig. 1). The lake-
bottom sediment recovered in the Eckman sampler was typically
stiff gray mud overlain by a thin (up to a few cm thick) layer
of light-tan oozy mud. The tan mud was collected into Ziplock®
baggies for further processing. Core BL96-2 was taken with a
Kullenberg corer (Kullenberg, 1947), whereas BLR2K-3 and
BL2002-4 were taken with a UWITEC piston corer (Mondsee,
Austria), with a core diameter of 5 cm. Core BL0OO-1 was taken
with the GLAD800 (Global Lake Drilling to 800 m) drill rig
(http//www.dosecc.org/html/glad800.html). Radiocarbon ages
for cores BLR2K-3, BL2K-3, and BL96-2 are presented in Col-
man et al. (this volume). The chronology for core BL0OO-1 is pre-
sented in Colman et al. (2006, 2007) and Kaufman et al. (this
volume). Cores BLR2K-3, BL2K-3, and BL96-2 were sampled
at ~3—4 cm intervals and each sample was ~1 cm thick. Core
BLO00-1 was sampled at ~1 m intervals and each sample was
~3 cm thick. All sediment samples were processed to concentrate
ostracodes using a standard protocol developed for the calcareous
microfossil laboratory at the U.S. Geological Survey in Denver,
Colorado (Forester, 1988). The process involved disaggregating
the sample by soaking for ~1 week in a weak detergent (Calgon®)
solution. Solutions containing stubborn sediments were frozen
and thawed repeatedly. Once processed, the sand-sized residue
(>150 um) was size sorted and adult ostracode valves were iden-
tified to species when possible and counted. Surface samples
were processed following the same protocol and species pres-
ence was noted.

RESULTS

Cosmopolitan ostracode species are common and diverse
in springs and wetlands throughout North America and are gen-
erally well known with an established taxonomy (e.g., Furtos,
1933; Delorme, 1971, 1970a, 1970b, 1970c, 1970d; Forester et
al., 2006). Cosmopolitan ostracode species inhabit the springs
and wetlands in the Bear Lake catchment (Table 1). These habi-
tats contain Cypridopsis vidua and Limnocythere itasca in the
wetlands, Candona acuminata around the orifices of springs, and
Cavernocypris wardi in cold springs and groundwater settings.
As expected, sites with composite hydrologic sources, for exam-
ple springs discharging into wetlands, have diverse assemblages
reflecting the hydrologic heterogeneity.

Cosmopolitan ostracode taxa are also common in the upper
littoral zone of Bear Lake. For example, at the Bear Lake Train-
ing Center site (site 10; Table 1, Fig. 1), the ostracode species
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assemblage is diverse, with 11 species living in a small spring
that emerged ~3 m lakeward from the shoreline during recent
low lake levels. In 2003, the lake regressed farther and the spring
discharge expanded lakeward across the former littoral zone.
Herpetocypris brevicaudata appeared in the 2003 collections,
even though it was absent in prior year collections, and it is now
common in several exposed shoreline and former littoral zone
springs (Table 1). Small numbers of empty cosmopolitan ostra-
code valves and empty endemic species valves occur together in
lake sediment samples out to ~7 m water depth (Table 2). Valves
of cosmopolitan species are also rarely found at deeper depths in
the lake, but they all appear to be transported shells (poor preser-
vation, single, often juvenile valves).

Empty valves of the endemic species (Fig. 2) are extremely
abundant in the surface-sediment samples at water depths >7 m
(Table 2), often constituting most of the sand-sized fraction. The
ostracode fauna in the most recent lake-bottom sediments is com-
posed of eight candonid species, two limnocytherid species, and
one unidentified taxon (Fig. 2). The unknown taxon is a cyprid,
but its relationship to other cyprids is not understood. The endemic
ostracode species diversity is highest in deeper water (Table 2). It
is unclear if the increased diversity is an accurate representation of
live distributions, or if empty ostracode valves have simply been
reworked to deeper parts of the lake, however. The lack of mod-
ern sediment in water depths <30 m (Colman, 2006; Dean et al.,
2006) indicates that sediment reworking is an important process
in this lake and likely alters the postmortem distribution of ostra-
code valves. The rarity or absence of ostracode soft body parts in
the modern lake sediment variously implies limited present-day
productivity (perhaps due to extinction associated with the Bear
River diversion), rapid decomposition of soft parts, and/or endemic
ostracode populations that normally have a patchy distribution. The
possibility of a patchy distribution is supported by abundant soft-
part-bearing ostracode carapaces in a sediment sample taken from
a large methane seep at 40 m water depth (site P; Fig. 1). Most of
the bottom samples reported here were collected in <20 m water
depth in an attempt to find live cosmopolitan ostracodes in the lit-
toral zone. Sampling was limited (n =4) in the 24-38 m depth zone
where Smart (1958) reported a peak in ostracode concentrations.
With the one exception, no live ostracodes were recovered at the
few deep-water sample sites. Live ostracodes were recovered at
the 40-m-deep methane seep on the first attempt, however. Other
possible methane seep locations within the lake are known and fur-
ther sampling is necessary to determine if the endemic ostracode
distributions are linked to these seeps.

