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ABSTRACT

Lacustrine ostracodes have been studied during the last three decades because of their apparent utility in
reconstructing aquatic paleoenvironments. These microcrustaceans are ideal for palboenvironmental analysis becau-
se: l) they are cosmopolitan and abundant lacustrine inhabitants; 2) they show high diversity; 3) they aie sensitive
to climate-related limnological variations; 4) their valves incorporate some trace elements from host waters that may
provide information on paleolimnologic conditions; and 5) valve calcif ication appears to be in stable carbon and
oxygen isotope equil ibrium with the host water.

The purpose here is to compare the recent advances in these various approaches, as well as their limitations in
paleolimnologic reconstructions. It is evident that our current knowledge is far from complete, but it is also true
that the progress achieved has established a basis for quantitative paleoenvironmental reconstructions usins
nonmarine ostracodes.

Keywords: Continental ostracodes, paleoenvironments, paleoecolog5r, paleoclimate, hydroclimate, local atmospheric clima-
te, regional climate, trace elements, stable isotopes.

RESUMEN

Los ostrdcodos lacustres han sido objeto de estudio durante las riltimas tres decadas por su aparente utilidad en la
reconstrucci6n de paleoambientes acudticos. Estos microcrust6ceos son ideales para andlisis paleoambientales por
las siguientes razones: 1) son cosmopolitas y abundantes en aguas continentales; 2) muesiran gran diversidad;
3) son sensibles a variaciones limnol6gicas relacionadas con el ciima; 4) sus valvas incorporan algunos elementos
traza derivados del agua en que habitan, que pueden proporcionar informaci6n sobre las condiciones paleolimnol6-
gicas, y 5) la calcificaci6n de las valvas parece ocurrir en equilibrio isot6pico con el oxigeno y carbono del agua en
la que viven.

El prop6sito de este trabajo es comparar Ios avances recientes y las Iimitaciones interpretativas de las
reconstrucciones paleolimnol6gicas mediante el uso de ostrdcodos. Es evidente que arin queda muiho por hacer en
este campo antes de establecer conclusiones definitivas, pero tambi6n es claro que los progresos alcanzados han
sentado las bases para reconstrucciones paleoambientes cuantitativas confiables usando ostrricodos continentales.

Palabras clave: Ostr6codos continentales, paleoambientes, paleoecologia, paleoclima, hidroclima, clima atmosf6rico local,
clima regional, elementos traza, is6topos estables.

INTRODUCTION

Until about 1960 most ostracode scientists focused
their research on the taxonomic features of the nume-
rous marine and nonmarine species. During the 1960,s
some workers became interested on the environmental
utility of continental ostracodes and developed experi-
mental and field studies to understand the relationshio
between these organisms and their environment (Ben-
son, 1959; Lrifl ler, 1961; Delorme. 1969. 1978: Turoen
and Angel l ,  l97l ;  Cadot and Kaesler,  I9l7:  Bodergat,
1985; Forester, 1983, 1986, 1997a; De Deckker. 19g1.
]f!], C_ohen et al., 7983, Cohen, 1986; Anad6n et at.,
1986; Carbonel et al., 1988). During the 19g0's and
there after, many researchers have used fossil ostraco-
des to reconstruct the history of ancient lakes either by
means of their paleoecologic assemblages and occurren-

ce patterns or with geochemical techniques (Chivas el
al., 1983; 1985, 1986a, b; De Deckker et al., 1988a, b;
Lister, 1988a, b, 1989; Anad6n and Julid, 1990; Benson
et al.,l99I; Engstrom and Nelson, 1991; Holmes et al.,
1992; Palacios-Fest e/ al., 1993; Anad6n et al., in press).

This paper reviews the current use and significance
of nonmarine ostracodes as paleoenvironmental indica-
tors in light of current progress, and highlights both
the potential utility and the pitfalls of the various analy-
tical methods now in use.

OSTRACODES IN THE LACUSTRINE
REALM: AN ECOLOGIC PERSPECTIVE

Ostracodes are bivalved crustaceans equipped with
a low Mg-calcite carapace attached by a dorsal hinge
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and a ligament (Pokorni, 1978). Continental ostracodes
are widely distributed in fresh and saline waters, nor-
mally under well oxygenated conditions. They occur in
lakes, ponds, springs and streams. A knowledge of modern
ostracode response to physico-chemical and biotic envi-
ronment is critical to interpret the paleoecology of the-
se organisms in the geologic record. Many ostracode
species are benthic, crawling on the substrate, moving
interstitially between sediment grains or swimming just
over the sediment surface or around subaquatic vegeta-
tion. A few nektonic lacustrine species also occur. Most
ostracode species subdivide a broad range of lake envi-
ronments, from freshwater to hypersaline, lrom subpo-
lar to tropical climates and from shallow nearshore to
deep water into well-defined habitats. Under such cir-
cumstances. a number of factors aflect ostracode occu-
rrence, distribution and productivity. The best docu-
mented of these factors are temperature, ionic composition
and concentration, oxygen content of the water, sub-
strate and food resources. In addition, the size, depth,
energy level, turbidity and permanence of the water
body as well as predation can be significant limiting
factors for ostracode species (Holmes, 1992).

Environmental Controls on Ostracodes Within Lakes

Figure I synthesizes some of the most significant
factors controlling ostracode distribution in limnic envi-
ronments. The nature of the water body and substrate
exert considerable control over ostracode populations.

Ostracodes are likely to respond directly to depth corre-
lated factors such as temperature, light penetration (affec-
ting vegetation) or sediment texture (affecting the abi-
lity of bottom crawlers to move; see for example: Kotzian,
1974: Keen, 1975; Danielopol et al., 1985; Cohen, 1986
and Mourguiart et al., 1986) rather than depth itself.

Substrate is an important control on ostracode dis-
tribution in a lake and several species appear to be
restricted to fine sediments (e.g. some species of the
genus Candora; Holmes, 1992). Lacustrine ostracodes
usually have a smooth carapace; however, it is not
uncommon to find some species ornamented or equi-
pped with "stabilizers" (particularly among surface craw-
lers). Populations of some species adapted to coarse
sediments or hard substrate have robust carapaces (e.g.
Cypridopsis vidua; Henderson, 1990). However, valve
thickness may also be driven by other factors, such as
water chemistry (ecophenotypic) and predation (selecti-
ve). Zonation related to lateral differences in substrate
have been suggested to occur in several lakes (Carbonel
et al., 1988: Holmes, 1992).

Wave energy levels are also important lactors in
the environmental zonation of lacustrine ostracodes.
The usually fragile nature of ostracode valves makes
wave energy a restrictive factor to ostracode populations
since most of these organisms cannot withstand the
wave shock of the surf zone in large lakes. Although
growth aquatic plants, may somehow atenuate this effect
in certain lakes (i.e. Lake Titicaca; Carbonel, pers. comm.,
1994). Furthermore, turbidity and food supply are directly
affected by wave energy. Although most ostracode spe-
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Figure l. Occurrence of nonmarine ostracodes in a hypothetical North American lake in response to physical and biological
parameters (such as substrate, light penetration, depth, wave energy and vegetation). Notice that genera shown in this
diagram are only examples chosen to illustrate organisms preferences. Solid lines 1-) indicate occurrence range
recorded in several lakes in Canada and Northern United States. Dashed lines (----) do not necessarily indicate that the
group lives in that area, it only suggests its occurrence in the shoal and steep side of a half-graben basin. *Although

usually no ostracodes occur in the turf zone a few interstitial species may live here, however, their valves commonly do
not get preserved in the fossil record. (Genera compiled from Delorme, 1969, 1978; and Delorme and Zoltai, 1984).
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cies prefer to live in quiet slow moving waters, a few
genera are represented in agitated flows near drainage
inlets or outlets, for example, Ilyocypris, Psychrodromus,
Heteroqtpris and Potamoqtpris (Henderson, 1990). Wave
action is important in ostracode valve accumulation.
Saucer-stack arrangement of ostracode valves are com-
mon in shallow waters affected by lapping (cf. Guernet
and Lethiers, 1989).

