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Abstract

Ephemeral pools occur worldwide, provide habitat for organisms with a variety of life history stralegies, and may
have served as evolulionary refugia for some taxa since Mesozoic times. Yet, our understanding of the ecology
and evolutionary history of ephemeral pool communities is hampered by a paucity of such basic data as the
species composition of pool assemblages. We surveyed 58 vernal (ephemeral spring-time) pools from 14 sites in
northern California for crustaceans, and found diverse assemblages composed largely of endemic and rare species.
Sixty-seven species of crustaceans were found, and as many as 30 of these mmay be new, undescribed species.
Differences in species composition among pools correspond with physical and chemical aspects of the habitat
(depth, solutes concentration, elevation, biogeographic region), and with existing geologic/Roristic-based habitat
descriptions. Species richness i1s positively correlated with both depth and surface area. This relationship can be
explained in terms of hydroperiod (accommodation of species with slower developmental rates 1n long-lived pools,
greater ime for temporal resource partitioning) and size (spatial habitat heterogeneity). High species richness and
numerous co-occurrences of congeneric species in temporary pools may be due to super-abundant resources, low
levels of predation, and annual truncation of the community which prevents ecological interactions from going (0
completion. The results of this survey underscore the need for conservation of the vernal pool habitat and endemic
vernal poo! species in California. The best preservation strategy will include many pools at each site, multiple sites
of each habital type, and all idenlified habital types.

(resident) species (e.g. plants, crustaceans, gastropods,
many beelle species), which survive Lthe drought phase
as dormant adulls. juveniles, or propagules such as
seeds or cysts (see Wiggins et al., 1980 for a more

Introduction

Ephemeral pools are an ecological feature of virtually
every continent on the globe (Thorne, 1984; Williams,

1985, Zedler, 1987 and references therein). These
ephemeral wetlands, which are also referred to 1n the
U.S.A. as temporary pools, vernal or autumnal pools,
hogwallows, pans, and playas, occur wherever season-
al precipitation and unpervious substrates combine 1o
create surface pools during the wet season (Holland &
Jain, 198 1). Ephemeral pool comimunities include both
opportunistic (vagrant) species (e.g. flying insecls,
birds, amphibians) which are present during the aquat-
ic phase and leave as the pool dries, and less-vagile

exhaustive synthesis of life history strategies in tempo-
rary pools). The ecology of these unique cotnmunities
thus reflects the interplay of a temporally variable habi-
tat and the activities of many organisms with different
Jife history strategies. Evolutionarily, ephemeral pools
may be important both as refuges for certain taxa and
as sites of allopatric speciation. At least one group, the
large branchiopod crustaceans, became restricted 10
temporary pools concurrent with the rise of predalory,
suclion-feeding bony fishes in Mesozoic seas and lakes
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(Hutchinson, 1967; Kerfoot & Lynch, 1987, Wagele,
1992; Wiggins et al., 1980). Rates of speciation and
local extinction for some ephemeral pool taxa may be
relatively high, reflecting the geographically fragment-
ed nature of the habitat and the isolation of small pop-
ulations (Fugate, 1992; Holland & Jain, 1988; Hoover,
1937).

Despite their worldwide distribution, ecological
interest, and evolutionary importance, ephemeral pools
are usually overlooked in limnological and ecolog-
ical textbooks (Williams, 1985). Also, in conlrast
with the large body of knowledge dealing with zoo-
plankton communities of permanent waters such as
lakes, the aquatic literature contains very few surveys
of ephemeral pool fauna. Consequently, the litera-
ture of temporary waters is largely scattered among
species- and taxon-specific papers, and rarely address-
es community-level patterns and processes (with the
exception of reviews dealing with life history strate-
gies of ephemeral pool inhabitants, e.g., Wigginsetal.,
1981; Williams, 1985).

The often uncertain future of ephemeral pool habi-
tats and their endemic species presents an additional
imperative for basic research and conservation of these
systems. Losses of vernal pool habitats in California’s
Central Valley, which began in the late 1800’s with
the agricultural settlement of the state and continue
today due to urbanization, are estimaled at between 60
and 85% of pre-settlement acreage (Federal Register,
1994b). In highly-urbanized coastal areas habitat loss-
es have been even greater: approximately 97% of the
vernal pools in San Diego County have been destroyed
(Weir & Bauder, 1990). This massive loss of habitat
portends extinction for many species which are unique-
ly adapted and endemic to California vernal pool com-
munities. Fifteen species of vernal pool plants (Fed-
eral Register, 1991; 1992; 1993a; 1993b) and seven
species of vernal pool invertebrates (Federal Register,
1980, 1993a; 1994a; 1994b) are now federally listed
or proposed for listing as threatened or endangered.
I[nhabitants of ephemeral pools in other parts of the
world are also disappearing because of habitat losses.
Forexample, one species of ephemeral poo} anostracan
{rom France is believed fo be locally extinct, and anoth-
er ts considered endangered (Belk, 1994); of the three
eubranchiopod species known from Great Britain, one
is locally extinct, and the other two are greatly reduced
in range and are now protecled by the British Wildlife
and Countiryside Act 1981 (Grainger, 1994).

This paper reports the results of a survey of the crus-
tacean fauna inhabiting vernal pools in northern Cal-

ifornia. Our study focuses on crustaceans because of
their numerical dominance and ecological tmportance
in the pool community. We present data on the physical
habitat, species assemblages, patterns of species rich-
ness, and co-occurrence of congeneric species, and we
evaluate several ecological hypotheses for their poten-
tial to explain the observed patterns. Specifically, we
report the discovery of 30 potentially new crustacean
species, assess the correspondence of physical habitat
charactenstics with species assemblage similarity, and
examine the extent to which ecological principles such
as species-area relationships, competiton, predation,
productivity, and the effects of temporal variability
may determine patterns and levels of species richness
1n these vernal pools.

This survey, although limited to crustaceans, is the
first of its kind for northern California vernal pools
and represents an important step toward understand-
ing these largely unknown communities. This first
step is crucial, because without a basic understand-
ing of patterns and scales of vanation in a system it
is exceedingly difficult to design informative ecologi-
cal field experiments. Thus, while the data we present
are necessarily descriptive and exploratory, our main
goal ts to stimulate more ecological and evolutionary
study of Califorma’s vernal pools in particular, and
ephemeral freshwater pools in general. The data from
our survey provide a significant foundation upon which
hypothesis-oriented field experiments can be built.

Description of sites studied

We surveyed 58 vernal pools from 14 study sites situ-
ated along a 300 km north-south transect through the
Sacramento Valley, from Fall River in Shasta County
to Jepson Prairie in Solano County during the spring of
1992 (Figure 1). The transect route followed a Pacif-
ic Gas & Eleclric natural gas pipeline corridor that
extends approximately 1360 kilometers from Kings-
gate, British Columbia, Canada to Panoche, Califor-
nia, U.S.A. The subterranean pipeline was originally
constructed in 19860. We consider the pipeline route to
be a random (with respect to the distribution and types
of vernal pool habitats encountered) transect through
the Central Valley. Our survey included undisturbed
pools adjacent to the pipeline corridor, as well as pools
on the pipeline right-of-way which have re-established
or which lie outside the trench zone and appear to have
been only moderately disturbed by the 1960 consuruc-
tion. All pools were visited three times during the 1992
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wet season between February and May, ajthough some
pools were dry before the third sampling.

The transect study sites fall into four vernal pool
habitat types according to the geological and floris-
lic classification established by Cheatham & Haller
(1975, ascited in Holland, 1986), described by Holland
(1986), and modified by Tayloret al. (1992). Fall River
(FR) is the single representative of northern transmon-
tane vernal pools and contains very small pools (refer
to Appendices A and B for pool sizes) within a moun-
tain meadow at 1 100 m elevation. All the other sites are
below 100 m elevation and are situated in the Sacra-
mento River Valley. Three sites, Manton Plain (MP),
Dales Plain (DP), and Tuscan Buttes (TB), contain pri-
marily northern Sacramento Valley volcanic mudfiow
vernal pools. Vernal pools at these volcanic boulder-
strewn sites are few in number but medium Lo very large
in size, despite earlier descriptions of such pools as
typically small (viz. Holland 1986). The Jepson Prairie
(JP) site 13 characterized by both small mima mound
(hummock and swale topography, see Cox & Gakahu
1983) pools and very large, turbid, windswept playas of
the Sacramento Valley claypan vernal pool type. Only
the large playas are included in this survey because the
small pools at this site were not sufficiently inundat-
ed during the sampling periods. The remaining nine
sites, Red Bluff (RB), Coyote Creek (CC), Truckee
Creek (TR), Thomes Creek (TH), Corning (CR), Hall
Creek (HC), Stony Creek (SC), Wilson Creek (WC),
and Allendale (AL), contain Sacramento Valley hard-
pan vernal pools. These sites inclnde numerous very
small to medium sized pools scattered among mima
mounds in valley grasslands.

Methods

Sampling procedures. All pools were sampled three
times, except for most of the hardpan pools which
were sampled only twice because they were dry at'the
time of the third sampling. The three sampling trips
(February 16-24, March 23-Apnil 3, and April 22~
May 1) spanned roughly the early, middle, and late por-
tions of poo) hydrocycles. We sampled aquatic organ-
1sms from pools by volume-standardized plankton tows
using a square hand net frame (17 cm x 25 cm) fitted
with 400 um mesh plankton net. Wherever possible,
we took samples separately from the surface, botiom,
and edge areas of the pool. For surface tows, the net
was dropped vertically into the waler to a depth of
8 cm, then drawn horizontally through the water over

a distance of one meter. For bottom fows, the net was
dropped vertically into the water until the lower edge of
the frame rested on the pool bottom. The net was drawn
across the bottom for one meter, then brought vertical-
ly to the surface. This method sampled approximately
the top 1 cm of bottom sediment and the overlying
16 cm of water. In pools that were not deep enough for
separate surface and bottorn plankton tows, we com-
bined these as a single tow. We immediately preserved
plankton samples in 70% ethyl alcohol.