The present-day spatial relation between the cosmopolitan
and endemic ostracodes is also evident in the fossil record. The
stratigraphic distribution of the most common cosmopolitan ostra-
codes, those with an abundance of 1% or more, and all occurrences
of the endemic ostracodes are shown in Figures 3, 4, 5, and 6 for
cores BLR2K-3, BL2K-3, BL96-2, and BLOO-1, respectively.

Core BLR2K-3 from Mud Lake (Fig. 1) is dominated by cos-
mopolitan ostracode taxa (Fig. 3). Approximately 75% of the ostra-
codes counted in the samples from BLR2K-3 are Limnocythere


http://specialpapers.gsapubs.org/

Ostracode endemism in Bear Lake

itasca and Physocypria globula, and ~15% are Candona caudata
and Potamocypris sp. Core BL2K-3 was taken from the north
end of Bear Lake in ~4 m of water (Fig. 1). Ostracode compo-
sition fluctuates between being cosmopolitan-dominated and
endemic-dominated, with the exception of Physocypria globula,
which occurs throughout the samples (Fig. 4). Core BL96-2 from
the central part of the lake (~40 m water depth; Fig. 1) contains
endemic ostracode species only (Fig. 5). Seven of the endemic
candonids, the two species of limnocytherids, and the unknown
taxon from the modern lake-bottom samples are present (Fig. 5).
Seventy-eight percent of the valves in BL96-2 are from just two
candonid species (Candona sp. 1 and 2; Fig. 2), and 96% of the
valves are from four candonids and one limnocytherid species.
Core BL0O-1, taken in ~50 m of water near the deepest part of
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the lake (Fig. 1), contains primarily endemic species. Six of the
endemic candonids, one of the limnocytherids, and the unknown
taxon are present. The cosmopolitan species Cytherissa lacustris
is also intermittently present (Fig. 6).

DISCUSSION

Continental surface water (e.g., lakes, wetlands) is ephem-
eral over geologic time scales. Pluvial lakes of late Pleistocene
age in the western and southwestern United States persisted for
few tens of thousands of years (e.g., Benson et al., 1990; Lowen-
stein et al., 1999; Cohen et al., 2000; Garcia and Stokes, 2006).
The Great Lakes of the Midwest have been in their current con-
figuration for less than ~18,000 yr, since the retreat of the last

TABLE 1. OSTRACODE SPECIES SURROUNDING BEAR LAKE

Site Lat. Long. Ostracodes

(Fig. 1) ('N) (‘W) Genus-species

Paris Spring

1 42206 111.498 Cavernocypris wardi, Prionocypris canadensis

Jarvis Spring

2 42.191 111.483  Cavernocypris wardi, Cypria ophthalmica, Candona sigmoides, Strandesia sp.

Blue Pond Spring

3 42105 111.495 Candona acuminata, Candona sigmoides, Cavernocypris wardi, Cypria ophthalmica, Strandesia deltoidea
Sadducee Spring

4 42.051 111.460 Cavernocypris wardi, Strandesia sp.

“South Fish Haven” littoral zone spring

5 42.026  111.402  Herpetocypris brevicaudata, llyocypris bradyi, Cypridopsis vidua, Heterocypris incongruens, Strandesia meadensis,

Cavernocypris wardi, Cypridopsis okeechobei

“Swan Creek north” littoral zone spring

6 41985 111.406

stagnalis, Physocypria sp.
Swan Creek Spring
7 42,985 111.427  Candocyprinotus ovatus
Littoral zone beach seeps near Swan Creek
8 41978  111.402

sp., Cypridopsis vidua
Spring discharge onto beach at Garden City
9 41.944  111.390
sp., Cypridopsis vidua
“Bear Lake Training Center” littoral zone spring

Herpetocypris brevicaudata, Cypridopsis vidua, llyocypris bradyi, Limnocythere itasca, Strandesia meadensis, Candona

Herpetocypris brevicaudata, llyocypris bradyi, Candona sp., Heterocypris incongruens, Limnocythere itasca, Physocypria

Herpetocypris brevicaudata, llyocypris bradyi, Candona sp., Heterocypris incongruens, Limnocythere itasca, Physocypria

Candona acuminata, Candona stagnalis, Candona caudata, Candona candida, Cavernocypris wardi, Cypridopsis vidua,

Physocypria globula, Strandesia meadensis, Potamocypris unicaudata, Limnocythere itasca, Herpetocypris brevicaudata

10 41915  111.389
Big Spring
11 41.809 111.389
Strandesia sp.
Falula Spring
12 41.842  111.302
Seep, South Eden Canyon
13 41.921 111.192

llyocypris bradyi, Cypria ophthalmica, Cypridopsis okeechobei, Candona acuminata, Candona sigmoides, Candona sp.,

Cavernocypris wardi, Candona acuminata, Cypria ophthalmica, Illyocypris bradyi

Cavernocypris wardi, llyocypris bradyi, Heterocypris fretensis, Heterocypris incongruens, Candona sigmoides, Candona

stagnalis, Candona acuminata, Cypridopsis vidua, Potamocypris sp., Strandesia sp., Cyclocypris spp.