River discharge points also provide appropriate con-
ditions for certain ostracodes and it is possible to recog-
nize mixed river/lake assemblages, or variations in sali-
ne tolerant vs. freshwater species (Vargas, 1982; Carbonel
et al., l9BB;' Fig. 2). Some ostracodes are also closely
associated with groundwater discharge zones like Cypri-
dopsis, Cavernocypris and Chlamydotheca (Forester, pers.
comm, 1989, I99Ia).

Biotic factors such as food supply and predation
are also significant in controlling ostracode distribution
in a lake. Most ostracode species are herbivores, inclu-
ding in their diet diatoms, filamentous algae and suba-
quatic phanerogams (Henderson, 1990). Detritivores, sca-
vengers and predaceous species also occur. Predators,
such as the nektonic ostracodes in Australian salt lakes
(De Deckker, 1983) or species in British lakes (Hender-
son, 1990), feed on desmids, protozoans, rotifers and
other small organisms (including small ostracodes). Al-
though ostracodes are rarely a primary food item they
are subject to regular predation by fish (e.g., gut con-
tents of Pyramid Lake chubs filled with ostracodes).
Where fish occur (mostly in permanent water bodies)
large, and hence conspicuous, ostracode species nray bc
excluded. However, ephemeral basins commonly depri-
ved of fish, provide the ideal environment for a number

of species. Taylor (1992) has shown that some ostraco-
de species are very sensitive (both negatively and positi
vely) to human disturbance. Cypridopsis okeechobei for
example, increases in abundance in more disturbed envi-
ronments where diverse pollutants or modification of
the land use contribute to changes in the water che-
mistry. Cohen et al. (1993) have shown that ostracode
diversity is significantly reduced in Lake Tanganyika in
areas where excessive quantities of sediment have been
discharged into the littoral zone as a result of deforesta-
tion and erosion. Thus, ostracode response to human
disturbance is characterized by decreasing diversity and
increasing abundance of those species adapted to such
an environment.

Environmental Controls on Ostracodes Between
Lakes and Over Time

Among the environmental factors controlling ostra-
code occurrence and geographic distribution, water che-
mistry and temperature are probably the two most impor-
tant factors constraining the occurrence patterns of
ostracodes between lakes or over time within a lake.
Because fluctuations in water temperature and chemistry
are often closely coupled to climate, these factors have
received the most attention by paleoecologists. Varia-
tions in regional climate will produce corresponding
changes in the lake water and its ostracode fauna. Thus,
understanding the thermal and hydrochemical preferen-
ces of individual species is fundamental to the use of
ostracodes as paleoenvironmental indicators of climatic
chanse.
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no dominant ions (lieshwatcr)

dominant. ostracodc genos: Cutttlona
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dominant ions: Na*, Cl-, and
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dominant ostracode genus: Limnocythere

other genera occurriog: Cyprideb_Cyprinorus

Mineralization: 3 mM/l
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dominant ostracode genus: Ir)rrnocythere

Figure 2. Influence of tributary water discharge chemistry on ostracode fauna of Lake Titicaca. (Simplified from Carbonel et al.,
1988).
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The latitudinal distribution of many ostracode spe-
cies throughout the world suggests that temperature is
a major biogeographic control. Many species are highly
sensitive to temperature, which regulates both their abi-
lity to survive and to reproduce (Delorme and Zolta\
1984; Forester, 1987; De Deckker and Forester. 1988).
For example, Cytherisso lacustris, a species limited to
temperatures under 23" C, is a common inhabitant of
temperate to subpolar region lakes (i.e. in subalpine
lakes C. lacustris today lives only in the "profound"
zone where temperature is quasi unvariable and cold;
Carbonel, pers. comm. , 1994), whereas Limnoqtthere brad-
buryi is restricted to lakes with higher temperatures and
occurs in low to mid latitude lakes (Delorme, 1978;
Danielopol et al., 1985 Forester, 1985). However some
species, like Cqndona rawsoni, are eurythermic, occu-
rring in almost all temperature regimes (Sohn, 1987).
Globally, knowledge of temperature preferences for indi-
vidual species is quite limited, although in some areas
an extensive database of temperature ranges has been
compiled (Delorme, 1970a-d. 197la-c:- Delorme and Zol-
tai 1984; Delorme et al., 1977).

Ostracodes display great sensitivity to variations in
water chemistry (both composition and concentration).
The modern salinity tolerances of a number of ostraco-
de species may be useful for paleosalinity reconstruc-
tions based on the coexistence of two or more species
with limited or overlapping salinity tolerances (Anad6n
et al., 1986; see also Holmes, 1992 for details). Several
euryhaline ostracodes (e.g. Cyprideis torosa and possibly
Limnocythere ceriotuberosa) reflect their sensitivity to sali-
nity variations by changes in carapace thickness, struc-
ture, ornamentation and size. Cyprideis torosa an estua-
rine ostracode that can live in saline lakes including
those with salinities under 6 "1u,, under which condi-
tions it develops heavy ornamentation characterized by
four to seven nodes. whereas in more saline waters the
valve surface is usually smooth (Vesper, 1912; AIher-
such e/ al., 1989). Limnocythere ceriotuberosa in western
North America occurs in alkaline, euryhaline waters;
under freshwater conditions this species develops a thick,
posteriorly-oriented ventral wing (this form is known as
L. platyforma).

Western Austral ia{-
90"/. of 54 lakes

-- 4 Moles "/"

Sources: 1jst (1989) -  Saskatchewan

Geddes et al. (1981) - W Australia

Mart ino (1 988) - Ebro Basan

Tall ing and Tall ing (196s) I
WoodandTall ing(19a8) l- EastAlrica

Serruya and Pollingher (1983) ,,

Figure 3. Trilinear diagram of lake anion compositions for
lakes in different regions of the world. (Anad6n,
unpublished data).
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l :  HCO3 >> Ca + Mg

i:  HCO3 << Ca + Mg

l l l r  HCO3 >-Ca + M0

Major changes in ostracode faunas and lake condi-
tions correspond to regionally recognized indications of
climate change. As can be seen from Fig. 3 (Anad6n,
unpublished data), lakes within specific regions tend to
have well defined compositions along particular path-
ways as a result of similarities in bedrock geology and
climate. For example, lakes in Saskatchewan are domi-
nated by SOo: because of the high contribution of ions
lrom rock and soil weathering and hydrothermal sour-
ces in the surrounding areas, whereas southwestern
Australian lakes are Cl--dominated as a result of the
high evaporation rates characteristic of that semi-arid
region. Gorham et al. (1982) showed that the chemical
composition of North American lakes changes from
alkali-dominated waters in the humid forests east of the
Mississippi to SOr:-dominated waters that precipitate
calcium carbonate in the more arid prairie regions of
the west.

A considerable body of data exists which suggests
that water composition and concentration pathways wi-
thin basins and regions over time are important para-
meters in affecting ostracode response to the environ-
ment (Chivas et al.. 1985. 1986a. 1986b; De Deckker et
al. 1988a, b; Anad6n and Julii i, 1990; Holmes et al.,
1992). Although water composition and concentration
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Examples of modarn lakes by hydrochemical pathway and occuronce ot ostracodes:

A: Lake Turkana, East Afr ican Rif t  -  Gomphocythere angulata (Cohen, 1982)

Lake Texcoco, Mexico - Limnocythere sappaersis (Foresler, l9a3)

B: Devifs Lake, N.O. Us.A - Candona.awsoni (Engstrom lnd Nolson, 1991 )

C: Ebro Basin, Spain - Eucypris inllala (Boltanas elrr., l9$)

D: Wanacui Lakg, Washington, USA - Limnocytherc taaPlini (Foresler, 1983)

Figure 4. Flow diagram for brine evolution. Large hexagon
represents initial saturation stage prior to pathway
evolution; diamonds are typical water compositions
with examples of lakes and common ostracodes.
Final brine types usually contain no ostracodes. For
a detailed explanation see Eugster and Hardie, 1978.
(Modified from Eugster and Hardie, 1978).