Water chemistry and physical properties. We col-
lected water chemistry data in the field, including con-
ductivity (u27"), total dissolved solids (TDS in mg
171, alkalinity (mg 171), salinity (%), pH, dissolved
oxygen (mg [7!), and temperature (°C). We estimated
surface area and maximum and average pool depth at
the time of sampling, as well as long-term maximum
surface area and depth based on observed pool char-
acleristics such as filling, vegetation, and topography.
We quantitatively defined descriptive terminology for
water chemistry, pool size, and depth prior to data
analysis (Appendix A).

Sample processing and curation. In the laborato-
ry, plankton samples were screened through a 500 pm
sieve because most crustaceans smaller than 500 pm
are primarily larvae or juveniles and cannot be iden-
tified, although this procedure may have reduced
the number of harpacticoid copepods and very small
species of cypridopsine and limnocytherid ostracods
in our samples. The 500 pm fraction of each sample
was sorted into the following categories: Anostraca,
Notostraca, Conchostraca (Laevicaudata, Spinicauda-
ta), Cladocera, Copepoda, Ostracoda, Insecta, and
‘other’ (e.g. gastropods, annelids, arachnids, platy-
helminths, algae, plant fragments, etc.). For a few
samples, where thousands of individuals were present,
aliquots were sorted. All samples were preserved in
70% ethyl alcohol, except some representative ostra-
cod specimens which were dried and permanently
curated in glass vials or on paleontology slides. All
samples are permanently archived at the Los Angeles
County Museumn of Natural History, and are accompa-
nied by 1:150000 scale inaps showing the geographjc
locations of collection sites. We encourage invesliga-
torsinterested in accessing any specimens or the ‘other’
taxa to conlact the appropriate LACM curator,

Species identifications. Anostracan, nolostracan,
and conchostracan species were identified by the
authors, with some samples verified by Joel Martin
{Los Angeles County Museum of Natural History),
Denton Belk (Our Lady of the LLake Universily, San



Antonio), and Michael Fugate (University of Califor-
nia, Riverside). Cladocerans were identified by Bren-
da Hann (University of Manitoba). Copepods were

identified by Janet Reid (U.S. National Museum of

Natural History, Smithsonian Institution). Ostracods
were identified by both Claire Carter (U.S. Geologi-
cal Survey, Menlo Park) and Richard Forester (U.S.
Geological Survey, Denver).

Some specimens could not be identified as a known
species, and these are hsted as ‘sp.’ Other specimens
closely resembled a described species, but differed suf-
ficiently from the current species description to be con-
sidered a 'possible’ or ‘probable’ new species. In these
cases the putative species name is given, but the uncer-
tain taxonomic standing of the specimen is noted. Two
ostracod taxa could not be assigned to a known genus
and are listed as ‘Unknown sp.”. Taxonomic descrip-
tions (and redescriptions) of cladoceran and copepod
species from this material are in progress and will be
reported elsewhere by the specialists noted above.

Data analysis. Salinity data, although potential-
ly biologically important, were not included in water
chemistry analyses because they were always below
| %o, and our equipment was not sensitive to values in
the parts per million range. Dissolved oxygen, although
variable, was always above 5 mg ml~' and, there-
fore, not biologically limiting. However, we collected
these data typically between 0900 and 1700 hours; late-
night or early-morning measurements may have shown
periods of oxygen depletion (Scholnick, 1994). Tem-
peralure ranges are provided in Appendix B, but are
not included in further data analyses. We performed a
principal components analysis on the remaining water
chemistry data and the poo! size and elevation data
using the Statview SE + Graphics software package for
the Macintosh (Abacus Concepts, Inc. 1988).

We addressed patterns of community composition
with a clustering analysis based upon species pres-
ence/absence among pools. For each pool we scored
all species that were present as positive character states
and all species found in the survey but absent froin Lhe
pool as negative character states. We excluded from
this analysis 24 of the 67 total species because.they
were present mn fewer than three pools; rare species
(i.e. those occurring in less than 5% of the pools)
can be uninformative and often problematic in mul-
trvariate community similarity analyses (Gauch, 1982;
Hill & Gauch, 1980). We used the hierarchical clus-
tering Tunction of the SYSTAT 5.0 software package
for the Macintosh (SYSTAT, Inc. 1989) and specified

8%

the average linkage (UPGMA) method of dendrogram
construction to generale a phenogram of pools.

We cxamined the relationship between species
asseimblage and geographic proximity by regressing
Jaccard's Coefficient of cormmunity similarily against
lincar distance between pools for all pairwise com-
parisons among pools of the hardpan type. Jaccard’s
Cocfficient is defined as

Si=af(a+b+¢),

where a =the number of species in both pools, b =the
number of species in pool B but not in pool A, and
¢ = the number of species in pool A but not in pool B.
Linear distances were measured among pools within
sites using 1:1200 scale maps, and among pools at
different sites using 1:150000 scale maps. Although
these measurements vary in accuracy across the two
different scales, we use them as rough estimates.

Results

Water chemistry and physical properties. (see Appen-
dix B for raw data) The six water chemistry and phys-
ical variables can be reduced to a representative set
of four (solutes, depth, pH, and elevation). Over all
samples from all pools, strong correlations exist for
TDS versus conduclivily (r*=0.921; Figure 2a), TDS
versus alkalinity (#*=0.675; Figure 2b), conductivity
versus alkalinity (% = 0.680; Figure 2¢), and maximuimn
depth versus log surface area (2 =0.394; Figure 2d).
Principal components analysis revealed three factors
which account for 78% of the variance in physical and
water chemistry data (Table 1). A cutoff at three factors
1s suggested by the cumulative variance explained, the
factor eigenvalue magnitudes, and a scree (eigenvalue
versus factor) plot (as recommended by Cattell, 1966;
Everitt & Dunn, 1992; and Joliffe 1972).

The correlations and the common factor-loading of
alkalinity, conducuvity, and TDS support the collapse
of these variables to a single solutes variable, hereafler
represented by TDS. Similarly, depth and surface area,
both of which determine other biologically important
properties such as pool volume and hydroperiod (dura-
uon of pool inundation), can be represented using depth
as a single surrogate variable. Although elevation does
not covary with any other physical or chemical vari-
ables in these analyses, it indicatcs an important differ-
ence belween Fall River (located in the Sierra Nevada
Mountains) and all the other sites (located in the vallcy
proper), becausc it corresponds to major differences
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in climatic regimes and biogeographic provinces (see
Durrenberger & Tohnson, 1976).

Habitat characteristics. The reduced array of pool
physical and water chemistry variables (solutes, depth,
pH, and elevation) specifies four groups which corre-
spond to the four geologic/foristic habitat types previ-
ously identified. Claypan pools have significantly high-
er solute levels, claypan and volcanic mudfiow pools
are significantly deeper, and transmontane pools are
significantly higher in elevation than all others. None

of the pool types show any clear pattern for pH. Based
on these analyses and field observations the following
generalizations emerge for the areas included in this
study (Figure 3): Northern transmontane vernal pools
are low in solutes, shallow, fairly turbid, and high 1n
elevation; northern Sacramento Valiey volcanic mud-
flow vernal pools are low in solutes, deep, long-lived
(4~6o.), very clear, and low tn elevation; Sacramento
Valley hardpan vernal pools are low in solutes, usually
shallow, often very short-lived (1-3 mo.), clear, and



Tuble 1. Prncipal components factor analysis matnx (unrotated).
Alkalinity, TDS, and conductivity load heavily on factor 1; depth
and surface area joad heavily on factor 2; pH and elevation both load
heavily on factor 3, but the latter has a negative Joading. Cumnulative
pereent vadance explained by these threc factors is approxiraately
78%.

Factor | Factor 2 Factor 3
Depth 0611 0.614 - 0.061
Surface area 0.493 0.606 - 0.119
pH — 0273  — 0.194 0.740
Atkaliniy 0.844 - 0.332 — 0.021
TDS 0.926 — (0.303 0.093
Elevation — 0.188 — 0453 — 0.671
Conductivily 0.926 - 0.0270 0.11t

=7792

Y% variance 45.070 18.03 14.820

low in elevation; Sacramento Valley claypan vernal
pools are high in solutes, often very deep, long-lived,
highly turbid, and low in elevation.

Similarity of species assemblages. Species assem-
blages of vernal pool crustaceans appear (o be strongly
related to habitat type. Major nodes of the species
assemblage phenogram coincide with physical and
chemical differences among pools, and with the geo-
logic/floristic habitat classifications presented earlier
(Figure 4). With only a single exception, pools from
the same habitat type cluster together on the basis
of species assemblages. The Jepson Prairie (claypan)
pools differ most from all others, and the separation of
this cluster from all other pools at node 1 corresponds
to the large difference in solutes between Jepson Prairie
and all other sites. The Manton Plain, Dales Plain, and
Tuscan Buttes {volcanic mudfow) pools cluster togeth-
er and separate at node 2 from all the hardpan and
transmontlane pools, with the exception of one Manton
Plain pool (MP2) which falls into the fatter cluster. This
second node coincides with the maximum pool depths
at these sites, because the former group contains medi-
um to deep pools and the latter contains primarily very
shallow to shallow pools. The Fall River (transmon-
ane) pools break away {rom the hardpan cluster at
node 3, corresponding to their location at a higher cle-
vation and in a different biogeographic province. The
topology ol this phenogramishighly robust; changes in
both the similarity coefficient algorithm and the link-
age method of dendrogram construction do nol alter
pool membership in the major clusters.

