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Abstract: Prolonged diapause (extended dormancy) is thought to greatly influence
evolution in freshwater invertebrates by lengthening generation time, promoting higher
levels of dispersal among populations by wind or animal vectors, and increasing effec-
tive population size. However, empirical tests of these predictions are relatively rare.
Comparative studies can be informative in this regard, if the comparisons involve sym-
patric, closely related species that differ only in the presence or absence of a dormant
life history stage. We built upon a previous study by ZELLER et al. (2006), which used
this approach to study patterns of microsatellite variation in Eudiaptomus copepods
from northern Europe. E. graciloides possesses diapausing eggs and adults, whereas
the closely related species E. gracilis is ecologically and trophically similar but lacks
diapause. To separate further historical processes from recent anthropogenic influen-
ces, we examined mitochondrial DNA sequence variation in these species from three
lakes in northern Germany where they are sympatric. Biotic and abiotic variation
among contemporary and historical populations was minimized by focusing on hydro-
logically linked lakes separated by less than 10km.

E. gracilis and E. graciloides possess very different patterns of mtDNA variation.
Both species possess significant population structure on small spatial scales, but E.
graciloides has far fewer alleles despite a larger average divergence. Phylogeographic
analyses and Bayesian skyline plots revealed evidence for historic population expan-
sions in both species, with the growth phase beginning thousands of generations earlier
in E. gracilis than in E. graciloides. Levels of genetic diversity suggest that effective
population size may be an order of magnitude larger in E. gracilis than in E. graciloi-
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des, even though E. graciloides possesses a diapausing egg bank. Although this would
seem to be an ideal system for quantifying the genetic role of diapause, we found no
support for the assumption that freshwater invertebrates with diapause categorically
possess larger effective population sizes and higher rates of gene flow than closely re-
lated species that lack diapause.

Key words: effective population size, Eudiaptomus gracilis, Eudiaptomus graciloi-
des, genetic population structure, mitochondrial DNA.

Introduction

Prolonged diapause (i. e., lasting longer than a single active generation) is gen-
erally assumed to have pronounced effects on patterns of genetic variation in
freshwater invertebrates. “Banks” of diapausing eggs typically contain billions
of propagules that can be viable for several decades (e. g., HAIRSTON et al.
1995, HAIRSTON 1996, CousyN et al. 2001), increasing effective population
size beyond individuals found in the water column, and reducing the relative
importance of genetic drift. Extended diapause can also substantially increase
generation times, slowing the rates of microevolutionary processes (HAIRSTON
& DE Stasio 1988). For traits that experience fluctuating selection, extended
diapause can in theory act to maintain genetic variation (ELLNER & HAIRSTON
1994, HEDRICK 1995), which has been shown for a population of diaptomid
copepods (ELLNER et al. 1999). Diapause is also believed to promote higher
levels of dispersal among populations, since many encysted diapausing eggs
are resistant to harsh environmental conditions and possess attributes that ap-
pear to promote transport by vertebrates or wind (e. g., BRENDONCK et al.
1992, KOROVCHINSKY & Boikova 1996, BRENDONCK & RIDDOCH 1999).

The estimation of movement among populations (dispersal and gene flow)
occupies a particularly important role in population biology, community ecol-
ogy and conservation. Theoretical debates about topics as varied as population
persistence, local adaptation and community assembly rules are based in part
on different underlying assumptions about the spatial and temporal frequency
of movement (e. g., BELYEA & LANCASTER 1999, HARRISON & BRUNA 1999,
Kawegcki & EBERT 2004). There is no general consensus regarding the extent
to which populations of freshwater invertebrates are connected by dispersal
and gene flow, and it is not even clear that there should be a consensus. Most
species of zooplankton and other freshwater invertebrates have explicitly or
implicitly been assumed to disperse widely and often through various means
(reviewed by BILTON et al. 2001, BoHoNAK & JENKINS 2003). However, ex-
periments specifically focused on estimating dispersal have found that this
generalization does not hold, since the range of dispersal rates runs from very
low to very high for any particular spatial scale (e. g., JENKINS & UNDERWOOD
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1998, BRENDONCK & RippocH 1999, CACERES & SoLUK 2002, COHEN &
SHURIN 2003, LOUETTE & DE MEESTER 2005). In numerous studies of zoo-
plankton, the highest gene flow estimates are not always found in species with
attributes that are thought to confer high dispersal ability (BOILEAU et al.
1992). In the most striking cases, significant genetic differences have been
found at even the smallest spatial scales (e.g., WEIDER & HEBERT 1987, VANO-
VERBEKE & DE MEESTER 1997, GOMEZ et al. 2002).

