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Long-distance dispersal of diapausing eggs by migratory waterfowl is one factor thought to be
responsible for the macrogeographical homogeneity of allozyme frequencies in species of the
Daphnia pulex complex. If so, populations on either side of the Rocky Mountains are expected
to be divergent because few major flyways cross them. To test this prediction, Daphnia
populations from lakes and ponds across eastern Oregon were surveyed for mtDNA and
allozyme variation. The data were analysed with previously collected data from populations in
the midwest U.S. Phenetic analysis of the allozyme data clustered the populations into four
discrete groups, which correspond to habitat: permanent lakes, ponds in the midwest, coastal
and valley ponds in Oregon and sand dune ponds in Oregon. A recent taxonomic revision by
Hebert suggests that these groups correspond to D. pulicaria, D. pulex, D. arenata and D.
melanica, respectively. Cladistic analysis of mtDNA variation revealed the same groups except
that mtDNA haplotypes from the D. pulex and D. pulicaria populations formed a single dade.
All four species were significantly subdivided with respect to allozyme markers, but there were
no clear differences between D. pulicaria populations on either side of the Rocky Mountains,
suggesting that they are not a barrier to gene flow in this species. Whereas mtDNA differentia-
tion among D. pulicaria populations was not significant, the pond-dwelling species, D. pulex
and D. arenata, showed even greater differentiation for mtDNA than for allozymes. It is
suggested that extinction/recolonization events occur more frequently in pond vs. lake habitats
and have a greater impact on the subdivision of mtDNA variation because of the haploid,
maternal inheritance of the mitochondrial genome.

Keywords: allozymes, Daphnia, geographical variation, mitochondrial DNA, population
structure.

Introduction

Planktonic organisms that live in temporary fresh-
water habitats are generally thought to be capable of
long-distance dispersal via desiccation-resistant
diapausing eggs that disperse via agents such as the
wind or highly vagile waterfowl, Even so, studies of
both nuclear and mitochondrial variation have
revealed large differences in gene frequencies
among freshwater zooplankton populations in close
proximity to one another (Crease et at., 1990);
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possibly the residual effect of founder events involv-
ing small numbers of propagules (Boileau et at.,
1992). In some species, despite substantial sub-
division at the level of individual populations, little
additional differentiation has been observed among
regional gene pools (Crease et at., 1990; ern &
Hebert, 1993; Hebert et a!., 1993). Crease et at.
(1990) argued that this pattern was observed among
populations of the cladoceran Crustacean, Daphnia
pulex, from the midwestern U.S. because of its post-
Pleistocene northward expansion via colonization of
newly available pond habitats by small numbers of
diapausing eggs. An extensive survey of allozyme
variation of D. pulex across Canada revealed a
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similar pattern: little macrogeographica! differentia-
tion of allozyme frequencies among regions within
the western provinces or within the eastern prov-
inces (Hebert et al., 1993). However, a distinct
genetic discontinuity between east and west was
observed, and Hebert et al. (1993) suggested that it
was probably the result of the expansion of D. pulex
from two separate glacial refugia.

If long-distance dispersal of D. pulex by waterfowl
is responsible for genetic homogeneity on a macro-
geographical scale, populations divergent from those
in eastern North America might be expected to
occur west of the Rocky Mountains as few major
migratory flyways cross them. However, Hebert et
al.'s (1993) results did not reveal any substantial
differentiation in allele frequencies (pooled across
populations within provinces) between British
Columbia and the prairie provinces. In order to
investigate patterns of macrogeographical differenti-
ation further on an east—west axis, allozyme and
mitochondrial DNA (mtDNA) diversity in popula-
tions of Daphnia located west of the American
Rockies were surveyed, and compared with data
from populations in the midwest U.S.

Materials and methods

Daphnia collections

Daphnia populations in Oregon were sampled
between 1990 and 1992. Two lakes from the midwest
U.S. — Lake Mendota, WI, and Gull Lake, MI —
were also sampled. Data from populations of D.
pulex (Crease et al., 1990) located in Illinois were
also included in the analysis. Collections were made
from temporary pond habitats by dipnet and from
permanent lakes by oblique tow from a boat.
Animals were returned to the laboratory and main-
tained in culture for subsequent aflozyme and
mtDNA analysis.