Two lines of evidence indicate that, for pools of
the samc habital type, geographic proximity is not
correlated with species assemblage siumilarity, The 9

91

hardpan sites, which nctude 44 pools and span the
greatest distance along the transect of all habitat types,
are the most exhaustive portion of our dataset. The
phenogram for this subset of data shows that pools at
the same site do not tend to cluster together (Figure 4).
Also, a plot of all pairwise cornparisons among hard-
pan pools shows no clear relationship between com-
munity similarity (Jaccard’s Coefficient) and distance
(72 =0.00007; Figure 5).

Crustacean species, endemism, and rarity. Sixty-
seven species of Crustacea occurred in the pools in this
survey, including 4 species of Anostraca, 2 Notostra-
ca, 1 Spinicaudata, 1 Laevicaudata, 18 Cladocera, 17
Copepoda (7 Cyciopoida, 6 Calanoida, 4 Harpacticor-
da), and 24 Ostracoda (Table 2). Taxonomic specialists
identified 17 of the 67 species (25%) as probably unde-
scribed and another 13 (19%) as possibly undescribed,
based on deviations of these specimens from existing
taxonomic descriptions and examinations of compara-
tive material. Thesc numbers indicate that up to 44%
of the crustacean species inhabiting northern Califor-
nia vernal pools could be new species. Thirty-five of
the 67 species (52%) found in this survey had not pre-
viously been reported from California.

Some of the species encountered, such as
Branchinecta conservatio, Branchinecta lynchi, Lin-
deriella occidentalis, and Lepidurus packardi, are
restricted to California vernal pools (Eng et al., 1990),
while many other species are widespread and also
occur in permanent freshwater habitats such as lakes,
ponds, or streams. The 30 potentially new species
found in this survey are not known to occur elsewhere
and may be endemic to vernal pools and Lo the region.
Thus, the level of endemism for crustaceans in north-
ern California vernal pools may be as high as 51%
(potentially 34 endemics out of 67 total species). Also,
a farge proportion of the species in this survey are rel-
atively rare. Over 25% (17) of the 67 total species had
only a single pool occurrence (Figure 6a), and 40%
(27) had only a single site occurrence (Figure 6b).

Species richness and patterns of diversiry. The total
species richness found in this survey is partitioned
hicrarchically among pools, sites, and habitat types.
For example, species assemblages varied, even among
pools within the same site, so (hat all specics occurring
at a site were not {found within a single pool. Conse-
quently, the species richness of any particular site was
always greater than that of the most diverse pool at
that site. The number of species per pool ranged {rom
I (TR17, TR24, TROFF) to 27 (Dales Polholes) and
averaged 9.6 species per pool (s.d=6.1, N=58). The
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total number of species at a site ranged from 4 (Hall
Creek) to 39 (Dales Plain), with an average of 18.6
species per site (s.d.=8.7, N=14). Species richness by
habitat type ranged from 14 (northern transmontane) to
46 (volcanic mudfiow) with an average of 31.8 species
per habitat type (s.d.=13.9, N=4). Thus, on average,
a given pool, site, or habital type holds roughly 14%,
28%, and 47%, respectively, of the total diversity in
the system.

The number of crustacean species occurring in
a pool was positively coirelated with maximum
pool depth (2=0.584; Figure 7a) and with the
logarithm g ol observed maximum pool surface area
(r*=0.300; Figure 7b). However, some species, such
as Branchinecta dissimilis, Branchinecta lynchi, Lep-
idurus sp. A, Acanthocyclops vernalis, Canthocamp-
tus sp. A, Hesperodiaptomus hirsutus, Skistodiaptomus
pallidus, Heterocypris aff. H. rotundatus, and unknown
ostracod sp. G, were only found in small, shallow pools
which had shorthydroperiods (i.e. 1-3 months). There-
fore, although deeper, larger pools (teraporary ‘lakes’)
with longer hydroperiods (1.e. 4-6 months) general-
ly contained more species, the total diversity encoun-
tered in this survey is distributed between both highly
ephemeral pools and pools of longer duration.

Co-occurrence of congeneric species. Congeneric
species co-occurred in 55% (32 out of 58) of the pools.

Three cladoceran genera (Alona, Daphnia, and Simo-
cephalus), two copepod genera (Diacyclops and Hes-
perodiaptomus), and four ostracod genera (Candona,
Eucypris, Heterocypris, and Limnocythere) include co-
occuiring congeners (Table 3). Some small, short-
lived pools in this study had co-occurring congener-
ic species, but sites with the largest, most long-lived
pools (Jepson Prairie and Dales Plain) were particu-
larly rich in sympatric congeners. For example, the
Jepson Prairie site contained a total of five congeneric
assoclations, and a single pool at this site (JP5/Olcott
Lake) held four congeneric species pairs. Nine sets
of congeneric species were found at the Dales Plain
site. Three of these combinations occurred in a single
pool (Dales Lake); five others occurred in another sin-
gle pool (Potholes) and included a congeneric ostracod
trio. In most cases, populations of co-occurring con-
geners overlapped both temporally (within the same
sampling period) and spatially (withia the same sub-
sample).

Discussion
Our survey of northern California vernal pools reveals

a highly diverse crustacean fauna, a large propor-
tion of which consists of endemic, relatively rare,
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and previously unknown species. Similarly high lev-
els of endemism for California vernal pool plants have
been recognized for decades (Holland & Jain, 1981;
1988). Taken together, this high level of endemism and
the major loss of habitat in California’s Central Val-
ley (see introduction) suggest that many undescribed
vernal pool species may have already gone extinct.
Furthermore, without conservation measures designed
to protect the remaining vernal pool habitats, many
additional species will most likely become extinct.
High endemism in vernal pools is probably facilitat-
ed by the spatially fragmented nature of the habitat
which, in conjunction with restricted dispersal, pro-
motes allopatric speciation and isolated local extinc-
tions (Fugate, 1992; Holland & Jain, 1981). The pos-
sibility that high endemism is a general characteristic
of the temporary pool habjtal warrants investigation in
other parts of the world as well.

The correspondence of major nodes (Figure 4
nodes 1, 2, 3) in the species assemblage phenogram
with physical and chemical variables (depth, solute
concentrations, elevalion) and geographic location
(biogeographic province) indicates that abiotic envi-
ronmental factors play a role in structuring vernal pool

crustacean assemblages. However, the fact that species
composition varies among pools of the same habitat
type and even among pools at the same site shows
that, while physical and chemical characteristics may
determine the physiological potential for a species to
exlist in a given pool, other factors must aiso be impor-
tant in shaping these species assembtages (e.g. his-
torical factors: past colonization, vicariance, or other
chance events; ecological interactions: competition,
predation).

On the mesogeographic scale of this study and
among pools of the same habitat type, there is no
correlation between geographic proximity and species
assemblage sunilarity. This suggests that, for a given
habitat type, geographic location may not determine
whether a species will be found n a given pool. Such
patchwork patterns of species occurrence at the meso-
geographic scale are commonly observed for fresh-
water crustaceans (Anderson, 1968; 1974; Balko &
Ebert, 1984; Fryer, 1993; Mahoney et al., 1990; Pata-
las, 1971; Reed, 1962) and can be interpreted in two
ways. One possibility is that dispersal is sufficiently
frequent to ensure that every species in the region col-
onizes all pools of the appropriate habitat type, and
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Table 2. Species distribution across sites. Species are listed alphabetically, sites are fisted {rom north to south.

Species

H Sites

I'rab,

Undes,

I’oss.

Undes.

tstCA | NT

VM & H

Record | FR

mp | e

Tu

RB

cC

™ |

™

cr | e

s¢ | we [ av

Anostruca (4)

Branchinvcia conservatio

Branchinecia dissimilis

[

4

wr lynchi
Linderiella occidentalis _
Number of anosiracans prr site

WO |-

Notustraca (2)

Lepidurus packardi

FS

Lepidurus sp. A

Number of nolostracans ner sile

Spinicauduta ().

Cyzicus culifornicus

Number of spinicaudatans per site

Lacvicaudata (1)

Lynceis bruchyurus

Number of Iacvicaudatans per site

Ciaducery (18)

Alona of davdi
Alona ¢f_semlosa

x‘x

+|+

Alona sp. A

Alona sp. R

Camprocercus sp. A

K|

+

Ceriodaphnia renculata -
Chydorus of sphagricns

Daphaiu of middenduffiuna

=T
x-vxixxxx!

+ |+ ]+ |+

Daplmia of_pulex

Dunhevedia crussa

XK= x

Leydigia leydigi

N--—\nmulu-—-—wlu—

B ><~><

Macrothrix hirsuticormis

&

Moina of. micrura

Dleuroxus uduncus

Plenrvxis sp. A

I___\;

Simocephalur 3p. 4

[¥]

Simocephalus veiulus

-~

Xl>< x|~

+
+ |+ [+

+

Number of clgdogerans per site

[
-~

)

Prob. Undes.=probably undescribed
Poss. Undes.=possibly undescribed

15t CA Revord=1irst recorded occurrence of this species from the state of California

NI = nortliern transmontane vemal pools VM = northern Sacramento Valley votcanic mudflow vernal pools

H = Sacrsmento Valley hardpan vemal pools

C = Sacramento Valkey claypan vemal pools

IFR=Fall River M{’=Manton Plain DI>=Dales Plain TU=Tuscan Buttes RB=Red Blu{l CC=Coyote Creck TR=Truckee Creek T!I=thomes Creek CR=Corning 1{C=I1all Creek SC=Stony Creck WC=Wilson Creek

AL=Allendate 1P=lepsoa Prairic
Ca = calanoid  Cy =cyclopoid  1}a = harpacticoid

{ 1 Could be identilicd to genus but not to species: counted only if specimen represents solc member of that genus found at the site.

? = possibly

'Regarded as a synonyin of }leferocypris incongruens by some workers.

