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Genetic population structure of the fairy shrimp
Branchinecta coloradensis (Anostraca) in the
Rocky Mountains of Colorado

Andrew J. Bohonak

Abstract: Dispersal rates for freshwater invertebrates are often inferred from population genetic data. Although genetic
approaches can indicate the amount of isolation in natural populations, departures from an equilibrium between drift
and gene flow often lead to biased gene flow estimates. | investigated the genetic population structure of the pond-
dwelling fairy shrimpBranchinecta coloradensim the Rocky Mountains of Colorado, U.S.A., using allozymes.

Glaciation in this area and the availability of direct dispersal estimates from previous work permit inferences regarding
the relative impacts of history and contemporary gene flow on population structure. Hieraferstatistics were used

to quantify differentiation within and between valleygs\ and 8,1, respectively). Between valleys separated by 5—

10 km, a high degree of differentiatio®4 = 0.77) corresponds to biologically reasonable gene flow estimates of 0.07
individuals per generation, although it is possible that this value represents founder effects and nonequilibrium
conditions. On a local scale<]10 m), populations are genetically simildk = 0.13) and gene flow is estimated to be

1.7 individuals exchanged between ponds each generation. This is very close to an ecological estimate of dispersal for
B. coloradensisvzia salamanders. Gene flow estimates from previous studies on other Anostraca are also similar on
comparable geographic scales. Thus, population structuBe goloradensisappears to be at or near equilibrium on a

local scale, and possibly on a regional scale as well.

Résumé: Les taux de dispersion des invertébrés d’eau douce sont souvent évalués a partir des données sur la
génétique des populations. Bien que les approches génétiques soient en mesure de nous indiquer I'importance de
I'isolement des populations naturelles, des écarts de I'équilibre entre la dérive génétique et le flux génétique

aboutissent souvent a des estimations du flux génétique qui sont erronées. J'ai étudié au moyen d’allozymes la
structure génétique des populations Blenchinecta coloradensisin anostracé d’eau douce qui vit dans les étangs,

dans les montagnes Rocheuses du Colorado, E.-U. Les glaciations dans cette région et la disponibilité d’estimations
directes de la dispersion a partir de travaux antérieurs ont permis d’aboutir & des hypotheses sur les impacts relatifs
des flux génétiques passés et présents sur la structure des populations. Des statistiques hiérarchiques sur la distribution
du rapport des variances ont servi a quantifier la différenciation au sein de chacune des vallées et entre leSsyallées (

et 6,1, respectivement). Entre des vallées séparées de 5-10 km, un fort degré de différen@jatio®,[77)

corrrespond a une estimation biologiquement raisonnable du flux génétique, soit 0,07 individu par génération, mais il
est possible que cette valeur reflete un effet de fondateur ou des conditions de non équilibre. A I'échelle

locale, €110 m), les populations sont génétiquement semblalflgs=0,13) et le flux génétique est évalué a 1,7

individu échangé entre les étangs chaque génération. Il s’agit la d’'une valeur trés voisine de I'estimation écologique de
la dispersion deB. coloradensigar I'intermédiaire de salamandres. Les estimations du flux génétique dans des études
antérieures sur d’autres anostracés sont également semblables a des échelles géographiques comparables. La structure
de la population déB. coloradensissemble donc a I'équilibre ou presque a I'échelle locale, et peut-étre aussi a

I’échelle régionale.

[Traduit par la Rédaction]

Introduction are typically too small and short-lived to allow standard

. . . . mark—recapture techniques to be employed and, accordingly,
For most aquatic invertebrates, direct estimates of dlspers:ﬁl1 b 4 ploy gy

difficult or i ible 10 obtain. Freshwat th d ost studies of dispersal in freshwater invertebrates have
are diimcult or impossible to obtain. Freshwater arthropodSyqncentrated on the presumed vectors themselves (e.g.,

