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ABSTRACT

If colonization of empty habitat patches causes genetic bottlenecks, freshly founded, young populations
should be genetically less diverse than older ones that may have experienced successive rounds of immigra-
tion. This can be studied in metapopulations with subpopulations of known age. We studied allozyme
variation in metapopulations of two species of water fleas (Daphnia) in the skerry archipelago of southern
Finland. These populations have been monitored since 1982. Screening 49 populations of D. longispina
and 77 populations of D. magna, separated by distances of 1.5-2180 m, we found that local genetic diversity
increased with population age whereas pairwise differentiation among pools decreased with population
age. These patterns persisted even after controlling for several potentially confounding ecological variables,
indicating that extinction and recolonization dynamics decrease local genetic diversity and increase genetic
differentiation in these metapopulations by causing genetic bottlenecks during colonization. We suggest
that the effect of these bottlenecks may be twofold, namely decreasing genetic diversity by random sampling
and leading to population-wide inbreeding. Subsequent immigration then may not only introduce new
genetic material, but also lead to the production of noninbred hybrids, selection for which may cause
immigrant alleles to increase in frequency, thus leading to increased genetic diversity in older populations.

ANY populations exist as metapopulations, that
is, as populations structured into interconnected
demes with local “turnover” dynamics of extinction and
recolonization (ANDREWARTHA and BIrcH 1954; HAN-
sk1I 1999). Evolutionary processes in metapopulations
differ in many aspects from those in large, uniform pop-
ulations because gene flow among demes is restricted,
local demes may be small, and turnover dynamics lead
to genetic bottlenecks during recolonization (ANDREW-
ARTHA and BircH 1954; HaNsk1 and GiLpIN 1997; HAN-
sKkI 1999). Moreover, metapopulation structure may be
important for evolutionary processes even in popula-
tions that do not exist as ecological metapopulations
(2.e., with turnover dynamics too weak to influence de-
mography). This is because many migrants are needed
to homogenize the genetic structure of subdivided pop-
ulations, whereas only a few individuals may be needed
to recolonized an empty habitat patch (Ives and WaIT-
LOCK 2002).

The impact of restricted gene flow and finite local
population size on genetic diversity have been studied
extensively (WRIGHT 1969; SLATKIN 1985; HEDRICK
2000; ExcorrFier 2001). The question of how turnover
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dynamics affect genetic diversity has received less atten-
tion. Theory predicts that turnover dynamics mostly
(but not invariably) lead to increased genetic differenti-
ation and decreased local genetic diversity as compared
to similarly structured populations without extinction
and recolonization dynamics (SLATKIN 1977; WADE and
McCauLEy 1988; WHiTLOCK and McCAULEY 1990;
AUSTERLITZ et al. 1997, 2000; LE COrRRE and KREMER
1998; PANNELL and CHARLESWORTH 1999).

This can be studied empirically in metapopulations
in which the age of local demes is known. If turnover
dynamics increase genetic differentiation, young demes
should be more strongly differentiated than old demes,
because age structure in metapopulations is a direct
consequence of turnover. Indeed, a number of empiri-
cal studies have found decreasing differentiation with
population age (WHITLOCK 1992a; McCAULEY el al.
1995; NURNBERGER and HARrrRisoN 1995; GILES and
GOUDET 1997; INGVARSSON et al. 1997; MOPPER ¢! al.
2000; but see DYBDAHL 1994).

The reason why turnover dynamics mostly increase
genetic differentiation and decrease local genetic diver-
sity is that recolonization events usually involve a smaller
number of individuals than the demes can eventually
support, and extinction limits the life time of demes,
during which subsequent gene flow can ameliorate the
effect of these founder events. Whereas this shows why
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recently colonized demes are predicted to be more dif-
ferentiated and to have reduced levels of local genetic
diversity compared to older demes, the magnitude of
these differences may be small, especially if turnover
rates are high, local populations are large, and migra-
tion rates are low. This is because under these circum-
stances, return rates to equilibrium are so low that most
local populations may become extinct before subse-
quent immigration has significantly changed the effect
of the founder events (CRow and Aokr 1984; WHITLOCK
1992b). In such metapopulations it may thus be difficult
to detect genetic consequences of turnover by studying
how local genetic diversity and genetic differentiation
change with population age.

Yet in metapopulations with strong founder effects
not only neutral but also selective processes may influ-
ence genetic differences between young and old popula-
tions. Genetic bottlenecks during colonization lead to
local inbreeding (e.g., KIRKPATRICK and JARNE 2000;
HaAG et al. 2002) and as a consequence, noninbred,
hybrid crosses between immigrants and local residents
may have a selective advantage (“hybrid vigor”; WHIT-
LOCK et al. 2000; EBERT et al. 2002; SACCHERI and
BRAKEFIELD 2002). Hybrid vigor has the potential to
increase effective migration rate and to decrease genetic
differentiation because it gives an advantage to immi-
grant genes, which are initially rare but represent half
of the hybrid genome (PAMILO et al. 1999; INGVARSSON
and WHiTtLOCK 2000; EBERT ef al. 2002). Hybrid vigor
may thus lead to changes in local genetic diversity and
genetic differentiation after colonization that are faster
than changes driven only by the neutral processes of
drift during colonization and subsequent migration.

The aim of this study was to assess how local genetic
diversity and genetic differentiation change with popu-
lation age in metapopulations of two co-occurring Daph-
nia species. Both metapopulations are characterized by
high yearly turnover rates (~17%/year), stressing the
potential importance of turnover dynamics for the ge-
netic population structure. The two metapopulations
are further characterized by large populations (often
>10,000 individuals) and low migration rates, indicat-
ing that neutral rates of change after colonization may
be low (Crow and Aokr 1984; WHITLOCK 1992b).
Therefore, the observation of hybrid vigor after immi-
gration in one of the species (EBERT et al 2002) may
be crucial for understanding the patterns of change in
genetic structure with age.