Spring, North Eden Canyon

Cavernocypris wardi, llyocypris bradyi, Cyclocypris ampla, Candona stagnalis, Candona acuminata, Cypria ophthalmica

Candona compressa, llyocypris bradyi, Heterocypris fretensis, Heterocypris incongruens, Darwinula stevensoni, Darwinula sp.

14 41.997 111.140 Cavernocypris wardi, Strandesia sp., Candona sigmoides
North Eden Creek

15 41.986  111.255

“Cedars and Shade” spring

16 42.075 111.250 Cavernocypris wardi, llyocypris bradyi, Candona sigmoides
Mud Lake Hot Spring

17 42115  111.264

Mud Lake

18 42125 111.264

Candona acuminata, Candona stagnalis, Candona caudata, Cypridopsis vidua, Physocypria globula, Cyclocypris serena,

Heterocypris fretensis, Potamocypris unicaudata, Potamocypris sp., Limnocythere itasca

Bear River at Harer gauge, ID
19 42195  111.166

Candona acuminata, Candona distincta, Candona stagnalis, Candona caudata, Cavernocypris wardi, Cypria ophthalmica,

llyocypris bradyi, Cypridopsis vidua, Limnocythere inopinata, Limnocythere paraornata, Pelocypris albomaculata,
Physocypria globula, Cyclocypris serena, Cyclocypris laevis, Strandesia sp.

Note: Lat.—latitude; Long.—longitude. Locations in quotations are common names.
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A. Candona sp. 1

B. Candona sp. 2

C. Candona sp. 3

D. Candona sp. 4

Figure 2 (continued on following three pages). Endemic Bear Lake ostracode fauna and two cosmopolitan ostracodes photo-
graphed under transmitted light. Groupings A-K are from an Eckman lake-bottom sample taken in ~30 m of water, and are en-
demic to the lake. Grouping L is from a grab sample taken at Jarvis Spring (Site 2; Fig. 1). Grouping M is from a late Pleistocene
aged deposit from Térapa, Sonora, Mexico. Valve placement is identical for each image grouping. Upper left—male right valve;
upper right—male left valve; lower left—female right valve; lower right—female left valve. All images are external lateral views
taken on a Leica DMLP microscope using a Cannon EOS Rebel XT digital camera. Scale bar in each grouping—0.5 mm.
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E. Candona sp. 5

F. Candona sp. 6

G. Candona sp.7

H. Candona sp. 8

Figure 2 (continued).
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I. Limnocythere sp. 1

J. Limnocythere sp. 2

K. Unknown taxon

L. Candona sigmoides

Figure 2 (continued).
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M. Candona caudata

Figure 2 (continued).

continental glaciers (e.g., Calkin and Feenstra, 1985; Colman et
al., 1994; Lewis et al., 1994; Breckenridge, 2007). Groundwa-
ter discharge habitats (e.g., springs, wetlands) are susceptible to
changes in the elevation of the local water table, which in turn is
controlled by wet and dry cycles that operate on annual, decadal,
century, and millennial scales (e.g., Quade et al., 1995, 1998;
Fritz et al., 2000; St. George and Nielson, 2002). Cosmopolitan
ostracodes (and other) species are those that are widespread and
have adapted to ephemeral or variable habitats, giving them an
advantage over species that have not. Important adaptive traits
might include the ability of an individual to withstand desicca-
tion, or the ability to generate large numbers of eggs or offspring
that are easily transported from one location to another or that
are capable of surviving adverse conditions (e.g., McLay, 1978a,
1978b). Ostracode (and other) species with poor dispersal mech-
anisms, low reproductive rates, or a limited home range would be
more susceptible to extinction during adverse conditions (Cohen
and Johnson, 1987). It seems plausible that once evolved, cosmo-
politan species may require habitat variability in order to trigger
key life phases (e.g., mating or egg hatching). For example, the
spring thaw may trigger the hatching of Candona candida eggs,
and seasonal fluctuations in salinity appear to be important in the
life cycle of Candona rawsoni, because it is not found in lakes or
ponds that lack that particular characteristic (Forester, 1987).

At the other extreme of continental aquatic habitats are geo-
logically long-lived lakes. These lakes are unique in that they per-
sist for hundreds of thousands to millions of years and experience
large-scale changes in climate, lake chemistries, and lake levels
(Frogley et al., 2002). Extant lakes that fall into this category are
Lake Baikal, Lake Tanganyika, Lake Malawi, and several others
(Frogley et al., 2002). These ancient lakes harbor incredible spe-
cies diversity and are host to many endemic species (Martens and
Schon, 1999).