96



Species
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T
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Figure 7. Species richness and pool size comrelations. a. Num-
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some species are subsequently excluded from a given
pool commuunity by biotic interactions. Alternatively,
dispersal may be infrequent and community composi-
tion may be largely determined by historical patterns
of habitat distribution and fragmentation, and chance
dispersal events (i.e. which species get there, and possi-
bly which get there first). In the second scenario, biotic
interactions may have less to do with observed species
distributions than do historical events and chance. No

studies have definitively answered this question for
ephemeral pool crustaceans, but the available evidence
indicates that dispersal rates are generally low (see
below). ‘

The results concerning levels and patterns of
species richness in the pools of this survey raise two
questions: (1) Why do some pools have many more
species than others?, and (2) How can these relatively
small, unstratified, ephemeral bodies of water contain
so many species?

Why do some pools have marny more species than
others? This question may be answered partly by
examining the positive correlation we found between
crustacean species richness and both surface area and
depth (i.e. hydroperiod). Other studies show the same
pattern for southern California coastal mesa vernal
pools (Ebert & Balko, 1987), Moroccan dayas (Thiery,
1991), temporary pools in South Carolina (Mahoney
et al., 1990 for Cladocera only), freshwater bodies in
Yorkshire, England (Fryer, 1985), and European lakes
(Dodson, 1991). At least four alternative hypotheses
can be proposed to explain this ubiquitous pattern.

First, short-lived pools may lack some species
because they dry up before species with a long period
of development can complete their life cycles, while
pools of longer duration provide habitat for both rapid-
ly and slowly developing species (Hamer & Apple-
ton, 1991, Hammer & Sawchyn, 1968; Retallack &
Clifford, 1980; Simovich & Fugate, 1992; Thiery,
1991; Wiggins et al., 1980). Studies of developmen-
tal rates under natural temperature and food regimes
for the numerous species that are found only in large,
deep pools would help to test the hypothesis that these
species are unable to inhabit short-lived pools due to
developmental time constraints. However, this hypoth-
esis alone cannot fuily explain the observed pattern of
species richness because some fast-developing species
occur only in shallow pools and the absence of these
species from deeper pools cannot be due to hydroperi-
od. There is evidence that some species are specifically
adapted to shallow, shortlived pools. For example, cer-
tain anostracan life history strategies are associated
with pools of different levels of ephemerality; small,
highly ephemeral pools contain species that have large
clutches of small eggs, whereas the reverse is true
for species inhabiting more long-lived, less ephemeral
pools (Belk, 1977; Belk ¢t al., 1990; Maynard, 1977).

Second, pools with a long hydroperiod may also
allow more species to coexist if timing differences in
hatching or development reduce the overlap of eco-
logically similar species as adults (Hammer & Saw-
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Table 3. Congeneric species associations across sites,

NT VM&H

H
Species FR MP . DP - TU RB : CC ; TR | TH CR | HC | SC : WC

S0

Cladocera : ,

Alona &f. seiulasa R

Alonasp. A : Y

| |

Alona cf davidi X : ! i ! i i
B : 1

| |

| |

lona sp. B X

Daphnia ¢f. middendorffiana

Daphnia ¢f. pulex

Pleurcxus sp. A

1Simocephalus sp. A

Simocephalus vetutus

Copepoda

Diacyclops crassicaudis var. brachycercus

>

Diacyclops navus

]
|
v |
Pleuroxus aduncus j X)
[
]
I
{
}
!
[

Diacyclops sp. A

- __1ﬁ

Hesperodiaptomus caducus X

Hesperodiaptomus eiseni X

He.vgerodiaglamu: Airsutus®

Ostracoda | i

Candona caudata Xy | XXl X X |

Candona ¢f C. stagnalis - | X| i

Candona n. sp. C l | X

Candona n. sp. D X XX | X

Candona 1p. A X X Xl

Eucypris sp. A | X J

Lucypris 1.0 5p. 4 - X

x
>
X

X !
Eucypris 1.l 3p. B ) X x|

X x|x

Eucypris virens media X X} Xt X Xy I x|

Heterocypris aff. H. carolinensis’ i i X

|
| X)
)
|

Heterooypris aff. H. rowndatus® ] |

Heterocvpris incongruens | boX
Limnocythere paraornata !

0 O

Limnocythere posterolimba ) (X} (X) X X

Limnacythere sanctiparrfcti X) i L | . |

[
I
i
|

Limnocvthere sp. B x 1 1 X X X oo | 1 I l

NT = northern transmontanc vemal pools VM = northern Sacramento Valley volcanic mudflow vemal pools  H = Sacramento Valley hardpan vernal pools

C = Sacramenta Valicy clavpan vernal pools -

FR=Fall River MP=Manion Ploin DP=Dales Plain TU=Tuscan Bunes RB=Red Buff CC~Coyote Creek TR=Truckee Creek TH=Thomes Creek CR=Coming
HC=Hall Creek SC=Stony Creek WC=Wilson Creek Al=Allendale JP=Jepson Prairic

X=same pool

{X=samc sitc, not same pool

* This species did pot co-occur with any of its congeners.

*Regarded as a synonym of Helerocypris incongruens by some warkers.
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Table 4. Specics richness of crustaceans in temporary aquatic habitats. Studies are listed in order of highest to lowest total species richness.
The average and maximum numbers of crustacean species per pool are given.

Maxirmum number of spectes per poot

Location Habitat # pools Cope Ostr Anos Noto Conc Sowrce
Albenta, Ceneda ephemeral saline stream | 13 9 [ 1 3 Rewtlack & Clifford 1980
Northem Californie, US.A vernal pools 58 6 12 1 1 1 This study
South Caroling, U.S.A. temporary pools 23 - - - 0 - Mahoney ¢t al. 1990
Michigen, U.S. A terpporary ponds 2 8 9 1 0 1 Kenk 1949
Southwestern Canada _ ftemporary ponds 39 8 - 4 1 0 Anderson 1974
Texas, US.A. infermiltent stream 1 9 0 0 0 0 Sollberger & Meador 1990
Menitobs, Cansda temporary marshes and ponds 13 3 14 0 0 0 McKillop et al. 1992
Ontario, Caneda teroporary rock basin ponds 16 8 - 0 1] - Carter 1971
Southern Californis, U.S.A coastal mesa vermal pools 54 2 7 1 0 0 Balko & Ebert 1984
Australia ephemeral saline akes 23 ) 8 t 0 0 DeDeckker & Geddes 1980
Aleskn, U.S.A. arctic depression ponds 6 3 0° 2* 0* 0* Dodson 1975
New Zealand tempotery ponds 3 2 6 0 0 0 Barclay 1966
Mexico temporary pools 183 - - + + + Meede-Martinez 1591
Modrocco temporry pools {dayas) 20 - + 6 2 2 Thiery 1951
Alberta, Canada argillotophic lake 1 2 0 2 1 0 Debom 1975
Alaska, US.A. tundra ponds 1 4 0 2 1 0 Stross et al. 1980
Canadian arctic arctic umdr ponds 535 3* 0° 1* 1* 0* Hebert & Hann 1986
British Columbis, Canada temporary puddles 1 2 4 0 0 0 Mclay 1978
Neyzda, U.S.A. ephemeral Jakes 3 2 1 0 0 0 Hutchinson 1937
Colorado, U.5.A. sub-slpine pools 1 2 0 1 0 0 Sprules 1972

Clad=Ciadocera Cope=Copepoda Ostr=Ostracoda Anos=Anostraca Noto=Notostrace Conc=Conchostraca (Lacvicaudats, Spinicaudata)

- incomplete data
0 none found

+ this taxon was found, but specios were not identified or enumerated
* typical number of species per pool (specific values were not given in source paper)

001

p—



chyn, 1968; Mura, 1991; Retallack & Clifford, 1980;
Simovich & Fugate, 1992; Thiery, 1991). For exam-
ple, in just a few weeks Branchinecta lynchi can hatch,
develop to maturity, and reproduce, but in the same
amount of time Branchinecta conservatio and Lepidu-
rus packardi do not even reach reproductive maturity
(pers. obs.; Ahl, 1991). Branchinecta conservatio and
L. packardi are found exclusively in the deepest pools
of this survey (see Appendix B), and rarely occur in
small, shallow pools outside of our study area (pers.
obs.; Eng et al.,, 1990). Although the fast developing
B. lynchi occurred only in shallow pools in our survey,
it co-occurs with both B. conservatio and L. packardiin
deeper pools ¢lsewhere (pers. obs.). In these latter cases
B. bnchi hatches earlier, develops more quickly, and
becomes dormant earlier than the other two species.
Similar cases of temporal separation of species in the
same pool are known for other anostracan species (Eng
et al., 1990; Simovich & Fugate, 1992; Simovich &
Hathaway, unpublished data). '

Third, large, deep pools may hold more species
because they have greater habitat heterogeneity (sen-
su Williams, 1964) which allows for more niches and
greatgr resource partitioning (Daborn, 1978; Hamer
& Appleton, 1991; Thiery, 1991). Some evidence for
greater habitat heterogeneity in large pools is provid-
ed by the zonation of vernal pool plants: in large,
deep pools vernal pool plants form concentric rings
from the edge to the pool center, each ring being
dominated by the species that is best suited for that
microhabitat; in contrast, small, shallow pools are car-
peted by only ‘edge-adapted’ species (Zedler, 1987).
Also, deep pools contain open water colurans, where-
as the proximity of bottom and surface in shallow
pools which are only a few centimeters deep precludes
this type of microhabitat. Support for such a habi-
tat heterogeneity hypothesis comes from many aquat-
ic and terrestrial systems (Huston, 1979), including
birds (MacArthur & MacArthur, 1961), cladocerans
(Armitage & Davis, 1967; Quade, 1969; Whiteside &
Harmsworth, 1967), eubranchiopods (Hamer & Apple-
ton, 1991; Thiery, 1991), and crustacean assemblages
(Anderson, 1974). An hypothesis of increasing species
richness with increasing habitat complexity does not
completely account for patterns of species richness
in all systems, however (Fryer, 1985). A compari-
son of the claypan and volcanic mudfiow habitat types
from our survey demonstrates this point, Pools at these
sites are of comparable size, depth, hydroperiod, and
speciestichness (see Table 2 and Appendix B), but they
differ greatly in apparent microhabitat structure. The
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volcanic mudflow pools have clear water, are strewn
with volcanic cobbles and boulders, and support a
diverse flora of unicellular, fenestrate, and filamentous
algae and rooted vascular plants, whereas the claypan
pools are highly turbid, have no botiom relief, and are
practically devoid of vegetation (Taylor et al., 1992).
If these physical and floristic variables indicate the
true amount of habitat heterogeneity in these pools,
then high habitat heterogeneity may explain the high
species richness at Manton Plain, Dales Plain, and
Tuscan Buttes (volcanic mudflow sites), but it does
not account for the similarly high diversity at Jepson
Prairie (claypan site). S, although crustacean species
richness may be related to habitat microstructure in
some vernal pools, this hypothesis cannot be accepled
as a general mechanism for all pools.