Proctor 1964; Proctor et al. 1967; Peck 1975; Boag 1986) or
- have inferred dispersal ability from geographic distribution
Received February 11, 1998. Accepted July 20, 1998. (Hebert and Hann 1986; Brendonck et al. 1990; Saunders et
A.J. Bohonak! Section of Ecology and Systematics, Corson al. 1993). These limitations have led many freshwater biolo
Hall, Cornell University, Ithaca, NY 14853, U.S.A. and gists to explore genetic population structure as a surrogate
Rocky Mountain Biological Laboratory, P.O. Box 519, for direct estimates of dispersal. Under appropriate condi
Crested Butte, CO 81224, U.S.A. tions, the extent of neutral genetic differentiation among
Ipresent address: Center for Conservation Research and populations can be used to estimate the amount of gene
Training, 3050 Maile Way, Gilmore 409, University of flow, with substantial divergence indicating low dispersal
Hawaii, Honolulu, HI 96822, U.S.A. (reviewed by Slatkin 1985). However, because population
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structure is also a consequence of drift, historical andhe past century (King et al. 1996). Population differentia
mutational pressures, many scenarios involving differention of B. sandiegonensim this fragmented landscape was
combinations of these factors are almost always possible fagreater than that found in other fairy shrimp species;(=
any data set. In the Anostraca, for example, significant ge0.51). Although the large amount of population structure
netic differences between populations have been interpretezbuld reflect departures from equilibrium and recent frag
as being a consequence of low dispersal ability (Riddoch ementation of the species’ rang®, sandiegonensiwas sam
al. 1994) or of recent population expansion, coupled withpled on a spatial scale of up to 50 km, much larger than in
pronounced founder effects (Boileau et al. 1992). Even irthe other studies.
ideal circumstances where populations have reached-a ge To determine the accuracy of gene flow estimates in fairy
netic equilibrium, gene flow estimates are not expected tahrimp and other freshwater zooplankton, | assayed- allo
translate directly into dispersal. A poor fit between estimatezyme variation in the fairy shrim@Branchinecta colora
of dispersal and gene flow arises when immigrants do notlensisfrom the Rocky Mountains of Colorado, U.S.A., on
become part of the breeding population, or when short-ternboth small and regional spatial scales. These populations
ecological studies do not reflect the long-term averages oprovide a geological setting unique among genetic studies of
gene flow that are inferred from allele frequencies. Anostraca, permitting broader generalizations regarding the
For fairy shrimp, population genetic studies have providedoersistence of historical information in measures of popula
conflicting views on the amount of dispersal and gene flowtion differentiation. In addition, the primary mechanism for
that occur in nature. In a survey of genetic variation cever small-scale dispersal d@. coloradensias been quantified
ing 15 invertebrate species, Boileau et al. (1992) reportegsalamanders; Bohonak 1999), yielding a minimal expecta
Fsr values of 0.075 and 0.360 for Canadian populations ofion for gene flow. Thus, the accuracy of gene flow esti
Artemiopsis stefanssorind Branchinecta paludosacorre mates in this species can be evaluated by comparison with
sponding to estimates of 3.1 and 0.4 individuals, respecdirect dispersal estimates, as well as through contrasts with
tively, exchanged per generation between populationgcologically similar species in geologically distinct areas.
separated by distances of less than 1 km. However, because
gene flow estimates for the 15 species assayed did not Coﬁl .
relate with ecological rankings of dispersal potential, Materials and methods
Boileau et al. (1992) dismissed these estimates as being Un-pgranchinecta coloradensisvere collected between 5 and 8
duly influenced by nonequilibrium conditions. Zooplankton august 1996 from nine ponds in the Elk Mountains of Colorado
populations, they argued, are founded from relatively few in{Fig. 1). To quantify population structure on scales where different
dividuals and then quickly increase to sizes of-110P. In dispersal vectors might act (e.g., salamanders locally and birds re-
these situations, gene frequencies can take thousands or tegignally; Proctor 1964; Bohonak 1999), clusters of ponds sepa-
of thousands of generations to reach equilibrium, and theated by tens of metres were sampled within each of three valleys
ponds in the study are less than 3000 years old (Boileau &eparated by 5-10 km. Two ponds were sampled at the top of
al. 1992). Thus, genetic differentiation in these invertebrate§&edwell Basin (RB) and fourin Yule Basin (YB). At the Mexican

. . : ut Nature Preserve (MC), two ponds were sampled from the
IS dmlslea]l(dlng, atn% gene ftlowtri:oul_d actually Pe one or tWO“Lower Cut” (L8 and L18b), and two from the “Upper Cut” (U1
oraers of magnitude greater than IS apparent. and U2), which is a separate cluster of ponds at an altitude 50 m

~ Riddoch et al. (1994) studied genetic structure in populahigher. Additional ponds containir. coloradensisn the MC and
tions of Branchipodopsis wolffrom southern Africa, which  YB valleys were not sampled because populations within valleys
the authors believed to be much older than those in Boileawere assumed a priori to be genetically similar and because the
et al.’s (1992) study. Their estimate &k (from 0.064 to  sampling regime was replicated across three independent valleys.
0.076, depending on the method used) translates into 2.4-3%te descriptions for MC are available in Wissinger et al. (1999)
individuals exchanged between populations per generatioﬁnd in Wissinger and Whiteman (1992). Pond numbers in the other
across distances of approximately 10-100 m. This is nearlg’(‘:ﬂp‘t’giysarzoggzp:\:‘;l;‘éléhgzer;gﬂggt bf?oril}hgglft(l(glrt? de
identical with the value reported foA. stefanssoniby . . ; :

Boileau et al. (1992). The concordance suggests that found%{ Fairy shrimp were gathered using hand nets and coarse zoo