Leading theories pertaining to the development of endemic
species in these lakes include long-term stability (e.g., Cohen
and Johnson, 1987), repeated speciation and extinction within
the lake system (McCune, 1987), and repeated immigration

events (Martens and Schon, 1999). The development of com-
plex ecosystems and associated endemic species may be a time-
dependent phenomenon, with a few thousand years of stability
likely insufficient to produce endemism (e.g., Forester, 1991b;
Wells et al., 1999; Smith et al., 2002b). Stability for many tens
to hundreds of thousands of years and gene pool isolation are
thought to be necessary to evolve endemic populations (e.g.,
Martens, 1997). Large pluvial lakes in western North America
(Forester, 1987) and the Great Lakes in the Midwest (Forester et
al., 1994) were (are) presumably stable environments for a few
thousand years, yet, with the exception of Lake Bonneville, did
(do) not contain endemic ostracode species. Lake Bonneville is
interesting in that several of the fossil ostracode taxa found in its
sediments are very similar to those from the profundal zone of
Bear Lake (Spencer et al., 1984). Similarly, several of the fossil
fish species found in Lake Bonneville sediments are presently
living in, and are endemic to, Bear Lake (Sigler and Sigler, 1987,
1996; Broughton, 2000). Bear Lake, with its continuous history
(cf. Balch et al., 2005, and Bright et al., 20006) is likely the source
of the endemic species (e.g., Miller, 2006).

The necessity of long-term stability in the development
of endemism has been countered by debate on the origin of
endemic cichlid fish species in Lakes Victoria and Malawi of
East Africa, the cisco species flock of the Great Lakes, and the
whitefish complex of Bear Lake, Utah and Idaho. Lake Victo-
ria contains over 500 endemic cichlid fish species (Verheyen
et al., 2003). Complete desiccation of the lake ~15,000 yr ago
implies that the lake’s endemic diversity has evolved since that
time (Johnson et al., 1996; Stager et al., 2004), although com-
peting theories do exist (Verheyen et al., 2003; Rutaisire et al.,
2004). In Lake Malawi, the >200 endemic cichlid fish species
that inhabit the rocky shore zone and islands of the lake may
have developed very recently, as little as 200-300 yr ago (Owen
et al., 1990). In recent history the Great Lakes contained as many
as eight endemic cisco (Coregonus) species (Smith, 1981; Smith
and Todd, 1984; Todd and Smith, 1992). The evolution of the
Great Lakes ciscoes is thought to have occurred recently, since
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the last retreat of continental glaciers from the Great Lakes basins
~15,000 yr ago (Smith, 1981; Bailey and Smith, 1981; Reed et al.,
1998). And at Bear Lake, genetic studies on its endemic whitefish
suggest a recent divergence between the three whitefish species
(Vuorinen et al., 1998; Miller, 2006). Bones of two of the Bear
Lake endemic whitefish (Prosopium gemmifer [Bonneville cisco]
and P. spilonotus [Bonneville whitefish]) have been found in the
earliest deposits of Lake Bonneville (Stansbury phase; Smith
et al., 1968) and are likely ~20,000 yr old (Broughton, 2000),
indicating speciation by at least that time. Bones from all three
endemic Bear Lake whitefish have been identified from Lake
Bonneville sediments that were deposited 10,160-11,270 "“C yr

o
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B.P. (~11,700-13,500 cal yr B.P.; Broughton, 2000), indicating
that all three species were established by at least that time. The
apparent lack of Prosopium abyssicola (Bear Lake whitefish) in
the older Lake Bonneville sediments may be due to several fac-
tors, the most simplistic being that specimens of P. abyssicola
have yet to be found (or correctly identified) in the older sedi-
ments, or more controversially, that P. abyssicola had not yet spe-
ciated and arrived later in the Lake Bonneville sequence.
Forester (1991b) suggested that endemic lacustrine ostracodes
evolve because biologic selection pressures exceed physical selec-
tion pressures in lakes where stable environmental conditions per-
sist over long time intervals. Biologic selection pressures involve
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Figure 3. Stratigraphic distribution of common cosmopolitan and all endemic ostracodes in core BLR2K-3.
Abundance is reported in valves per gram of sediment.
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adaptive strategies related to surviving inter- and intra-species
competition (e.g., reproduction, predation). The development of
thick shells or spines and other ornamentation, brooding behavior,
and extended parental care are examples of adaptations in response
to biologic pressures such as predator-prey relationships and mate
recognition (e.g., Martens and Schon, 1999). Physical selection
pressures involve adaptive strategies and physiologies suited to
changing physical and chemical environments. The development
of desiccation-resistant eggs and eggs that hatch at random inter-
vals after production (Angell and Hancock, 1989), short life spans
that guarantee several populations and egg clutches per year (e.g.,
Delorme, 1978, 1982), and the ability for some ostracodes to enter
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into a state of torpidity when environmental conditions are less
than favorable (Delorme and Donald, 1969) are all adaptations to
physical selection pressures.