For neutral genetic markers, genetic differences among populations are pri-
marily due to a balance between mutation, drift and gene flow. Interpreting
empirical data is not straightforward, because it is almost always the case that
observed patterns can be explained by more than one parameter combination.
The variety of interpretations increases even further under nonequilibrium
conditions, because the genetic signature of a founder event (or historically
higher rates of gene flow) may last for thousands of generations or longer
(BOILEAU et al. 1992, BoHONAK & RODERICK 2001, DE MEESTER et al. 2002).
As a result, freshwater biologists have interpreted levels of genetic divergence
on a case-by-case basis by invoking specific combinations of founder effects,
drift, dispersal, gene flow and the uncoupling of dispersal and gene flow due
to local adaptation. For example, the “monopolization hypothesis” (DE MEEs-
TER et al. 2002) assumes that zooplankton dispersal rates are relatively high,
and that diapausing egg banks exacerbate genetic founder effects by inflating
population sizes and lengthening generation times. However, BOHONAK &
JENKINS (2003) speculated that the majority of freshwater invertebrates may
not possess the unique combination of parameters (e. g., dispersal rate, genera-
tion time) required for this hypothesis.

Comparisons between organisms with different life histories provide one
way to assess the assumed genetic consequences of prolonged diapause. The
ideal contrast would be between sympatric, closely related species that differ
only in the presence or absence of a dormant life history stage. ZELLER et al.
(2006) used this approach to study patterns of microsatellite variation in Eu-
diaptomus copepods from northern Europe at different spatial scales. E. graci-
loides, which is known to produce diapausing eggs and adults, shows patterns
of isolation by distance (IBD) on small and very large spatial scales (0—100km
and up to 1300 km) but not intermediate scales (100—1000 km). Patterns of IBD
(decreasing genetic similarity with increasing geographic distance) generally
indicate that gene flow is too infrequent and/or spatially restricted to create
panmixia over the spatial scale being studied (SLATKIN 1993). The closely re-
lated species E. gracilis is ecologically similar, regionally sympatric, and often
coexists with E. graciloides in the same lake (KIEFER 1978, HOFMANN 1979,
NAUWERCK 1980, ADRIAN 1997). However, E. gracilis does not produce di-
apausing eggs (SANTER et al. 2000), and does not display IBD on small or in-
termediate scales (ZELLER et al. 2006). (Populations > 1000 km were not stud-
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ied for this species). High variance in the E. gracilis IBD plot on small scales
could reflect recent, irregular colonization patterns and high levels of drift
(HutcHINSON & TEMPLETON 1999). However, persistent founder effects are
actually expected to be weaker in E. gracilis than in E. graciloides, because
diapausing egg banks in E. graciloides should greatly increase population size
and slow the approach to genetic equilibrium. ZELLER et al. (2006) hypothe-
sized that small-scale dispersal rates are higher in E. graciloides than in E.
gracilis, eliminating founder effects in the former but not the latter. Alterna-
tive interpretations for all three spatial scales may involve specific dispersal
vectors or historical processes.

To separate further the effects of population history, drift and gene flow in
these two species, we examined mitochondrial DNA sequence variation in
three lakes from northern Germany where they are sympatric. The use of DNA
sequence variation offers some advantages over microsatellite markers, in-
cluding a wider array of analyses to assess historical demographic changes.
Two of the three lakes are connected by a river system that has been modified
for boat traffic, facilitating the separation of very recent anthropologic changes
in the landscape from those that took place during the post-Pleistocene. Our
overall goals were to build upon the results of ZELLER et al. (2006) and assess
the role of diapause in shaping genetic population structure. We specifically
focused on whether prolonged dormancy in E. graciloides is associated with
more persistent founder effects, increased rates of gene flow, increased effec-
tive population sizes, and less dramatic bottlenecks in population size when
compared to E. gracilis.

Material and methods

Eudiaptomus gracilis and E. graciloides were collected from the open water of three
lakes in Schleswig-Holstein, Germany: the Grosser Ploner See, the Keller See and the
Schohsee. Collections were taken during May 1999 (approximately 5 individuals per
species per lake) and June and July 2000 (ca. 15 individuals per species per lake). The
Keller See is approximately 8.6km east and upstream of the Grosser Ploner See, and
the two lakes are separated by the small river Schwentine, and two intervening lakes
(the Dieksee and the Behler See successively; see Fig.5). The outflow from the
Schohsee enters the Behler See through a small stream inhospitable to planktonic co-
pepods that flows only when the water level in Schohsee is very high. The Behler See
then flows into the Grosser Ploner See, with a total hydrologic distance between the
Schohsee and the Grosser Ploner See of ca. 2.3 km. These three lakes were also
sampled by ZELLER et al. (2006), although this study used different individuals.