) ankton nets, transported live to the laboratory within 6 h, and
effects are not relevant for allozyme studies of North Amer f4,en at —80°C. Additional individuals from each population were

ican Anostraca, that the populations in Africa are much younpreserved in ethanol, and taxonomic verification was conducted
ger than believed, or that the three species are so differeffith Pennak’s (1989) key.
demographically as to not be comparable. Because there areFollowing an initial screen, 19 allozyme loci were assayed
few quantitative data concerning fairy shrimp dispersal (e.g.glectrophoretically, using a cellulose acetate medium with Tris—
Bohonak 1999), it is difficult to reconcile the studies by glycine (TG) and citric acid — aminopropyl morpholine (CAAPM)
Boileau et al. (1992) and Riddoch et al. (1994) conclusively. bufgertsyséegs t(Tab(|19991%5 %tatmmg fgg'pe—z were _mOdh'f'_Ed from
; ; .~ Hebert and Beaton . Between 37 an airy shrimp were
.Recen“){’ DaVI_eS etal. (1997) StUdle.d allozyme pOpUI":ltl()ds_|(:reened from each pond whenever possible, except for YB3,
dlfferen_tlatlon na fourth Species of Anostraca, where only 7 animals were available. An attempt was made to
Branchinecta sandiegonenstsom California, U.S.A. At gcreen all individuals for all loci. All heterozygotes stained aceord
though the authors do not speculate on the age of these pojpg to known quaternary structure (Harris and Hopkinson 1976).
ulations, the majority of vernal-pool habitats in that regionExpected and observed (direct count) heterozygosities were-calcu
have been eliminated by agriculture and urbanization ovelated for each locus, and exact tests for Hardy—Weinberg equilib

2P.L. Nelson. 1971. Ecology of the fairy shrirBvanchinecta coloradensiBackard (Crustacea: Anostraca) related to its distribution in-an al
pine habitat. B.Sc. thesis, Harvard University, Cambridge, Mass.
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Fig. 1. Locations of the three valleys sampled #ranchinecta coloradensis the Elk Mountains of central Colorado. Redwell Basin

(RB) and Yule Basin (YB) are located at altitudes of 3420 and 3300 m, respectively. The Mexican Cut Nature Preserve (MC) contains
two groups of ponds, one at an altitude of 3400 m and one at 3450 m.
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Table 1. Allozymes screened foB. coloradensiselectrophoresis running conditions, and the total number
of alleles at each locus.

No. of Run time No. of
Enzyme EC No. loci Buffer (min) alleles
AO 1.2.3.1 1 CAAPM 15 ?
AAT 26.1.1 2 CAAPM 27 1,3
ARK 2.7.3.3 1 TG 14 2
FUM 42.1.2 1 TG 21 1
GPI 5.3.1.9 1 TG 23 2
G3PDH 1.2.1.12 1 CAAPM 19 1
IDH 1.1.1.42 2 CAAPM 19 1,1
LDH 1.1.1.27 1 CAAPM 20 1
MDH 1.1.1.37 2 CAAPM 20 3,1
ME 1.1.1.40 1 CAAPM 22 1
PEP (GL) 3.4.11 1 TG 12 1
PEP (LG) 3.4.11 2 TG 12 1,1
PGM 2.75.1 2 TG 16 1,4
6PGDH 1.1.1.44 1 CAAPM 20 1

Note: Staining protocol and buffers were modified from Hebert and Beaton (1993).

rium were determined from 500 Monte Carlo simulations for eachThe mean squares for these components were taken from standard
locus—population combination, using the computer program TFPGAanalysis of variance tables for each allele and each locus, using the
(Miller 1998). To examine the relationship among ponds qualita statistical package JMP (SAS Institute Inc. 1994). Using indicator
tively, Nei's genetic distancel)) was calculated between all pairs variables, genes were nested within individuals, individuals within
of ponds (Nei 1972). Plots dD versus geographic distance were subpopulations, and subpopulations within valleys (Weir 1990).
examined, as was an UPGMA (unweighted pair-group method-rom the mean squares, tlfestatisticsF;; (reduction in hetero
with arithmetic averaging) cluster analysis conducted with TFPGAzygosity of the individual relative to the total),sf(individual to
on genetic distances between the ponds. subpopulation) 85y (subpopulation to valley), ané,; (valley to

For polymorphic loci, hierarchicaF statistics were calculated total) were calculated following the example of Williams and
from the variance componentg;, V,, Vs, andV,, for the levels of  Guries (1995), who reported formulae for a four-level analysis.
gene, individual, subpopulation (= pond), and valley, respectivelyThis method of determining hierarchical population structure is
(for an example see the Appendix of Williams and Guries 1995).algebraically identical with the formulae in Weir and Cockerham
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Table 2. Gene frequencies, observed heterozygositits),(and number of individualsn] assayed for polymorphic loci.