Despite the temporal and spatial sampling regime
used in this study, our data show cither fairly complex
or ponexistent patterns of within-pool species distri-
butions and species co-occurrences over time. Sub-
sampling randomly from edge, bottom, and surface
regions is probably not sufficient to resolve microhab-
itat effects. For future studies we suggest finerscale
sampling with greater attention to microhabitat con-
ditions (e.g. plant growth forms present) in order to
address the role of microhabitat partitioning among
species.

A fourth possible explanation for the relationship
between species richness and pool size/depth/hydro-
period is provided by the ‘area-per se’ hypothesis (Pre-
ston, 1960; 1962; MacArthur & Wilson, 1963; 1967).
This hypothesis, which emphasizes the strictly spa-
tial aspects of a habitat’s size and distance from other
{source) habitats, is the basis for the dynamic equi-
librium theory of island biogeography (MacArthur &
Wilson, 1963; 1967). The focus of this theory upon the
balance between immigration and extinction rales car-
ries with it several inherent assumnptions, at least two of
which —that propagules are constaatly being dispersed,
and that colonization is a random event — may not be
valid for all freshwater crustaceans. Limited dispersal
abilities, in conjunction with restricted dispersal routes
and/or recency of evolution, may be largely responsi-
ble for the restricted distributions of some crustacean
species in previously glaciated portions of North Amer-
ica (Carter et al., 1980; Hebert & Hann, 1986). Also,
population genetic work has shown that levels of gene
flow over mesogeographic and microgeographic scales
are low for many freshwater crustaceans (Boileau &
Hebert, 1988 for copepods; Crease et al.,, 1990 for
Daphnia; Fugate, 1992 for anostracans; Havel et al.,
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1990 for ostracods; Hebert, 1974 for Daphnia; King,
in prep. for notostracans), indioating that dispersal is
rare. On the other hand, evidence suggesting frequent
or effective passive dispersal has been found for oth-
er species (e.g., Maguire, 1963; Proctor et al., 1967;
Reid & Reed, 1994; Saunders et al., 1993). Although
none of the available evidence directly addresses the
question of the actual influence of pool size on relative
rates of immigration or extinction, violation of the the-
ory’s assumptions regarding dispersal and colonization
of many freshwater crustacean species casts doubt on
the applicability of the dynamic equilibrium theory of
island biogeography to vernal pool crustaceans.

An alternative approach to the species-area rela-
tionship for vernal pools was suggested by Ebert &
Balko (1987). Temporary pools are unlike oceanic
islands in that they are islands in time as well as in
space; they are ephemeral, periodically disappearing
and reappearing, and they are re-colonized primari-
ly from the in sity ‘egg bank’ rather than by disper-
sal from other habitats. Ebert & Balko’s ’islands in
space and time’ model builds upon the concepts devel-
oped by the dynamic equilibrium theory by incorpo-
rating a third axis to account for such temporal fac-
tors. Along this third axis, frequency (i.e. predictabil-
ity based upon contingency, sensu Colwell, 1974) of
inundation is analogous to the spatial component of
distance from a source, and length of inundation is
analogous to physical size. The model predicts that
the equilibrium number of species will be higher for
pools that innndate predictably (via high contingency)
and remain inundated longer, than it will be for pools
which are unpredictable and highly ephemeral. The
observed pattern of species richness in vernal pools
fits this conceptual model, probably because several
important factors which were discussed above (e.g.
pool size and available microhabitats, hydroperiod and
the number of species with appropriate developmental
rates and potential for temporal habitat partitioning)
are subsumed by the model. '

It appears that at least three hypotheses involv-
ing hydroperiod and pool size may partially explain
the observed pattern of species richness among north-
etn California vernal pools. However, several differ-
ent mechanisms may be jointly responsible for deter-
mining species richness in some habitat types, and
no single explanation is applicable to all pool com-
munities. Several points discussed above highlight the
importance of obtaining reasonably accurate estimates
of hydroperiod in studies of temporary pool commu-
nities. Depth is closely correlated with duration for

the pools in our study. However, in some hydrologic
regimes pools are recharged by groundwater (Hanes
et al., 1990) or are repeatedly refilled through the sea-
son; in these cases hydroperiod should be' measured
directly rather than by a surrogate variable such as
depth. The most important point to be drawn from these
analyses concerns conservation and resource manage-
ment strategies for the vernal pool habitat: the total
diversity of cruslaceans in northern California vernal
pools can be encompassed only by preserving many
pools at a given site, many sites of the same habitat
type, and all the different habitat types.

How can these small, unstratified, ephemeral bod-
ies of water contain so many species? Given the rel-
atively small size and lack of stratification in vernal
pools, the large numbers of crustacean species they
hold (up to 27 species per pool) and the frequency with
which congeneric species co-occur is remarkable. Oth-
er studies have shown similarly high levels of diversity
in temporary pools (Table 4). Our question regarding
high species richness in temporary pools is especially
intriguing when posed in relation to permanent bod-
ies of water, because the number of crustacean species
found in some temporary pools, particularly large tem-
porary lakes, appears to be substantially higher than
that typically found in permanent lakes and ponds. We
suspect that crustacean species richness in freshwa-
ter habitats may exhibit a non-random pattern among
waterbodies of different sizes and levels of ephemer-
ality, and we address this question in another paper
(in prep.). For the moment we confine our discussion
to temporary waters only. Beyond the various mecha-
nisms of resource partitioning which were discussed in
the previous section, additional hypotheses that explain
the co-occurrence of many species, particularly con-
geners, in temporary pools include: (1) abundant food
resources, (2) low levels of predation, and (3) temporal
dynamics of the habitat.

Some temporary pools do not appear to be resource-
limited during the early phases of inundation when
crustacean populations are hatching, developing, and
reproducing (Cole, 1966; Fryer, 1957; Hartland-Rowe,
1972; McLachlan, 1981a; Nikolaeva & Vekhov, 1985;
Thiery, 1991; Wiggins et al., 1980). Energy is supplied
to pools by allochthonous organic detritus which is
washed into pools from surrounding uplands (Barclay
& Knight, 1984; Badocher et al., 1978; Cole & Fish-
er, 1978; Daborn, 1975, 1978; Hartland-Rowe, 1972),
by antochthonously recycled organics from organisms
present at the time of paol dry-down in previous sea-
sons (e.g. long-lived aquatic invertebrates, unmeta-



morphosed amphibian larvae, aguatic plants, aigae)
(Barlocher et al., 1978; Cole, 1966; Cole & Fisher,
1978; McLachlan, 1981b; Wiggins et al., 1980), and by
the wet/dry seasonality which hastens nutrient cycling
(Barlocher et al., 1978; Wiggins et al., 1980). This
nutrient base can provide abundant resources, allow the
relaxation of competition, and maintain high species
richness in two ways: via an autotrophic-based or 2
heterotrophic-based food web (Moore, 1970). In clear-
water pools, high nutrients resulting in an early-season
bloom of algae, diatoms, and macrophytes provide
diverse food resources for many herbivorous species,
which, in turn, allows the occurrence of carnivorous
species. We propose that the volcanic mudflow pools of
our study are examples of this type of trophic system. In
clay-rich pools where turbidity limits photosynthesis,
energy from dissolved organic matter (DOM), bacteria,
and protists becomes available to suspension feeding
organisms as particulate organic matter via adsorption
to clay particles, resulting in an argillotrophic sys-
tem (sensu Hutchinson, 1937; see also Barclay, 1981;
Odum & de la Cruz, 1963; Pedros-Alio & Brock, 1983;
Rich & Wetzel, 1978; Saunders et al., 1980; Sepers,
1977). This detritus-based trophic structure may pro-
vide a virtually unlimited food resource for suspension
feeders in some temporary pools (Cole, 1966; Hutchin-
son, 1937; Thiery, 1991).

Argillotrophic pools have been studied in Morocco
(Thiery, 1991), the Transvaal province of South Africa
(Hutchinson et al., 1929, 1932), Nevada (Hutchinson,
1937), and western Canada (Daborn, 1975; Hartland-
Rowe, 1966, White & Hartland-Rowe, 1969). They are
characterized by high turbidity, high alkalinity, high
conductivity, and low phototrophic primary produc-
tion. The claypan pools of the Jepson Prairie site fit
the physical, chemical, and primary productivity pro-
file of an argiliotrophic system (Barclay & Knight,
1984). However, the high crustacean species richness
found in our survey contradicts original assertions of
low diversity for argillotrophic pools in general (viz.
Hutchinsan, 1937; Hutchinson et al., 1929; 1932), and
for the Jepson Prairie pools in particular (viz. Barclay &
Knight, 1984). Research on feeding biology and troph-
ic structure in both clear-water and argillotrophic-type
temporary pools 1s needed before we can understand
how nutrients and productivity affect species richness
in these different habitats.