Adult females were sorted, identified and frozen at =70 °C prior to DNA extraction
with Chelex—100 beads (Biorad, WALSH et al. 1991). A portion of the mitochondrial
gene cytochrome oxidase I (CO I) was amplified using the primer pair C1-J-1718 and
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C1-N-2191 (SmmoN et al. 1994). 50 ul reactions contained 2 pl of 1:10 diluted DNA
template, 1.5 mM MgCl,, 200 uM of each DNTP, 400 nM each primer, 1 unit each Taq
polymerase and Platinum Taq antibody (GibcoBRL) and reaction buffer. Samples were
amplified with a 2 minute hot start at 94 °C followed by 35 cycles of 94 °C (30sec.),
52°C (30sec.), 72°C (45sec.) and a final 7 minute extension at 72 °C. PCR products
were verified on a 1.5 % agarose gel with ethidium bromide staining and purified using
Qiaquick kits (Qiagen). Following cycle sequencing with BigDye reaction mix (Perkin
Elmer), sequences were visualized on an ABI 377 automated sequencer. In approxima-
tely half of the individuals, PCR products were sequenced in both directions to clarify
ambiguous sites. After excluding beginning sites that could not be reliably scored in all
individuals, sequence length was 437bp. Because there were no insertions or deletions,
sequences were aligned visually using Sequencher v. 4.0 (Gene Codes Corporation).
Sequences have been submitted to NCBI GenBank (accession numbers DQ457129-
DQ457160 and DQ459087-DQ459093). The analyses described below were conducted
using all individuals (whether or not they possessed identical haplotypes).

Variation for each species (over all individuals, and within each lake) was summa-
rized using the standard statistics K (number of alleles = unique haplotypes), S (num-
ber of segregating sites), and 7t (nucleotide diversity: the average pairwise divergence
between all individuals). We estimated the population genetic parameter 6 = 4N, u
from K, S and 7. (This parameter determines the amount of diversity in a population
and the shape of a gene genealogy, where N, is the effective population size and u is
the mutation rate: HALLIBURTON 2004). Divergence among lakes was tested for statist-
ical significance using exact tests (100,000 Markov chain steps), and quantified using
WRIGHT’s (1931) Fgr and EXCOFFIER et al.’s (1992) ®gr (10,000 randomizations or
permutations in each case). In contrast to F7, ®gr considers the genealogical or evolu-
tionary distance among alleles, in addition to their frequencies in each population. Be-
cause the distances among alleles were small, we used the matrix of observed pairwise
distances for these calculations, rather than a corrected distance measure. We also
compared patterns of mtDNA variation from this study with the microsatellite data of
ZELLER et al. (2006). For each species, we calculated expected heterozygosity H, in
each lake for microsatellites, and we calculated differentiation among lakes as Fygy.
Statistical significance for microsatellite Fgy in E. gracilis was estimated by boots-
trapping over seven variable loci. Significance for E. graciloides could not be deter-
mined because only three loci were available. Calculations were conducted in Arlequin
(ScHNEIDER et al. 2001), Genepop on the Web (RAYMOND & ROUSSET 1995) and Fstat
(GOUDET 1995).

We conducted two “neutrality tests” for each species (overall, and within each
lake) that compare the above summary statistics to expectations from neutral gene ge-
nealogies at equilibrium: TasMA’s (1989) D (which compares 05 to 6,), and Fu’s
(1997) F (which evaluates K, conditional on ). Statistical significance was evaluated
based on 10,000 simulated samples for D and F under the null hypothesis of neutral
evolution in a stable population. For each species, we also compared the mismatch dis-
tribution shape to that expected under an expanding population using 10,000 boots-
trapped replicates. (The mismatch distribution is a histogram of pairwise genetic dis-
tances between all samples, and its shape can reflect recent demographic changes: Ro-



188 Andrew J. Bohonak et al.

GERS & HARPENDING 1992). The null hypothesis for this test (as implemented in Arle-
quin) is population expansion.