in lakes are both frequently coupled to climate since
waters undergo predictable "pathways" of change in
both composition and concentration as evaporation occurs
(as shown in Fig. 4), detalied studies to test this hypo-
thesis are yet to be conducted (Eugster and Hardie,
1978; Forester, 1983; De Deckker and Forester. 1988).
In wet climates where precipitation exceeds evapora-
tion, waters are typically very dilute. In temperate areas
they are typically rich in both Ca2* and COr:, with
increasing evaporation these waters may become either
depleted in C** or depleted in carbonates (HCOr- +
COr:) depending on the initial concentrations of these
ions prior to early calcite precipitation (Forester, 1987).
In tropical lakes Na*, Mg2*, and Cl- may all also be
important because of these ions solubility (with Na*
and Cl- being the more soluble ions). Ostracodes res-
pond to the changes in the solute composition path-
ways, through changes in abundance, total species diver-
sity and individual species occurrence. Some species
a.re restricted to specific types of waters or concentra-
tions within a pathway. In nature many ostracode spe-
cies occur in saturated or supersaturated waters with
respect to calcium carbonate but diversity decreases
significantly in undersaturated conditions. De Deckker
and Forester (1988) have suggested that lakes domina-
ted by Ca2* and HCO,- but undersaturated in COr:
(under the calcite branchpoint of Eugster and Hardie,
1978), usually contain fewer than five species and a low
abundance of individuals. Species diversity rises up to
20-30 species and remains constant as water becomes
saturated with respect to calcite (calcite branchpoint).
Once depletion takes place in either direction (Ca2* or
HCO,] and salinity increases, ostracode diversity decrea-
ses again to less than five species but abundance often
increases significantly particularly in alkaline lakes whe-
re TDS is often strongly correlated with productivity.

Forester and Brouwers (1985) found that ostracode
distribution is not only controlled by salinity variations
but also by the solute composition of estuaries where
these organisms live. Solute composition is primarily
driven by climate (temperature and evaporation/precipi-
tation rates). Baltanris et al. (1990) also found a direct
correlation between water ionic composition and ostra-
code occurrences. They concluded that lake chemistry
played a key role in the occurrence of saline lake ostra-
codes in several Spanish ephemeral lake basins.
Cl--dominated waters are preferred by Eucypris mareoti-
ca whereas Heterocypris barbara inermis prefers
SOo:-dominated waters, but Euqtpris aragonica only lives
in Cl--dominated but Soa:-rich waters.

Smith (1993) demonstrated how lacustrine ostraco-
de abundances and distribution are related to ionic
composition of the waters they inhablt in the northcen-
tral United States. She concluded that ostracode species
may define hydrochemical fields. For example, as shown
graphically by Forester (1986), Limnoqtthere staplini occurs
more commonly in HCO, -depleted, SOn:-dominated
waters, whereas Limnocythere sappaensis prefers HCO3-
-enriched, SOo:-dominated waters. Eurytopic species, such
as Candona rawsoni, live in both HCOr--enriched and
HCOr--depleted, SOn:-dominated waters but stenotopic
species, such as Candona ohioensis restricted to fresh
waters, are limited by the environment. Anion compo-
sition of the host water also affects ostracode occurren-
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ce patterns as shown by Carbonel (1983), Forester (1983,
1986) and Carbonel et al. (1988). Forester (1983, 1986)
has shown the close relationship kept between anionic
composition and ostracode occurrence. Two species of
Limnoqtthere which he studied, L. sappaensis and L. stq-
plini, have different anionic requirements although their
pH and salinity tolerances are similar. L. sappaensis
occurs in waters enriched in HCOr-, whereas L. staplini
is limited to Ca2*-dominated and SO,:-enriched waters.
Trilinear plots of anionic tolerances for the two species
suggest that their occurrences are mutually exclusive.
However, under specific circumstances in which both
Ca2* and COr: are in equilibrium in a So,:-rich envi-
ronment, these species may coexist (Forester, pers. cornm.,
1993). For example, one of us (MP, unpublished data,
1992) has recently found L. sappaensis and L. staplini
co-occurring in the late Pleistocene Laguna Diablo (Baja
California, M6xico).

Forester (1986) has also shown that the absolute
salinity tolerance ranges of ostracodes are often depen-
dent on the specific ions present. For example, the
Candona rawsoni group can survive in alkaline waters
of low salinity, but its maximum salinity tolerance increa-
ses dramatically in HCOr--depleted waters. Limnoqtthe-
re sappaensis, L. staplini and L. ceriotuberosa are also
subject to a relationship between salinity and the anio-
nic composition and concentration of the host waters
(Fig. 5). Similarly, Cohen et al. (1983) found that ostra-
code distribution in modern Eastern Africa lakes res-
pond to the ionic composition and concentration of the

Alk Llmnocythere cerlslsfisT6ss Alk

Ll m nocythere sappde nsls
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(=E. marcotlcd)

H€terocypris barbara Candona rawsonl

Occurrence

(equlvalent percentages)

Figure 5. Trilinear diagrams for ostracode occurrences in Spain
and North America. Eucypris inflata (:E, mareatica)
and Heterogtpris barbara occur in Spain (Baltands el
al., 1990). Limnocythere ceriotuberosa, L. sappaensis,
L. staplini and Candona rawsoni are widespread spe-
cies in North America (Forester, 1986). (Simplified
from Baltan6s et a1..1990: and Forester. 1986).
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host waters. For example, they suggested that ostracode
assemblages in East African lakes vary uniformly along
concentration gradients of Na*, Cl .

Furthermore, De Deckker and Geddes (1980) arri-
ved at similar conclusions with respect to Australian
lake ostracodes. In this study they determined ostraco-
de salinity tolerance based on the presence/absence
and replacement of species with changing salinity. De
Deckker (1981) concluded that most ostracode species
present in Australian salt lakes are halobionts, an adap-
tation which probably evolved in response to extreme
aridity during the Pleistocene. In these lakes the total
dissolved solids (TDS) range from 30 to 400 "1u,, with
Na* and Cl- accounting for more than 70 0/o of the
equivalent percentage of ions (De Deckker and Geddes,
r 980).

APPLICATION OF ECOLOGICAT
DATA FROM OSTRACODES TO

PALEOBCOLOGICAL PROBLEMS

QUATERNARY RBCORD

Recognition that modern ostracodes respond to
various ecological parameters in lakes, and particularly
to changes in water chemistry lead Delorme (1969) to
first develop detailed models based on paleoecological
associations of fossil ostracodes and the occurrence pat-
terns of the same extant species for the interpretation
of climate change. For example, Delorme et al. (1911)
suggested that higher temperatures and precipitation
rates occurred during the latest Pleistocene to mid-
Holocene than at present based on the statistical inter-
polation of modern meteorologic data and the occu-
rrence and relative abundance of fossil ostracodes with
modern analogs through the geologic record. This
approach has been followed in several subsequent stu-
dies. Modern water chemistry ranges for many East
African ostracode taxa determined by Cohen et sl. (1983)
were applied to reconstruction of the late Quaternary
history of Lake Elmenteita, Kenya, a small closed basin
rift lake, which is highly alkaline today (Cohen and
Nielsen, 1986). Ostracode stratigraphy and paleochemi-
cal interpretations from Lake Elmenteita, from the known
tolerances of the species found as fossils in lake core
sediments, indicated that the lake underwent alternate
episodes of water dilution (associated with the occu-
rrence of Gomphocythere obtusata) and concentration
(marked by the dominance of Limnocythere michaelseni)
which correlate well with periods of shrinkage or expan-
sion. Paleolimnological interpretations matched those
from other lines of evidence at Lake Elmenteita and at
nearby Lake Nakuru (the two lakes are connected when
lake levels are high). These ostracode-based inferences
agree closely with regionally documented changes in
precipitation/evaporation during the late Quaternary based
on shore-line and sensitivity-analysis studies (Washboum-
Kamau, 1970 and Hamilton, 1982; in Cohen and Niel-
sen. i986).

Forester et al. (1989) interpreted the ostracode stra-
tigraphic record of Kepler Lake (Alaska) in terms of

limnologic and climate change during the late Holoce-
ne. The alternating occurrence of Cyclocypris ampla,
Csndona protzi and Candona rectangulata and the occa-
sional appearance of Cypridopsis yidua. and Cyclocypris
ovum suggested that this lake underwent significant sea-
sonal variation. Salinity probably decreased to values
under 300 mg/l when C. protzi occurred.

