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AssTrACT. The worldwide loss of temporary waters threatens many branchiopod crustacean species. Single-locus genetic
variation within and among pools is often high - temporally due to a large egg bank and spatially due to a stepping-stone
pattern of pools. Quantitative-genetic variation, although less well studied, is also high. Abiotic factors are oftendmplicate

in speciation events, but the actual impact of both abiotic and biotic factors on species diversity is not well understood.

Given the large within pool population sizes, the biggest threats are likely to be due to habitat degradation and loss.

CiratioN. Pages 140-14i6: C.W. Witham, E. Bauder, D. Belk, W. Ferren, and R. Ornduff (Editors). Ecology, Conservation,
and Management of Vernal Pool Ecosystems — Proceedings from a 1996 Conference. California Native Plant Society,
Sacramento, CA. 1998.

INTRODUCTION ment (e.g., Lande and Barrowclough, 1987; Lande, 1988; Boyce,
1992).
Wetlands, currently covering less than 6% of the earth’s land
surface, are being destroyed at an alarming rate worldwide: ovdn this paper, | discuss the implications of habitat losses on the
50% of the historic wetlands have been lost in the United Statedpng term viability of fairy shrimp populations; fairy shrimp
over 70% in Portugal, over 80% in southwest France, and oveand other crustacean populations inhabiting temporary waters
90% in New Zealand (Dugan, 1993). Urban expansion and agare declining worldwide (e.g., Dimentman, 1981; Herbst, 1982;
ricultural conversion have modified or destroyed more than 95%Brendonck, 1989; Bratton and Fryer, 1990; Loffler, 1993; Mura,
of the historic wetlands in California (Gilmeet al., 1982), 1993; Hodl, 1994). | concentrate on single-locus genetic data
endangering migratory and wintering bird populations and manyfrom the genu8ranchinectan North America, but | also com-
of the native vertebrate, invertebrate, and plant species depement on the need for the inclusion of quantitative genetic and
dent on aquatic habitats (e.g. Elias, 1987; Heitmegeal., ecological data.
1989; Enget al., 1990; Moyle and Williams, 1990). California’s
ephemeral waters, and vernal pools in particular, are wetland SiINGLE-Locus GENETICS
types which have suffered tremendous losses in recent years
due to a variety of factors (e.g., Bauder, 1986), yet are inhab€onservation biologists often use single-locus genetics to pre-
ited by many rare and endemic plants and animals (e.gdlict the long-term survival of fragmented populations (e.g.,
Cogswell, 1976, Ebert and Balko, 1987; Elias, 1987; Eedg Schonewald-Coxet al., 1983; Soulé, 1986); inbreeding de-
al., 1990; Fugate, 1993). pression, and loss of genetic variability are probable conse-
guences of small population size (Lande, 1988). Random genetic

Much of the work on threatened and endangered species fadrift tends to reduce genetic variation if small size is sustained
cuses on the contribution of small population sizes to extincfor several generations (Wright, 1968). The maintenance of
tion, yet the biggest threat for most species is habitat loss (e.gsubstantial single-locus variation by mutation at neutral loci
Wilcox and Murphy, 1985; Saunderst al., 1991). Although  may require an effective population size of ib@ividuals. The
habitat loss or degradation is often concurrent with reductionsieed for such large population size can be lessened if the spe-
in population size for birds, mammals, trees, and other largeies is either spatially or temporally subdivided; new alleles
organisms, it need not be for many invertebrates and herbazan be introduced from surrounding populations through mi-
ceous plants. In either case, the ultimate causes of extinctiogration (Slatkin, 1985) and from previous generations through
are primarily ecological and not genetic or demographic, al-a combination of an eggbank and fluctuating selection (Lynch,
though genetics and demography are closely tied to ecolog$#987; Hairston and Dillon, 1990).
(Boyce, 1992). Ecological factors such as niche parameters,
density dependence, interspecific competition, predation, andrreshwater systems closely resemble stepping stones with small
mutualism should be a central focus of management plans, bitabitable patches surrounded by large uninhabitable areas.
data on genetic and demographic factors are needed in order Barwin (1859) concluded, based on the best taxonomic evi-
monitor a species’ ability to respond to a changing environ-dence of his day, that most freshwater organisms had cosmo-
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politan distributions and, in spite of their passive dispersal, mi-unpubl. ms.). Studies of the cladocer&ephnia pulexnear
gration between pools, ponds, and lakes was not uncommoithe Great Lakes (Innes, 199Bpsminacoregoniin central
When examined using genetic or morphological analyses, soEurope (Demelo and Hebert, 1994), and the copéfmidro-
called cosmopolitan species of many freshwater crustaceans acepe septentrionalifom western Canada are more limited in
actually either species complexes or the result of morphologiscale, but suggest that populations exchange 1 - 3 migrants per
cal convergence (e.g., Frey, 1987; Boileau, 1991; Taylor andjeneration at 1 km separation and 0.2 - 1 at 1000 -2000 km.