Allozyme analysis

Four polymorphic enzyme systems were analysed by
starch-gel electrophoresis according to the method
described in Lynch (1983): Pgm (EC 5.4.2.2), Pgi
(EC 5.3.1.9), Got (EC 2.6.1.1) and Pep (EC
3.4.11/13). Seven polymorphic loci were assayed on
cellulose acetate gels according to the methods of
Hebert & Beaton (1989): Fum (EC 4.2.1.2), Mpi
(EC 5.3.1.8), Ldh (EC 1.1.1.27), Me (EC 1.1.1.40),
Mdh (EC 1.1.1.37), Hex (EC 2.7.1.1) and Apk (EC
3.1.3.1). Nei's genetic distance (Nei, 1972) was
calculated between all pairs of populations, and a
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dendrogram was constructed from the resulting
matrix using the program KITSCH in the software
package PHYLIP (Felsenstein, 1993). The degree of
differentiation among populations within major
groups (see Results) was calculated using Nei's
(1987) gene diversity index.

mtDNA analysis

The methods described in Crease et at. (1989) were
used to extract total DNA from Daphnia and to
assay restriction site variability of mtDNA with the
Southern transfer approach. The following 21 type II
restriction enzymes were used: ApaI, AvaI, BamHI,
BclI, BglII, BstEII, ClaI, DraI, EcoRI, EcoRV,
HindIII, HpaI, MluI, NcoI, PstI, PvuII, Sad, Stul,
XbaI, J7ioI and XmnI. Nylon membranes were
probed with three 32P-labelled (Feinberg & Vogel-
stein, 1983) D. pulex mtDNA fragments, and restric-
tion sites were mapped as in Crease et at. (1989).
Sequence divergence between pairs of mtDNA
haplotypes was calculated by the maximum likeli-
hood method of Nei & Tajima (1983). The average
number of substitutions per nucleotide between
random pairs of mitochondria (mtDNA variation)
within and between populations was calculated by
the method of Lynch & Crease (1990). Differentia-
tion among populations was calculated using their
N-statistic.

Cladistic analysis of the relationships among the
mtDNA haplotypes was carried out using the
computer program PAUP (Swofford, 1993). Bootstrap
analysis was performed on a subset of the taxa after
preliminary analyses identified major clades.

Results

Allozyme variation

Allele frequency data for individual populations are
described in detail in K. Spitze et at. (unpublished
data). The phenetic analysis of these data revealed
the existence of four groups: populations in sand
dune ponds, populations in temporary ponds in the
Willamette Valley and along the Pacific coast, popu-
lations in permanent lakes and populations in
temporary ponds in Illinois (Fig. 1). The Illinois
populations have been identified as D. putex on the
basis of diagnostic allele frequencies (Crease et at.,
1990). The near-fixation of the F allele at Ldh in the
lake populations suggests that they should be classi-
fled as D. pulicaria (Hebert et at., 1993). The other
two groups most probably correspond to two new
species recently described by Hebert (1995): D.
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melanica (dune populations) and D. arenata (valley
populations).

Daphnia melanica was quite divergent from the
other three groups as it possessed a unique allele (or
one that was rare in other species) at Apk, Hex, Got
and Pgi (Table 1). Animals in dune populations also
possessed distinct melanic pigmentation in the
dorsal carapace and represent the only known occur-
rence of melanic forms in temperate habitats
(Hebert, 1995). In addition to the F allele at Ldh, D.
pulicaria was characterized by the near-fixation of
the S allele at Hex. Two features characterized the
D. arenata populations: the predominance of the M
allele at Mpi (which was also found very rarely in
some D. pulicaria and D. pulex populations) and a
high frequency of the Pgi-S allele.

G-statistics were calculated for each of the four
groups identified by the phenetic analysis (Table 2).
Mean values across all polymorphic loci within a
group ranged from a high of 0.33 for D. arenata to a
low of 0.15 for D. melanica. All estimates were signi-
ficantly greater than zero. Although there was signi-
ficant differentiation in allozyme frequencies among
D. pulicaria populations overall, no distinction could

Fig. 1 Phenogram constructed from allozyme frequencies
in populations of the Daphnia pulex group from Oregon
and the midwest U.S. The midwest populations are MEN
(Wisconsin), GUL (Michigan), PAP and BUS (Illinois).
Two populations from each group (except D. melanica)
were omitted from this analysis to maintain the number of
taxa below 25 for computational purposes. Membership of
the missing populations in the expected clades was
confirmed in other analyses (data not shown).

be made between populations from either side of
the Rockies (Fig. 1).