Endemism is presumably favored when biological pressures
are at a maximum and when physical selection pressures, such
as environmental changes, are relatively invariant and play a sec-
ondary role in the survival of the species. Biological and physical
selection pressures are interdependent, however. For example,
the environmental variability that requires special physical adap-
tations for success (physical selection) also places limitations on
the survival potential for the predators (biological selection) of a
given species.
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Figure 6. Stratigraphic distribution of endemic ostracodes and Cytherissa lacustris in core BLOO 1E. Abundance is reported in valves
per gram of sediment. Aragonite from ~65 m depth (gray line) generated a U-Th age of ca. 128 ka (Colman et al., 2006, 2007).
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An example of an ancient, geologically long lived, lacustrine
environment is the Pliocene-aged Glenns Ferry Formation of the
western United States. The deep-lake phase of the Glenns Ferry
Formation lasted roughly 1 million years (ca. 3.5 to ca. 2.5 Ma;
Thompson, 1996; and references therein) and was populated by both
endemic and cosmopolitan ostracodes. The endemic ostracodes of
the Glenns Ferry Formation resemble contemporaneous cosmo-
politan species except for unusual ornamentation such as a large
mid-valve spine. Others were highly ornamented relative to typical
cosmopolitan continental ostracodes (Forester, 1991b). The orna-
mented Glenns Ferry Formation endemic taxa populated only the
deep lake sediment, whereas cosmopolitan taxa were common in
all marginal hydrologic settings. A similar cosmopolitan-endemic
ostracode distribution occurs at Bear Lake.

Ostracode Distributions in Bear Lake

Bear Lake is an oligotrophic lake (Wurtsbaugh and Hawkins,
1990). Mean annual whole-lake benthic invertebrate biomass
estimates are extremely low, only 0.34 g dry weight per square
meter (g dry wt m?), which is the lowest value recorded for a
temperate-zone lake (Wurtsbaugh and Hawkins, 1990). Inver-
tebrate biomass estimates for the more productive littoral zone
are only slightly higher, but are always less than 1 g dry wt m™
(Wurtsbaugh and Hawkins, 1990). Ostracodes, although rare,
do constitute a large part of the littoral zone biomass, however
(Wurtsbaugh and Hawkins, 1990). The ostracodes reported by
Waurtsbaugh and Hawkins (1990) were not identified to species,
so it is unknown whether the ostracodes were cosmopolitan or
endemic species. Smart (1958) conducted an extensive biologic
survey of the bottom sediments of Bear Lake and reported that
ostracodes (simply reported as “Candona species”) were most
abundant in water depths of 24-38 m. The decrease in ostracode
abundance at depths greater than ~38 m may be an apparent
decrease resulting from sediment resuspension and focusing in
the deeper portions of the lake, however (Colman, 2006; Dean
et al., 2006). The “Candona species” reported by Smart (1958)
were not identified to species level and here are assumed to repre-
sent the endemic, candonid-rich, profundal assemblage.

Itis unclear why cosmopolitan ostracode valves are not found
in water depths greater than ~7 m. Live cosmopolitan ostracodes
have been clearly identified only from lake marginal springs and
the marsh complexes that have developed on the exposed lake
floor during the recent low-water years (Table 2). Live endemic
ostracodes, and identified as such, have been recovered only from
one deep-water methane seep, although they are apparently abun-
dant at water depths of 24-38 m (Smart, 1958). One hypothesis
is that cosmopolitan ostracodes do not actively live in the lake
at any depth and the lake is inhabited entirely by the endemic
fauna. In this scenario the cosmopolitan ostracode valves found
in Bear Lake’s littoral zone are reworked from the springs along
the lake margins and from marsh sediments that were deposited
on the exposed lake floor during previous low lake levels. An
alternative hypothesis is that cosmopolitan ostracodes do inhabit
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the littoral zone of the lake, but only to a water depth less than
7 m (with empty valves likely being reworked out to ~7 m depth).
In either scenario cosmopolitan ostracodes are unable to inhabit
the deeper parts of the lake.

The fish distributions within Bear Lake may partially
explain the cosmopolitan-endemic ostracode distributions in the
lake. Fish densities in Bear Lake are low in water <5 m deep,
with native Utah chub and Utah suckers being most numerous
throughout the year and endemic juvenile Bear Lake sculpin
(Cottus extensus) being numerous only during the summer
(Wurtsbaugh and Hawkins, 1990). Bear Lake sculpin and Bear
Lake whitefish (Prosopium abyssicola) are most abundant in
water depths >30 m, with adult Bear Lake sculpin abundances
increasing in shallower water (~15 m) during the summer. Bear
Lake whitefish (P. spilonotus) abundances are highest in water
depths of ~15-30 m. (Wurtsbaugh and Hawkins, 1990; Kennedy
et al., 2006).