MC RB YB
Locus Allele ul u2 L8 L18b RB1 RB2 YB3 YB4 YB9 Overall
AAT-2 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.002
2 0.00 0.01 0.00 0.00 0.00 0.03 0.50 0.85 0.80 0.223
3 1.00 0.99 1.00 1.00 1.00 0.97 0.50 0.15 0.19 0.775
Ho 0.000 0.027 0.000 0.000 0.000 0.051 0.429 0.250 0.310
n 40 37 40 40 40 39 7 40 42 325
ARK 1 0.00 0.00 0.06 0.10 0.00 0.00 0.00 0.00 0.00 0.020
2 1.00 1.00 0.94 0.90 1.00 1.00 1.00 1.00 1.00 0.980
Ho 0.000 0.000 0.075 0.200 0.000 0.000 0.000 0.000 0.000
n 40 37 40 40 39 40 7 40 42 325
GPI 1 1.00 1.00 1.00 0.91 1.00 1.00 1.00 1.00 1.00 0.913
2 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.088
Ho 0.000 0.000 0.000 0.175 0.00 0.000 0.000 0.000 0.000
n 40 37 40 40 40 40 7 40 42 326
MDH-1 1 0.76 0.99 1.00 1.00 0.84 0.97 0.93 1.00 0.99 0.943
2 0.00 0.00 0.00 0.00 0.16 0.03 0.07 0.00 0.01 0.026
3 0.24 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.031
Ho 0.425 0.028 0.000 0.000 0.075 0.051 0.143 0.000 0.024
n 40 36 38 40 40 39 7 40 42 322
PGM-2 1 0.00 0.01 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.275
2 0.16 0.30 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.057
3 0.83 0.69 0.98 1.00 1.00 1.00 0.00 0.00 0.00 0.667
4 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.002
Ho 0.200 0.351 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.061
n 40 37 40 40 40 40 7 40 42 326

Note: All loci with two or more alleles were used in the analyses. Alleles at each locus were numbered according to their mobility, with allele 1 being
the slowest. Overall heterozygosities for each locus are averaged by subpopulation. MC: Mexican Cut Nature Preserve; U1, U2, L8, and L18b: ponds
(= subpopulations) in MC; RB: Redwell Basin; RB1 and RB2: ponds (= subpopulations) in Redwell Basin; YB: Yule Basin; YB3, YB4, and YB9: ponds
(= subpopulations) in YB.

(1984) and Weir (1990). To estimate variance with methods com- Significant differentiation was found at all levels of the

parable to those in previous studies, 95% confidence intervals fopjerarchical analysis, and the jackknifed standard errors

the components of population structure were determined byyssociated with these estimates were generally low (Ta

jackknifing across alleles, as well as from the center of 500Joootb e 3). Despite only one significant departure from Hardy—

straps conducted across loci. For inferences made at the level . g ; : -

the valley, theF statistics were also jackknifed across the three einberg equilibrium, the inbreeding coefficientd)f was
calculated to be 0.16, suggesting that ponds are notcom

valleys.
Y posed of panmictic breeding pools. In four of the five poly
morphic loci, fis was greater than zero (Table 4), although at
Results each locus, heterozygote deficiencies were only found in one

or two populations. For example, the high estimate gffgr

Of the 19 allozyme loci that could be reliably scored, 13PGM-2 was due to a single individual homozygous for a
were monomorphic and 1 (AO) was discarded, owing te un'are allele in the pqnd L8_subpopulat|on and a nonS|gn|f|cant
interpretable patterns of variation (Table 1). Uninterpretabld'etérozygote deficiency in the pond Ul subpopulatipr (
patterns of variation in AO have been noted previously in0-07 for departure from Hardy-Weinberg equilibrium). At
other crustacean zooplankton (De Melo and Hebert 1994)MDH-1, only the pond RB1 subpopsuIann showed a defi
Allele frequencies and heterozygosities for the 5 polymor ciency of heterozygote(= 4.6 x 107). Contrasting levels
phic loci are shown in Table 2. Using exaztalues gener  Of significance between f and departures from Hardy-
ated from 10 000 permutations per test (Miller 1998), two\Weinberg equilibrium can occur if the heterozygote defieien
significant departures from Hardy—Weinberg equilibrium ¢ieS are not large, because statistical tests of Hardy—
were detected gt < 0.05 that were due to heterozygote defi Weinberg equilibrium are notoriously weak.
ciencies (MDH-1 from subpopulation RB1 and PGM-2 from Jackknifed estimates of4 6s,, and 8,7 were slightly
subpopulation L8). After Bonferroni correction for multiple higher than the direct estimates, and confidence intervals
tests, only the MDH-1 locus from RB1 departed signifi from bootstrapping across loci were larger than the
cantly from Hardy—Weinberg equilibriunp(= 0.0017). The jackknifed confidence intervals. For the estimate of popula
observed heterozygosityHg) averaged across the 5 pely tion differentiation between valleys, the bootstrapped -vari
morphic loci was 0.063, andy was 0.017 for all 18 ance was extremely high, because although no single locus
scorable loci. markedly biased,, there was a high degree of variation
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Table 3. Hierarchical population structure iB. coloradensisalculated from the five polymorphic loci directlg)( by
jackknifing across 10Ci §,cinite—ioc): @nd by jackknifing over valleys (Weir 1990).