This study also profits from detailed knowledge of
demographic and ecological parameters of the studied
metapopulations. Age of local populations was recorded
by one of us (V. I. Pajunen) by monitoring 507 local
patches (pools) for 20 years. We also recorded several
ecological variables, which may either confound a possi-
ble association between population age and genetic
structure or lead to spurious correlations because they
themselves may be correlated to both genetic structure

and population age. Genetic structure was assessed with
allozymes, which allowed us to screen a large number
of local populations (77 and 49 for the two species,
respectively). Finally, investigating the genetic structure
of newly colonized populations only, we tentatively esti-
mated the number of colonizers, which for several rea-
sons is believed to be small, but has never been studied
explicitly (EBERT et al. 2002; HAAG et al. 2002).

Daphnia rock pool populations form metapopulation
systems with discrete habitat patches and frequent ex-
tinction and recolonization (RaNTA 1979; HANsKI and
RanTA 1983; PAjUNEN 1986; BENGTSSON 1989; EBERT
et al. 2001; PAjuNEN and PajuneN 2003). In our study
area, the average proportion of pools containing D.
magna or D. longispina populations in a given year is
17% for D. longispina and 18% for D. magna and the
yearly extinction probabilities are 17 and 16%, respec-
tively. Since 1982, the number of extinctions, on aver-
age, is balanced by the number of new colonizations
(PAJUNEN 1986; PAjuNEN and PajunNen 2003). Even
though the two species have slightly different habitat
preferences (the pools vary in size, salinity, humic acid
content, pH, calcium concentration, etc.; RANTA 1979),
they often occur together (PAJUNEN and PAJUNEN 2003).
The two species thus have a very similar metapopulation
ecology.

MATERIALS AND METHODS

The study system: We studied metapopulations of the small
filterfeeding freshwater crustaceans Daphnia longispina and D.
magna (Cladocera). In our study area in the skerry archipelago
of southern Finland, the two species occur in rock pools, small
water-filled depressions in the bare rock that are often found
along the Baltic Sea coast. Rock pools represent a patchily
distributed and discrete environment and mostly freeze solid
in winter. Both species reproduce by cyclical parthenogenesis,
in which phases of asexual reproduction are intermitted by
sexual reproduction. In rock pools Daphnia survive the winter
as resting eggs. In spring, only females hatch and start to
reproduce asexually. Because resting eggs can be produced
only sexually, each hatchling female is the founder of a geneti-
cally unique clone. The number of hatchlings is estimated to
be atleast in the hundreds to thousands (C. R. HAAG, personal
observation) and local populations often contain tens of thou-
sands of individuals. The length of an asexual generation
(hatching to first reproduction) is 10-20 days and there are
typically ~8-12 generations during the season (~5 months
in our study area). The production of males is triggered by
the environment (HOBAEK and LARssON 1990; KLEIVEN et al.
1992), and males are genetically identical to their clonal sisters
(environmental sex determination; HEBERT and WARD 1972).
During sexual reproduction, resting eggs, which are resistant
to drought and freezing, are produced. They are also the main
dispersal stage, carried passively by wind, water, and birds.
Because of the possibility of clonal reproduction, a single
hatchling female from a blown-in resting egg may found a
new population, and subsequent mating among her male and
female clonal offspring is genetically equivalent to selfing.

The study area: Our study area is in the archipelago of
southern Finland at Tvirminne on the Hanko peninsula
(59°50'N, 23°15'E; Figure 1), where we collected samples of
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D. longispinabetween July 17 and August 17, 1999, and samples
of D. magnabetween June 12 and August 23, 1998. All samples
were taken from an area consisting of 13 islands and a total
of 507 pools. At the time of sampling, 13% of the pools were
inhabited by D. longispina and 19% by D. magna. However,
we included only isolated pools; that is, we excluded pools
receiving water from other pools because these cannot be
considered independent. This resulted in a total of 49 popula-
tions of D. longispina on 8 islands and 77 populations of D.
magna on 13 islands, separated by distances of 6-2077 m and
1.5-2180 m, respectively (Table 1). The geographic location
of each pool was recorded by the use of a differential global
positioning system (with accuracy to the nearest meter).

Data collection

Genetic data: Samples were collected with a hand net with
equal effort in all parts of a pool. Samples were brought to
the laboratory, where they were kept alive at 12° and at low
density to prevent selective mortality. Random samples of usu-
ally 22 individuals (range 20-22 in D. longispina; 8-22 in D.
magna) were screened for allozyme polymorphism by cellulose
acetate electrophoresis (HEBERT and BEaToN 1993) within 3
days of collection. The following polymorphic loci were stud-
ied: aspartate amino transferase (Aaf, enzyme commission
number EC 2.6.1.1), fumarate hydratase (I'um, 4.2.1.2), glu-
cose-6-phosphate isomerase (Gpi, 5.3.1.9, only D. longispina),
malic enzyme (Me, 1.1.1.40, only D. longispina), phosphogluco-
mutase (Pgm, 5.4.2.2.), and a peptidase locus with leucylegly-
cine as dipeptide substrate (Pep, 3.4.11., only D. longispina).

Temporal data: One of us (V. I. Pajunen) has visited the
507 pools of the study area twice every year since 1982 (for
detailed methodology see PAJUNEN 1986; PAJuNEN and Paju-
NEN 2003). During each visit, the presence and absence of
Daphnia was recorded, and the identity of present Daphnia
species was determined. From this data, we calculated the age
(in years) of the populations for each species separately (the
age of newly established populations was 0). Note that maxi-
mum age was 17 in D. longispina (18 populations) and 16 in
D. magna (16 populations). These populations may be of even
older age, because they were colonized before or in 1982.
For statistical analysis they were treated as if they had been
colonized in 1982 (see DISCUSSION). A population was as-
sumed to be absent only if it was not found during three
consecutive sampling dates. After this period, reestablishment
of a population from local resting eggs was considered to be
unlikely on the basis of the observation that, using this crite-
rion, the likelihood of recolonization depended on distance
to the nearest occupied pool, and no resting eggs were found
in sediment samples of empty pools (PAJUNEN and PAJUNEN
2003; V. I. PAJUuNEN, unpublished data).