Phylogenetic analysis of mtDNA variation

Mitochondrial restriction site variation was assayed
in 12 Oregon populations: five of D. pulicaria, three
of D. arenata and four of D. melanica. All but three
(SCP, FDF and FDK) of these were also included in
the allozyme survey. A sample from Gull Lake, MI
was also analysed for mtDNA variation. The
mtDNA haplotypes observed in cyclically partheno-
genetic populations of D. pulex from Illinois (Crease
et al., 1990) were included in all subsequent
analyses, as was a single mtDNA haplotype (ONT)
from a population of D. pulicaria from a lake in
northern Ontario, Canada.

Twenty-nine distinct mtDNA haplotypes were
found in the Oregon and Gull Lake populations. In
general, Oregon haplotypes had limited distribu-
tions: only seven were found in more than one
population (Table 3). A total of 123 restriction sites,
equivalent to 738 bp and 4.8 per cent of the mito-
chondrial genome, were recognized. Fifty-one of
these sites were useful for cladistic analysis. On
average, a mtDNA haplotype had 75 sites. Site data
for the mtDNA haplotypes are available from the
authors on request.

Cladistic analysis of the mtDNA haplotypes from
Oregon and the midwest revealed four distinct
clades (Fig. 2), which generally corresponded to the
groups recognized by the allozyme analysis (Fig. 1).
All but two haplotypes (OR11 and 0R32) from D.
melanica dune populations (Table 3) formed a dade
that was quite divergent from all of the other
groups. All of the haplotypes from D. arenata popu-
lations also clustered with one another. Contrary to
expectations based on allozymes, mtDNA haplotypes
from the Oregon (0R2—12) and midwest D. puli-
caria (MI) populations clustered with haplotypes
from Illinois (IL) D. pulex populations. There was
very little phylogenetic structure in this dade; it
consisted of a large polytomous group of haplotypes
differing from one another by one or two autapo-
morphic restriction site differences. In contrast, the
D. pulicaria isolate from northern Ontario (ONT)
was quite divergent from this dade. The RCK popu-
lation, which clustered with D. pulicaria in the allo-
zyme analysis, contained haplotypes belonging to
both the D. pulex/D. pulicaria dade (OR6, 0R8 and
OR9) and the D. arenata dade (OR7). However,
OR7 was quite divergent from the other D. arenata
types (Fig. 2) and even clustered with M12 at the
base of the D. pulex/D. pulicaria dade on a neigh-
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Table 1 Mean allele frequencies (±SE) at 11 polymorphic allozyme loci in
species of the Daphnia pulex complex from Oregon and the midwest U.S.

D. melanica D. arenata D. pulex D. pulicaria

n 4 7 4 15

Pgm
F' 0.03 (0.03) — — —
F — 0.12 (0.07) 0.23 (0.09) 0.17 (0.04)
M 0.80 (0.11) 0.30 (0.11) 0.66 (0.19) 0.64 (0.06)

— — — 0.02 (0.01)
S — 0.58 (0.14) 0.11 (0.10) 0.13 (0.05)
S' 0.17 (0.10) — —
S—' — — <0.01 (<0.01)
S = — — 0.03 (0.02)S — — 0.01 (0.01)

Pgi
F+ — — 0.05 (0.02)
F' — 0.18 (0.11) — —
F 0.02 (0.02) — 0.01 (0.01) 0.18 (0.04)
M+ — — <0.01 (<0.01) —
M 0.01 (0.01) 0.18 (0.10) 0.95 (0,02) 0.64 (0.06)
M— — — 0.01 (0.01) —
S — 0.72 (0.09) 0.02 (0.02) 0.10 (0.04)
S' — — — 0.02 (0.02)
S— 0.97 (0.03) 0.10 (0.06) — —

Got
F 1.00 (0.00) — — 0.13 (0.04)
M — 1.00 (0.00) 0.97 (0.02) 0.87 (0.04)
S— — — 0.03 (0.02) —