fis Bsy Nmg,* 87 Nm,®

Method
0 0.158 0.124 1.77 0.714 0.10
Bjackknife-loci (Meant 1 S 0.163+0.028 0.127+0.014 1.72 0.774+0.059 0.07

95% CI calculated from:
jackknife variances across loci 0.107-0.219 0.098-0.155 1.36-2.29 0.658-0.891 0.03-0.13
bootstrapping across loci 0.043-0.260 0.059-0.165 1.27-3.97 -0.024 t0 0.705 »0.10-
jackknife variances over valleys 0.048-0.217 0.009-0.101 2.22-27.79 0.001-1.214 0-408.03

aAssuming equilibrium, the number of migrants per generatidm)(was derived fronNm = (67 — 1)/4.

Table 4. Locus-specific variance components and estimates of population structure.

Variance Population statistic
VG VI VS VV FIT fIS eSV a/T
AAT-2 0.089 0.006 0.006 0.190 0.693 0.060 0.057 0.654
ARK 0.034 0.003 0.002 0.000 0.141 0.089 0.055 0.002
GPI 0.021 -0.002 0.002 0.000 —-0.009 -0.082 0.089 -0.023
MDH-1 0.078 0.018 0.018 —-0.003 0.296 0.187 0.158 —-0.028
PGM-2 0.064 0.029 0.020 0.349 0.861 0.308 0.179 0.755
Fig. 2. Nei's D as a function of geographic distance for all pairs Fig. 3. UPGMA dendrogram based on Nei3. Bootstrap
of populations. support is indicated above groups with more than 50% support
0.10- ; 5 (500 permutations; Miller 1998).
rg_3| YB4
87 YB9
0.01 L YB3
a . X N x | o RB1
» x : RB2
.g) x 87 MC: L8
0.00 X x MC: L18b
x 6 1 MC: U1
* MC: U2
0'001 o "1"(')0 10'00 ) 10 (')00' ) 0.100 0.075 0.050 0.025 0.000
Nei's D

Geographic distance (m)

the reduced frequency of allele 3 at AAT-2 (Table 2)- Al

among loci (Table 4). Estimates 6§ that were jackknifed though the subpopulations in the Upper Cut ponds (U1 and
across valleys also showed a large amount of variation, coilU2) in MC formed a distinct and statistically significant
responding to the distribution of Nei® (Figs. 2 and 3). If cluster, the nearby subpopulations of the Lower Cut ponds
equilibrium in the system is assumed, the valuebgf = (L8 and L18b) were more similar to subpopulations in RB
0.127 andB,; = 0.774 translate to an average of 1.7 individ than to the those in the Upper Cut. This can be seen in Ta
uals exchanged between subpopulations in the same valldje 2: there are no large differences in allele frequencies be
each generation, and one individual exchanged between vaiwveen the subpopulations of the MC and RB valleys.
leys every 14.3 generations. The failure of populations to cluster entirely by valley in

The average value of Nei'dD between all pairs of the phenetic analysis (Fig. 2) might indicate that it is inap
subpopulations was 0.043. A UPGMA dendrogram revealegbropriate to use this scale in a hierarchical analysis of popu
that the YB pond subpopulations were genetically distinctlation structure. However, several lines of reasoning suggest
from the remainder of the subpopulations, but relativelythat this is not the case. First, one allele that was unique to
short genetic distances separated the MC and RB ponthe Upper and Lower Cuts and absent from RB was found
subpopulations and they did not cluster entirely by valley(PGM-2: 2) and, in general, Neil® was greater for between-
(Figs. 2 and 3). The genetic distinctness of the subpopuvalley comparisons than for within-valley comparisons
lations in YB is due to the fixation of allele 1 at PGM-2, (Mann—WhitneyU test statistic = 211J' = 49, p = 0.0033;
which is absent from five of the other six populations, and tosee Figs. 2 and 3). Further, the amount of differentiation