We estimated the genealogical relationships within each species using two meth-
ods. First, we used the parsimony-based network reconstruction method of TEMPLE-
TON and colleagues (e. g., TEMPLETON et al. 1992, TEMPLETON 1998) because it ex-
plicitly allows for multifurcations and the persistence of ancestral nodes. Thus, it is
likely to be more appropriate for recently diverged alleles than standard phylogenetic
tree-building techniques (reviewed by Posaba & CRANDALL 2001). Mitochondrial
haplotype networks were estimated for each species using TCS v. 1.13 (CLEMENT et al.
2000) and nested cladistic relationships were inferred using the algorithms of TEMPLE-
TON et al. (1987, 1992). Non-random geographic associations among haplotypes were
tested statistically using 10,000 permutations for each clade with the computer pro-
gram GeoDis (PosaDa et al. 2000), and the results were interpreted using the most re-
cent inference key (2005) of TEMPLETON and collaborators. The dichotomous infer-
ence key examines the geographic distribution of each clade member, assessing
whether patterns are consistent with processes such as restricted gene flow (i.e., isola-
tion by distance), allopatric fragmentation or long-distance colonization. TEMPLETON
(1998, 2004) provides an overview of the entire process, known as nested clade phylo-
genetic analysis (NCPA). Some critics have argued that the final phase of NCPA (the
inference key) does not appropriately distinguish among alternative historical hypothe-
ses (KNOWLES & MADDISON 2002), although TEMPLETON (2004) has addressed many
of those criticisms and made some modifications to the inference key. For this study,
we treated the inferences from NCPA as working hypotheses, and evaluated them
based on the neutrality tests described above and qualitative patterns in the gene ge-
nealogies.

We also estimated the genealogy for each species with a Bayesian analysis con-
ducted in BEAST (DruMMOND et al. 2002, DRuMMOND & RamBAUT 2003). To help
interpret the results of the neutrality tests and NCPA, we used BEAST to estimate N,u
backwards in time based on coalescent events in the genealogy. The results are pre-
sented as a Bayesian “skyline plot” generated in TRACER v. 1.2.1 (DRUMMOND et al.
2005). Assuming that mutation rates are equal in E. gracilis and E. graciloides, the
skyline plot depicts relative estimates of population sizes throughout the species’
histories. To interpret the historical processes represented in these plots, we estimated
generation times for each species using published and unpublished data.

Results

E. gracilis and E. graciloides possessed remarkably different patterns of nu-
cleotide-level variation even though all mtDNA substitutions within each spe-
cies were silent (i. e., they do not change amino acid composition and are
therefore selectively neutral). The maximum divergence was 1.8 % within E.
gracilis, and 3.0 % within the diapausing species E. graciloides. Consequently,
the average sequence divergence s was higher in E. graciloides (0.0087 vs.
0.0075 in E. gracilis). However, E. gracilis had twice as many polymorphic
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Table 1. Summary of mtDNA variation within lakes and across all three lakes, in terms
of sample size N, unique alleles K, estimates of 6, and two neutrality tests. * p <0.05;
for F, p <0.05 corresponds to a 2 % cutoff in the randomized distribution, rather than
5% (Fu 1997).

E. gracilis E. graciloides

All Grosser Keller All Grosser Keller

individuals Ploner See See Schohsee individuals Ploner See See Schohsee
N 65 25 20 20 62 25 19 18
K 32 15 12 9 7 5 3 4
O 6.32 5.03 451  3.10 2.98 3.44 2.00 4.07
0, 3.28 3.40 3.88 1.63 3.81 4.44 2.00 451
Ok 26.13 14.91 11.75 572 2.22 1.59 0.74 1.28
Tajima’s D —1.55% -1.16 -0.52 -1.68* 0.81 -0.17 0.51 -0.34
Fu's F —12.37* -7.14% -3.84 -4.22% 2.59 4.16 3.12  4.67

- 0.04
0.154
mtDNA F, Microsatellite F;
T - 0.02
0.05 i
- 0.00
T T T T T T
0 4 8

Geographic distance (km)

Fig. 1. Estimates of Fg; from mtDNA (solid line) and microsatellites (dashed line)
between pairs of lakes for E. gracilis (circles) and E. graciloides (crosses). Lake pairs
are labeled along the geographic distance axis for the Grosser Ploner See the
Schohsee, and the Keller See.

sites (30 vs. 14) and over four times as many unique haplotypes (32 vs. 7; see
Table 1). This led to large discrepancies between 6 estimated from K and S,
and 0 estimated from s (Table 1). As a result, Fu’s F and Tajima’s D showed
significant departures from neutral evolution in E. gracilis (p <0.05), whereas
neither of these tests was statistically significant in E. graciloides. Further-
more, the null hypothesis of a sudden population expansion was accepted in
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Table 2. Genetic differentiation among lakes for each species. * p <0.05, ** p <0.01,
¥ < 0,001, *#%% p <0.0001, **¥** p <0.00001, ' significance cannot be determined,
although 3/3 loci >0.