Hebert, 1994; Colbourne and Hebert, 1996). Given this popuThese populations, as well as those of other cladocerans, are
lation structure, genetic variation both within and among poolsoften well isolated when less than 10-20 km apart (e.g., Hebert,
over each species’ range should be analyzed in order to undet974; Boileauet al., 1992; Boileau and Hebert, 1991; Boileau,
stand the pattern and maintenance of genetic variation withii991), but data fror®. pulexandB. coregonisuggest no rela-
species. tionship between migration and distance (Innes, 1991; Demelo
and Hebert, 1994).
Single-locus genetic variation within populations of freshwa-
ter crustaceans is often quite high (see Mort, 1991 for review)Founder events and restricted gene flow, due to passive dis-
Using Nei's (1987) estimate of expected heterozygosity, spepersal, are frequent explanations for the pattern of short-dis-
cies in the cladoceran genibaphniahave individuals that are tance differentiation found in many freshwater crustaceans
heterozygous at 5 - 20% of 5 - 12 protein-coding loci (Lynch (Hebert, 1974; Hebert and Moran, 1980; Boileau and Hebert,
and Spitze, unpubl. ms). Individuals in the fairy shrimp genus1991; Boileawet al., 1992). On the other hand, Lynch (1987)
Branchinectaare heterozygous at 8 - 26% of 10 loci and popu-and Hairston and Dillon (1990) concluded fluctuating selec-
lations have on average 2 or more alleles per locus (Fugatdion often maintains the high levels of genetic variation both
1992).Branchinectaspecies also show modest, yet insignifi- within and among cladoceran and copepod populations. The
cant, deviations from Hardy-Weinberg expectations within poolssufficiency of the isolation-by-distance model to explain the
(Fugate, 1992). Sind&ranchinectaspecies are sexual, the most relationship amonBranchinectgopulations suggests that drift
likely explanation for deviations from Hardy-Weinberg expec- and/or fluctuating selection are of lesser importance in these
tations is a temporal Wahlund effect created by the multi-yeaispecies. Since faiighrimppopulations (excludingrtemia) are
egg bank (Hairston and De Stasio, 1988). Cladocerans, due testricted to temporary pools, to reproducing sexually, and to
the presence of cyclical parthenogenesis, often show markegroducing only diapausing eggs, opportunities for fluctuating
deviations from Hardy-Weinberg within populations (Lynch and selection are more limited; cladocerans and copepods can switch
Spitze, unpubl. ms.). The large amounts of single-locus genetieither from asexual to sexual reproduction or from nondiapaus-
variation, coupled with estimates of diapausing egg densitiesng to diapausing eggs in response to food shortages, daylength,
in natural systems, suggest that population sizes within poolsr predation (e.g., Hebert, 1987; Ellner and Hairston, 1994).
are often on the order of 40r larger (Hairston, 1996). Hebert (1974) and Innes (1991) also found that permanent lake
populations of cladocerans had higher levels of genetic varia-
Genetic variation among populations living in different pools tion than temporary pool populations over the same distances.
is also quite high. Using variations of Wright's (19513tatis- Given that the diapaused eggs of fairy shrimp, cladocerans, and
tics, populations within 1000 km of each other hieyevalues  copepods are all passively dispersed with high probability by
(the deviation from panmixia due to population subdivision) of shore birds and other animals (e.g., Proctor, 1964; Proctor et
approximately 0.3 or greater (Innes, 1991; Fugate, 1992; Lynclal., 1967; Moore and Faust, 1972; Thiéry, 1987), but many cla-
and Spitze, unpubl. ms.). Assuming an island model of migra-doceran and copepod populations are well isolated at distances
tion, the data suggest one individual is exchanged every othasne-tenth those @ranchinectapopulations, the assumptions
generation. Given the spatial pattern of pools and passive disf the model used by Boileau and Hebert (1991) to conclude
persal of cysts, isolation-by-distance is a better assumption thatmat founder effects are the cause of short distance genetic dif-
equal migration among all populations (Wright, 1943). Using ferentiation appear unrealistic.