© 1998 NRC Canada



2054 Can. J. Zool. Vol. 76, 1998

within the MC and RB subpopulations was very small eom dence between gene flow estimates and ecologically ob
pared with the differences between these valleys taken tdained dispersal estimates suggests that extreme departures
gether and YB. The L8-L18b—RB cluster had weak bootstragrom equilibrium (sensu Boileau et al. 1992) do not occur on
support that was dependent entirely on the PGM-2 locus local scale. However, information regarding other dispersal
(Table 2, Fig. 3). vectors (e.g., wind, overland flow, other vertebrates) is largely
The most conservative approach is to analyze these-popanecdotal. Waterfowl are uncommon in these high-altitude
lations on the basis of their geographic distributions andponds and birds have not been observed feeding on fairy
their presumed accessibility to dispersal. Ponds in thishrimp. A few temporary ponds in these systems overflow
mountainous region have distributions that are naturallyfollowing annual snowmelt, and some fairy shrimp eggs or
disjunct, and rates of dispersal are likely to be much highenauplii may be dispersed in this way.
within valleys than between them. Other alternatives include Equilibrium within valleys is not necessarily indicative of
conducting three to four separate analyses, promoting thequilibrium between valleys. The time required to reach
Upper and Lower Cut pond groups to a hierarchical levelequilibrium in simple island models is determined by the in
equivalent to the RB and YB valleys, or analyzing all pondsverse of the per capita migration rate for laiyg (Slatkin
with a single estimate oFsy. The last two options do not 1994); for example, 5000 — 10 000 generations is required
lead to qualitatively different conclusions regarding genefor N, = 1000 andm = 0.0001. However, if populations are
flow in B. coloradensisA single island model yields 8m  small or migration rates high, the time can be much less
estimate of 0.12§ = 0.68), and if the Upper and Lower Cut (e.g., forN, = 100 andm = 0.05, equilibrium can be reached
ponds are treated as “valleysNm within valleys is esti  in 50-100 generations). Thus, equilibrium will be reached
mated to be 3.36g, = 0.07) andNm between valleys to be between local populations before it is reached regionally if
0.16 @, = 0.61). The addition of new genetic markers andmigration rates decrease with distance.
more valleys would better resolve this ambiguity. Nonetheless, it seems unlikely that coloradensigpopu
lations depart from equilibrium even on a regional scale.
Unlike the very large populations (4610°) and short time
periods (<3000 years) considered in the models of Boileau
Levels of allozyme variation are low iB. coloradensis et al. (1992), only 20-1000 mature adBlt coloradensisare
with only 28% of the loci possessing more than one allelefypically observed in any population, and glaciation in this
and averageHg = 0.017. Although neither Boileau et al. area of Colorado ended 10 000 years ago (Prather 1982). It-
(1992) nor Riddoch et al. (1994) reported these summargrative calculations of sy for an island model show that ex-
statistics, variation in this species is lower than that reportedreme combinations o, and m must be invoked to make
for other freshwater crustacean zooplankton (De Melo angven moderate departures from equilibrium likely (A.J.
Hebert 1994; Hann 1995) and much lower than values previBohonak, unpublished data). For example, equilibrium is
ously reported for the anostracartemia (Gajardo et al. reached in fewer than 2000 generations unkss 300 and
1995). Low heterozygosity in these populationsBofcolo- m < 1x 10°1% and departures from equilibrium only extend
radensisis consistent with a relatively recent origin for these to 4000 or more generations whaig > 500. Although simu-
populations from unglaciated populations at lower eleva lations under more realistic conditions are necessary to make
tions. Branchinecta coloradensiss usually an alpine spe firm quantitative conclusions, it is clear that an estimate of 1
cies, but has been found at low elevations in Colorado anéhdividual exchanged every 14 generations for valleys sepa
throughout much of western North America (Gordon 1932;rated by 5-10 km is theoretically plausible as well as bielog
Dexter 1959). Although brief population bottlenecks aloneically reasonable.
do not dictate reductions in heterozygosity (e.g., Balanya et BecauseB. coloradensidss obligately sexual, the signifi
al. 1994), a loss of variation would be seen if local range excant nonzero value obtained fofgfsuggests that subpopu
pansion in this species was recent and the number of foundations are structured in some manner that prevents panmixis.
ers for each new population was small (e.g., Fleischer et allthough fis was not calculated by Boileau et al. (1992) or
1991). However, unusually low levels of variation may notRiddoch et al. (1994), Davies et al. (1997) estimated=f
affect quantitative interpretations df statistics, because 0.276 forB. sandiegonensi©ne explanation for these non
population differentiation reaches equilibrium more quickly zero f5 values would be assortative mating based on un
than heterozygosity (Slatkin 1994). known morphological or biochemical criteria. Although a
The estimate of approximately 1-3 individuals exchangedecond interpretation might be made in terms of Wahlund ef
within clusters of ponds each generation (Table 3) is remarkfects (spatial structure within subpopulations), the swim
ably close to an independent ecological assessment of disning ability of these zooplankters and the small size of the
persal viasalamanders for MC (Bohonak 1999). Metarphic  ponds in which they live (<1 f— 500 nf) make this un
adult salamanders in this population feed on fairy shrimpikely. A third possibility is that in some of the smallest
and occasionally migrate with full guts between ponds. Oveponds, very few individuals successfully breed each year
a 7-year period, an average of 35 viali3e coloradensis (=50 or less). In this case, genetic drift would be relatively
eggs were estimated to be moved annually by salamandelrsgh between years. HoweveB. coloradensisproduces
(Ambystoma tigrinum nebulos)irbetween ponds. Because diapausing eggs, and if less than 100% of these eggs hatch
some of these eggs can survive digestion, approximatelgnnually, a temporally structured pool of propagules would
2.7-3.9 individuals are exchanged per generation betweesxist in the pond sediments. Even if the propagules from
ponds (Bohonak 1999). Unless unknown vectors are dispergach individual year are in Hardy—Weinberg equilibrium, the
ing at least as many eggs as the salamanders, the correspamnual hatching of eggs from many different years would
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yield f,s values greater than zero in the juveniles and adultsFig. 4. Estimates of gene flow in the fairy shrimp
Long-lived “egg banks” have been described for other freshB. coloradensigthick lines: this study)A. stefansson{<;
water zooplankton (De Stasio 1989; Hairston et al. 1995PBoileau et al. 1992)B. paludosa(thin lines, no symbol; Boileau
Céceres 1998) and are probably a widespread phenomenehal. 1992),B. wolfi (broken line; Riddoch et al. 1994), and
(Hairston 1996; Hairston and Céceres 1996). B. sandiegonensi€O; Davies et al. 1997) as a function of the
The influence of a long-lived egg bank on generation timegeographic distance between populations. Minimum, average,
may also confound quantitative interpretations of gene flonand maximum distances between pairs of populations are
in B. coloradensisand other zooplankton. The assumption presented for each species. Frcoloradensisand B. wolfi, Nm
that generation times in temperate systems are equal to Velues represent jackknifed estimates and 95% confidence
year is unlikely to be correct in some species that producéntervals based on jackknife variances. Confidence intervals
diapausing eggs. Invertebrate egg banks in lakes can stogeuld not be determined fd@. sandiegonensiszor
viable propagules for dozens or even hundreds of years. stefanssonandB. paludosacentral estimates are derived
(Hairston et al. 1995; Hairston 1996; Céaceres 1998), alfrom two-locusGgr values (Nei 1977), and extreme values are
though no estimates of the age of diapausing eggs are- avaiflerived from the two single-locus estimates available for each
able for temporary-pond species. Thus, estimates of 23pecies.
individuals exchanged per generation may seem less reasg-
able, if the realized generation time for anostracans is-actt—
ally 10 years or more. Further, hatching strategies arcg
expected to covary with habitat predictability (Cohen 1966;%
Ellner 1985), which could be different in regions such aso
North America and Africa (wher8. wolfi was sampled). If &
this was true, comparing gene flow estimates for zooplank ®
ton in different regions would be difficult. Studies that eluci @
date the ways in which overlapping generations confounc
simple interpretations of population structure in both single- g ] o
and multi-species studies of freshwater invertebrates ar<
needed.