Predation can have a major influence on population
dynamics and community structure in aquatic envi-
ronments (Murdoch & Oaten, 1975; Kerfoot & Sih,
1987, Sih et al., 1985; Taylor, 1984; Zaret, 1980),
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and in some cases can operate Lo maintain high species
richness by moderating competitive or other preda-
tory interactions (Boucher et al., 1982; Brooks &
Dodson, 1965; Dodson, 1974; Morin, 1987; Paine
1966; 1984). Fish, which are highly effective preda-
tors and often drive prey species to extinction or to
very low densities in permanent freshwater commu-
nities (Brooks & Dodson, 1965; Hurlbert & Mulla,
1981; Lynch, 1979), do not occur in vernal pools.
Carnivorous insects and amphibian larvae are proba-
bly the principal predators in temporary pool ecosys-
tems. Carnivorous amphibians occurred in our survey
at only the Jepson Prairie site, where tiger salamander
(Ambystoma tigrinum) larvae occur in high densities
mid to late in the season. This salamander has been
shown to facilitate the existence of some microcrus-
tacean species by mediating competition, and to main-
tain high crustacean species richness through time in
temporary pools (Morin, 1987). Therefore, it is likely
that Ambystoma tigrinum is at least partially responsi-
ble for the high crustacean diversity found in the Jep-
son Prairie pools. However, other equally diverse pools
(e.g., Dales Lake, Dales Potholes) contained herbivo-
rous anuran tadpoles (e.g., Hyla regilla) rather than
carnivorous salamander larvae; therefore, amphibian
predation does not explain all cases of high crustacean
species richness. Comparative studies of food webs
in these different communities are needed to elucidate
the effects of different amphibians on the richness and
structure of vernal pool crustacean assemblages.

Insects from 44 families and 11 orders were found
in our plankton net samples. Most specimens were
identified only to family or genus level, but we esti-
mate that these insects number approximately 62 to
100 species. Twenty to 30 of these insect species are
potential predators of crustaceans. Almost all pools
in our study contained predatory insects, and in some
cases these predators occurred in high numbers. The
role these invertebrate predators play in retarding the
process of competitive exclusion among vernal pool
crustaceans, and thus facilitating increased diversity
of coexisting species, remains unknown and could be
addressed through field manipulations such as caging
experiments.

High diversity and the frequent co-occurrence of
congeners in temporary pools might also be due to the
stochastic nature of the habitat. Crustacean populations
in temporary pools exist for the relatively short peri-
od of time that the pool is inundated, and are ‘re-set’
each year as they annually re-establish from a dor-
mant propagule bank. This periodic interruption of
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the community may prevent some ecological interac-
tions from going to completion, such as the exclu-
sion of an inferior competitor or the elimination of
a prey specigs by a predator. Thiery (1982) recog-
nized the periodic interruption of a community and
the resultant truncation of competitive interactions as a
mechanism for increased species diversity, and called it
the ‘competition-interruption hypothesis.” “This mech-
anism has been used to explain diversity patterns in
such different communities as forests (Taylor, 1973;
Bormann & Likens, 1979; Garwood et al., 1979;
Veblen et al., 1980), intertidal organisms (Liebermann
et al., 1979; Sousa, 1979), corals (L.oya, 1976), and
coral reef fishes (Bohnsack & Talbot, 1980) (p. 702,
Thiery, 1982; full references can be found in the orig-
inal text), as well as arctic ponds (Dodson, 1975),
coral-associated decapod crustaceans (Abele, 1976),
and larval whirligig beetles (Istock, 1966, 1967).

Additionally, year-to-year -variations and within-
season-environmental fluctuations can operate to main-
tain long-term coexistence under some competitive
conditions (Chesson & Huntly, 1989). Such environ-
mental variability has been invoked to explain high
species richness (i.e. higher than expected by competi-
tive exclusion theory) in freshwater crustacean assem-
blages (Anderson, 1974), tundra pool eubranchiopods
(Nikolaeva & Vekhov, 1985), ostracods (McLay,
1978a; 1978b), and lake phytoplankton (Richerson
et al., 1970). Also, research on conspecific Daphnia
clones, which can been viewed as extremely close-
ly related taxa, suggests that temporal heterogeneity
resulting in fluctuating selection can allow the long-
term co-existence of multiple clone lineages in the
same pool (Carvalho & Crisp, 1987, Hann & Hebent,
1986; Hebert & Crease, 1980; Lynch, 1983; 1987;
Weider, 1985; Wilson & Hebert, 1992). Thus, the
annual truncation of competitive interactions, in con-
junction with both differences in life history strategies
employed by different species and inter-annual envi-
ronmental variability, may lead to high species richness
in vernal pools. For example, an inferior competitor
may persist by reproducing quickly and senescing each
year before pool resources become limiting; a species
which has high reproductive success in one year may
do poorly in other years.

It has long been suspected that the failure of some
natural systems to attain equilibrium is the reason that
competitive exclusion does not operate in certain situa-
tions, for example, Hutchinson's ‘paradox of the plank-
ton’ (Huston, 1979; Hutchinson, 1941; 1961; Wiens,
1977). The abundance of co-occurring congeneric
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species found in our survey suggests that Gause’s prin-
ciple of competitive exclusion (Gause, 1934) may not
apply to these crustacean assemblages, perhaps as a
result of generation times that are of the same order
of magnitude as duration of the habitat (Hutchinson,
1953; 1961). The temporary pool babitat appears to be
aclear example of a periodically disturbed (i.e. truncat-
ed), non-equilibrium (or perhaps dynamic equilibrium)
system. This fact alone may prove to be a satisfactory
explanation for the high species richness and numerous
congeneric occurrences observed in many temporary
pools. This hypothesis awaits empirical testing, and
should prove to be a fertile area for future ecological
research.

Conclusion

California vernal pools harbor surprisingly diverse and
largely unknown crustacean assemblages. Almost half
of the 67 crustacean species found in this survey may
be undescribed species. Endemic and rare species com-
prise a major portion of the crustacean assemblages of
northern California vernal pools. These findings, in
conjunction with the documented endemism of ver-
nal pool plants and the possibility for similarly high
endemism among the other taxa which remain large-
ly unstudied (platyhelminths, gastropods, annelids,
arachnids, insects, rotifers, algae), indicate the impor-
tance of carefully planned conservation for the com-
munities of California vernal pools.

The species composition of crustacean assem-
blages corresponds with some physical and chemical
aspects of the habitat (depth, solute concentrations,
elevation, biogeographic province), and with existing
geologic/floristic-based habitat classifications. Among
pools of the same habitat type, species composition
varies and assemblage similarity is not correlated with
geographic proximity. These patterns of diversity indi-
cate that preservation strategies for the vernal pool
habitat should include many pools at each site, multi-
ple sites of each habitat type, and all identified habitat
types.

The positive relationship between pool size/depth/
hydroperiod and species richness may be explained by
at least four hypotheses which incorporate develop-
mental rates, temporal and spatial resource partition-
ing, and the species-area relationship of equilibrium
island biogeography. The first three of these hypothe-
ses seem to be of varying importance among pools of
different habitat types, but recent evidence for low lev-



els of dispersal in many freshwater crustaceans casts
doubt upon the applicability of the latter hypothesis to
these assemblages.

Ephemeral pool crustaccan assemblages frequently
have high species richness and numerous co-occurring
congeners. Ecological species-packing, short-term but
unlimited nutritional resources derived from allochtho-
nous input, autochthonous recycling, photosynthesis
and/or argillotrophic conditions, low levels of preda-
tion, and seasonal disturbance of the community likely
contribute to the maintenance of such high diversi-
ty. The most significant of these mechanisms may be
temporal truncation, because it can prevent ecological
interactions from going to fixation where vulnerable
prey species and inferior competitors are eliminated
and species richness is decreased.

We hope that these results will serve as a catalyst
and a foundation for future research on topics such as
trophic structure, character displacement and resource
partitioning among co-OCCUITIng COngeners, patterns
of species distributions across a spatial mosaic of dif-
ferent habitat types, and relationships among temporal
habitat variability, life history strategies, ecological
interactions, and species richness in ephemeral pool
communities.
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Appendix B. Physical, chemical, and species data for all pools. Species are listed alphabetically, pools are listed by site from north to south.

Fall River

Manton Plala

Dales Plain

Tuscan Bulles

Red Biu(T

FR-1

FR-&

FR-7

1M-5

MP-1

AP-2

Dafeslake] [D-{0

Potholex

iriz TUS

RB1J

RRA1S

RBl&

’B20

Surface Arca, obscrved maximum (m?)

28

19

25447

F3no

3142

196350

15708

10367

2356 31416

547

283

16

94

Maxitum Depth (m) _
oS ngl)

0.05-0.15

0.10

0.04

0.25-0.30

0.07-0.500.12-0.20

0.50-.70+

0.35-0.53

0.40-0.70

0.50-0.90| 0.30-0.45|

20-30

20

20-30°

10-20

15-30

1o

Alkatinity (mg 1)

40

40

0

24-36

52

24

10
20-28

| 10-20 |
28-36

2030
56-72

30-80 10-30
35-64 20-28

0.150.30

| oas

60350
60

50
n.a

Conductivity (32")

40-50

30

3060

20-50

3060

20-30

30

20-40

60-8)

60-150 30-60

170

0

pH

7.4-7.6

7.8

6.6-7.6

7.4-7.6

6.38-7.2

6.1-7.6

6.5-8.0 | 6.6-7.8

74

6.8-74 | 13-80

6.6-7.6

R2

Temperature (°C) *

19-24

16

15-24

17-1R

10-18

11.5-14

10.5-24

11-24

20-28

11.6-24 11-29

11.6-28

16.R

Anostraca (4)

Branchinecta conservatio

Bronchinecta dissimilis

Branchinecta lynchi

Linderiella ocridentalis

—

Number of anostracans per pool

Nolosiraca (2)

Lepidurus xp. A

Lepidurus packardt

Number of aolosiracans per pnol

Spinicaudsia (1)

Cyzicus calffornicus o
Number of spinicavdatans per pnol

Lxevicaudata (1)

Lynceus brachyvrus

Number of laevicaudaisns per pool

Cladocera (18)

Alona cf davidi

Alora ¢f. setnioso

Alona sp. A

| Alona sp. B

Camptocercns sp. A

(eriodaplmia reticuloto

Chydorws cf. sphaericus o

|+ +]F

Dophnia of middendorffiana

Daphnia cf. pulex

+

Diaphanasoma cf. birgei

Dunhevedia crassa

Leydigia leydigi

Macrothrix hirsuticornis

Moina ¢f. micnera

Pleuroxus aduncus

Pleuroxns sp. A

imocephalus sp. A

+

+

[Simocephalns vetulus

+

+

Number of clsdocerans per pool

2

3

2

4

4

2

6

1)

4 7

*Temperature ranges represent only the lemperatures recorded during daytime site visits over three sampling periods (February 16-24, March 23-April 3, Aptil 22-May 1),
{ } Could b identificd lo genus but not 1o specics; counted only il specimen represents sole member of that genus found in pool.