Analyses of the gut contents of Bear Lake fish indicate that
ostracodes (unidentified taxa) are a large part of the diet of sev-
eral fish species. Ostracodes constitute 59%-99% of the diet of
Bear Lake whitefish and Bear Lake sculpin, both of which are
endemic to the lake. The next two most active ostracode predators
are juvenile Bonneville whitefish and the Utah sucker (Table 3).
The Bonneville whitefish is also endemic to the lake, but the Utah
sucker is not (Wurtsbaugh and Hawkins, 1990; Thompson, 2003;
Tolentino and Thompson, 2004; Kennedy, 2005; Kennedy et al.,
2006). Because the ostracodes from the fish gut analyses were not
identified to species, however, the relative abundance of endemic
or cosmopolitan ostracode species consumed by the various fish
species is unknown. Bear Lake whitefish are substantially more
numerous in water depths greater than ~40 m (Kennedy et al.,
2006), which implies that the ostracodes they consume are exclu-
sively endemics.

The ecology of the endemic ostracode fauna must involve
adaptive strategies that allow them to survive in spite of the oli-
gotrophic nature of the lake and the heavy predation pressure of
the endemic fish. One theoretical possibility is that the endemic
ostracodes exploit the fish predation and, for example, use the
endemic fish as a dispersal mechanism (e.g., Kornicker and Sohn,
1971; Mellors, 1975; Vinyard, 1979; Smith, 1985; Bartholmé et
al., 2005). Finding new food resources in a large oligotrophic
lake, especially if that food resource has a patchy distribution,
would be key to survival. Fish are highly mobile and migrate over
large areas of the lake. Exploiting that mobility (actively or pas-
sively) would allow the endemic ostracodes (or their eggs) to be
dispersed throughout the lake, and from food patch to food patch.
Maximum endemic ostracode and fish densities overlap in water
depths of ~20-38 m. If fish are a dispersal mechanism for the
endemic ostracodes, then it is reasonable to expect that endemic
ostracode densities would coincide with high fish densities. Cos-
mopolitan ostracode species attempting to invade this endemic
ecosystem may be unable to cope with the intense predation
pressure, or might not have a reproductive strategy compatible
with the endemic fish behavior, and would be restricted to lake
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marginal springs or the shallowest portions of the littoral zone
(<5 m deep) where fish densities are lowest.

The morphology of Bear Lake is likely another factor that
contributes to the confinement of cosmopolitan ostracodes to
the shallow littoral zone. The large expanses of gently sloping
lake bottom means that any fluctuation in lake levels would
expose and flood large expanses of Bear Lake’s littoral zone.
For example, a 4 m decrease in lake level (from full lake) would
expose ~30 km? of lake bottom. Cosmopolitan ostracodes
adapted to variable habitats (strong colonizers) would likely be
restricted to this zone (in the emergent marshes). The endemic
deep-water ostracode fauna are apparently unable to exploit the
shallow littoral zone and are restricted to the deeper parts of the
lake where the impacts of lake-level fluctuations are minimal to
nonexistent. In addition to the fish predation pressure, cosmo-
politan ostracode species may not be able to invade the deeper
parts of the lake due to its comparative stability. As a result of
these variables, and probably others, the cosmopolitan-endemic
ostracode distribution in Bear Lake mirrors that of the Glenns
Ferry Formation.

Ostracode Distribution in Bear Lake Sediment Cores

The same species assemblage distinctions noted in the mod-
ern lake sediment also existed in the past. Core BLR2K-3 from
Mud Lake contains sediments deposited over the past ~8000 yr,
but primarily over the past ~2000 yr (Colman et al., this volume),
that are dominated by cosmopolitan ostracodes (Fig. 3). These
taxa suggest that Mud Lake was principally a shallow lake and
wetland, similar to today. The chemical composition of Mud
Lake prior to the 1912 Bear River diversion is unknown, but the
near absence of endemic ostracodes in the Mud Lake core indi-
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cates that it has been incompatible with their requirements for the
last several thousand years.

Core BL2K-3 contains sediments deposited at the north end
of Bear Lake over the past 3500 yr (Colman et al., this volume).
Radiocarbon ages from this core are not in stratigraphic order,
suggesting sediment reworking or complications with some of
the radiocarbon samples. The problematic radiocarbon data limit
the usefulness of this core, but several trends in the ostracode data
are apparent (Fig. 4). First, the antithetic behavior of the endemic
and cosmopolitan ostracode faunas at this site suggests a species
distribution pattern that was similar to the present. Second, any
given sediment sample from this core was dominated by either
cosmopolitan or endemic ostracodes, but never both, with the
exception of Physocypria sp. And third, there does not appear
to be a faunal gradation between the cosmopolitan and endemic
dominated samples. The difference between the two sample
types is distinct. The cosmopolitan-rich zones may represent
times when the core site was situated in less than ~7 m of water
and endemic fish predation was minimal or nonexistent.

