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Invasion of an asexual American water flea
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The huge ecological and economic impact of biological invasions creates an urgent need for knowledge of
traits that make invading species successful and factors helping indigenous populations to resist
displacement by invading species or genotypes. High genetic diversity is generally considered to be
advantageous in both processes. Combined with sex, it allows rapid evolution and adaptation to changing
environments.

We combined paleogenetic analysis with continent-wide survey of genetic diversity at nuclear and
mitochondrial loci to reconstruct the invasion history of a single asexual American water flea clone (hybrid
Daphnia pulex X Daphnia pulicaria) in Africa. Within 60 years of the original introduction of this invader, it
displaced the genetically diverse, sexual population of native D. pulex in Lake Naivasha (Kenya), despite a
formidable numerical advantage of the local population and continuous replenishment from a large
dormant egg bank. Currently, the invading clone has spread throughout the range of native African
D. pulex, where it appears to be the only occurring genotype.

The absence of genetic variation did not hamper either the continent-wide establishment of this exotic
lineage or the effective displacement of an indigenous and genetically diverse sibling species.
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1. INTRODUCTION

Massive international transport of people and goods lead to
the inadvertent creation of a new Pangaea, a world where
previously isolated species and gene pools are mixed and
homogenized in the absence of significant geographic
barriers. Biological invasions pose an increasing threat to
local ecosystems and global biodiversity (Mooney &
Cleland 2001; Ricciardi 2004; Clavero & Garcia-Berthou
2005). Knowledge of the ecological and genetic processes
behind biological invasions is essential to understand why
and under which conditions some species tend to be more
invasive than others. This information is needed to develop
measures and tools to avoid or control future invasions,
along with the ecological and economic damage caused by
them. High genetic diversity is generally thought to
promote invasion (Jain & Martins 1979; Kolbe ez al.
2004; Frankham 2005a) because genetically diverse
colonizers have greater evolutionary potential and hence
a higher probability of successful establishment and spread
in the newly colonized range. At the same time, high genetic
diversity reduces the extinction risk of local populations
(Saccheri et al. 1998; Spielman er al. 2004; Frankham
2005b) and thus contributes to resistance against invasions
(Tagg er al. 2005). Therefore, it can be considered
important for both the invader and the invaded.
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Genetic techniques have been successfully used to trace
the geographic origins of invasive species and populations
(e.g. Havel er al. 2000; Saltonstall 2002; Bonizzoni er al.
2004). Similarly, we found in a previous study that all
Kenyan populations of the water flea Daphnia pulex consist
solely of a single asexual clone of American origin
(Mergeay er al. 2005). Most of these studies, however,
lack the historical perspective on the genetic aspects of
colonization, establishment and biotic interactions that
are needed for proper understanding of invasion dynamics
(Sakai er al. 2001). For the present study, we used a
paleogenetic approach involving application of genetic
techniques to the fossil record (DNA sequencing and
genotyping of dormant eggs) to reconstruct the historical
dynamics of this invading water flea clone in Lake
Naivasha, a 135-km? shallow freshwater lake in Kenya
that has been a centre of regional economic development,
from early colonial times. The sedimentary archive of
subfossil ephippia (protective chitinous capsules that
surround dormant eggs of water fleas, analogous to plant
seeds) of this lake provides a continuous 1800-year record
of the Daphnia population in the past and community
dynamics in relation to climate-driven aquatic ecosystem
change, and more recently to human impact (Verschuren
2001; Mergeay et al. 2004; Mergeay 2005). Although old
dormant eggs may no longer be viable, they often still
contain sufficient amounts of unfragmented DNA for
genetic analysis. Using polymorphic genetic markers on
eggs recovered from different dated sediment depths, we
reconstructed genetic changes through time in the resident
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Figure 1. Demographic changes in the Lake Naivasha Daphnia pulex population through time. Changes in ephippium density
since 1500 AD. Stippled line shows climate-driven lake-level change through time (Verschuren 2001), highlighting the marked
natural variability of the abiotic environment and aquatic habitat in Lake Naivasha.

population of D. pulex since the early colonial settlement
around the lake.