Ca = catanoid Cy = cyclopold  Ha = harpacticoid

'Regarded as a synanym of Heterocypris incongriens by same workers.
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Appendix B. Physical, chemical, and species data for all pools. Species are listed alphabetically, pools are listed by site from north to south.

Fall River

Manton Plxin

Nales Mlain

Toscan Ninttes

Red Bloff

FR-{

FR-6

FR-7

IM-5

Mr-1

MTP-2

DalexLak

10-10 | Potholes

112

[ TUS

RB13

RBIS | RB1§

RB20

Copepoda (17)

Jeanthocyclops carvlinionus (Cy)

+

+

+

+

canthocyclops vernalis (Cy)

gloodiaplomus forbesi (Ca)
[ Attheyella sp. A (Ha)

Bryocamptus washingtonensis (lHa)

Canthocampius robericokeri (la}

Canthocamptus sp. A (Ha)

Dizeyclops erassicaudls var. brachycercis (Cy)

Diacyclops navus (Cy)

Diacyclops sp. A (Cy)

Envcyclops elegans (Cy)

Hesperodiaptomus cadacus (Ca)

Hesperodiaptomus elsent (Ca)

{lesperodiaptomus hirsutns (Ca)

lLeptodiapionrus tyrrelll (Ca)

Microcyclops rubellus (Cy)

kistodlaptomus pallidus (Ca)

Number of capcpods per pool

Ostracoda (24)

Bradleysirandesia reticulata?

{Candona sp.}

(+)

i+

(+

Candona caudata

Candona cf. C. stagnalis

Caondoran. sp. C

Candona n. sp. D

Candona sp. A

Cypridopsis vidua

Cypris subglobosa

Eucypris sp. A

Eucypris sl sp. A

Encypris .1 sp. B

Eucypris virens media

{Heterocypris sp.}

Heterocypris aff. H. carolinensis’

Hetervcypris aff. H. rotundaties

Helerocypris incongruens

{Limnocythere sp.}

{+)

{+}

(+)

{+)

Limnocythere aff. paraornata

Limnocythere posterolimba

Limnocythere ¢f. sanctipatrici

Limnocythere 5p. B

T Megalocypris xp.

Pelocypris aff P. atbomaculata

Potamocypris sp. A

Unknown sp. D

Unknown sp. G

Number of oslr-c;ds per poal

Total number ol xpecies per pool

24

22

011



Appendix B. Physical, chemical, and species data for all pools. Species are listed alphabetically, pools are listed by site from north to south.

Red Blull

Coyote Creek

Trackee Creek

Thomes Creek

RB23

RB3

R4

COY2 | COY4

COYS

TRIS

TRI6

TRI17

TR24

TROFF

TR7

TIi-A

THI

TI14

Surface Arca, observed maximum (m’)

n.a.

1767

141

707 452

12566

628

47

75

106

1001

157

157

188

1100

Maximum Depth (m)

0.25

0.15

0.10-0.20

0.20-0.30| O.15

0.15-0.50

0.15

0.20

0.07

0.16

0.10-0.25

0.12-0.18

0.20-0.2¢

0.25

0.25-0.45

TOS (g 1) -

170

50

60

30-60 50

40-100

50

35

30

20

40-50

40

30

20

10-20

Alkatinity (mg 1)

n.a.

n.a.

76

64 n.a.

64-120

52

48

40

36

48-68

4244

238-32

24

| 0.2

Conduclivity (200"

120

50

120

60-110 90

- 70-200

R0

70

60

50

85-90

20-60

50-70

30

20-30

pif
Terapcrature (°C) *

8.8

72

7.8-8.6

6.7-7.4 72

7.2-8.1

7.0

7.2

7.2

7.4

6.8-7.4

7.2-7.%

6.6-7.4

8.4

7.8

(&

4

27

19 9

18-27

10.8

19

27

24

12.5-28

13.7-29

11.2-29

12.8

12.5-28

Anns{racx (4)

Branchinecta conservailo

Branchinecta dissimilis

Branchinecta hnchi

Linderiella occidentalis

Number ol anostracans per pool
—

Noinstraca (2)

Lepidurus sp. A

Lepidurus packardi

Nomber of notosiracans per pool

)} ‘

Spinicaudata (1)

Cyzicus californicus

Number of spinicsudatans per pool

Lzevicaudsta (1)

Lynceus brachynrus

Number of Inevicsudxtans per pool

Cladocera (18)

Alona ¢f. davidi

Alona ¢f. setulosa

Alona sp. A

Alona sp. B

Camptocercus sp. A

Ceriodaphnia reticulata

Chydorus f. sphaericus

Uaphnia ¢f. middendorffiana

Daplmia ¢f. prdex

Diaphanasoma cf. birgel

Dunhevedia crassa

Leydigia leydigi

Mocrothrix hirsuticornis

Moina cf. micrura

Dlewroxys oduncus

Pleuroxus sp. A

Simocephalus sp. A

Simocephalus vetulus

e

Numbher ol cladocerans per poot

1

2

0 0

5

I

0

(1)

0

*Temperalure ranges represent only the temperataces recorded during daytime site visits over three sampling periods (February 16-24, March 23-April 3, April 22-May |).

n.n.=no! availahlc

{ ) Could be identificd 1o penus but not 1o species: counted only if speeimen represents solc member of that genus found in pool.

Ca = calanoid Cy=cyclopoid 1ia= harpacticoid

"Regarded as a synonym of Heterocypris incongrirens by some workers,

11



Appendix B. Physical, chemical, and species data for all pools. Species are listed alphabetically, pools are listed by site from north to south.

Red Biufl

Covote Cree

Trochee Creek

Thomes Creek

RA2)

RB3

RD4

COY2

Cov4

COYS

TRI1S

TRI6

TR17

TR24

TROFF

TR7

TI-A

TIl!

TIli4

Copepoda (17}

Acanthocyclops carolinianus (Cy)

Acanthocyclops vernalis (Cy)

 Aglaodioptomus forbesi (Ca)

ttheyella sp. A (Ha)

Bryocamp gtonensis (Ha}

Canthocampius robertcokeri (Ha)

Canthocampitus sp. A (l{a)

Diocyelops aassicaudis var. brachycercus (Cy)

Diacyclops navus (Cy)

Dtocyclops 1p. A (Cy}

Ewcyciops elegans (Cy)

Hexperodioptomas cadacus (Ca)

Hesperodiaptomus eisent (Ca)

Hesperodapiomuz hirsutus (Ca)

Leptodiaptomus tyrrelli (Ca)

Microcyclaps rubellus (Cy)

|Skistodlaptomus palitdus (Ca)

Number of copepods per pool

Ostracods (24)

Bradleystrandesia reticulata?

{Condona sp.}

{+}

+)

{+)

Candona caudata

Candona ¢f. C. stognalls

Candona n. 3p. C

Candona n. sp. D

Candona sp. A

Cypridopsis vidua

Cypris subglobosa

Encypris sp. A

Evcyprissi sp. A

Eucypris sl sp. B

Eucypris virens media

{Heterocypris sp.}

{+}

+

Heterocypris aff. H. carolinensis *

Heterocypris aff. H. rotumdatus

Heterocypr iy incongruens

{Limnocythere sp.}

Limnocythere aff. paraornata

Limnocythere posterolimba

Limnocythere cf. sanctipatricit

Limnocythere sp. B

? Megalocypris sp.

Pelocypris aff P. albomaculata

Portamocypris sp. A

Unkmroyn sp. D

Ustknown sp. G

Number of ostracods per pool

Tolal anmber of specles per pool

48!



Appendix B. Physical, chemical, and specics data for all pools. Species are listed alphabetically, pools are listed by site from nortl to south.