Ostracode data may provide highly quantitative
records of lake histories (Delorme, 1989). When large
data set on modern distribution patterns allow for clo-
sest fit analogies between a fossil assemblage and its
closest modern lake counterpart fauna, it is possible to
develop transfer functions to describe matches between
fossil assemblages and a given set of limnological con-
ditions. The application of transfer functions can be
established by multiple regression analysis from current
observed hydroclimate or climate data (independent varia-
ble) and coupling them to interpreted derived climate
data (dependent variable, ostracode relative abundance).
Transfer functions represent a highly deterministic
approach to inferring climate, the application of which
assumes that ecosystem structure in ancient communi-
ties closely resembles that of the modern. Their use
therefore is most appropriate with very recent records
for time periods when this assumption is a reasonable
one (Fig. 6). The appropriate equation is chosen based
on the climatic parameter selected. correlation coeffi-
cient, and the species relative abundance. The selection
is based on the highest correlation coefficient derived
from the stepwise multiple regression of the species
dependant files.
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Figure 6. Mean annual precipitation and temperature profiles
based on observed (weather station) and inferred
(transfer functions from fossil ostracodes) records.
Dashed lines with open triangles show revised-
observed values and solid lines and triangles show
interpreted values for the last 60 years of sediment
deposition in Clearwater Lake, Saskatchewan, Cana-
da. (Simplified from Delorme, 1989).
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Smith et al. (1992) used two statistical methods to
reconstruct the solute history of Elk Lake, Clearwater
County, Minnesota from a Holocene core based on the
ostracode record. They concluded that Elk Lake remai-
ned a freshwater lake through most of its history, with
only minor variations between 8800 and 4000 years B.P,
and that the lake was probably buflered by groundwater
input. In contrast, the pollen records showed episodes
of prairie expansion which the ostracode faunal compo-
sition should record as greater changes in total dissol-
ved solids.

PRE-QUATERNARY RECORD

The level of detail of paleoenvironmental inference
that can be derived from fossil ostracode assemblage
data depends on both the extent to which the fossil
species under study can be analogized with modern
ones and the amount of information available on the
modern species analogs. For pre-Quaternary faunas, ostra-
code workers have had to focus on alternative methods
of inferring paleoecology from ostracode assemblages
that are invariably more qualitative than the methods
discussed earlier.

For example, a general application of paleochemi-
cal analysis is justified for genera with restricted ecolo-
gical tolerance ranges. Forester (1991b) suggested that at
a generic level, ostracode faunal composition may be
useful for inferring annual water body variability in the
pre-Quaternary geologic record (Fig. 7). Some workers
have used ostracodes to reconstruct paleoenvironments
in ways which are not dependent on detailed knowled-
ge of the modern distribution of species but which rely
on more general principles of shell morphology, tapho-
nomy and shell geochemistry (Carbonel et al., 1988).

Carapace Ornamentation and "Exotic" Structures

Many species of ostracodes display considerable
ecophenotypic variety in carapace ornamentation, which
some authors believe can be exploited for paleoecologic
information. Peypouquet et al. (1980) and Carbonel el
a/. (1988) have suggested that valve ornamentation may
be tied to Mg/Ca ratios in water (and thereby indirectly
to concentrations in most lakes with calcareous biotas).
Carbonel and Peypouquet (1979) and Carbonel et al.
(1988) have applied this principle to both Quaternary
and pre-Quaternary lake beds.

Carapace shape (subrectangulaq elongate and slightly
subtriangular or with pointed posterior ends, dorsally
arched, highly triangular, and trapezoidal) appears to be
commonly related to specific lake conditions (Carbonel
et al., 1988). For example, unstable water bodies are

CYTHEBISSIDS CANDONIDS

FRESH .------- -  - - - - - - - - - - - - -> SALTNE

PERMANENTWATER.-------- - - -  - - - - l> EPHEMERAL

LOW VAFfABfLfTY tN HYDROCLTMATE ----------------l> HIGH VAR|BTLTTY

Figure 7. Ostracode ecologic replacement in response to sali-
nity, water body permanence and hydroclimate. (Deri-
ved from Forester. 1991b).

characterized by subrectangular to elongate, slightly sub-
triangular ostracode species, whereas permanent, stable
basins or springfed areas tend to be inhabited by highly
triangular, trapezoidal or elongate species with pointed
posteriors. The occurrence of "exotic" carapace mor-
phologies (often marine convergent) has been related to
extreme conditions of lake stability where the evolution
of biologically accommodated adaptations has strong
selective value (Cohen and Johnston, 1987). These fea-
tures include valve thickening and the development of
strong spine, flange or alae structures. Such features are
well known from living ostracodes of Lake Baikal and
Lake Tanganyika, as well as fossils from Pliocene "Lake
Idaho", the Cretaceous rift lakes of Brazil and the early
Tertiary lakes of north China (Swain, 1986; Moura,
1988; Forester, l99lb; Martens, 1993; and Kozhova and
Erbaeva, 1993).

Taphonomy

The quality of paleoenvironmental reconstructions
is highly dependent on the taphonomic history of the
fossil assemblage under study and a failure to analyze
taphonomic features of an ostracode assemblage can
lead to serious interpretative errors. However, tapho-
nomy can be put to use in a positive sense as well,
sensu Behrensmeyer (1987), aside from its role as an
information filter. Taphonomic features are useful indi-
cators of transport, currents and post-mortem sorting.
De Deckker (1988) defined the most useful taphonomic
characteristics: breakage, fungal/bacterial degradation, cara-
pace/valve ratios, bedding plane alignment and adult/
juvenile ratios. Comparisons should always be made
strictly within species, as transport and breakage pat-
terns vary greatly between taxa. Evidence of transport
or reworking is of primary significance in distinguishing
autochthonous from allochthonous fossils. However, the
worker must first define the nature of the paleoenviron-
mental problem being investigated before deciding whet-
her a given level of post-mortem transport in a fossil
assemblage is acceptable or not. An autochthonous fos-
sil in one context (e.g. a study of a whole lake history,
or comparison with other basins) would be allochtho-
nous in another (i.e. comparing subenvironments wi-
thin a lake). Whatley (1988) has discussed the criteria
for recogniztng in situ from transported ostracodes. Sin-
ce ostracodes grow by molting, the size, weight, and
shape of the diflerent stages will respond differently to
the hydrodynamic characteristics of the environment.
Adult/juvenile ratios, for example, allow the inference
of degrees of post-mortem reworking.

Taphonomic and true biological signals can be con-
founded in fossil ostracode populations. For example,
the absence of either adult or juvenile ostracode speci-
mens in a population may be indicative of post-mor-
tem sorting or environmental stress during life. Repro-
ductive and maturation success are dependent on water
being stable for sufficient time for the species to under-
go a complete life cycle. By analogy comparing the
adult/juvenile ratio histories of two or more species,
the investigator may be able to not only differentiate
between taphonomic and ecologic controls on popula-
tion structure but also infer useful data on water body
permanence (Palacios-Fest, 1994).
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Valve/carapace ratios are useful in determining envi-
ronmental stress as well. During molting, ostracode cara-
paces commonly disarticulate, producing two valves. The
occurrence of large numbers of juvenile carapaces wi-
thin a sample is symptomatic of large-scale infant mor-
tality suggesting the rapid advent of adverse conditions
to the species (Whatley, 1988). However, Brouwers (1988)
and Forester (pers. comm., 1993) suggests that most
juvenile only assemblages are the product of mechani-
cal enrichment and depletion processes owing to the
different hydrological equivalence of instars versus adults.
In addition, the large number of carapaces may also
indicate rapid sedimentation rates or low-energy condi-
tions (Holmes, 1992). However, as stated by Whatley
(1988) the application of this criterion requires further
information such as the articulatory efliciency (i.e. the
strength and complexity of the dorsal hinge mechanism
and the extent to which one valve overlaps the other)
of the species concerned on the ostracode assemblage
before coming to final conclusions.

The degree of valve overlap, the type of hinge and
the state of the adductor muscles at the time of death
all affect the probability of disarticulation. Therefore,
these data should only be compared within species;
though trends between species may be usefully compa-
red (Whatlev, 1988).