Ecological variables: For each sampled pool, we recorded
the following ecological variables, which may be correlated
with genetic diversity and population age (Table 2): pool
volume, isolation, relative distance to the sea, and presence
of competitor species.

Pool volume: For each pool, we recorded the greatest length
at the surface, the greatest width perpendicular to it, and the
maximum depth. Pool volume was estimated by assuming the
shape of an inverted pyramid (length X width X depth/3).
We considered pool volume as a potential correlate of genetic
diversity because larger pools may contain larger populations
and receive more immigrants than smaller pools. Because of
its potential effect on turnover rates, pool volume may also
be correlated with population age.

Isolation: As a measure of the isolation of a pool, we calcu-
lated the distance to the nearest pool inhabited by the same
Daphnia species (“distance to neighbor”) from the pool coor-
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FIGUrRE 1.—Map of the study area on the Baltic coast of
southern Finland. Islands included in this study are solid and
labeled with abbreviations of island names as in Table 1. To
our knowledge, there are no populations of either of the two
species present on the mainland (hatched area) within 20
km, but populations are present on many other islands. The
cross within the hatched area indicates the location of the
Tvirminne Zoological Station at 59°50'N and 23°15'E.

dinates. We used distance to neighbor rather than connectivity
(Hanskr 1994) because the latter differed strongly among
islands and was therefore confounded with the “island” vari-
able. Isolation may be inversely correlated with genetic diver-
sity, because more isolated pools may receive fewer immigrants
(isolation by distance). Isolation may also be negatively corre-
lated with population age because decreased migration rates
make genetic and demographic rescue effects (BROWN and
Kopric-BRownN 1977; RicHARDs 2000) less probable.

Relative distance to the sea: Rock pools in our study area occur
in the treeless zone between the shore and the forest. The
width of this zone varies between 4 m in sheltered places to
~100 m in places that are most exposed to wind and waves.
As a measure of the impact of the sea on the pools, we calcu-
lated the relative distance of the pool to the sea, that is, the
distance of the pool to the sea divided by the width of the
treeless zone at the location of the pool. For the five small
treeless islands that were each harboring one or two popula-
tions (D. magna only), the width of the treeless zone was set
to 100 m because this was the maximum distance recorded
for pools on islands with trees and reflects strong exposure.
Relative distance to the sea may be correlated with genetic
diversity because exposed pools may represent a less stable
environment than sheltered pools (e.g., due to sudden changes
in salinity), and thus population sizes may be reduced. Due
to their lower stability, exposed pools may also have higher
extinction rates, and exposure may thus be negatively corre-
lated with population age.

Presence of competitor species: For D. longispina interspecific
competition was considered to be high if D. magna and/or
D. pulex (a third co-occurring species of Daphnia) were present
in the same pool at the sampling date. For D. magna the pres-
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TABLE 1

Coordinates and number of sampled pools for each island included in this study

No. of pools
Island Coordinates D. longispina D. magna
Fyrholmen (F) 57.861/35.466 5 1
Prackan (FO) 58.121/35.432 4 1
Nameless skerry (FS) 58.041/35.366 5 8
Granbusken (G) 57.849/33.861 14 21
Flatgrund (K) 58.245/34.856 0 1
Lasarettet (LA) 57.943/35.198 1 7
Nameless skerry (LN) 58.140/34.420 0 1
Mellanskar (M) 57.992/34.497 4 3
Storgrundet (N) 58.699/34.636 14 24
Skallotholmen (SK) 58.510/35.739 4 6
Nameless skerry (SKN) 58.606/35.857 0 1
Nameless skerry (SKO) 58.595/35.837 0 1
Nameless skerry (SKW) 58.468/35.834 0 2

Abbreviations of names correspond to labels in Figure 1. Coordinates are in kilometers, according to the

Finnish coordinate system.

ence of D. longispina and/or D. pulex was considered. Com-
petitor species were present in 31 and 36% of D. longispina and
D. magna populations, respectively. We considered interspe-
cific competition as a potential confounding factor because it
may influence population sizes and extinction rates (BENGTs-
soN 1989).

Data analysis

Description of genetic diversity and differentiation: As mea-
sures of genetic diversity, allelic richness and genotypic rich-
ness were calculated for each population. Allelic richness and
genotypic richness represent measures for the number of al-
leles and the number of multi-locus genotypes in a population,
independent of sample size (EL Mousapik and PETIT 1996;
GoupEeT 2001). Allelic richness was also calculated for each
locus separately, to give an impression of the contribution
of the different loci to total genetic diversity. As alternative
measures of genetic diversity, we also calculated gene diversity
(NEI 1973) and Simpson’s diversity index (StoppART 1983)
for genotypes. These two measures give less weight to rare
polymorphisms than to common ones. However, the results
obtained with these two measures did not differ from the
results obtained with allelic richness and genotypic richness
and therefore only their summary statistics are reported.

Genetic differentiation was assessed by means of Fstatistics
(WEIR and CockerRHAM 1984). Using the program FSTAT
(GoupET 2001), we estimated overall 5y and pairwise Fgrvalues
between all pairs of pools.

Associations between explanatory variables and genetic di-
versity: We used allelic richness and genotypic richness as
dependent variables to investigate which of the explanatory
variables listed in Table 2 were associated with genetic diver-
sity. The analysis was carried out in two steps. First, we tested
for associations between genetic diversity and each of the
explanatory variables separately. For continuous variables, this
was done using linear regression and, for class variables, using
one-way analysis of variance (factor island) or ttest (presence
of competitors). Whenever an island was considered as a fac-
tor, we excluded islands with only one pool.