104

0.1

Comparisons with other Anostraca

Comparisons of the population structureBncoloradensis
with that of other ecologically, phylogenetically, or geo-
graphically similar Anostraca can be informative if they
share a common history (e.g., Avise 1992) or differ mark- . .
edly in dispersal ability (e.g., Waples 1987). The conclusionc Geographic distance (m)
of Boileau et al. (1992) regarding Canadian populations of
A. stefanssonand B. paludosawere based in part on cem ) ) ) ) )
parisons with sympatric taxa. Ecological rankings of-dis extensive habitat fragmentation suggests that this species
persal for 15 taxa in the study (ranging from Anostraca tomay be far from a drift — gene flow equilibrium.
Cladocera to Collembola) did not correlate with gene flow To address this question, in Fig. 4 the estimated numbers
estimates. To independently test their hypothesis regardingf migrants per generatiorN(m) are plotted forA. stefans
extreme founder effects, it would be informative to know if soni B. coloradensisB. paludosa B. sandiegonensisand
older zooplankton populations are less differentiated thafd. wolfi as a function of geographic scale. Slatkin (1993,
younger populations, as gene flow should erode difference$994) recommends log—log plots of this type for pairs of
between populations over time. As discussed above, a-maxpopulations as a way of detecting patterns of gene flow even
mum age of 10 000 years is expected for Biecoloradensis  before equilibrium has been achieved, and their use has now
populations in this study. Th8. wolfi populations studied become commonplace (e.g., Lynch and Spitze 1994; Peterson
by Riddoch et al. (1994) lie on granite outcrops near thel995; Hellberg 1996). Two patterns are apparent from Fig. 4.
edge of the Kalahari desert. The authors do not estimate dnirst, gene flow estimates in Anostraca decrease as & func
age for these ponds, but they are probably much older thation of geographic distance in what appears to be a linear
the ponds in this study or in that of Boileau et al. (1992). Al fashion on logarithmic axes. This is consistent with reduced
though glaciation elsewhere presumably affected preeipitaamounts of dispersal in a system at equilibrium, but is also
tion and temperature patterns in that area of Africa, it wagonsistent with the slower erosion of founder effects as gene
not glaciated during the Quarternary period (Haughtorflow decreases. More importantly, gene flow estimates on
1969). local scales are remarkably similar in three of the four-spe