E. gracilis E. graciloides
Contrast acrossall Gvs.K Gvs.S Kvs. S acrossall Gvs.K Gvs.S Kwvs. S
lakes lakes
mtDNA
EXaCtteSt seokeskoskosk % sk sk skkoskoksk skkskok skekskok
Fsr 0.07%** 0.03 0.11%% (0.08%3* 0.16%** (.09 0.20%:*% (,]17%*
Do 0.12%%*  0.07*  0.09%*% (.22%**** (.04 0.07 -0.001 0.05
microsatellites
Fsr 0.035%  0.004 0.048% 0.052%*  0.009' -0.005 0.012"' 0.015'
Clade 3-1 l Clade 3-2 l Clade 3-3
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Fig.2. Haplotype network for E. gracilis (without diapause). Each haplotype is repre-
sented as an oval and labeled with a two letter code. Size is proportional to the number
of individuals that possess the haplotype. Each line is one mutation, and empty circles
represent hypothetical intermediate haplotypes that were not sampled. Boxes and
dashed lines separate clades at three hierarchical levels. Haplotype IN (square) has the
highest probability of being ancestral. Two ambiguous “loops” (i. e., incompletely
resolved portions of the network) were resolved using the criteria of CRANDALL,
TEMPLETON and colleagues (CRANDALL et al. 1994, TEMPLETON et al. 1995).
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Fig. 3. Haplotype network for E. graciloides (with diapause). Haplotype OB is hypo-
thesized to be ancestral.

E. gracilis and rejected in E. graciloides (p <0.05 for all three lakes and for
the pooled data set). Consistent with the mtDNA data, microsatellite variation
for the three lakes was higher in E. gracilis (H, = 0.85-0.87 in each lake) than
in E. graciloides (H, = 0.78—0.83).

For mtDNA, exact tests of allele distributions and F-statistics both demon-
strate that the two copepods have diverged genetically among the lakes. Rela-
tive levels of differentiation from microsatellites (estimated as Fgr) and
mtDNA (@7 and Fgr) were generally consistent with each other, despite some
interesting discrepancies (Fig. 1, Table 2). For mtDNA, ®gr was higher than
Fgrin E. gracilis, while the opposite was true in E. graciloides. Mitochondrial
Fg7r and microsatellite Fgr were both higher in E. gracilis than in E. graciloi-
des, but mtDNA Fgr was higher in E. graciloides. Lake by lake comparisons
also showed differences between some estimates of divergence and hydrologic
connectivity. For example, the Keller See and the Grosser Ploner See are sepa-
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rated by the greatest geographic distance, but possess hydrologic connections
hospitable to copepods. As a result, these two lakes should have the lowest
pairwise genetic divergence, which was true for Fgr in both species for both
types of markers, and for mtDNA ®g; in E. gracilis. Conversely, the Schohsee
and the Keller See should possess the lowest levels of connectivity (since both
are upstream of the Grosser Ploner See in different directions). The Schohsee
and the Keller See were the most divergent lakes in E. gracilis for microsatel-
lites and for ®@g; from mtDNA, but only for microsatellites in E. graciloides
(Table 2).

Haplotype networks demonstrate the dramatic genetic differences between
these species both within and among populations. E. gracilis possesses two
common alleles and 29 with frequencies of 1-3 %. Only three alleles are found
in more than one lake. E. graciloides also had three alleles present in more
than one lake, but had only three common alleles and four rare alleles in total.
Geographic patterns of population subdivision were obvious in both species
(Figs 2, 3), although the higher levels of genetic diversity in E. gracilis facili-
tate more inferences about evolutionary processes. In E. gracilis, significant (p
<0.05) geographic associations were found in Clades 3-1, 3—3 and for the to-
tal cladogram (see Fig.2). NCPA suggested contiguous range expansions for
clades 3—1 and 33, and either a range expansion or restricted gene flow at the
level of the total cladogram. For E. graciloides, NCPA found significant geo-
graphic associations (p <0.0001) and evidence for recent allopatric fragmenta-
tion in Clade 1-1, representing isolation of the Schohsee from the other lakes.
The older Clade 3—1 shows evidence for restricted gene flow with isolation by
distance across all three lakes (Fig. 3), although the tests of geographic asso-
ciation are only marginally significant (p-values in six associated tests range
from 0.07 to 0.09).

The Bayesian consensus genealogy for E. graciloides was completely
congruent with the parsimony network in Fig. 3. The Bayesian consensus for
E. gracilis was nearly congruent with Fig. 2, conflicting only because haploty-
pes IG and IH were monophyletic in the Bayesian tree (weakly supported with
a posterior probability of 55 %). As a result, the Bayesian genealogies are not
presented here. Topologies in the Bayesian genealogies were interpreted in a
skyline plot that depicts mutation-scaled effective population size over time
(Fig.4). E. gracilis appears to have an effective population size an order of
magnitude higher than E. graciloides, although the contrast is statistically sig-
nificant only for a brief point during their history. Both species have experi-
enced range and/or population expansions, but the time scales are markedly
different. The range expansions inferred from NCPA and the neutrality tests in
E. gracilis predate (in generations) a more recent increase in effective popula-
tion size for E. graciloides. However, E. graciloides has a longer generation
time due to the diapausing egg bank in this species. To compare the absolute
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Fig.4. “Skyline plot” of N,u backwards in time (average number of substitutions per
site) for E. gracilis (without diapause, dashed lines) and E. graciloides (with diapause,
solid lines). The median value and a 95 % confidence interval are shown for each spe-
cies.

timing of these events, we estimated generation times for both species as fol-
lows.