In a second step, we used multiple regression models to
investigate the combined effect of explanatory variables on
measures of genetic diversity. Because these models included

island as a factor, they were carried out only for pools from
islands with more than one pool. We used a forward selection
procedure (P to include 0.05, P to exclude 0.1; SOkAL and
Ronrr 1981) to determine explanatory variables that had a
significant effect after correcting for other significant factors.
We also used Akaike’s information criterion (AIC) to identify
the model that best explained the data.

For all statistical analyses, volume, distance to neighbor,
and the relative distance to the sea were log, transformed.
After transformation, the variables showed approximately nor-
mal distribution, although deviations were significant in some
cases. Yet, nonparametric alternatives for association tests with
single explanatory variables yielded almost identical results
and therefore we report the parametric test only.

In D. magna, our loci showed only limited polymorphism,
resulting in very skewed distributions of measures of genetic
diversity. For statistical reasons, we restricted association analy-
ses between measures of genetic diversity and explanatory
variables to polymorphic D. magna populations only; that is,
we excluded all pools that contained only a single, all-homozy-
gous multi-locus genotype. We are confident that the exclu-
sion of monomorphic pools did not have a strong influence
on our results because rank tests on the whole data set showed
very similar results.

Association between explanatory variables and pairwise Fgy:
Genetic differentiation is a measure defined among several
pools or between pairs of pools, whereas all our explanatory
variables were defined for each pool. To circumvent this prob-
lem, we used simple and partial Mantel tests (analogous to
simple and multiple regression) with pairwise Fg as the depen-
dent variable and mean pairwise age, mean pairwise volume
(logyy transformed), and geographic distance (log;, trans-
formed) as explanatory variables. Relative distance to the sea
and distance to neighbor were not considered because they
were nonlinearly related to geographic distance. Mean pair-
wise age and mean pairwise volume are means for pairs of
pools. This has the disadvantage that intermediate values can
represent either two pools with intermediate values or two
pools with opposite extreme values.

We calculated pairwise Fsr only for pairs of pools on the same
islands to avoid inclusion of pools that very rarely exchange
migrants (C. R. HAAG, unpublished data). Because of many
undefined values in D. magna, this analysis could be carried
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TABLE 2

Description of population parameters used in this study

Parameter Mean (SD) Range N
D. longispina

Dependent variables
Allelic richness 7.70 (0.97) 6-10 49
Genotypic richness 4.05 (2.67) 1-10.8 49
Pairwise Fgr within islands 0.28 (0.25) —0.02-1 48

Explanatory variables
Age of population (yr) 8.57 (7.23) 0-17+ 49
Volume (m?) 2.40 (6.10) 0.048-31.1 49
Distance to neighbor (m) 29.5 (54.4) 6-337 49
Relative distance to sea 0.44 (0.25) 0.084-0.93 49
Pairwise distance within islands (m) 66.8 (55.6) 6-361 48

D. magna

Dependent variables
Allelic richness 3.43 (0.66) 3-5.59 77
Genotypic richness 1.45 (0.90) 1-4.82 77
Pairwise I5p within islands 0.27 (0.26) —0.02-1 63

Explanatory variables
Age of population (yr) 5.86 (6.22) 0-16+ 77
Volume (m®) 1.25 (3.67) 0.007-24.2 77
Distance to neighbor (m) 19.72 (43.42) 1.5-198 77
Relative distance to sea 0.72 (1.00) 0.013-5.44 77
Pairwise distance within islands (m) 50.1 (45.6) 1.5-478 63

Age of population indicates number of years since colonization. Age = 0 indicates a pool newly colonized
in 1998 (D. magna) or 1999 (D. longispina). Populations colonized before or in 1982 (age 17+ in D. longispina
and 16+ in D. magna) were assumed to have been colonized in 1982. Genetic data are based on genotypes of
usually 22 individuals/population. Pairwise variables (f5r and geographic distance) were calculated only within
islands. N indicates the number of pools for which at least one pairwise value was calculated. Two additional
explanatory variables were the island on which a pool was located and the presence of competitors (both
categorical) with N =49 and N = 77 in D. longispina and D. magna, respectively.

out only for D. longispina. In D. longispina, we carried out the
Mantel test separately for each of the two islands with >10
pools and obtained a combined test by Fisher’s method for
combining P-values (SOKAL and Ronrr 1981). Mantel tests
were first carried out as simple Mantel regressions and in a
second step as partial regressions using the program FSTAT
(GOUDET et al. 1996) and tested with 10,000 randomizations.
The reliability of partial Mantel tests has recently been ques-
tioned (RAUFASTE and Rousser 2001), but the main point
here was not to obtain an exact Pvalue, but rather to see
whether the patterns would fundamentally change by control-
ling for potentially confounding variables.

To test simple associations between population age and
pairwise genetic differentiation for both species and for all
islands, we grouped pools in three age classes: young (0-2
years), intermediate (3-10 years), and old (>10 years). For
each age class, we calculated average pairwise I (arithmetic
mean) for all pairs with both pools on the same island and
in the same age class. Standard statistical tests for differences
in pairwise Fgr among age classes are not available, because
data points come from matrices and are therefore noninde-
pendent, but these matrices are not complete. As a conserva-
tive approximation, we used a test based on the number of
pools in each age class, for which at least one pairwise estimate
was calculated. One less than the number of pools is the
number of independent data points. Standard errors were
therefore calculated using the observed variance in pairwise
Iy values in each group and the number of pools on which
these estimates were based. Degrees of freedom were also
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based on the number of pools in each class. F-tests were based
on these estimates of standard errors and degrees of freedom.