Pep
F — ND 0.01 (0.01) <0.01 (0.04)
M 1.00 (0.00) ND 0.85 (0.07) 1.00 (0.00)
S — ND 0.14 (0.07) —

Fum
M — — 0.14 (0.11) 0.02 (0.02)
S 1.00 (0.00) 1.00 (0.00) 0.86 (0.11) 0.97 (0.02)
S— — — — 0.01 (0.01)

Mpi
F — 0.01 (0.01) — —
M — 0.98 (0.01) 0.01 (0.01) 0.04 (0.02)
S 1.00 (0.00) 0.01 (0.01) 0.94 (0.05) 0.96 (0.02)
S— — — 0.05 (0.05) <0.01 (<0.01)

Ldh
F 0.01 (0.01) — — 0.95 (0.02)
S 0.99 (0.01) 1.00 (0.00) 1.00 (0.00) 0.05 (0.02)

Me
F — — — <0.01 (<0.01)
M 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 0.99 (0.01)
S — — — 0.01 (0.01)

Mdh
F — — — <0.01 (<0.01)
M 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00)

(continued on next page)

n, number of populations analysed. ND, no data.
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Table 1 Continued

D. melanica D. arenata D. pulex D. pulicaria

Hex
F 0.98 (0.02) — — —
M — 1.00 (0.00) 1.00 (0.00) 0.03 (0.03)
S 0.02 (0.02) — — 0.97 (0.03)

Apk
F 1.00 (0.00) — 0.01 (0.01)
M — 1.00 (0.00) 1.00 (0.00) 0.99 (0.01)

n, number of populations analysed. ND, no data.

bour-joining tree constructed from the matrix of
sequence divergence values (data not shown). The
50 per cent majority-rule consensus tree generated
in the bootstrap analysis of a subset of the haplo-
types had a topology similar to this neighbour-
joining tree (Fig. 3). There was bootstrap support
for the distinction between the D. pulex/D. pulicaria
and the D. arenata clades, but support for the inclu-

sion of 0R7 in either dade was weak and its affili-
ation remains unclear.

Average sequence divergence between haplotypes
within major clades was less than 1 per cent (Table
4). Only one isolate of 'eastern' D. pulicaria (ONT)
was analysed, and average sequence divergence
between this haplotype and the Oregon/Michigan D.
pulicaria haplotypes was 2.9 per cent, a value similar

Table 2 MtDNA variation (average number of nucleotide substitutions between random mitochondria) within and
between populations of the Daphnia pulex complex from Oregon and the midwest U.S., and fixation indices for mtDNA
(N-statistic) and allozyme (G-statistic) variation

Species
Number of
populations

Mean
mtDNA variation

Mean±SE
N-statistic

Number of
populations

Mean±SE
G-statistic

D.pulext
Within populations
Between populations

4
0.0014±0.0010
0.0047±0.0024 0,72±0.17* 4 0.29±0.06*

D. arenata
Within populations
Between populations

3
0.0030 0.0015
0.0034±0.0024 0.54±0.19* 7 0.33

D. melanica
Within populations
Between populations

4
0.0067 0.0026
0.0016±0.0022 0.19±0.17 4 0.15±0.04*

D. pulicaria
Within populations
Between populations

4
0.0032 0.0012
0.0018±0.0019 0.36±0.24 15 0.31

D. pulex and Gull Lake
Within regionl

D. pulicaria (west)
Within region
Between regions

(east)
0.0049 0.0013

0.0037 0.0012
0.00 12 0.0011 0.21 §

tData from Crease et al. (1990).
Populations within each region were pooled to form one large population.
§Standard errors are not calculated when there are fewer than three populations (Lynch & Crease, 1990).
*N or GST>O (P<0.01).
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0118, 01111 01127 D. pulex / D. pulicaria
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110
0912
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01113,01117,01118
0814
01115 D. arenata
01116
0R19
01120
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080 eastern D. pulicaria
0922-26.01130-31 D. melanica

Fig. 2 Cladogram constructed from mtDNA haplotypes
identified in populations of the Daphnia pulex complex
from Oregon and the midwest U.S. The first two letters of
each haplotype correspond to the state in which it was
collected: IL, Illinois; OR, Oregon; MI, Michigan. ONT is
an isolate of D. pulicaria from northern Ontario. The tree
is based on 51 phylogenetically informative restriction
sites and represents the strict consensus of 16 equally
parsimonious trees of 91 steps and a consistency index of
0.56. The only differences among these trees involved the
arrangement of taxa within the D. pulex/D. pulicaria dade.
Haplotypes in this dade from Illinois (IL) have been
classified as D. pulex using diagnostic allozyme alleles. All
other haplotypes in this dade have been classified as D.
pulicaria.