2. MATERIAL AND METHODS

(a) Sampling: sediment coring and field surveys

The material studied comprises two short sediment cores
(NC91-1S: 90 cm, ca 1870-1991 AD; NCO01-1S: 158 cm,
ca 1810-2001 AD) and a long core (NCO01-D: 88-764 cm),
retrieved near the deepest point of Lake Naivasha in
July-August of 1991 and 2001, at a depth of 14.50 m.
Coring procedures and dating details are provided in the
electronic supplementary material. Subfossil Daphnia ephip-
pia were extracted from contiguous 2 cm core increments by
washing 15-70 ml of untreated sediment through a 150 pm
mesh sieve and scanning the retained residue at 10-90X
magnification under a stereo-dissecting microscope.

Field surveys in Ethiopia, Kenya and South Africa
between 2001 and 2004, supplemented with limited
samples from Botswana and Zimbabwe, yielded zooplank-
ton collections from 177 African standing waters. Live
zooplankton was collected using a conical tow net (25 cm
diameter) of 150 um mesh, washed in the net and fixed in
100% ethanol. In some waters, sediment samples
containing ephippia were also taken (Mergeay er al. 2005)
and treated as described earlier.

(b) DNA extraction, amplification and analyses
Ephippia of D. pulex were opened and single dormant eggs
picked out and transferred to UV-sterilized 200 pl micro-
fuge tubes for DNA extraction. Details of DNA extraction
and PCR amplification are provided in the electronic
supplementary material. Ten microsatellite loci (Dpu7,
Dpu40, Dpud5, Dpud6, Dpul2/2, Dpl83, Dp525alt,
Dp464, Dp502 and Dp496; Colbourne ez al. 2004) were
used to assess genetic variation within and between modern
populations of D. pulex. Three loci (Dpu7, Dpu40 and
Dp183) that gave satisfactory yields in old dormant eggs
from Lake Naivasha were retained for paleogenetic
population analysis through time (12 successive time-
averaged subpopulations, total #=517). Measures of allelic
richness and 95% confidence intervals within sub-
populations were calculated using the FstaT v. 2.9.3
software package (Goudet 2001).

We used DNA sequencing for species identification of
paleolimnological and modern samples, and for phylogeo-
graphic analyses of contemporary African samples, sequencing
the 12S rRNA mitochondrial gene (12S) and subunit 5 of
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the NADH mitochondrial gene (NDS5). The details are
provided in the electronic supplementary material. Phenetic
analyses were performed in Mega3 (Kumar et al. 2004) using
the neighbour-joining algorithm with the K2P genetic distance
method and 1000 bootstraps for branch support. African
D. pulex haplotypes of ND5 were compared with 81 unique
haplotypes of this species complex (Colbourne ez al. 1998), of
which a subset was retained for phenetic analysis (figure 3a).
DNA sequences were deposited in GenBank, under accession
numbers DQ235230-DQ235245 and AY745243.