Number of colonizers: The number of colonizers in rock
pool populations of D. magna is known to be very low (EBERT
et al. 2002; HAAG et al. 2002). The year 1998 appeared to
be an exceptionally good year for new colonizations, as the
number of new colonizations in both species in our study area
was more than twice the average for the period 1984-1997
(PajuNEN and PAJuNeN 2003). Consequently, our genetic sam-
ple contained a large proportion of the D. magna population
that were in their first year (28 of 77 populations) whereas
11 of 49 D. longispina populations, sampled in 1999, were
in their second year. In 1999 there were 5 newly colonized
populations of D. longispina.

To obtain a quantitative estimate of the number of coloniz-
ers, for all genotypes that were found in newly colonized popu-
lations we calculated the probability of twice obtaining an
individual with this genotype by picking two random individu-
als from the total metapopulation (migrant pool model of
colonization). From this, for each pool we calculated the prob-
ability that a pool was colonized by a given number of individ-
uals.

RESULTS

Descriptive parameters of genetic diversity are given
for each locus and species in Table 3. Within pools,
between 6 and 10 alleles were found in D. longispina
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TABLE 3

Descriptive parameters of genetic diversity for each locus and species

Parameter Aat Fum Pgm Gpi Me Pep All Pool mean
D. longispina
No. of alleles 3 2 2 2 2 13 7.71
Allelic richness 3 2 1.87 1.93 1.29 1.41 11.50 7.70
Gene diversity 0.65 0.38 0.09 0.12 0.02 0.03 0.22 0.09
No. of genotypes — — — — — — 55 4.14
Genotypic richness — — — — — — 44.01 4.05
G, — — — — — — 11.57 2.93
Polymorphic pools 0.86 0.22 0.10 0.08 0.06 0.06 0.92 —
D. magna
No. of alleles 3 3 2 — — — 8 3.53
Allelic richness 2.35 1.50 1.15 — — — 5.00 3.43
Gene diversity 0.27 0.07 0.02 — — — 0.07 0.03
No. of genotypes — — — — — — 14 1.69
Genotypic richness — — — — — — 2.80 1.45
G, — — — — — — 1.82 1.36
Polymorphic pools 0.30 0.17 0.01 — — — 0.38 —

Genotypic measures are given only for multi-locus genotypes. G, refers to Simpson’s diversity index of
genotypes. Proportion of polymorphic pools are given with respect to alleles, not genotypes. Sample sizes were
49 pools for D. longispina and 77 pools for D. magna. “All” indicates the total across all loci and pools; “pool

mean” indicates the average within a pool across all loci.

(summed over six polymorphic loci) and between 3 and
6 alleles were found in D. magna (summed over three
polymorphic loci). In D. magna the overall level of poly-
morphism was low, possibly not due to a lack of genetic
diversity, but rather due to a lack of suitable markers.
Whereas 62% of all D. magna populations contained
only a single, all homozygous multi-locus genotype, this
was the case in only 8% of the D. longispina populations.

Genetic differentiation among pools was strong, aver-
aging 0.59 for D. longispina and 0.56 for D. magna at the
level of the whole metapopulation (P < 0.0001 in both
species). Within islands, average Ig; between pairs of
pools was 0.28 in D. longispina and 0.27 in D. magna
(Table 2). This is not the most accurate method to
estimate within-island differentiation (GoupeTt 2001),
but is used here because association tests with popula-
tion age were based on pairwise values. A hierarchical
analysis of genetic differentiation for a larger data set,
including the data of this study, will be reported else-
where.

Correlations among explanatory variables: Before
testing for associations between the variables listed in
Table 2 and genetic diversity, we tested to what degree
these variables were independent from each other (Ta-
ble 4). Relative distance to the sea was positively corre-
lated with population age in both species, and there
was also a trend for a positive correlation between popu-
lation age and pool volume. Furthermore, several vari-
ables showed significant variation among islands and,
in D. magna, populations in larger pools were more
likely to have a competitor species. After correction for
multiple testing (sequential Bonferroni), only variation

in relative distance to the sea among islands in D. magna
remained significant.

Correlations among dependent variables: The two
measures of genetic diversity, allelic richness and geno-
typic richness, were highly positively correlated (r =
0.89, N =49, P < 0.0001 in D. longispina and r = 0.81,
N =29, P < 0.0001 in D. magna). Nevertheless, we
decided to use both as measures of genetic diversity,
because several populations were fixed for a heterozy-
gous genotype, in which case the two measures of ge-
netic diversity differ considerably.

Single explanatory variables: As a single explanatory
variable (i.e., without correcting for potential confound-
ing factors), population age was associated with both
measures of genetic diversity in both species (Table 5,
Figure 2). In D. magna, the regression for allelic richness
was nonsignificant after correcting for multiple testing,
but population age was overall clearly the variable that
showed the closest association with genetic diversity,
explaining 18-37% of the total variance, depending on
measure and species.

In D. longispina, pool volume, distance to neighbor,
and relative distance to the sea also were significantly
associated with at least one diversity estimate. All slopes
went in the expected direction; that is, age, volume,
and relative distance to the sea were positively correlated
and distance to neighbor was negatively correlated with
genetic diversity (Table 5). In D. magna, both measures
of diversity differed significantly among islands, but
none of the other variables, except population age, was
significantly associated with genetic diversity (Table 5).