Core BL96-2 contains entirely endemic-dominated ostra-
code assemblages (Fig. 5) from sediments that were depos-
ited over the last ~26,000 yr (Colman et al., this volume). The
absence of cosmopolitan taxa in the deep-water setting is atypical
of lakes throughout North America with oxygenated hypolimnia.
The lack of cosmopolitan species indicates that the lake depth at
the core site has never been shallower than ~5 m. This suggests
that Bear Lake has never dried out, or never exceeded the envi-
ronmental tolerances of the endemic ostracode species from the
late Wisconsin to the present day.

Core BLOO-1 contains sediments that were deposited near
the deepest part of the lake over the last 220,000 yr (Kaufman
et al., this volume). With one exception, core BL0OO-1 contains

TABLE 3. OSTRACODE CONSUMPTION BY BEAR LAKE FISH SPECIES

Fish species (size, season)

Reference

Bear Lake whitefish (100-150 mm, spring)
Bear Lake whitefish (150-200 mm, spring)
Bear Lake whitefish (200-250 mm, spring)
Bear Lake whitefish (>250 mm, spring)

Bear Lake whitefish (100-150 mm, summer)
Bear Lake whitefish (150-200 mm, summer)
Bear Lake whitefish (200-250 mm, summer)
Bear Lake whitefish (>250 mm, summer)
Bear Lake sculpin (small)

Bear Lake sculpin (medium)

Bear Lake sculpin (large)

Bonneville whitefish (100—150 mm, spring)
Bonneville whitefish (150—200 mm, spring)
Bonneville whitefish (200-250 mm, spring)
Bonneville whitefish (250-300 mm, spring)
Bonneville whitefish (300-350 mm, spring)
Bonneville whitefish (>350 mm, spring)
Bonneville whitefish (all sizes, summer)
Utah sucker (small)

Utah sucker (large)

Utah chub

Carp

Dace

Redsides

99 Thompson, 2003
90 Thompson, 2003
73 Thompson, 2003
75 Thompson, 2003
59 Thompson, 2003
75 Thompson, 2003
83 Thompson, 2003
99 Thompson, 2003
60 Waurtsbaugh and Hawkins, 1990
68 Wurtsbaugh and Hawkins, 1990
73 Wurtsbaugh and Hawkins, 1990
33 Thompson, 2003
14 Thompson, 2003
3 Thompson, 2003
1 Thompson, 2003
3 Thompson, 2003
0 Thompson, 2003
0 Thompson, 2003
19 Wurtsbaugh and Hawkins, 1990
38 Wurtsbaugh and Hawkins, 1990
16 Wurtsbaugh and Hawkins, 1990
6 Wurtsbaugh and Hawkins, 1990
0 Wurtsbaugh and Hawkins, 1990
0 Wourtsbaugh and Hawkins, 1990

Note: Bear Lake whitefish, Bonneville whitefish, and Bear Lake sculpin are endemic to Bear Lake.
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entirely endemic species (Fig. 6). Some of the endemic species,
but not all (primarily Candona sp. 1; Fig. 2A), are found in sedi-
ments as old as ca. 130 ka (MIS 5). The core extends through
a second glacial-interglacial cycle (to MIS 7), but few whole
ostracodes are preserved. Identifiable fragments of Candona
sp. 1 (Fig. 2A) exist to the bottom of the core, however.

Endemic ostracode species diversity is greatest in the Holo-
cene aragonitic sediments in the upper 10 m of core BL0OO-1E and
in the upper 3 m of core BL96-2 (Figs. 5 and 6). It is unknown
whether the higher endemic ostracode diversity in the Holocene
sediment is an example of relatively recent ostracode speciation
(younger than 15 ka) or whether the lower species diversity in
pre-Holocene-aged sediment is due to a preservational bias or
some other mechanism.

Cause of Endemism in Bear Lake

The Bear Lake ostracode assemblage contains 11 endemic
species, although some of the candonids are morphologically
similar to local cosmopolitan taxa and could be ecophenotypes
or subspecies of local or other cosmopolitan species (compare
Fig. 2A and Figs. 2L and 2M, and compare Fig. 2C with Candona
mendotaensis from Kitchell and Clark, 1979). The profundal zone
of Bear Lake supports more ostracode species than is observed in
other large North American lakes. For example, Lake Michigan
contains only two ostracode species in the deepest parts of the lake
(91-244 m; Buckley, 1975), and rarely more throughout the Holo-
cene (Forester et al., 1994). The endemic Bear Lake ostracodes
also exhibit some unusual morphologic features, such as hooked
caudal processes, sharp valve margins, and unusual ornamenta-
tion (Figs. 2A, 2C, and 2G). However, the morphology and spe-
cies diversity is less than in the Glenns Ferry Formation sediments
(Forester, 1991b) and in other ancient extant lakes such as Lake
Baikal or Lake Tanganyika (Mazepova, 1994; Park and Down-
ing, 2000). Bear Lake also supports four species of endemic fish
(Sigler and Sigler, 1987, 1996) and perhaps other taxa, but overall
the lake does not have a large number of species as is observed
in other lakes with endemic faunas. The reduced morphological
expression and lower endemic diversity at Bear Lake may result
from its oligotrophic state and possibly less complex and variable
ecosystems than in other larger endemic-containing lakes (e.g.,
Lake Baikal or Lake Tanganyika). The reduced endemic diversity
at Bear Lake may also be due to its young age and small size rela-
tive to lakes like Baikal or Tanganyika.