The abundance of broken valves within a sample
may reflect the degree of post-mortem disturbance and,
hence, energy level (Holmes, 1992). It is important to
note, however, that breakage may also result from sam-
pling or disaggregation techniques (De Deckker, 1988).
Thus, one must be cautious in using this approach.
Abrasion, is a more reliable feature for assessing post-
mortem transport. Coatings and encrustations on ostra-
code valves are also useful in inferring paleoenviron-
ments. The extent and uniformity of oolitic coating in
hardwater lakes may be indicative of nearshore deposi-
tion where ostracodes have been continuously rewor-
ked back and forth.

Encrustations may be related to either environ-
mental conditions or post-burial effects. In supersatura-
ted environments evaporative mineral crystals grow from
valves or carapaces suggesting desiccating conditions in
the basin. Pyrite or other reducing minerals may also
precipitate over previously sedimented valves indicating
the anoxic nature of the depositional environment or
post-mortem paradiagenetic alteration. However, one must
be aware that pyrite may form in places where subbot-
tom sediments are anoxic but where the sediment/wa-
ter interface is oxygenated. Ostracode valves which are
slightly stained reddish or black have experienced varia-
ble redox conditions where the valves were denosited.

Family
(Subfamily)

Genus Strontium
Ke [Sr]

Magnesium
Kp [Mg]

Source of data

Cypridae

Cyprinae ilyocyprisgibba

Cypilnotus edwardi

Cypridopsis vidua

Cypretta

Au st ra I ocyp I i s/M yti I o cy pr i s

Diacypris

Reticypris

Candoninae Candonarawsoni

DarwinulidaE Darwinulastevensoni

Cytheridae Cyprideis

Limnocythere sappaensis

Limnocythere

o"ross I o.oozz
F

o.ooge +- o.om4
F,n=7(?2oC)

0.0091 +_ 0.0006

F, n = 6 (3Oo C)

o.0q24
r- 1zs o c;

0.0101 +_ 0.ooo3

F,n=6(22oC)

o.o0/t6 :0.0007
L,n=1s(25oC)

0.008 t o.oo15
F,n=7 (zso c)

De Deckker (in: Holmes, 1992)

Chivas et al., 1986 b

Palacios-Fest,  unpubl ished
Montezuma Wel l ,  Ar izona

Holmes, 1992

Chivas et al., 1986 b

Chivas st  a l . ,  1986 b

Chivas et al., 1986 b

Engstrom and Nolson, 1991

Palacios-Fest, unpublished

Montezuma Well, Arizona

Chivas et al., 1986 b

Palacios-Fest,  unpubl ished

Willcox Playa, Arizona

Chivas et  a l . ,  1986 b

0.176 1 0"014
F,n=10

0"142 : 0"OO9

F,n=7

o.2go +- o.mg

F,n=6

0.208 +- o.o48
L,n=32

o.z1z"- o"o2o
F,n=10

o.zsz 1o.v2z
F,n=7

o.406
L

0.175 :0.006

F,n=0

o.rz+ 1 o.oor
F,n=37

o.gca t o.or g
F,n =7

o.gso t o.ose
L,n=16

Table l. Partition coefficients for strontium and magnesium from various species of ostracodes. Data compiled from research on
field (F) collected and laboratory (L) cultured specimens by various authors.
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GEOCHBMICAL APPROACHES TO
INTERPRETING PALEOTIMNOLOGIC

AND PATEOCLIMATOLOGIC HISTORIES
FROM OSTRACODES

TRACE ELEMENT ANALYSES

The ostracode carapace dominantly consists of low-
Mg calcite, but numerous other ions occur in the form
of trace elements, most notably Mg, Sr, K, Na, Si, Al
and Ba (Sohn, 1958; Cadot and Kaesler,1977; Bodergat,
1979, 1985). In experiments on solute uptake using
atCa, as a tracer, Turpen and Angell (1971) showed that
ostracodes do not absorb calcium before molting or
once the carapace is fully calcified. Such experiments
suggest that solutes come from ambient water and not
from the organism's metabolism; thus, shell chemistry
is inherited at time of valve calcification, which in turn
is fixed more or less in one hour.

Magnesium is the most common trace element
present in ostracode valves. With the advent of sophi-
sticated analytical tools like the inductively coupled plas-
ma atomic emission spectrometer (ICP-AES), more pre-
cise measurements of trace elements have been possi-
ble. In 1983, Chivas et al. proposed that Mg2* uptake in
ostracode valves is dependent on both the temperature
and Mg2* content of the host fluid, whereas St'* uptake
was exclusively dependent on the Sr2* concentration in
the water (no temperature dependence) on the basis of
a series of in vivo culturing experiments. This work
demonstrated the potentials of using Mg/Ca and Sr/Ca
ratio data in fossil nonmarine ostracodes as a tool in
paleolimnologic reconstructions.

Based on numerous measurements these authors
developed partition cofficients (K) for Mg2* and Sl*
for several species of ostracodes (Chivas et al., 1983,
referred to these as distribution coefficients, but strictly
speaking they are partition coefficients, because they
are empirically derived, and not thermodynamic equili-
brium constructs):

Ko (Me) : (Me/Ca), / (Me/Ca)"

where Me : either Mg2* or Sr2+, v : valve and w :
water.

Different 1(, values were obtained for different spe-
cies. Table I summarizes K, values for several species
collected from natural lakes'in Australia, North Ameri-
ca and Pakistan as well as from laboratory culture expe-
riments (Chivas et al., 1986a, b; Engstrom and Nelson,
1991; Holmes et al., 1992; Palacios-Fest, in prep.). Chi-
vas et al. (1986a) found that ostracode species belonging
to phylogenetically-closely related genera or within the
same genus have similar partitioning coeflicient for Mg2*
and Sr2*, whereas unrelated species have very different
Id's. This suggests that these uptakes of trace elements
are genetically programmed. The plesiomorphic charac-
ter state among ostracodes appears to be having a Ko
equivalent to that of inorganic calcite, whereas Id values
closer to high Mg-calcite appear to be the derived state
(De Deckker and Forester. 1988).

Applications of osfracode tace element analyses
to paleoenvironmental reconstructions

Chivas and co-workers (1986a) showed that poorly
calcified juvenile valves precipitate high-Mg calcite as a
consequence of higher precipitation rates. As the orga-
nisms approach maturity the Mg2* content decreases;
the lowest Mg2* concentrations are found in the adult
carapace and reflect more accurately the ambient aqueous
environment. Chivas et al. (7985, 1986a and 1986b)
used Mg/Ca ratios as potential paleothermometers based
on the thermo-dependence of Mg2* uptake, whereas
they used the Sr/Ca ratios of ostracode valves as paleo-
salinometers. For example, De Deckker et al. (I988b)
calculated the temperature effect on the uptake of Mg2*
in Cyprideis, a cosmopolitan genus.

These paleothermometers and paleosalinometers can
be useful in inferring ancient conditions in hydrologi-
cally simple lakes (Chivas et al., 1986a). De Deckker
and Forester (1988) have shown how trace element
based inferences can be used in a hypothetical lake
model (Fig. 8). Clustered values, within a stratigraphic
horizon, are likely to represent stable or low variability
conditions whereas widespread data, in the same plane,
suggest highly variable environments (De Deckker and
Forester, 1988; Palacios-Fest e/ al.,1993).

Since Chivas et al.'s, (1983) early work a number
of similar studies have been conducted, both in Quater-
nary and pre-Quaternary ostracodes. Quaternary Lake
Keilambete in Victoria, Australia is a small maar lake in
which the water balance is primarily controlled by pre-
cipitation and evaporation (Chivas et al., 1985, 1986a).
Chivas et al., (1985, 1986a) generated a paleosalinity
curve from Sr/Ca and Mg/Ca which showed good agree-
ment with previous curves constructed from particle-
size analysis. They found that at certain intervals the
Sr/Ca and Mg/Ca trends did not parallel to each other,
suggesting that temperature changes were also significant.

De Deckker et al. (1988b) interpreted the environ-
mental history of the last - 40000 years B.P. of the
Gulf of Carpentaria, Australia based on Sr/Ca and Mg/Ca
determinations on Cypriders. During that time, the Gulf
was often isolated from the ocean in response to sea-
level fluctuations. Their study suggests that "Lake Car-
pentaria" fluctuated from fresh to saline waters prior to
sea level rise in the Holocene. This study also provided
information for distinguishing lacustrine from marine
influences from both trace element ratios (Fig. 9).