an isolation-by-distance model developed by Slatkin (1993),
species oBranchinectadrom North America have populations  QUANTITATIVE GENETICS, DEMOGRAPHY, AND LIFE HISTORY
appearing to exchange on the order of 3 - 100 migrants per
generation (most species above 20) at 1 km separation and OLife-history characters figure directly in an organism’s survival
- 0.2 per generation at 1000 - 2000 km (Fugate, unpubl. ms.)and reproduction (Stearns, 1992). Individual variation in life-
Based on an estimated Nm < 1, populations become well isdhistory traits leads to variation in fitness. Phenotypic variation
lated from each other on a scale of 100 - 200 km separations produced by the combined effects of genetics and the envi-
Populations of the brine shrimgtemia franciscan&om west- ronment. Phenotypic differences between populations and spe-
ern North America, appear to exchange 12 migrants per gercies are often influenced by many genes of small effect
eration at 1 km and 0.2 at 1000 - 2000 km with populations(polygenic variation) rather than single-locus variation (Wright,
becoming well isolated at 100 km separation (Abreu-Grobois,1968). Combining quantitative genetics, the study of polygenic
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inheritance, and demography, the study of birth and death prdective population size, but the actual influence of egg bank
cesses, to study life history variation allows for predicting short-dynamics (e.g., age structure and age-specific viability) on post-
term response to selection (e.g., Stearns, 1991); an organisntatching stages remains unstudied (Lande and Barrowclough,
ability to respond to changing environmental conditions is im-1987; Nunney and Elam, 1994).
portant in the face of habitat loss and degradation (Kaetiva
al., 1993). The life cycle of most organisms can be partitioned EcoLocy
into age, stage, or size classes in order to assess survivorship
and reproduction and predict population growth (vanBoyce (1992) stresses that in light of significant habitat loss,
Groenendahl et al., 1988). Matrix projection models of demog-conservation biologists should concentrate on modeling the
raphy can be linked to quantitative genetics given informationhabitat of endangered species and the various approaches to
about the genetic covariance between traits and selection grananaging that habitat. Both the abiotic and biotic habitat should
dients on traits (Lande, 1982). These methods can help disse studied; factors such as salinity, temperature, and pH, as well
cover which life-history characters are most critical to aas competition, predation, and parasitism can often be corre-
population’s fitness by perturbing each element of the projeciated with long-term viability in the absence of other data. Lim-
tion matrix while holding the others constant (Caswell, 1989).nologists studying temporary waters have focused on abiotic
Storfer (1996) has outlined how quantitative genetic modeldactors to help explain biogeographies of individual species (e.g.,
can often provide a better prognosis for endangered specigskman, 1914; Beadle, 1943; McCarraher, 1970; Hartland-
than single-locus models. Rowe, 1972; Geddes, 1983; Alonso, 1985; Metz and Forré,
1989; Eng et al., 1990; Loffler, 1993) often with the aid of ex-
The limited studies of life-history characters in freshwater crus-periments on hatching and growth in relation to temperature
taceans indicate that significant phenotypic and/or genetic variaand salinity (e.g., Kallinowsky, 1955; Horne, 1967; Belk, 1977,
tion exists both within and among populations (e.g., Belk 1977;Bowen et al., 1988; Broch, 1989; Al-Tikrity and Grainger, 1990).
Wyngaard, 1986a; 1986b; Lynch et al., 1989; Bxtl&l., 1990;  For longer-lived species, studies have alternatively focused on
Hairston and Dillion, 1990; Liebold and Tessier, 1991; Spitze,biotic factors, especially predation (e.g., Hebert and Loaring,
1991). Liebold and Tessier (1991) provided evidence that ge1984; Wyngaard, 1986b; Kerfoot and Lynch, 1987; Spitze, 1991,
netic variation for life-history characters witHaphniaspe- Wilson and Hebert, 1993; Hossler al., 1995). In the Cana-
cies is due to vertebrate predators. After four generations oflian arctic Daphnia pulexs replaced bypaphnia middendor-
selection in the laboratory, Spitze (1991) achieved life-historyfiannawhen the copepoldetercope septentrionalis present
character change in response to predation by the midgéHebert and Loaring, 1980; Dodson, 1984). Bengtsson (1989)
Chaoborus Belk (1977) and Bellet al. (1990) demonstrated found that interspecific competition increased local extinction
phenotypic variation in egg size and number amongrates among three speciesDH#phniain Swedish rock pools.