Bear Lake has been able to produce endemic (ostracode)
faunas because of its unique hydrology and chemistry. A pos-
sible paleoshoreline is presently submerged under ~22 m of
water (Colman, 2006), suggesting that Bear Lake periodically
experiences substantial decreases in lake level, decreases that
may or may not be climate related (Smoot and Rosenbaum, this
volume). Intuitively, Bear Lake should become saline or possibly
even go dry during periods of low effective moisture (e.g., the
Great Salt Lake; Oviatt et al., 1999; Balch et al., 2005), resulting
in the extinction of the endemic fauna. There are no evaporite
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deposits or any known high-salinity-tolerant ostracode species in
core BL2K-3, BL96-2, or the 120-m-long core to suggest ele-
vated lake TDS during times of maximum aridity (e.g., the mid-
dle Holocene, OIS Se; Dean et al., 2006). Bear Lake may never
develop a high TDS water mass during arid climates because
the majority of local solute inflow is calcium, magnesium, and
bicarbonate (Dean et al., 2007; Bright, this volume). Carbonate
precipitation (as aragonite or calcite) removes a large portion of
the calcium and bicarbonate from the water column. The degree
and rate of solute enrichment within the lake are then limited
because the majority of the solute load is lost to carbonate pre-
cipitation. Groundwater leakage from the lake removes solutes as
well. Additionally, the oxygen isotope (8'*0) values on bulk sedi-
ment from core BL96-2 are lower during the arid middle to late
Holocene (ca. 3-5 ka) than during the latest Holocene (younger
than 3 ka; Dean et al., 2006). Isotopic depletion during arid cli-
mates has been noted in other settings where groundwater is a
large component of a lake’s hydrologic budget (e.g., Smith et al.,
1997; 2002a). A large groundwater influx derived predominantly
from the Bear River Range (Bright, this volume) sustains the lake
through arid climates and provides a stable and persistent habitat
for the biota inhabiting the lake.

Further Research

The ostracode faunas and distribution patterns in Bear Lake
provide several intriguing avenues for additional research. Fur-
ther research should focus on the following: (1) Determining if,
or to what extent, the methane seeps within the lake contribute to
the health of the endemic ostracode fauna. Ostracodes are a key
component in the diets of three of Bear Lake’s endemic fish and
are an integral part of the lake’s food chain. The methane seeps
may provide a food source or a refuge for the endemic ostracodes
during times of unfavorable chemical and physical conditions.
(2) Conducting a thorough sampling of the modern lake sedi-
ments, with the ostracodes identified to species level, noting which
species are currently living in the lake and their distributions.
(3) Identitying which species of ostracodes are being consumed
by the various fish species in Bear Lake and determining if there
are seasonal or spatial variations in those predation patterns.
(4) Documenting soft-part anatomy and studying the genetic
material of the endemic ostracodes to determine their evolution-
ary relationships. Do they represent a recent radiation, or are they
more ancient lineages? Some of the species may be ecopheno-
types or subspecies of extant local cosmopolitan forms (Fig. 2).

CONCLUSIONS

Bear Lake is contained in a tectonically active basin with
a sedimentary record that may extend back nearly 6 m.y. As
many as 11 species of endemic ostracodes inhabit Bear Lake,
yet cosmopolitan ostracodes have been unable to successfully
colonize the lake. The evolutionary reason for the genesis of
the endemic ostracodes in Bear Lake is unknown, but may be
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related to a combination of environmental stability, fish preda-
tion pressure, and the numerous isolated methane seeps within
the lake. Extensive fish predation may also play a key role in
the endemic-cosmopolitan ostracode distribution in the lake.
Bear Lake contains one of the most diverse endemic ecosystems
in North America, in spite of its relatively small size and oligo-
trophic nature. The endemic ostracodes suggest that, in addition
to being a long-lived lake, Bear Lake has an environment that has
remained relatively stable in spite of large fluctuations in climate,
lake chemistry, and lake level. Groundwater that discharges in
Bear River Range streams plays a key role in the modern hydro-
logic balance of Bear Lake and likely has done so through most
of its existence. This persistent groundwater variable buffers the
lake, to some extent, from the effects of climate change and gen-
erates a permanent lacustrine habitat suitable for the generation
of endemic species.
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