Cyprideis has become a popular ostracode for trace
element analyses because of its ubiquitous distribution
and eurytopic characteristics. De Deckker et al. (1988a)
reconstructed salinity variations for the Messinian Medi-
terranean "Lago Mare". These authors used the K,
values for Mg2* and Sr2* previously determined foi
Cyprideis in the Gulf of Carpentaria, Australia. From
this study, De Deckker and co-workers concluded that
"Lago Mare" did not have a marine connection while
Cyprideis inhabited the basin. Furthermore, they sho-
wed that "Lago Mare" was isolated from other Medite-
rranean basins during this time.

Candona, Ilyoqtpns, Cypndopsis, Limnogtthere or Dar-
winula were used in other studies. Engstrom and Nel-
son (1991) calculated 1S values for Candona rawsoni
(Table i) and used this data to reconstruct the recent
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history of Devils Lake, North Dakota. They obtained a
good correlation between the ostracode-constructed ver-
sus historically measured salinities from this lake.

Holmes et al. (1992) measured the Mg2* and Sr2*
content of llyocypris bradyi and calculated salinity varia-
tions of Quaternary lacustrine deposits (Karewa Forma-
tion) of Kashmir, India, using 1(, values generated by
De Deckker (unpublished data, 1989 in: Holmes er a/.,
1992;' Table 1). Trace metal contents from ostracodes
from Karewa Formation suggested that the water body
in which these ostracodes lived, was even more dilute
than today. Through their study they were able to show
that tectonic rather than climatic events drove the lake
to desiccation.

Palacios-Fest (1994) determined the Mg/Ca and Sr/Ca
ratios of three ostracode species present in pre-historic
irrigation canals in south- central Arizona. Palacios-Fest
analyzed valves of Limnocythere staplini, Cypridopsis vidua
and Candona patzcuaro (a member of the C. rawsoni

group) and compared these data to reconstruct paleohy-
drochemistry of the canals. All three species generated
very similar trends confirming that synoptic environ-
mental trends were responsible for variations in trace
element uptake. More recent experimental data (Palacios-
Fest, in prep.) suggest that the covariance between Mg/Ca
and Sr/Ca is temperature related.

Recently, one of us (Palacios-Fest; unpublished data)
has applied trace element analysis in ostracodes to indus-
trial minerals exploration. Trace element trends have
allowed Palacios-Fest to reconstruct the evaporitic evo-
lution of a small, alkaline basin in northern Mexico and
to suggest the best horizons to search for zeolites. Sr2*
uptake by Limnocythere ceriotuberosa and Limnocythere
sappaensis systematically showed increasing values as
shown by the Sr/Ca ratios (from 0.001 to 0.01) until a
level where all ostracodes disappeared but subaquatic
conditions prevailed. Independent evidence indicated
that precipitation of lacustrine evaporitic minerals com-
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menced soon after the ostracodes had vanished. Howe-
ver, if other anions like SOo: had been present sulfate
mineral complexation may have disrupted the signal
recorded by ostracode valves.

Limitations to trace element methodology

Because the number of workers currently studying
ostracode geochemistry is small, very few in vivo deter-
minations of Ko in ostracode species have been made to
date. Experiments are tedious, time consuming and the
success rate for molting under strictly controlled (i.e.
geochemically invariant) conditions is low (( 40 0/o), due
to the severely stressing experimental conditions. But
without such experiments, paleoenvironmental work using
trace element ratios will remain highly inferential.

Among the major problems for the use of ostraco-
des as paleoenvironmental indicators are breakage and
abrasion during sampling or laboratory preparation. The
use of corrosive surfactants (e.g. calgon; discussed in
Kontrovitz et al., I99l) or even diluted hot chemicals
(e.g. 5 0/o H2O2 at 85" C; used by Engstrom et al., 1993)
may damage fragile ostracode valves and alter original
Mg/Ca and Sr/Ca ratios. Until gentler, non-reactive
techniques are developed to clean ostracode valves, it

0q)5 o0J0 0015 00?o
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remains an assumption that ionic composition is uni-
formly modified by surfactants between species and
samples.

Of more concern theoretically are the findings of
some studies which do not uniformly corroborate Chi-
vas et al.'s (1983, 1985) original findings. Palacios-Fest
(in prep.) found that for L. staplini, Mg2* uptake is
controlled by temperature rather than water chemistry,
making the calculation of Ko for [Mg] impossible. Also,
Fig. l0 shows the non-zero "y" intercept for the Ko
[Mg] found by Engstrom and Nelson (1991). This non-
zeto "y" intercept strongly suggests that ostracodes have
a diflerent uptake rate at low Mg/Ca ratios. Furthermo-
re, ostracode valves show an average excess of Sr'* over
that of Mg2* which does not match with predicted
thermodynamic considerations alone (Morse and Ben-
der, 1990; Engstrom and Nelson, 1991).

Morse and Bender (1990) suggest that experimental
investigations have revealed more complexities to trace
element analysis because of the increasing number of
parameters that can exert a major influence on partition
coefficients, including temperature, reaction rate and
solution and solid composition. Thus, in certain lakes
salinity may not be accurately derived from Sr/Ca but
more readily from Mg/Ca despite its temperature effect,
since the solubility of Sr2* is a complex function of its
uptake in several carbonate phases.
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True thermodynamic equilibrium is rarely obtained
in laboratory experiments or natural systems. Vital effects
of organisms and kinetic influences must play a role in
the uptake of trace elements. As shown by Chivas et al.
(1986a) uptake rates for Mg2* (but not for Sr2*) may
be dependent on growth processes since concentrations
in the valves are not constant with respect to the size of
ostracodes gtown under the same conditions. Since ostra-
code growth rates vary as the organisms reach maturity,
the magnesium content in their shells decreases becau-
se during the pre-adult stages ostracodes precipitate
Mg-enriched calcite but in the pre-adult/adult transition
they precipitate low-Mg calcite (Fig. ll).

Furthermore, some data suggest that kinetic effects
are likely to be important in Sr2* uptake. In addition,
Mg2* uptake may be highly influenced by biological
processes. Ohde and Kitano (1984) have shown that
partition coefficients for Sr2* are dependent on Mg2*
content in biogenic calcite. For natural systems in which
significant Sr2* or Mg2* precipitation occurs inorgani-
cally (for example in aragonite or strontianite), no sim-
ple relationship will exist between salinity and Sr/Ca in
water (Chivas et al., 1986b). In these types of lakes,
trace element analysis would not be warranted for paleo-
salinity estimations. All the above considerations sug-
gest that trace element ratio data in ostracodes must be
used cautiously, and preferably in conjunction with other
lines of independent data.

Several studies of ancient lake deposits comparing
interpretations based on trace elements with other inde-
pendent methods highlight the need for caution in inter-
preting Mg/Ca and Sr/Ca ratio data. For example, Ana-
d6n and Julid (1990) wed Cyprideis to reconstruct the
paleohydrochemistry of an early Pleistocene lake in the
Baza Basin, Spain. They found that in some instances
the Sr/Ca ratios were lower during saline phases than
freshwater phases (as inferred independently from other

(Mg2*/Ca2)H,O

Laboratory determination of Ko [Mg] for Candona
rawsoni from valves of individuals grown in water
of different free-molar (uncomplexed) Mg2*/Ca'*
at two controlled temperatures: + symbols indicate
total-molar (Mg/Ca)*u,". (where different from free-
molar ratios). (Source: Engstrom and Nelson, 1991).

PALACI0S-FEST, coHEN AND ANADON

0,3

M9
0tg)

0,2

evidence). The Sr2* and Mg2* content of Cyprideis val-
ves in the Baza Basin reflect the Sr/Ca and Mg/Ca of
the waters they lived in, but these ratios in turn are not
necessarily direct indicators of salinity (Anad6n and
Julid, 1990; Anad6n et al., in press).

Because of the remaining uncertainties surroun-
ding the controls on trace element uptake and the
interpretation of trace element data, it is critical that
more experimental studies be undertaken to unders-
tand how uptake proceeds in other species and how
such factors as uptake, growth rates and synergetic inte-
ractions between Mg2* and Sr2* influence trace element
uptake with temperature and hydrochemical ranges. Par-
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ticular attention is also required to determine ecophy-
siological controls on precipitation rate and how these
vary between species.