Multiple regression analysis: The results of the multi-
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TABLE 4

Matrix of association among explanatory variables

Variable 2 3

4 5 6

D. longispina

1. Age of population r=0.31% r= —0.24 r = 0.39%* t=141 F=0.83
2. Volume r= —0.09 r=0.10 x? =141 F=0.80
3. Distance to neighbor r= —0.09 x?=0.20 F = 2.35%
4. Relative distance to sea x? = 2.20 F = 3.73%*
5. Presence of competitors Fisher**
6. Island

D. magna
1. Age of population r=0.31 r=0.17 r = 0.49%* t=0.72 F = 5.96%*
2. Volume r=0.22 r=0.16 x? = 6.07* F=0.46
3. Distance to neighbor r=0.03 x? = 1.09 F=1.70
4. Relative distance to sea x? =238 F = 21.72##%%
5. Presence of competitors Fisher
6. Island

Association among continuous variables was tested with the Pearson correlation coefficient (r). Associations
between continuous and class variables were tested with #test (¢), logistic regression (Wald-x?), or one-way
analysis of variance (I7). Associations among class variables were tested with Fisher’s exact tests (Fisher). Sample
sizes are 49 for D. longispina and 29 for D. magna. Significance levels are given without correcting for multiple

testing. *P < 0.05, **P < 0.01, ****P < 0.0001.

ple regression with stepwise selection are given in Table
6. In both species and for both measures of genetic
diversity, population age entered in the model and re-
mained significant after controlling for all other signifi-
cant factors in the final model. In D. longispina, volume
and, in the case of allelic richness, distance to neighbor
were the other significant factors in the final model.
This shows that both population age and pool volume
have an effect on genetic diversity in D. longispina, even

when the other factor is controlled for (Figure 3). In
D. magna, the model for allelic richness included island
and relative distance to the sea in addition to population
age. Population age, on the other hand, was the only
significant factor in the model for genotypic richness
in D. magna. Overall, the models explained 31-76% of
the total variance in genetic diversity.

Models based on the lowest AIC values usually in-
cluded more factors, with goodness-of-fit P-values rang-

TABLE 5

Associations between measures of genetic diversity and single explanatory variables

Allelic richness

Genotypic richness

Explanatory variable Type of data Slope Statistics N Slope Statistics N
D. longispina
Age of population Continuous 0.08 { = 52§k 49 0.21 t = 4.70%%%xx 49
Volume Continuous 0.81 1 = 4.6]%%** 49 2.45 t = 5.29%*k* 49
Distance to neighbor Continuous —0.84 = —2.46% 49 —1.84 t=—193 49
Relative distance to sea Continuous 1.33 t = 2.86%* 49 2.94 t = 2.23% 49
Presence of competitor Class — t=0.63 49 — t=1.15 49
Island Class — =156 48 — F=1.46 48
D. magna
Age of population Continuous 0.04 1= 2.39% 29 0.11 1= 8.92%#* 29
Volume Continuous —0.05 t=—0.34 29 0.22 =072 29
Distance to neighbor Continuous 0.28 =128 29 0.50 =112 29
Relative distance to sea Continuous 0.20 t=1.03 29 0.64 =173 29
Presence of competitor ~ Nominal — t= 0579 29 — t=0.087 29
Island Nominal — F = 8.70%%* 25 — F = 3.39% 25

Reported statistics are either F-values (island) or #values (all other variables). The regression slope is given
only for continuous variables. N, the number of pools for which a given statistic was calculated. Significant
values after correction for multiple testing (sequential Bonferroni correction) are underlined. *P < 0.05,

#EP < 0.01, #*P < 0.001, **#+pP < 0.0001.
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FIcGUure 2.—Relationship between genotypic richness and
population age in D. longispina (A) and D. magna (B and C).
B shows all D. magna populations and C shows only those
populations that were not fixed for the most common geno-
type. The size of the dots indicates the number of populations
with the same value.

ing from 0.05 to 0.4. Additional factors included were
island in D. longispina and island, volume, and relative
distance to the sea in D. magna. Yet, inclusion of these
factors did not qualitatively change the association be-

Genotypic richness

4 3-10
Le (yﬁ‘am)

F1Gure 3.—Genotypic richness in D. longispina depending
on population age and volume. Error bars indicate 1 SE.

tween genetic diversity and explanatory variables pres-
ent in the stepwise models. Therefore only the stepwise
models are reported.

Association between explanatory variables and pair-
wise Fgr: The Mantel regression on the two islands with
the highest number of D. longispina pools showed that
genetic differentiation was negatively correlated with
population age, indicating that younger populations
were more strongly differentiated than older popula-
tions (Table 7, Figure 4). This was evident in a simple
regression as well as in a multiple regression after cor-
recting for volume and distance. The Mantel regression
further showed a significantly negative correlation be-
tween genetic differentiation and volume as well as a
positive correlation between genetic differentiation and
distance.

TABLE 6

Multiple regressions between measures of genetic diversity and explanatory variables

Dependent variable Explanatory variable Slope d.f. Statistics r
D. longispina

Allelic richness Age of population 0.06 44 t = 16.55%%* 0.56
Volume 0.59 44 t = 14.97%%%
Distance to neighbor —0.56 44 1= 4.22%

Genotypic richness Age of population 0.15 45 1= 14.42%%* 0.52
Volume 1.94 45 L= 20.14%%%%

D. magna

Allelic richness Age of population 0.04 19 L= 3.22%* 0.76
Relative distance to sea 0.58 19 t = 2.56%
Island — 3/19 F = 15.04%%%*

Genotypic richness Age of population 0.10 23 1= 3.23%* 0.31

Only variables with significant effects (P < 0.05) remained in the final model. Slopes and P-values are given
after correcting for all other factors in the model. Reported statistics are [~values (island) or tvalues (all other
variables). One r-value is given for each complete model. *P < 0.05, **P < 0.01, *¥*P < 0.001, #*#<pP <

0.0001.
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Mantel regressions for associations between pairwise Fs; and
explanatory variables on the two islands with the highest
number of D. longispina pools (Granbusken, 14 pools;

Storgrundet, 12 pools)

Explanatory Test

variable Island statistic Value

Mean age Granbusken r —0.46%%*
Storgrundet r —0.30%
Combined x? 26.96%

Mean volume Granbusken r —0.18
Storgrundet r —(.43%%%
Combined x? 22,07

Distance Granbusken r 0.22*
Storgrundet r 0.41 %%
Combined x? 21.25%#*

Combined tests were calculated according to Fisher’s
method of combining probabilities. The Mantel r-values from
simple regression are given. The underlined values are also
significant (P < 0.05) in a multiple regression after correcting
for all other factors.