0R2 0R4, 1114
OR2
1L15

0R7 -
MI2
0R13,OP17,0R18 a

0R20
0R21
ONT eastern D. pu/ucarta

0R22-26, 0R30-31

0R29

Fig.3 The 50 per cent majority-rule consensus cladogram
of relationships among mtDNA haplotypes representative
of each of the major clades in Fig. 3. One thousand boot-
strap replicates were generated for this analysis. The
Daphnia melanica haplotypes were used as the outgroup.
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Table 4 Mean sequence divergence between mtDNA haplotypes (± SD) within
and between species of the Daphnia pulex complex from Oregon and the
midwest U.S.

D. melanica D. arenata
D. pulicaria
(Ontario) D. pulicaria

D. pulex
(Illinois)

D. melanica 0.0033
(0.0014)

0.0358
(0.0044)

0.0436
(0.0023)

0.0387
(0.0028)

0.0403
(0.0026)

D. arenata 0.0081
(0.0046)

0.0314
(0.0023)

0.0153
(0.0028)

0.0148
(0.0028)

D. pulicaria
(Ontario)

— 0.0287
(0.0023)

0.0277
(0.0027)

D. pulicaria 0.0085
(0.0046)

0.0076
(0.0030)

D. pulex
(Illinois)

0.0065
(0.0021)

These values were obtained by averaging all pairwise estimates of sequence
divergence between haplotypes within or between the species under
consideration.

to the mean sequence divergence between ONT and
those from D. pulex (2.8 per cent). Daphnia melanica
was the most divergent from the other three groups,
as was the case with allozymes. Average sequence
divergence between haplotypes from D. melanica
and the other species ranged from 3.6 per cent to
4.4 per cent (Table 4).

Population genetic analysis of mtDNA variation

Mean mtDNA nucleotide diversity within and
among populations was calculated separately for
each species. Mean intrapopulation variation ranged
from 0.0014 in the Illinois D. pulex populations to
0.0067 in the D. melanica populations. Mean inter-
population diversity was highest in the D. pulex
populations (0.0047) and lowest in the D. melanica
populations (0.0016; Table 2). There was no signifi-
cant subdivision of mtDNA diversity among D. puli-
caria populations, including the one from Gull Lake,
MI (Table 2). The three mountain populations
(HOS, LAV and LCU) were all dominated by the
same haplotype (0R2) and the haplotypes present
in RCK (0R6—9) and Gull Lake (MI1—2) were
closely related to this haplotype and/or rare (Fig. 2
and Table 3). Subdivision among D. melanica popu-
lations was also not significant, but the D. arenata
populations were highly subdivided (Table 2). Only
one haplotype was shared among the three popula-
tions (Table 3), and intraspecific sequence diverg-
ence in this species was high (Table 4). A similar

result was obtained for D. pulex in Illinois, which
had little haplotype overlap among populations
(Crease et a!., 1990) and a similar value of mean
intraspecific sequence divergence (Table 4).

Although the allozyme analysis suggested that
midwest D. pulex and Oregon D. pulicaria are highly
divergent at nuclear loci, subdivision between the
two groups with respect to mtDNA diversity
(NST = 0.21) was lower than subdivision among the
D. pulicaria populations themselves (NST =0.36
0.24). In the case of the pond-inhabiting species (D.
pulex and D. arenata), there was more subdivision
with respect to mitochondrial genes than there was
with respect to nuclear genes (allozymes).