STABLE ISOTOPE ANALYSES

Carbon and oxygen isotopic analyses from primary
carbonates from lacustrine systems have proven extre-
mely useful in reconstructing paleoenvironments and
paleoclimates (e.9. Talbot and Kelts, 1986, 1990; Kelts
and Talbot, 1989; Talbot and Livingstone, 1989; Talbot,
1990). Because their calcite carapaces are calcified from
ions in the ambient lake water, it is a reasonable assump-
tion that fossil ostracodes are useful sources of carbon
and oxygen isotopes for measurement. However, one
must be aware of vital eflects which may influence
stable isotope signature. The use of stable isotopes in
paleoenvironmental studies of continental waters is based
on the observation that the rtg7t09 ratio of rainfall (the
main source of lake waters) depends on the regional
evaporation/precipitation rate (associated with climate,
and particularly with temperature). The 180/160 ratios of
water, bicarbonate and carbonate are related by equili-
brium constants that are functions of temperature (Sie-
genthaler and Eicher, 1986). However, it is unrealistic
to determine lake water temperatures from the 180/160
measured because their variations are not identical to
those from the original water as a result of the evapora-
tion/condensation effect. The r3Clr2C ratio of authigenic
lake carbonates are a function of local processes. In
general, carbon isotopes are more complex to interpret
than oxygen isotope ratios because of local effects but
under certain circumstances they provide some infor-
mation on the lake's productivity (Siegenthaler and Eicher,
1986).

The covariance of dr3C values with the dr8O is
characteristic of primary carbonates formed in closed
lakes (Talbot, 1990). Covariant trends of dr8O and dr3C
in ostracode shells have been reported from a Pleistoce-
ne sequence of the Baza Basin, Spain (Anadon et al.,
in press) and from a Pleistocene sequence of the
Summer Lake, Oregon (Palacios-Fest et al., 1993). The
covariant trends provide additional evidences for the
evolution of the respective lake waters within a hydro-
logically closed basin.

Applications of ostracode stable isotope analyses
to paleoenvironmental reconstructions

Durazzi (I975, 1977) carried out the first systematic
analysis of stable isotopes from modern marine ostraco-
des. Durazzi concluded that water temperature is a
major factor in controlling oxygen isotope uptake in
ostracode valves but that vital effects are also signifi-
cant. Carbon isotope uptake appeared to be indepen-
dent from both water temperature and salinity but, a
biokinetic signature was important among different species.

Fritz et al. (1975) made the first oxygen and carbon
isotope measurements on modern and fossil lacustrine
ostracodes. Their study of Lake Erie, Ontario showed
that at - 13 000 B.P. ostracode drsO values were much
lighter than those from other materials analyzed from

younger intervals, although the d'3C are somehow high
with respect to other carbonates. They concluded that
during the time ostracodes were abundant, Lake Erie
received a great input of drsO-depleted meltwater and
0r3C was in, or close to, isotopic equilibrium with atmos-
pheric COr.

After the Fritz et al. (1975) study, lacustrine ostra-
code isotopic analyses remained dormant for more than
a decade. However, with the advent of more powerful
mass spectrometers these studies have re-emerged. Lis-
ter (1988a, 1988b) measured the oxygen and carbon
isotope contents of late Pleistocene (- 15 000 to -
12 400 years B.P.) fossil Candona candida and Cytheris-
sa lacustris from Lake Zirich (Switzerland), a deep,
thermally stratified lake. Lister concluded that temporal
shifts in dr8O values resulted from shifts in the isotopic
character of the net lake inflow, whereas changes in
dr3C values were responding to biological productivity
which was low during the late Pleistocene but increased
during the Holocene. First use of isotopic record from
ostracodes for reconstruction of past mean annual air
temperatures was provided by Lister (1989).

Niessen and Kelts (1989) used isotopic analysis of
valves from benthic deep water ostracodes for paleocli-
matic reconstructions of the deglaciation in Lake Luga-
no. They used two species (Candona candida and Lim-
nocythere inopinata) that are present in two different
stratigraphic intervals. The 6180 stratigraphy shows a
clear difference of 3 o/oo, between samples of one inter-
val in comparison to the other. They interpret this
change as produced by a change in isotopic composi-
tion of inflow waters.

Lister e/ al- (1991) analyzed the isotopic contents of
Limnocythere inopinata and Eucypris inflata from Lake
Qinghai (China), a large, dimictic and brackish-water
alkaline lake in the TibefQinghai Plateau. Their results
indicated that d'8O values shifted in response to the
evaporation/precipitation rates governing the paleolake
levels for Lake Qinghai, which reflect the changing
intensity of the south Asian monsoon during the late
Pleistocene to the Holocene. Carbonel found a similar
response of dt8o values in African Saharan paleolakes
(pers. comm., 1994).

Benson et al. (1991) measured dr8O and dt3C from
late Holocene specimens of Limnoqtthere ceriotuberosa
from Walker Lake, Nevada. Their study demonstrated
that the oxygen isotope content in these ostracodes
shifted in response to the isotopic composition of the
waters they inhabited and was consistent with the lake
level changes recorded by independent evidence. Howe-
ver, Benson and co-workers found that several factors
may have influenced the final oxygen isotope concen-
tration (i.e. site of precipitation, carbonate chemistry,
biokinetics and recrystanization). With respect to the
carbon isotope, their findings suggest little or no corre-
lation with TIC values. Hodell and co-workers (1991)
reconstructed the latest Pleistocene and Holocene paleo-
limnology of Lake Mirangoane, a small, deep lake in
Haiti, using the dtsO values obtained from Candona sp.

It is a reasonable assumptioll that analyses of sin-
gle ostracode valves could produce better constrained
data sets than bulk analyses. Multiple analyses of valves
from a single horizon can be used to determine within-
horizon variance in environmental conditions- below
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the level of stratigraphic resolution, something that can-
not be inferred from bulk analyses. However, the small
size of most ostracodes (average 10-50 pg) coupled with
the detection capabilities of most mass spectrometers
has impeded this type of study. The first attempt to
obtain isotopic measurements from individual ostracode
valves was undertaken by Eyles and Schwarcz (1991).
Eyles and Schwarcz analyzed valves of Candona sub-
triangulata and C. caudata from late Pleistocene Lake
Ontario deposits. The secular trend shown by both spe-
cies is consistent with the glacial meltwater contribution
to the basin. Also, the consistent differences in isotope
values for the two species suggest an isotopically strati-
fied lake (today these species are ecologically stratified).
This study provides a strong caution against using mul-
tiple species of ostracodes which although accumulating
together as fossils, may have originally inhabited very
different environments (with attendant differences in
oxygen and carbon isotopic compositions).

Grafenstein et al. (1992) analyzed the stable isoto-
pes of benthic ostracodes from two different Bavarian
lakes (Lake Starnberg and Lake Amersee). Candona sp.
and Cytherissa lacustris showed evidence of vital effects;
once vital effbcts were accounted for these authors were
able to estimate and reconstruct the mean annual air

c
species B

temperature of southern Germany for the past 14000
years.

Because of the large number of steps which link
climate and the isotopic composition of the original
host water to the final stable isotope ratios in a fossil it
is critical that several conditions be met (at a mini-
mum) before an analysis is attempted (Siegenthaler and
Eicher, 1986): l) the investigator should be certain that
what is actually being analyzed is original carbonate
from an autochthonous ostracode, 2) organic matter
must be removed to avoid interference and, 3) as with
trace elemellt studies, curves should be established using
single species.

As is evident from the previous examples it must
be assumed when using stable isotope data from ostra-
codes (or any other sources) that the carbonates have
been precipitated in isotopic equilibrium with lake water
and that the d'rC and dr8O contents of the carbonates
analyzed reflect environmental conditions existing in
the area where the carbonates accumulated. In cases
where the investigator has reason to doubt either of
these caveats, isotopic analysis of ostracodes for paleoen-
vironmental purposes is unwarranted.