Thomea Creek

Corning

TH20

T3

TH33

TH40

TH41

T1142

TIi142a

CR10Y

CRI4A

CR2

CR27 CR4

CR74

-2

Surface Area, observed maximum (m’)

424

3

50

82

314

177

50

393

377

157

94 38

71

94

236

Maximum _Dcp(h (m)

0.11-0.35

023-0.25

0.11

0.12-0.25|0.20-0.40

0.20

0.70-0.8

5]0.17-0.20

0.15

05025

0.05 0.07

0.10

0.04-0.15

0.12

TDS (mg ')

15-30

15-40

20

30-100

40-50

30

20-30

10-20

20

20-30

10 30

20

20-60

30

Alxalinity (mg ")

2440

26-28

24

28-76

2844

20

28-36

20-22

24-30

3240

20 28

32

34-72

40

Conductivity (uQ"')
pH

30-60

30-60

40

50-190

70-90

40

50-60

20

40-45

40-50

30 60

40

40-125

50

14-9.8

8.0-9.4

7.4

6.6-6.7

6.6-7.2

1.6

6.6-7.4

7.6-8.6

7.2-93

7.4

7.5 72

34

6.9-7.0

73

Temperature (*C) ¢

12.3-24

12.5-24

27

12.9-30

12-28

12

12.5-24 | 19.5-23

20-25

17.5

25 27

21

20-24

17

Aunostraca (4)

Branchimecia conservatio

Branchirecta dissimilis

Branchinecta lynchi
Linderiella occidentalis

Number of anostracans per pool

Notostracs (2)

Lepidurus sp. A

Lepidurus packardi

Number of notostracans per poal

Spinicaadata (1)

Cyzicus collfornicus

Number nfgnluudluns per poal

Lacvienndata (1)

Lynceus brachyvrus

Number of laevicandatans per pool

Cladocera (18)

[ Alona cf. davidt

Aloma ¢f. setulosa

|Aloea sp. A

Alona sp. B

Canmptocercus sp. A

Ctrioda;ihnla reticulata

Chydorus cf. sphaericus
Daphnia cf. middendorffiana

Daptmia cf. pulex

Diaphonosoma cf. birgei

Dunhevedia crassa

Leydigia leydigi

Macrothrix hirsuticornis

Moina ¢f. micnura

Pleuroxuy aduncus

Pleuroxus sp. A

[Simocephalus sp. A

+

+

[ Simocephalus vetulus

Number of ciadocerans per pool

2

2

0

0

2

0

2

2

1

2

*Temperature ranges represent only ihe tempceratures recorded during daytime sile visits over three sampling periods (February 16-24, March 23-April 3, April 22-May 1).

{ } Could be identificd to genus but not to species; coanted only if specimen represents sole member of that genus found in pool.

Ca = calanoid Cy = cyclopord Ha = harpaclicoid

'Regarded as a synonym of Heterocypris incongruens by some workers.
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Appendix B. Physical, chemical, and species data for all pools. Species are listed aiphabetically, pools are listed by site from north to south.

Thomes Creek

Corning

TII20

T3

TH33

Tii40

Til4t

TI42

THA422

CR109

CRI14A

CR2

CR27 CR4

CR74

Copepoda (17}

Acanthocyclops carolinianus (Cy)

+

+

+

Acanthocyclops vernalis (Cy)

[ Aglaodiaptamus forbesi (Ca)

Attheyella sp. A (Ha)

Bryocamptus washingtonensis (Ha)
Canthocamptus robericokeri (1ia)

Canthocampius sp. A (!a)

Diacyclops crassicaudis var. brachycercus (Cy)

Diacyclops navus (Cy)

Diacyclops sp. A (Cy)

Encyclops elegans (Cy)

Hesperodiaptomus cadacus (Ca)

Hesperodiaptomus elseni (Ca}

Hexperodtaptomus hirsutus (Co}

Leptodiaptomus tyrrelli (Ca)

Microcyclops rubellus (Cy)

Skistodiaptomus pallidus (Ca)

Number of copepuds per pool

Ostracoda (24)

Brodleystrandesia reticulata?

{Candona sp.}

4

{+}

(+}

{+}

{(+1

4+

Candona caudaia

Candona cf. C. stagnalis

Candona n. sp. C

Candona n. sp. D

Candona 3p. A

Cypridopsis vidua

Cypris subglobosa

Eucypris sp. A

Eucypris s.l. sp. A

Eucypris sl sp. B

+

+

Eucypris virens media

[Heterocypris sp.}

{+}

Heterocypris aff. !i. carolinensis’

Heterocypris aff. 1. roiundatus

Helerocypris incongruens

i+)

i+)

{Limmocythere sp.}

i+

Limnocythere aff. paraornata

Limnocythere posterolimba

Limnocythere cf sanctipairicii

Limnocythere sp. B

7 Megalocypris sp.

Pelocyprts aff P. olbomaculata

Potamocypris sp. A

Unknown sp. D

Unknowrn sp. G

Number of astracoeds per pool

Total number ol species per ponl

148!



Appendix B. Physical, chemical, and species data for all pools. Species are listed alphabetically, pools are listed by site from north to south.

[§alt Creck Stony Creek Wilsou Creek Allendale Jepson Prairic
it1o 119 S2 85 S8 Wit wis WiR A-1 A-A J-3 J-5 J-A2
Surface Area, observed maximum (m’) 188 38 7854 44 59 687 33 259 304 118 21382 | 237583 29452
_Muimum Depth (m) 0.09-0.15 0.15 0.18-0,25|0.09-0.20 0.07 0.13-0.25|0.08-0.20| 0.1 l022 0.12-0.15|0.10-0.20] 0.40-0.60 | 0.50-0.80 | 0.40-0.55
TDS (mg I') 10 19 20-30 20 20 3040 | 2030 | 3050 | 30 40-70 | 80250 | 65-160 | 110-340
Alkalinity (me I') 20-24 20 3644 | 28-34 32 4448 | 40-44 | 3658 | 4460 | 5664 | 4698 | 48-100 | 60-140
Conduclivity (un") 30 20 50 50 50 60-30 50-70 60-100 60-70 95-120 | 180-520 | 130-340 | 250-680
pH 8.0-8.2 6.7 7390 | 8490 8.2 64-72 | 8.0-84 | 8089 | 62-78 | 6.0-74 | 72.76 | 62-8.0 | 76-18
Temperature (°C) * 9 95-18 | 1525 | 16926 | 26 2023 | 20-24 | 20524 | 13532 | 1133 | 13221 | 4721 | 183l
Anocsiraca (4)
Bronchinecia conservatio + + +
Branchinecta dissimilis
Branchinecta lynchi + + + + + + +
Linderiella occidentali
Number of anostracans per pool 1 1 | 1 1] ! i { 0 0 i i i
Notoatraca (2)
Lepidurus sp. A
Lepidurus packardi + + +
Number of rofostracans per ponl 0 0 0 0 0 0 0 0 0 0 1 1 1
Spinicaudata (1)
Cyzicus californicus R + + +
Nuember of gnlundllms per paol ] Q 0 0 ¢ 0 (] 0 Q 0 1 1 i
Lacvicaudata (1)
Lyncews brachyurus
Number of Iaevicaudatans per pool 0 1] 1] 0 0 0 0 0 0 0 0 0 [\
Cladocera (18)
Alona cf. davidi
\Alona ¢f. semlosa

lona sp. A

lona sp. 0
Camplocercus sp. A

Cerlodaphnia reticulata +
Chydorus ¢f. sphaericus
Daphnia ¢f. middendorffiana + + :
Daphnia ¢f. pulex + + + + +
Diaphanosoma of. birgei
Dunhevedia crassa

Leydigia leydigi +
Macrothrix hirsuticornis + +
Molna cf. micrura

+
+
+
+
+
"
"

Pleuraxus aduncus
Pleuroxus sp. A

mocephalus sp. A + + + + + + + + +
[Simocephalus vetulus + + + + | "
Number of cladocerans per pool 2 9 4 3 2 3 i 3 2 2 4 ! 4 3

* Temperature ranges represent only the temperatures recorded during daylime site visits over three sampling pertods (February 16-24, March 23-April 3, Aprit 22-May 1).
{ } Could be identified to genus but not to specics; counted only if specimen represents sole member of Lhat genus found in pool.

Camcalanoid Cy = cyclopoid Ha = harpacticoid

Regarded as a synonym of Hererocypris incongruens by some workers.
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Appendix B. Physical, chemical, and species data for all pools. Species are listed alphabetically, pools are listed by site from north to south.
Hal Creek Stony Creek Wilson Creek Allendale Jepson Prajre
1110 13 S2 S8 s8 Wil | WwiI5 | wig AL A-A 33 3.5 3-A2

Copepods (17)
L Acanthocyclops caroliniamus (Cy) + + + + + + + + + +
Acmhocyclops vermalls (Cy)
[ Aglaodiaptomus forbest (Ca)
Attheyella sp. A (Ha) + + +
Bryocampt hing is (lia)
Canthocomplus robericokeri (1a) ] +
Canthocompius sp. A (Tla)
Diacyclops crassicawdls var. brachycercus (Cy) + . +
Diacyclops navus (Cy) +
Diacyclops sp. A (Cy) + + + + + + + + +
Encyclops elegans (Cy) +
Hesperodiaptomus cadacus (Ca)
Hesperodiaptomus elseni (Ca)
Hesperodiaptomus hirsutus {Ca)
Leptodiaptomus tyrrelli (Ca) I + + + n
Microcyclops rubelfus (Cy) ) ‘
Skistodiaptomus pallidus (Ca) +
Nomber of copepods per pool 0 Q 2 2 1 3 1 3 s 3 4 6 5
Ostracods (24)
Bradleysirandesia reticulata? + + + + + + + + +
{Candona sp.) {+) {+} (+) (+}
Candona candata
Candona cf, C. stagnalis
Candona n. sp. C -
Candona n. sp. D +
Candona sp. A
Cypridopsis vidua 1 -
Cypris subglobosa
Lucypris sp. A +
Eugyprissl sp. A + + + + +
Eucypris 5.1 sp. B
Eucypris virens media + +
(Heterocypris sp.}
Heterocypris aff. H. carolinensis’ y
Heterocypris aff. /1. rotundaius + +
Heterocypris incongruens
{Limnocythere sp.)
Limnocythere aff. paraornata
Limnocythere posterolimba
Limnocythere ¢f. sanctipatricit
Limnocythere sp. 8 + + +
? Megalocypris sp.

Pelocypris aff P. albomaculala
Potamocypris sp. A +
Untkrronen sp. D
Unkriown sp. G
Number of ostracods per pool § 2 3 4 2 3 4 3 3
Total number of species per pool 4 3 10 1Y S 10 7 10 0

{+)

o S S S
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