Because E. gracilis has nonoverlapping generations and 2 or 3 generations
per year (HOFMANN 1979, SANTER et al. 2000, SANTER, unpubl.), we assumed
a mean generation time of 0.4 years. For organisms with dormant propagule
banks, NUNNEY (2002) defined generation time as the average age of all pa-
rents, regardless of whether they hatch from subitaneous (immediately hatch-
ing) eggs or the diapausing egg bank. Thus, mean generation time for E. gra-
ciloides will be the average for animals derived from subitaneous eggs
(weighted by the water-column population size), and animals hatching from
the egg bank (weighted by the number of diapausing eggs in the lake sedi-
ments and the fraction of these that hatch each year). Like E. gracilis, E. gra-
ciloides also has a generation time of 0.4 years for eggs that immediately
hatch in the water column (HOFMANN 1979, SANTER et al. 2000, SANTER, un-
publ.). Based on lake volumes calculated by SANTER et al. (2000) and densi-
ties reported by HoFmMANN (1979), the water column population sizes are esti-
mated to be 5.10 x 10'°, 6.45 x 10"” and 2.15 x 10' in the Schohsee, the Keller
See and the Grosser Ploner See, respectively. HormANN (1979) showed for the
period of his study that population sizes remain fairly constant throughout 2—3
water column generations, suggesting moderate to strong density regulation.

Because we do not have complete information on egg bank dynamics in E.
graciloides, we rely here on data from another diaptomid copepod population.
Diapausing eggs hatch from the well mixed zone in the top 2 cm of lake sedi-
ments (KEARNS et al. 1996, HAIRSTON & KEARNS 2002). In the Schohsee, the
recent sedimentation rate is 0.8 mm per year (HormanN 1983). Using this sed-
imentation rate, the mean age of eggs emerging from the top 2cm is 12.5
years. Based on data from SANTER et al. (2000), there are 8.20 x 10° diapaus-
ing eggs in the top 2cm of the Schohsee. The annual emergence rate is un-



194  Andrew J. Bohonak et al.

known for E. graciloides, so we estimated the proportion hatching from di-
apause as somewhere between 1% and 10 % based on data for Onychodiapto-
mus sanguineus (DE STASIO 1989, HAIRSTON et al. 1995, HAIRSTON & KEARNS
2002). Taking the 10 % value, the average generation time of the 8.20 x 10°
eggs emerging annually from diapause (age 12.5 years) and the 1.28 x 10!
subitaneous eggs produced annually in the water column (generation time 0.4
years) is 0.48 years. Comparable calculations for E. graciloides in the Keller
See and the Grosser Ploner See produced estimates of 0.81 years and 0.41
years per generation, respectively. Averaging over all the three lakes, we esti-
mate (.57 years per generation. Thus, the E. graciloides egg bank increases
generation time by 0.17 years (41 %) in comparison with E. gracilis. The dif-
ference in generation times does not adequately explain the extreme time dif-
ference between the two species for start of the population growth phase. De-
pending on whether the upper or lower confidence intervals in Fig.4 are used
for calculation, the growth phase in E. gracilis begins 5.5-13.7 times earlier.
Because generation time in E. graciloides is only 41 % longer than in E. graci-
lis, the diapausing egg bank of E. graciloides cannot account entirely for this
discrepancy.

We performed a limited sensitivity analysis on the generation time calcula-
tions by arbitrarily changing the fraction of diapausing eggs that emerge an-
nually, since this is the only portion of the calculation that we inferred from
another species. Increasing the hatching fraction to 25 % yields an average
generation time of 0.59 years, still insufficient to account for differences in
timing of the growth phase. Even if 100 % of the eggs in the upper 2 cm of
lake sediment hatched annually, generation time is only increased by a factor
of 3.3. Other parameter combinations that would increase generation time by
at least 5.5 times are also improbable. For example, the timing of population
growth in Fig.4 could be the same in both species if water column populations
of E. graciloides are 88 % smaller than estimated, or if adults hatching from
diapausing eggs are on average 374 years old.