Comparing the means of all defined within-island
pairwise Ig; estimates for each age class showed that
pairwise Fgr decreased with age in both species (Figure
5). Our approximate test indicated that this decrease
was significant in both species (D. longispina: I 4 = 7.07,
P = 0.002; D. magna: Fy,3 = 3.81, P = 0.03).

Number of colonizers: In D. magna, 19 of 28 newly
colonized populations contained only a single homozy-
gous genotype, and 5 populations were fixed for a single
heterozygous genotype. In D. longispina, 1 of b newly
colonized populations was fixed for a homozygous and
1 for a heterozygous genotype.

For D. magna populations, 16 populations (57%) were
fixed for the most common homozygous genotype. The
overall frequency of this genotype in the metapopula-
tion was 73%. Assuming two randomly picked genotypes
from the whole metapopulation (migrant pool migra-
tion), the probability of twice obtaining the most com-
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FIGURE 4.—Decrease in pairwise Fgr with mean population
age in D. longispina. The data represented are from all within-
island pairs on the two islands on which the Mantel tests were
based.
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FIGURE 5.—Mean pairwise F5; between populations of young
(0-2 years), intermediate (3-10 years), and old (>10 years)
in D. longispina (shading) and D. magna (solid). Only pairs
with both pools on the same island are included. Error bars
indicate 1 SE, calculated from observed variances of pairwise
Isr within each age class and the number of pools (not the
number of pairs) in a given class.

mon genotype is 53%. We thus assumed that these 16
pools were colonized by an average of 1.8 individuals
(because this number of colonizers would result in 57%
of newly colonized populations fixed for the most com-
mon genotype). For the other monomorphic popula-
tions, the probability that they were founded by two
individuals of the same genotype was <10%. Therefore,
we assumed that these populations were founded by
one individual. Assuming further that polymorphic pop-
ulations were founded by the number of individuals
equal to the number of genotypes that they contained
(two or three), we obtained an overall estimate of 1.7
colonizers (range 1-3)/population. For D. longispina,
these calculations lead to an estimate of 3.2 colonizers
(range 1-9), which is higher, because 1 newly colonized
population contained nine genotypes. Without this pop-
ulation, the estimate is 1.75 colonizers (range 1-2).

DISCUSSION

In the studied metapopulations of Daphnia, genetic
differentiation was stronger among young populations
than among old populations and young populations
were also genetically less diverse. Because variation in
population age is a direct consequence of extinction
and recolonization, this pattern, which is highly consis-
tent between the two species, suggests that turnover
leads to decreased local genetic diversity and to increased
genetic differentiation in these metapopulations.

It is likely that both the increase in genetic diversity
with age and the decrease in genetic differentiation with
age reflect the same processes. Colonization by a small
number of colonizers creates strong genetic bottlenecks
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(founder events) and consequently, newly founded pop-
ulations have a low local genetic diversity and are
strongly differentiated from each other. Subsequent im-
migration may introduce new genetic material, increas-
ing local genetic diversity and decreasing differentia-
tion. This effect has been analyzed by WHITLOCK and
McCAULEY (1990), who found that turnover dynamics
always lead to increased differentiation if the number
of colonizers is less than twice the number of migrants.
In Daphnia, wind-blown resting eggs are thought to
be the main source of both colonizers and migrants.
Because this form of dispersal is entirely passive, it may
be assumed that colonization and migration are qualita-
tively the same; that is, colonization is migration into a
pool that happens to be empty. The number of coloniz-
ers may therefore be assumed to be equal to the number
of migrants and turnover is thus expected to increase
differentiation in this system.

Our analyses indicate that the number of colonizers
(and thus the assumed number of migrants) is very low
compared to the large local population sizes. Migrant
frequencies in populations are thus expected to be
small, and, in a neutral model, most immigrant genes
would disappear by drift, and even the few that increase
would increase slowly. Thus, the equalizing effect of
migration on gene frequencies will be small and most
populations may become extinct before genetic diversity
has significantly increased (Crow and Aox1 1984;
WarTLOCK 1992b). This means that with the parameters
given by the Daphnia metapopulations it should be dif-
ficult to detect a change of genetic population structure
with age. This can best be seen in a numerical example,
which is intended to reflect the general properties of
Daphnia metapopulations but makes the simplifying as-
sumption of the island model of population structure,
that is, that migrants and colonizers are drawn at ran-
dom from the whole metapopulation. We calculated
equilibrium f4r in the absence of turnover, assuming
local demes of 1000 individuals (N = 1000) exchanging
on average one migrant per generation (N, = 1, m =
0.001) in the presence of a turnover rate of 17% with
the number of colonizers, k, being equal to the number
of migrants (é.e., k= N,, = 1, which implies that coloniza-
tion is migration into empty patches). With these param-
eters, expected equilibrium Fsr in the absence of turn-
over is 0.2. With turnover, expected Isr among newly
colonized populations is 0.5 (WADE and McCAULEY
1988), showing the strong effect of turnover. However,
the expected overall f5r of a metapopulation described
by these parameters is 0.49 (WADE and McCAULEY
1988), which is only slightly less than that among newly
colonized populations. The reason for this small differ-
ence, which would make it almost impossible to detect
differences in genetic differentiation between young
and old populations, is that the time required to return
halfway back to Fy = 0.2 is 277 generations due to

the large population size and the low migration rates
(WHITLOCK 1992b).