Based on the regional history of existing fairy shrimp cies, at approximately 1-3 individuals per generation, and in
studies, one would expect differentiation to increase in théhe fourth 8. paludosj is within an order of magnitude, at
order B. wolfi < B. coloradensis< A. stefanssoniand 1 individual every 2 generations (although paludosawas
B. paludosa if founder effects occur in all freshwater Sampled on a slightly larger geographic scale).
anostracans and the age of the populations decreases in thatDne conclusion to be drawn from this concordance might
order. Davies et al. (1997) do not speculate on the age of thiee that the rate of approach to equilibrium is very low, even
B. sandiegonensipopulations; however, their discussion of compared with the age of th®. wolfi ponds in Africa, and
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thatFgr estimates of0.1 are to be expected on a small scaleBoag, D.A. 1986. Dispersal in pond snails: potential role of water
based on founder events common to all Anostraca. Thus, ac fowl. Can. J. Zool.64: 904-909.

tual gene flow could be much higher than inferred. Alterna Bohonak, A.J., and Whiteman, H.H. 1999. Dispersal of the fairy
tively, populations of all species may be very young and far shrimpBranchinecta coloradensiénostraca): effects of hydro
from equilibrium. Finally, it is possible that all of these period and salamanders. Limnol. Oceanag. In press.
Anostraca are at or near equilibrium, and that 1-3 propaBoileau, M.G., Hebert, P.D.N., and Schwartz, S.S. 1992. Non-
gules exchanged per generation is reasonable for fairy €quilibrium gene frequency divergence: persistent founder ef
shrimp in small clusters of temporary ponds. Figure 2 seems fects in natural populations. J. Evol. Bid: 25-39.

to support the latter hypothesis, as there is no reason-to b&rendonck, L., Thiery, A., and Coomans, A. 1990. Taxonomy and
lieve that the extreme influence of founder events should Picgeography of the Galapagos branchiopod fauna (Anostraca,
produce a pattern of isolation by distance. Notostraca, Spinicaudata). J. Crustacean Bi6l.676—694.

Inferences made from these cross-species comparisoﬁ?gerﬁs' C.E.dlggs. 'nterSpngiﬁﬁ yaggtion in the ab“nganlce’ pro
should be qualified in light of the limitations of the individ 7‘591'23’93271‘(3)“@8“6 aphniadiapausing €ggs. Ecology,
ual studies. For th8. coloradensipopulations studied here, ohén D. 1966 'O timizing reproduction in a randomly varvin
uneven differentiation among valleys could be consistenf°"e" D: - OP g rep y varying

. T environment. J. Theor. Bioll2: 119-129.
with large-scale departures from equilibrium. (However, be Davies, C.P.. Simovich, M.A., and Hathaway, S.A. 1997. Popula
cgusstﬁf the StOCh?St'C nﬁture IOf tlhetd”ft pro%ar;‘)s, ki e.lgalydtion genetic structure of a California endemic branchiopod,
SIS Od rete SepaFrf’:l € S”A]ra hsca et(f:\ utstﬁrs cou fl € Cont.s' etre Branchinecta sandiegonensidydrobiologia,359. 149-158.
an advantage.) |'gure Shows that the gene OW. estima eﬁe Melo, R., and Hebert, P.D.N. 1994. Allozymic variation and
for A. stefanssonand B. paludosaare somewhat different

) . . : species diversity in North American Bosminidae. Can. J. Fish.
despite their presumed common geological history. (How Aquat. Sci.51: 873-880.

ever, it is possible that the histories of these two species argg Stasio, B.T., Jr. 1989. The seed bank of a freshwater erusta
not identical, as they were not collected sympatrically.-Fur — cean: copepodology for the plant ecologist. Ecology, 1377—
ther, only 2 polymorphic loci were found for these species 13gg.

(Boileau et al. 1992). FoB. wolfi, 5 polymorphic loci were  pexter, R.W. 1959. Anostracan Fresh-water biologyEdited by
analyzed, but only for 7 ponds within a single locale HB. ward and G.C. Whipple. John Wiley and Sons, New York.
(Riddoch et al. 1994). FinallyB. sandiegonensisxists in a pp. 558-571.

disturbed landscape, with most of its historically presentgjiner, S. 1985. ESS germination strategies in randomly varying
habitat now gone (Davies et al. 1997). It is also possible that environments. II. Reciprocal yield law models. Theor. Popul.
natural vectors for dispersal &. sandiegonensisave been Biol. 28 80-116.

eliminated or superceded by anthropogenic ones. Thus, thesgischer, R.C., Conant, S., and Morin, M.P. 1991. Genetic varia-
five species may not be comparable ecologically or in terms tion in native and translocated populations of the Laysan finch
of geological history, and the gene flow estimates from each Telespiza cantandHeredity,66: 125-130.

study probably differ in their precision. However, the consis-Gajardo, G., Da Conceicao, M., Weber, L., and Beardmore, J.A.
tency in genetic population structure found in Anostraca de- 1995. Genetic variability and interpopulational differentiation of
spite their many differences is intriguing enough to warrant Artemiastrains from South America. Hydrobiologid02 21—

further work on new species in new regions. 29.
Gordon, K. 1932Branchinecta coloradensi& Colorado. Science

(Washington, D.C.)75. 287—-288.
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