In summary, E. graciloides has colonized this region more recently than E.
gracilis. Regional population size in E. gracilis appears to have increased by
two orders of magnitude, leading to an excess of rare, recent mutations.
Growth of E. graciloides populations has been less dramatic (approximately
one order of magnitude), and follows a decline in effective population size
consistent with a bottleneck. It is not possible to date these events precisely
without assuming (and calibrating) a molecular clock, and it is possible that
generation time has recently decreased in both species due to cultural eutroph-
ication. However, it is clear that the growth phase in each species predates any
recent human-induced changes in lake ecology or connectivity, and probably
occurred thousands of years ago in E. graciloides, and on the order of ten
thousand years ago in E. gracilis.
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Discussion

Prolonged diapause has the potential to influence patterns of genetic variation
within and among populations. However, its attributes may have contradictory
effects on factors commonly considered important for the genetic structure of
natural populations. Diapausing egg banks should increase population size and
generation times, permitting founder effects associated with colonization to
persist for thousands of generations or longer (BOILEAU et al. 1992, GOMEZ et
al. 2002). Conversely, diapausing eggs are also assumed to confer high dis-
persal ability, because the encysted eggs of many species can be passively dis-
persed in wind or survive gut passage through dispersing vertebrates (e. g.,
GREEN et al. 2002). This should lead to greater genetic homogenization of
populations, and the rapid dissolution of founder effects if gene flow is high
enough. Depending on the relative importance of these factors, high genetic
differentiation in species with prolonged diapause may reflect either founder
effects or low gene flow despite high dispersal; similarly, the absence of ge-
netic differentiation can be attributed either to a homogeneous founder event
or to high gene flow. The analysis of neutral DNA sequence data can help dis-
tinguish among some alternative interpretations, because time is an inherent
part of haplotype networks, with the most recent mutations found at the tips of
the genealogy.

For microsatellites, ZELLER et al. (2006) found patterns of isolation by dis-
tance (IBD) in E. graciloides on scales <100 km, but not in E. gracilis. The
absence of IBD in their data for E. gracilis and high variance in population di-
vergence at even the smallest spatial scales could be due either to patterns of
gene flow that are irregular and not distance dependent, or to persistent foun-
der effects and very low ongoing gene flow. Phylogeographic and demo-
graphic analyses of mtDNA sequence data allow for a more precise interpreta-
tion. Historical growth in population sizes are evident in both species (Fig. 4).
In E. gracilis, this growth phase corresponds to range expansions seen in the
oldest (most inclusive) clades. Thus, the mtDNA genealogy reflects the initial
colonization of this region by this species (likely just post-Pleistocene). Stand-
ard neutrality tests detected a relative excess of unique mtDNA haplotypes in
E. gracilis (Table 1), as would be expected for a range expansion combined
with an associated growth in effective population size. Because population
size increased so dramatically (Fig.4), founder effects still persist in this spe-
cies.

Increases in E. graciloides regional population size came at a much later
time, possibly associated with a bottleneck in population size (Fig.4). Founder
effects in this species were apparently less pronounced than in E. gracilis, be-
cause changes in effective population size have been less dramatic (Fig. 4).
This is probably the reason that the null hypothesis of neutral evolution is not
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rejected in E. graciloides using simple statistics such as TasiMA’s D and Fu’s
F. Patterns of microsatellite differentiation for E. graciloides suggest that gene
flow is highest among lakes that are closer together (ZELLER et al. 2006).
However, the mtDNA genealogy shows very low levels of gene flow currently
between the Schohsee and the other two lakes (Clade 1-1 in Fig. 3), as well as
unsorted ancestral variation (haplotype OB). Thus, overland gene flow via
animal or wind vectors must be very rare, even when populations are sepa-
rated by <3 km. We acknowledge the limitations that must accompany any
mtDNA population genetic study, including the assumption of selective neu-
trality and the inherent stochasticity associated with gene trees (KNOWLES &
MabpisoN 2002). However, our interpretations are strengthened by an ab-
sence of amino acid polymorphisms, and qualitative agreements between the
mtDNA and microsatellite loci in terms of intraspecific variation and diver-
gence among populations.