3. RESULTS

Daphnia pulex first colonized Lake Naivasha around 1630
AD (figure 1), but in the following century developed a
sizeable population only intermittently and apparently
disappeared around 1750. It colonized the lake a second
time during a pronounced lowstand in the early nineteenth
century, and from 1850 to ca 1930, it was continuously
present at low densities. Since then, it enjoyed modest
population expansion in the 1930s, a collapse during the
1940s lowstand episode, explosive population growth
during lake-level rise in the late 1950s and early 1960s,
and intermediate to high population densities prevailing
since the 1970s (figure 1). Genetic analyses of three
polymorphic microsatellite loci in dormant eggs of
D. pulex (n=517) deposited from the 1920s to date
revealed a striking change in the genetic structure of the
Lake Naivasha population. Early in the twentieth century,
it was characterized by a high genetic diversity as
estimated by the allelic richness of the microsatellite loci
(figure 2a). In the mid-1930s, a new multilocus genotype
(MLG) appeared (Lake Naivasha genotype 1: LNI, a
fixed heterozygote), which steadily increased in relative
frequency until 1955, when it accounted for about 60% of
the total population. After a ca 30-year period of relative
genetic stability, this clone expanded further during the
late 1980s and 1990s, until 1998, when it had completely
displaced all other D. pulex genotypes. The overall genetic
diversity of the Lake Naivasha population decreased
gradually between the 1950s and the mid-1990s
(figure 2a). Currently, LN1 is the only MLG detected in
Lake Naivasha (#=300) and six other Kenyan waters
studied (r=111) with the sporadic exception of derived
genotypes: 2 out of 300 individuals from Lake Naivasha
differed at one locus by a single microsatellite repeat unit
(Mergeay et al. 2005). This transition in population
genetic structure was confirmed by a parallel shift in
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Figure 2. Genetic changes in the Lake Naivasha Daphnia pulex population through time. (a) Fraction of the invading clone (red
area, left axis) versus other genotypes (blue area) and the changes in genetic diversity through time (dot plot with 95%
confidence bars and stippled line, right axis). (b) Genetic tree obtained from a 128 fragment showing the relationship of Lake
Naivasha D. pulex in 1925, 1955 and 2003 to D. pulex haplotypes from Belgium, Germany and Canada. Scale bar indicates K2P
genetic distance. Numbers at nodes indicate bootstrap support. GenBank accession numbers: 12S Belgium, AY745245; 12S
Germany 1, AY626356; 12S Germany 2, AY626357 12S Canada, AY626352.
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Figure 3. Geographical distribution of the invading American D. pulex clone in Africa. (@) Genetic tree obtained from an ND5
gene fragment showing the relationship of contemporary African D. pulex populations to other members of the D. pulex complex.
Although morphologically indistinguishable, American and Old World D. pulex are genetically two distinct species (Colbourne
et al. 1998). Scale bar indicates K2P genetic distance. Numbers at nodes indicate bootstrap support. () Comparison of the
known distribution of the invading clone (red circles) with historical records of D. pulex in Africa (black circles). The pink circle
shows the record of the same American 128 haplotype in Spain. Green: tropical forest; yellow: (semi)desert; lilac: temperate and

mountain forest/grassland; orange: steppe and savannah.

mitochondrial haplotypes. Sequence data from the 12S
gene revealed the presence of two highly distinct phylo-
genetic lineages in Lake Naivasha during the course of the
past 100 years (figure 2b). In dormant eggs deposited
before 1937 (n=6), we found only one haplotype
belonging to the phylogenetic clade that groups European,
probably most indigenous Asian and (as revealed here)
African populations of the D. pulex species complex (the
0Old World clade; Colbourne ez al. 1998). Among dormant
eggs deposited after 1937, we found a second haplotype,
which is nested in the North American clade of D. pulex
(figure 2b). All analysed individuals with this American
12S haplotype (z=13) shared the nuclear microsatellite
MLG LN1, while Old World haplotypes had different
MLGs. Combining the data of microsatellite MLGs and
mitochondrial DNA haplotypes, our data show the cryptic
invasion of a single exotic genotype and subsequent
gradual but steady displacement of a genetically diverse
population of native D. pulex by that North American
genotype within 60 years.