Discussion

Although the Oregon populations surveyed in this
study resembled one another morphologically,
genetic analyses segregated them into discrete
groups. Comparison with allozyme data from Illinois
populations (Crease et a!., 1990; fig. 1) suggested
that none of the Oregon or midwest lake popula-
tions could be classified as D. pulex. Thus, it was not
possible to estimate differentiation on either side of
the Rocky Mountains for this species. However,
populations of D. pulicaria from both sides of the
American Rockies were sampled, and little diverg-
ence between east and west was observed. This
result is concordant with that of ern & Hebert
(1993), who observed no genetic discontinuity in
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allozyme frequencies between populations of D.
pulicaria sampled from permanent lakes in several
states on either side of the Rocky Mountains.

All four species identified in the present study
showed similar levels of intraspecific population
subdivision at allozyme loci (Table 2). However,
there were marked differences in levels of
subdivision with respect to mtDNA. In general, the
species inhabiting temporary habitats, D. pulex and
D. arenata, showed a higher degree of population
structure than did the lake species, D. pulicaria. This
may be related to the relative time over which indi-
vidual habitats exist. Although ponds may exist in
the same place for substantial periods of time, their
'lifespan' is likely to be much shorter than that of
lakes, which could persist for hundreds or perhaps
thousands of years. Thus, the increased frequency of
extinction/recolonization events among ponds (rela-
tive to lakes), and the fact that such populations are
likely to be founded by small numbers of individuals
may contribute to differences in the level of differ-
entiation among populations living in the two types
of habitats. That this difference had a much greater
impact on mtDNA than on allozyme differentiation
(Table 2) is concordant with the fact that the effec-
tive population size for mitochondrial loci is only
one-quarter that for allozyme loci because of the
haploid, maternal inheritance of mtDNA. Interest-
ingly, the species inhabiting the most ephemeral
habitats, D. melanica, showed the least amount of
population subdivision. However, the ponds sampled
were in close geographical proximity and they gener-
ally lacked variation, which may be a direct conse-
quence of their extreme ephemerality (K. Spitze et
a!., unpublished results).

Despite the interspecific differentiation identified
in this survey, mtDNA and allozyme markers gener-
ally characteristic of one species sometimes occurred
in low frequency in populations of another species.
Assuming that these markers really are diagnostic,
there are two obvious explanations for such observa-
tions: that two species occasionally inhabit the same
body of water without interbreeding, or that there
has been some introgression of markers between
species via hybridization. To evaluate these possibili-
ties, individuals from anomalous populations should
be analysed for both mtDNA and allozyme variation
in order to identify associations between markers
that would indicate a lack of gene flow between the
species. Such information is not available for the
samples analysed in this study. However, more
detailed work on dune populations has led N.
Lehman and D. Straughan (unpublished observa-
tions) to conclude that there is a relatively rare
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melanie 'D. pulicaria-like' entity coexisting with D.
melanica, and that there is little or no gene flow
between them. This would explain the occurrence of
D. pulicaria mtDNA and allozymes in some dune
populations. Whether or not this will also be the
situation for the other cases of 'marker leakage' is
not currently known. However, there is evidence
that some hybridization does occur between species
in this area. One population near the Oregon coast
was found to contain a single multilocus allozyme
genotype that was most probably generated by
hybridization between D. melanica and D. arenata
(M. Lynch, personal observation). This 'clone' had
D. arenata mtDNA.

The most dramatic case of 'marker leakage' in the
present study was the similarity between mtDNA
haplotypes found in D. pulex and in D. pulicaria,
despite their clear allozymic differentiation (Figs 1
and 2). The production of obligately partheno-
genetic F1 clones via hybridization between these
two species has been well documented (Crease et a!.,
1989, 1990; Hebert et at., 1993). However, there is
little evidence of introgression of genetic markers
beyond the F1. Crease et al. (1989) first reported D.
pulicaria isolates with D. pulex mtDNA from a pond
on Peche Island in the Detroit River. They
suggested that this may be unusual, as D. pulicaria
from the river could come into contact with pond-
dwelling D. pulex during flooding of the island.
However, a broader survey of D. pulicaria, using
analysis of a PCR-amplified portion of the ND4 and
ND5 genes (Dufresne, 1995), indicated that D. puli-
caria populations with D. pulex mtDNA occur in
other locations in the U.S. (North Dakota,
Wyoming). Dufresne's study also revealed the exist-
ence of at least three other mtDNA lineages in D.
pulicaria. Their distributions were largely disjunct: in
the Arctic, in western North America and in eastern
North America, and they probably differentiated in
separate glacial refugia during the Pleistocene
period (Dufresne, 1995). The isolate of D. pulicaria
from Ontario (ONT) belongs to the 'eastern'
lineage.