Significant divergence among lakes in mitochondrial and nuclear markers
demonstrates that gene flow is low in these copepods, even on small spatial
scales among connected lakes. Discrepancies between ®gr and Fgr estimates
also demonstrate that genetic differentiation has developed more rapidly in the
absence of diapause. Both of these statistics quantify population differentia-
tion, but ®g; accounts for the evolutionary distances between alleles as well as
their frequencies. E. gracilis has been isolated for enough generations that la-
ke-specific lineages have evolved through mutation and drift (Fig. 2), so that
Ogr > Fgr. In E. graciloides, we interpret Fgy > ®gr to mean that colonization
events involved haphazard assemblages of alleles, and the only new lake-spe-
cific mutation to have reached appreciable frequencies is haplotype OG, re-
stricted to the Schohsee (Fig.3). The microsatellite data provide additional
support for this interpretation. Microsatellite mutation rates are several orders
of magnitude higher than those for typical nucleotide sequences. Because E.
gracilis has apparently been established in the lakes we studied for a longer
period of time than E. graciloides, E. gracilis has had more time for unique
microsatellite alleles to evolve, and population differentiation is higher. The
poor overall match in E. graciloides between levels of divergence between
pairs of lakes and hydrologic connectivity provides further evidence that in
this species, the lakes we studied are not yet in drift-gene flow equilibrium.
Our estimates of generation time suggest that the diapause egg bank of E. gra-
ciloides has slowed the decay of genetic founder effects, although not as much
as one might initially suspect. It is likely that these results extend to traits un-
der natural selection, although the specific patterns would depend on the
strength of selective differences among lakes.

The broad geographic distributions of E. graciloides and E. gracilis (Fig.5)
appear to be consistent with our interpretation of the genetic patterns. Al-
though there has not been a systematic biogeographic study of these two spe-
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Fig. 5. Occurrence of E. gracilis (circles) and E. graciloides (crosses) in Europe, as
reported in previously published studies (references available from the author on
request). One symbol may refer to multiple bodies of water in areas where they are
closely spaced. KiEFER (1978) also stated that E. gracilis is found as far east as Sibe-
ria, and that the range of E. graciloides extends even further to China.

cies, published data from a variety of sources demonstrate that E. gracilis is
broadly distributed throughout Europe, and the three lakes included in our
study lie near the center of this range. In contrast, our study lakes occur at the
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western edge of the distribution of the E. graciloides, an observation consist-
ent with this species having arrived in our study area more recently.

NAUWERCK (1980) has previously noted that E. gracilis is more common
throughout Sweden. However, in northern Sweden, this species is found only
near the Baltic Sea shoreline, corresponding to an area that was at times inun-
dated after the last ice age. In contrast, E. graciloides was nearly absent in
southern Sweden, more abundant in northern Sweden, and found in mountain
regions up to 1000 m. NAUWERCK suggested that E. gracilis was the original
inhabitant of continental Europe, and colonized southern Sweden and Britain
at a time when lower sea levels provided land bridges (with freshwater bodies)
that are not present today. E. graciloides was assumed to have colonized Scan-
dinavia from the east following glacial retreat in this region. NAUWERCK also
hypothesized that E. gracilis might have inhabited what is now the Baltic Sea
during its freshwater phases: the Baltic Ice Lake >10,000 years before present,
and the Ancylus Lake ca. 8500 years before present. This could have provided
the source for E. gracilis to colonize lakes near the northern Sweden shoreline.
These hypotheses seem to be generally supported by our analyses, and the
large amount of mtDNA diversity in E. gracilis could be explained by a large
regional population of E. gracilis in the Baltic Ice Lake and the Ancylus Lake.

Although the presence of diapausing propagule banks is expected to slow
drift through increased effective population sizes, we did not find such an ef-
fect in E. graciloides. Coalescent analyses suggest that effective population si-
zes may be an order of magnitude lower in E. graciloides than in E. gracilis,
and there is no indication that E. gracilis goes through (contemporary) popula-
tion bottlenecks of any consequence. The smaller effective population size in
E. graciloides has led to lower levels of variation for both mtDNA and micro-
satellites in this species. Independent estimates of effective population size
from a temporal analysis of microsatellite variation confirm that population si-
zes in E. gracilis are comparable to those in E. graciloides, if not larger (ZEL-
LER et al., unpubl.).

In summary, we sought to assess the genetic effects of prolonged dor-
mancy empirically with as few confounding factors as possible. The copepods
E. gracilis and E. graciloides are ecologically and trophically similar, but di-
apause occurs only in E. graciloides. We focused on lakes where the two spe-
cies are found sympatrically, and on a spatial scale of <10km to minimize dif-
ferences among the habitats in terms of regional history and abiotic factors.
We found dramatic differences among patterns of genetic differentiation be-
tween these two species that we had not predicted based on their life histories.
These were at least in part due to differences in their colonization sequence in
the region. Interestingly, we found no support for the hypothesis that species
with prolonged diapause possess larger effective population sizes than species
without diapause. The clear persistence of founder effects in E. graciloides
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precludes an accurate estimate of gene flow in this species. However it is clear
that even on small spatial scales, gene flow is not high enough to homogenize
populations in either species.
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