Considering that all modern Kenyan D. pulex popu-
lations sampled thus far solely consist of this invading
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clone (Mergeay er al. 2005), we sampled D. pulex
populations throughout Africa to establish its wider
distribution. Historical and new ecological data (Sars
1916; Brehm-Eger 1912; Lowndes 1936; Brehm 1960;
Green 1990, 1995; Hart 1992; Samraoui ez al. 1998;
Mergeay er al. 2006) suggest that this species is generally
absent from the warm tropical lowlands and subtropical
desert regions, being mainly restricted to standing waters
in the cooler regions of coastal North and South Africa,
and the mountainous regions of East Africa (figure 3b). In
our collection of 177 modern zooplankton samples from a
wide range of aquatic habitat types, we found D. pulex in
15 locations (see electronic supplementary material,
table 1) geographically distributed in accordance with
this known African distribution range (figure 35). DNA
sequencing of NDS5 revealed only one haplotype in all 15
populations. This haplotype, in accordance with the
paleogenetic results on 12S for the Lake Naivasha
population, proved to be strongly embedded in the
American D. pulex clade (figure 3a). A subsequent analysis
of 10 polymorphic microsatellite loci in these populations
again yielded no extant D. pulex populations with nuclear
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genotypes other than the American invader observed in
Lake Naivasha. These results provide strong evidence that
the invading clone is now present throughout the known
geographic range of native African D. pulex (figure 3b).
Although our samples did not include coastal North
Africa, the presence of the Naivasha 12S haplotype in
southern Spain (compare GenBank accession numbers
AF277284 and AY745243) suggests that the invader is
also present in the Mediterranean region.

As MLG LNI1 is fixed heterozygous at three micro-
satellite loci (and in at least one allozyme locus), our results
further established the asexual nature of the invading clone.
This was confirmed in the laboratory by the observation
that dormant eggs were produced in the absence of males, a
process that normally requires sexual reproduction in cyclic
parthenogenetic Daphnia. Allozyme analyses on individ-
uals hatched from dormant eggs revealed that the invading
genotype is heterozygous for the locus lactate dehydro-
genase. This identifies the invader as a hybrid lineage of
American D. pulex and American D. pulicaria (Hebert ez al.
1989) common in North America.

4. DISCUSSION

The absence of genetic variation in both the variable
mitochondrial ND5 and the 10 hypervariable nuclear
markers of all sampled modern D. pulex populations in
Africa strongly suggests a single colonization of this
lineage into Africa, followed by rapid continent-wide
spread and complete displacement of indigenous African
D. pulex throughout its native range. Most likely, the
invading water flea clone was introduced accidentally to
Lake Naivasha in 1927-1929, during stocking of large-
mouth bass (Micropterus salmoides) from the USA
(Siddiqui 1979), following the suggestion by the then
US President T. Roosevelt in 1910 that the sport fishing
in British East Africa needed improvement (Robbins &
MacCrimmon 1974). As this was the earliest introduc-
tion of American largemouth bass in Africa (Robbins &
MacCrimmon 1974), Lake Naivasha is almost certainly
the geographical origin of the American water flea
lineage in Africa. Our paleogenetic analysis in Lake
Naivasha thus traces the dynamics of the original
introduction back in time, whereas our spatial survey
across the continent reveals the extent of the subsequent
spread of the invader. The present distribution of this
American genotype in African lakes and reservoirs
extends over more than 5500 km between Ethiopia and
South Africa, testifying the high dispersal capacity of
zooplankton dormant eggs. Although its spread may on
occasion have been facilitated by human activities (e.g.
translocation of fish), the presence of this genotype in
remote regions with almost no history of fish stocking
(e.g. northern Ethiopia) suggests a predominance of
natural dispersal (e.g. by migrant waterfowl).

Similar to the seed banks of plants, dormant egg banks are
supposed to buffer against local extinction through the
storage effect (Chesson 1983), reduce establishment success
of immigrant genotypes (De Meester er al. 2002) and
increase local genetic diversity when old dormant eggs hatch
in contemporary populations (Hedrick 1995). However, the
extensive dormant egg bank of native D. pulex that existed in
Lake Naivasha during the pre-invasion period (deposition
rates of 10210 eggs y~ ! m ™2, or an estimated total annual
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production of 10'°-10'" dormant eggs) did not prevent the
exotic clone from displacing the native population in the
relatively short time of 60 years. The apparent competitive
superiority of the invading clone is also reflected in the extent
of its present distribution in Africa. Its large ecological
amplitude and niche breadth are particularly striking: the 15
documented occurrences include all types of sampled
freshwater habitat ranging from small temporary ponds,
eutrophic sewage ponds, shallow turbid lakes and reservoirs,
to clear lakes rich in aquatic macrophytes, both with and
without fishes (electronic supplementary material, table 1).