Turpen and Angell (1971) found that ambient water
was the direct source for the new shell material durins
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the ostracode moulting process. Nevertheless, no infor-
mation has been provided about the non-equilibrium
isotopic fractionation during shell calcification. Fritz et
al. (7975), and many subsequent authors, assume that
the ostracode valves were deposited in isotopic equili-
brium with the lake water and therefore reflect the
composition of the water at the time of growth of the
ostracodes. Several authors have recognized differences
in dr8O in as much as 1.3 %o from different species of
the same sample (Fritz et al., 1975; Durazzi, 1977;
Lister, 1988b; Lister e/ al., 1991; Benson et al., 1991:
von Grafenstein et al., 1992). Some authors have argued
that differences may result from non-equilibrium isoto-
pic fractionation during shell formation (different vital
effect) or simply reflect different seasonal growth prefe-
rences of the different taxa. However, variation in the
isotopic values of ostracode valves from a single species
in a core, reflect primarily the temporal changes in the
environmental conditions in the lake where the shell
formed.

COMBINED FAUNAL AND
PALEOGEOCHEMICAL ANALYSES

Given the limitations attendant to each method of
paleoenvironmental analysis using ostracodes to solve
paleolimnologic problems, it seems clear that the best
alternative is to combine paleontologic and paleoecolo-
gic information with geochemical techniques. By using
these different approaches together it will be possible to
draw more realistic and complete paleoenvironmental
reconstructions (Fig. 12).

Since drsO values increase with increasing salinity
or increasing concentration of waters but decrease with
a temperature rise, it is possible to detect temperature
and salinity changes lrom the analyses of ostracode
valves. A combination of drsO and Mg/Ca and Sr/Ca
zrnalyses of the same monospecific ostracode indivi-
duals (from the same horizon) provide useful informa-
tion of the past conditions operating in aquatic environ-
ments. The drsC values may also yield addit ional
information, however, the meaning of the drrC signal
remains controversial (see, e.g. De Deckker and Fores-
ter. 1988).

The first attempt to combine launal and geochemi-
cal (trace elements and stable isotopes) analyses was
that of Palacios-Fest et al. (I99la, b; 1992; 1993). These
authors have shown the utility of combining paleoeco-
logic with trace element and stable isotope data in a
study of Lake Chewaucan, a pluvial paleolake which
formed in the northwestern Great Basin (USA) and
which has a long and well dated record. These authors
measured the total and relative species abundances,
taphonomic indicators (e.g. fragmentation, abrasion, coa-
ting), and adult/juvenile and valve/carapace ratios. They
used their species data to generate a salinity index,
based on known tolerance ranges. Geochemical analy-
ses were performed after selecting whole carapaces and
splitting the valves. They analyzed one valve for trace
elements by inductively-coupled plasma mass spectro-
metry GCP-MS), and the other for stable isotopes by
supermagnetic mass spectrometry.

In the Lake Chewaucan record trace element ratios
were covariant. However, trace elements had only a
weak concordance with the paleoecologic and isotopic
records, there was no evidence of Sr-bearing minerals
in the cores. Covariant isotopic records and faunal com-
position present in lake sediments strongly suggest that
the lake remained a hydrologically closed basin through
most, if not all, of its history.

The combined record presents evidence for the
end of strong aridification during the late part of oxy-
gen isotope stage 5, that in Lake Chewaucan is marked
by an unconformity. In a regional context, effective
precipitation gradually increased prior to - 75000 years
B.P. and reached a maximum about that time intelval.
This process most likely triggered increasing runoff input
as well, and contributed to increase the lake's volume.
Fluctuations may be related to displacement ofjet stream
as a response to ice cap advances during the Wisconsin
(Wiirm). Further studies by Palacios-Fest e/ al. (1992)
showed a good agreement between lce Age palynologic
data and the faunal and geochemical records (Fig. l3).

Anad6n at al. (in press) have reconstructed the
lacustrine paleoenvironmental record during the Early
Pleistocene for a shallow lacustrine sequence of the
Baza Basin (Southern Spain), based on faunal assem-
blages and the shell chemistry of two ostracode species
(Candona sp. and Cyprideis torosa). The faunal assem-
blages from a lacustr ine sequence, up to 10 m thick,
record alternating phases of l) slightly saline, bicarbonate-
rich waters, when fresh water orgtrnisms predominated,
and 2) saline, NaCl-dominant warter in which marine
like organisms lived. The ostracode valves from inter-
vals with saline fauna show higher drsO values than
those from intervals with fresh water fauna as would be
expected for a gain in TDS by evaporation. This feature
corresponds to a parallel alternation of positive and
negative hydrologic balances. The isotopic trends show
a better correlation with the inferences from launal
assemblages than either does with trace element trends.
The trace element data, although occasionally fitting
well with the isotope and faunal interpretations, suggest
overall that trace element contents in ostracodes are
not consistent indicators of salinity and/or temperature
valiations, but depend on a set of complex flactors,
which may not be easily deciphered.

Chivas et al. (1993) have recently developed a tech-
llique to analyze both trace elements and stable isoto-
pes from the same valves. The advantage of this techni-
que over splitting valves is that it allows smaller specimens
to be analyzed and avoids sample loss through mecha-
nical splitting of valves. As a result, more accurate
geochemical analyses from ostracode valves are warran-
ted, but more importantly, it will allow to determine
what kind of a relationship, if any, exists between stable
isotopes and trace elements.

CONCLUSIONS

Ostracodes respond through greater or lesser suc-
cess in reproduction to their hydroclimate (i.e. lake
water characteristics). These are at least one step remo-
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ved from local atmospheric climate and several steps
away from regional climate. Yet it is the latter which is
most often of greatest interest to investigators. Since
the ostracode paleoecology and hydroclimate is a com-
plex relationship it is always advisable to be cautious in
interpretations involving regional climate.

Ostracodes are one of the few groups of lacustrine
organisms (along with diatoms) which have proven to
be useful as fossils in limnological studies based on
their environmental sensitivity, abundance and diversity
in lake sediments and which are readily preserved in
pre-Late Quaternary deposits. Water chemistry, salinity
and temperature are some of the major parameters
affecting ostracode occurrence and life cycles in lakes.
Other factors like substrate, turbidity, depth, food supply
and predators may also affect ostracode occurrence wi-
thin a lake. Unlike many other lacustrine organisms
ostracodes precipitate a geochemically stable calcite shell
which serves as a source for isotopic and geochemical
records of changing 6180, dr3c, 875r/865r, Mg/Ca and
Sr/Ca, all of which are of potential interest from a
paleolimnological and paleoclimatic standpoint.

Despite the potential utility of these fossils much
work needs to be done to enhance their value for
interpreting lacustrine paleoenvironments. Detailed eco-
logical data are required for more species and geogra-
phical localities and over extended periods of time at
single locations. For many regions of the world little is
known of the ecological controls on ostracode distribu-
tions which could be transferred to interpreting fossil
assemblages. Particular attention must be given to tro-
pical and subtropical lakes where seasonal variations in
wind and precipitation may leave a specific imprint in
ostracode valves (both molphologically and geochemi-
cally). Semi-arid regions, where closed basins are most
common deserve more attention as well, to develop
paleohydrochemical schemes which might be related to
climate.

Standardization of experimental methods among
ostracode specialists could contribute to the develop-
ment of a more rigorous understanding of what parti-
tion coefficients (K,) imply. Additional chemical analy-
ses of numerous 

'ostracode 
species are required to

determine the temperature dependence of Mg2* uptake
which in turn will be useful to reconstruct paleotempe-
rature curves from lacustrine records. However, given
the linkage between Mg2* with respect to aqueous che-
mistry and the rate term in biocalcification that must be
operative for a temperature effect, the use of Mg/Ca
ratios may be an impossible task because it would
require to determine such values from all species pre-
sent in a given lake and to repeat this process in all
extant lakes before any attempt to apply the technique
to the geologic record. Furthermore, the analysis of
trace elements other than strontium and magnesium
(e.g. iron, barium, zinc, lead and manganese) may pro-
ve useful in paleolimnological reconstructions.

Nonmarine ostracode stable isotope recolds are of
major significance in reconstructing lake evaporation/
precipitation records and possibly paleoproductivity. To
date dl8O records have proven more useful and inter-
pretable than d13C, but both should continue to receive
attention. Probably the most fruitful approach with fos-
sil ostracode studies can be achieved throush the simul-

taneous analysis of multiple records (faunal, trace ele-
ments, stable isotopes). Using all possible approaches
together we have the best chance of quantitatively infe-
rring climate change from fossil ostracodes.
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