We therefore think that the observed increase in local
genetic diversity and the reduction in genetic differenti-
ation with population age across a period of only 17
years is unlikely to be explainable on the basis of a
neutral model only, but may be better explained if immi-
grants have a selective advantage. One effect that may
cause such an advantage is hybrid vigor (WHITLOCK et
al. 2000), which we have earlier shown to be present in
the D. magna metapopulation (EBERT et al. 2002). In
this metapopulation, local populations appear to be
strongly inbred due to founder events. Particularly if
populations are founded by single individuals, resting
eggs can be produced only by within-clone mating, and
thus all hatchlings in the following season will be the
result of selfing with an inbreeding coefficient of 0.5.
If subsequent immigrants mate successfully with the resi-
dent population, they produce noninbred hybrids,
which have a selective advantage. During selection for
hybrids, all genes introduced by immigrants rapidly in-
crease in frequency because they represent half of the
hybrid’s genes, whereas the initial frequency of immi-
grant genes in the pool is likely to be much lower.
Immigration, even by a few individuals, can thus have
a strong effect on genetic diversity if the immigrants
succeed in mating with residents to produce hybrids.
Hybrid vigor thus leads to an increased effective migra-
tion rate (INGvArssoN and WHiTLOCK 2000) and re-
duces population differentiation (PAMILO et al. 1999)
and hence may represent a mechanism by which genetic
population structure in metapopulations may be closely
related to the age structure of local demes. Other possi-
ble selective advantages of immigrants may further con-
tribute to this pattern, as, for instance, locally adapted
parasites, which may reduce the fitness of local residents
more than they affect the fitness of immigrants.

A number of other studies have found a decrease of
genetic differentiation or an increase in genetic diversity
with population age (WHiTLOCK 1992a; MCCAULEY et
al. 1995; NURNBERGER and HARRISON 1995; GILES and
GOUDET 1997; INGVARSSON et al. 1997; MOPPER ¢t al.
2000). It is not clear to which degree hybrid vigor has
contributed to these studies. In plant metapopulations,
an important factor contributing to higher numbers of
migrants than of colonizers is that colonization has to
take place by seeds, whereas subsequent gene flow can
also be mediated by pollen (McCAULEY et al. 1995; GILES
and GouDET 1997). However, in all studies genetic bot-
tlenecks occurred during colonization. A possible con-
tribution of hybrid vigor should therefore not be ne-
glected.

We have estimated the number of colonizers using
assumptions of the migrant pool model. In reality, colo-
nizers may come mainly from a close-lying pool (Paju-
NEN and PAjunNenx 2003), indicating that our estimate
is likely to be an underestimate of the real number of
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colonizers because colonizers may be genetically more
similar to one another and a larger propagule size would
thus not be detected as easily. Yet the repeated occur-
rence of fixed heterozygous populations among newly
colonized populations (6 of 33 newly colonized popula-
tions, summed across species) indicates that the number
of colonizers is indeed low. This is because fixed hetero-
zygous populations must have been colonized by hetero-
zygous individuals only. Furthermore, the number of
colonizers calculated under the assumption of migrant
pool colonization may come close to the effective num-
ber of colonizers (INGVARssON 1998), that is, to the
number of colonizers that would have the same effect
on genetic differentiation if colonization happened ac-
cording to the migrant pool model.

In D. longispina, genotypic richness increased from
2.5 to 5.8 over the time span of the whole study and in
D. magna from 1.2 to 2.2 (monomorphic populations
not excluded). At the same time pairwise [4; estimates
decreased from 0.43 to 0.15 in D. longispina and from
0.37 to 0.16 in D. magna (see also Figures 2 and 5). Yet
the oldest populations may in fact be older than 16 or
17 years because they were founded before the onset of
the study. This indicates that a class of old and relatively
stable populations may exist, which may act as a reservoir
of genetic diversity (PAJUNEN and PAjuNeNn 2003). We
think that this does not change our general conclusion
for two reasons. First, the associations among popula-
tion age genetic differentiation as well as the association
between population age and local genetic diversity do
not rely only on these oldest populations. Populations
of intermediate age (colonized after 1982) in both spe-
cies had intermediate local genetic diversities and inter-
mediate levels of genetic differentiation. Second, these
old and stable populations occur mainly in deep pools
and are therefore unlikely to dry out during summer
droughts. We think, however, that it is during these
droughts, when the sediment is dry and exposed to
wind, that dispersal mainly occurs. Hence, the stable
and old populations may not be the main source of
migrants.

In addition to population age, a number of other
ecological variables explain part of the population ge-
netic structure in our Daphnia metapopulations. These
patterns were less consistent between the two species
than population age, and it is unclear whether these
inconsistencies reflect real differences in the ecology of
the two species or a lack of statistical power. At least in
D. longispina, pool volume appeared to be an important
factor, both for genetic diversity and for genetic differ-
entiation, but our analysis does not allow us to identify
the reason for these correlations. The effect of pool
volume may be because of increased drift in smaller
pools (due to smaller population size), but also because
larger pools may receive more immigrants (because of
their larger surface area) or because they have a lower
extinction rate (because they are less likely to dry out

during the summer). Yet, it was important to include
these ecological variables in this study because they were
also correlated with population age and correlations
between genetic measures and population age without
controlling for ecological variables may have been spuri-
ous. Our analysis indicates that this was not the case
(see also Figure 3). Nevertheless, our study shows that
a number of ecological factors can play an important
role in determining genetic population structure.

In conclusion, we found that older populations had a
higher genetic diversity and that genetic differentiation
among pools decreased with population age. In the
studied metapopulations, this pattern seems unlikely
to be caused by neutral processes alone because large
population sizes and low migration rates predict that
long time spans would be required for the observed
patterns to become evident. We therefore think that
the results are more easily explained if immigrant genes
are selectively favored, for instance, by hybrid vigor,
which has been shown for one of the metapopulations.
This mechanism suggests that genetic bottlenecks dur-
ing colonization cause low genetic diversity of young
populations and population-wide inbreeding. Subse-
quent immigration leads to hybrid vigor, which gives a
selective advantage to immigrant genes. Thus, even with
large local population sizes and low nominal (as op-
posed to effective) migration rates, increases in diversity
may be observed within a reasonable time because hy-
brid vigor increases the effective migration rate.
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