Streptocephalusealii populations, presumably in response to Parasitism of freshwater crustaceans, including fairy shrimp,
pool duration. Lynch and Spitze (unpubl. ms.) summarize workappears to make them more susceptible to predation (e.g.,
onDaphniaspecies and conclude that quantitative genetic variaDaborn, 1976; Thiéry et al., 1990; Threlkeld et al., 1993; Xu,
tion among populations is equal to or greater than that of single1993). Baltz and Moyle (1993), however, found that native fish
locus genetic variation. assemblages in California rivers were able to resist non-native
species when rivers remained undisturbed and the invasion re-
These studies concentrate on the post-hatching stages of tséstance was apparently due to abiotic factors. Other studies of
life cycle, but as in annual plants, freshwater crustaceans havieeshwater communities have also concluded that abiotic fac-
a two-stage life cycle with the majority of their life cycle spent tors are likely to be more important in determining species di-
in the egg stage (e.g., Templeton and Levin, 1979; Schaal aneersity (e.g., McLachlan, 1985; Jeffries, 1991), but very little is
Leverich, 1981; Herzig, 1985; Hairston and De Stasio, 1988known about the role of competition within or between bran-
Venable, 1989). The presence of a large between-year egg backiopod species.
creates overlapping generations in a population that has dis-
crete adult generations. The egg bank acts a filter by reducinglthough physical and chemical factors are thought to play an
the the fitness uncertainty created by random between-yedamportant role in the distribution and abundance of branchio-
environmental variation and dramatically slows the rate of al-pods (e.g., Hartland-Rowe, 1972; Bowen et al., 1988; Eng et
lelic change (Templeton and Levin, 1979). The egg bank caral., 1990). Data compiled by Sugnet and Associates (1992) high-
also conserve and/or create evolutionary novelties especially itights our limited understanding of the actual ecological fac-
the face of habitat loss or degradation (Levin, 1990; Ellner andors determining branchiopod distributioBsanchinecta lynchi
Hairston, 1994). In freshwater crustaceans, eggs appear to hénderiella occidentalisandLepidurus packardare found in
capable of persisting in the soil egg bank for a decade or morthe same pools over portions of their distributi@ranchinecta
(e.g., Atkinson, 1898; Moore, 1979; Herzig, 1985; Hairston; lynchi however is found in less that 20% of the total pools in
1996; Belk, 1997). This longevity could easily double the ef-which one of the three species is found, but for five abiotic
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factors compiled by Eng et al. (199@, lynchiandL. lead to species’ extinction due to hybridization (common in some
occidentalishave completely overlapping ranges. Gallagher Daphniaspecies in the field [e.g., Wolf, 1987] a@Bichnchinecta
(1996), in recording distribution data on these three species ispecies in no-choice laboratory crosses [pers. obs.]), competi-
Butte County, California, found some indication that pool depthtion (e.g., Bengtsson, 1989), or the introduction of predators or
restricted the distribution df. occidentalisandL. packardj disease.
but did not indicate wh{. lynchiwas not found in all pools.
Obviously, more detailed studies of abiotic, biotic and histori- In light of the tremendous habitat loss and our limited under-
cal factors are needed to predict the distribution of branchiostanding of branchiopod ecology, | agree with Boyce’s (1992)
pod populations. conclusion that habitat management should be a major part of
our efforts to reduce species’ extinctions. Branchiopods have
CoNCLUSIONS inhabited temporary freshwater pools for hundreds of millions
of years (Fryer, 1987), but as with species, temporary pools
Given that habitat loss is the major threat to temporary-pooklso are created and destroyed over time (Norwick, 1991). We
species and the reason for listing endemic, vernal pootan neither conserve present species nor allow for future spe-
Branchinectaspecies in California as threatened or endangereatiation without conserving the potential for pool creation in the
(U.S. Fish and Wildlife, 1992), biologists need to study the ge-face of pool loss. Given our limited knowledge of branchiopod
netics, demography, and ecology of these species to develagcology, we cannot currently create pools that will both replace
management strategies. The single-locus genetic data informaturally created pools and insure the persistence of an endemic
us that the majority of individual populations are unlikely to go species for the next 100 years. We must begin to understand the
extinct for genetic or demographic reasons; population sizesatural cycle of vernal pool creation and destruction to allow
are easily large enough to generate adequate quantitative-gésr pool replacement and the continued diversity of freshwater
netic variation through mutation in the absence of migrationsystems.
and are probably large enough to generate adequate single-lo-
cus genetic variation (Lande and Barrowclough, 1987). Isola- LiTeraTURE CITED
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