Despite the mosaic of mtDNA lineages in D. puli-
caria, the species remains cohesive allozymically
across North America (Cern & Hebert, 1993; the
present study), and shows clear differentiation from
D. pulex in regions in which they co-occur (Hebert et
at., 1993). The maintenance of nuclear differentia-
tion, despite the introgression of mtDNA from a
closely related species, has been observed in other
organisms (Lehman et a!., 1991 and references
therein). However, in D. pulicaria, such introgression
occurs over a broad geographical area, and intro-



250 T. J. CREASE ETAL.

gressed populations are interspersed with those
possessing mtDNA that is not D. pulex-like. Indeed,
the D. pulex-like mtDNA lineage is the most wide-
spread of any found in D. pulicaria, and the Rocky
Mountains have clearly not presented a barrier to its
dispersal.

Hybridization is not unique to the D. pulex group.
It has been well documented in the D. longispina
group in Europe and North America (Taylor &
Hebert, 1992; Schwenk, 1993) and in the D. carinata
complex in Australia (Hebert & Wilson, 1994).
However, this intermixing does not often seem to
progress beyond the initial F1 generation. Indeed,
backcross and F2 individuals are usually rare in cases
where they have been sought (Taylor & Hebert,
1992; Hebert & Wilson, 1994), although Taylor &
Hebert (1992) did find evidence for introgression of
several allozymes from D. rosea to D. galeata
mendota in lakes from the midwest U.S., and back-
crosses have been generated in the laboratory
between hybrid females (D. pulex x D. pulicaria) and
D. pulex males (L. Nass, unpublished thesis).

Lehman et al. (1995) have argued that the genus
Daphnia may best be thought of as a limited group
of fluid genetic complexes rather than discrete
species. The ubiquity of hybridization among species
complexes that have been studied genetically is
concordant with this view. However, despite the
hybridization, the genetic structure of all of these
Daphnia species complexes is not continuous; there
are genetic discontinuities (diagnostic allozymes and
mtDNA) that are consistent with the existence of
entities between which gene flow is restricted. Thus,
although the systematics of the genus may at times
be confused by the occurrence of hybrids and the
lack of substantial morphological differentiation, the
genetic analyses suggest that it is somewhat prema-
ture to abandon the notion of species in this group.

The importance of shifts in habitat use to the
speciation process in Daphnia has long been
appreciated (Lynch, 1985) and, indeed, clear habitat
associations were evident in the present study.
Daphnia melanica was only found in sand dune
ponds. Melanism in Daphnia is believed to provide
protection from UV radiation (Hebert & Emery,
1990). Dune ponds are extremely clear and quite
shallow, so that zooplankton populations are likely
to experience intense exposure to UV radiation. A
similar situation exists in many Arctic ponds where
melanism in Daphnia is common (Weider & Hebert,
1987).

Daphnia pulicaria and D. pulex are both broadly
distributed across North America, but they tend to
occupy different habitats; the former generally

occurs in lakes containing planktivorous fish,
whereas the latter is almost exclusively restricted to
ponds lacking fish (Hebert, 1995). Notably, D. pulex
was not detected in this survey of Oregon habitats;
instead, D. arenata seemed to inhabit ponds in which
D. pulex would normally occur. However, unlike D.
pulex, the distribution of D. arenata is apparently
restricted to a small geographical area in western
Oregon (Hebert, 1995). This situation is not unique
in the genus as several narrowly distributed Daphnia
species with closely related, widely distributed
congeners are found in Oregon (Hebert, 1995).
Moreover, the occurrence of narrowly distributed
species endemic to western Oregon has also been
observed in several small vertebrates including sala-
manders (Good & Wake, 1992) and ranid frogs
(Green et a!., 1996). The fragmentation of species
ranges into southern refugia during Pleistocene
glacial advances has been suggested as stimulating
speciation (Green et a!., 1996). The high frequency
of endemism among diverse taxa associated with
western Oregon, which is located just south of the
maximum extent of the Cordillera ice sheet, suggests
that this region remained isolated during much of
the Pleistocene glacial period.
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