The invasion of an asexual Daphnia clone we document
here is reminiscent of invasions into Africa by the water
fern Salvinia molesta and the water hyacinth Eichhornia
crassipes: both are asexual pest species that invaded and
spread throughout Africa and other tropical regions at an
incredible pace (Thomas & Room 1986; Gopal 1987).
Probably, the most striking difference is that these plants
had no competition from resident congeneric species or
other free-floating plants and could thus profit from an
empty niche. In our survey of African lakes, we found 10
other Daphnia species that coexist and potentially compete
with the invading clone (J. Mergeay, unpublished data).
Currently, it is unclear whether the invasion of LN1 has
also impacted other Daphnia species in Africa. Although
Lake Naivasha’s nine-species Daphnia community has
changed considerably over the past century, species
turnover (other than that between native and invading
D. pulex genotypes) seems to have been fuelled primarily
by anthropogenic influences on the ecosystem through the
introduction of exotic fish species, changing land use and
pollution (Mergeay et al. 2004), rather than by any direct
competitive effects of the invader.

In plants, invasion success is often associated with the
capacity to reproduce asexually during some stages of the
life cycle (Sakai et al. 2001). Sexual Daphnia species have
much in common with invasive plants, in that they alternate
phases of asexual reproduction with regular bouts of sexual
reproduction (so-called cyclic parthenogenesis). Doing so,
they combine rapid population growth with the periodic
generation of new genetic diversity. Moreover, they
produce long-lived dormant stages that have high dispersal
capacity. Upon colonization of new habitats, even by single
individuals, rapid asexual population growth allows fast
monopolization of available resources (De Meester et al.
2002). Furthermore, these cyclic parthenogens minimize
the cost of male production, one of the principal costs of sex
often used to explain the short-term evolutionary advan-
tage of asexual species and lineages (Maynard Smith 1978;
Lewis 1987; Doncaster et al. 2000). Moreover, sexual
strains of D. pulex compensate for the cost of males by
having a higher fecundity than asexual strains (Innes er al.
2000). As sexual recombination allows rapid spread of
favourable genetic mutations through populations, main-
taining recurrent investment in sexual reproduction
promotes adaptation to new habitat conditions. This may
be expected to be especially important in highly dynamic
ecosystems such as Lake Naivasha (Crow 1992; Waxman &
Peck 1999; Verschuren ez al. 2000). Cyclic parthenogenetic
Daphnia populations, similar to the indigenous African
D. pulex, have been shown to genetically adapt to changing
environmental conditions within a few years (Hairston ez al.
1999; Cousyn er al. 2001). Although the resident
population of Lake Naivasha had ample capacity to
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genetically adapt to environmental changes, they were
outcompeted by a single asexual genotype with intrinsically
lower evolutionary potential. How this obligate asexual
exotic species could eradicate an indigenous sibling species
that optimally combines the advantages of sexual and
asexual reproduction is puzzling as well as alarming. Effects
of heterosis, resulting from hybridisation, may contribute
to the broad ecological tolerance of the invader (Kearney &
Shine 2004), and hence to its success. Additionally, a
reduced impact of specialized antagonists, such as parasites
that are adapted specifically to local genotypes (Ebert
1994; Torchin et al. 2003) may have determined the
prosperity of this invader.

This study documents the probable continent-wide
displacement of a native species caused by the accidental
introduction of a single exotic clone of a closely related
species about 75 years ago. It shows that adequate genetic
variation and a significant numerical advantage are no
warranty against displacement and that invaders do not
need sexual recombination to thrive in the diverse
environments they colonize, even as they compete with
genetically diverse native species.
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