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Abstract Invasiveness might depend on the ability

of genetically diverse populations of exotic species to

adapt to novel environments, which suggests a

paradox since exotic species are expected to lose

genetic diversity when introduced. The apparent need

for genetic diversity is particularly important for

exotic species that lack bi-parental reproduction and

genetic recombination. We used genetic marker

studies to determine the genotypic diversity of

invasive US populations of the clonal New Zealand

mudsnail (Potamopyrgus antipodarum). We report

here on a three-pronged survey of allozyme, micro-

satellite DNA, and mitochondrial DNA genetic

markers of invasive populations with a focus on the

western US. Combining the three types of genetic

markers, we discovered four distinct genotypes of

P. antipodarum. These results show that only one

genotype (US 1) occupied the vast majority of the

western US range, and a second occurred in the Great

Lakes in the eastern US (US 2). Two other genotypes

occurred in the western US (US 1a and US 3), but

were restricted to populations near the presumed

source of invasion in the middle Snake River, ID.

These results suggest that P. antipodarum spread

across a broad geographic range in the western US

from a single introduced source population, and that

the populations are comprised of a single clonal

lineage.

Keywords Genetic diversity � Biological invasions �
Invasiveness � Evolvability � Parthenogenesis �
Potamopyrgus antipodarum

Introduction

Many exotic species expand their range sometimes as

a result of evolved phenotypic adaptation associated

with niche evolution (Huey et al. 2000; reviewed in

Lee 2002; Lee and Gelembiuk 2008). Genetic diver-

sity is required for evolutionary adaptation, but a

reduction of genetic diversity in invasive populations

compared to their native range populations is expected

and often observed (Amsellam et al. 2000; DeWalt and

Hamrick 2004; Grapputo et al. 2005; Bossdorf et al.

2005, Dlugosch and Parker 2008). On the other hand, a

number of studies have shown that genetic diversity

can be higher among invasive populations compared

to native populations due to introductions from

multiple sources via strong propagule pressure (Lock-

wood et al. 2005) and genetic mixing (Kolbe et al.

2004; Lavergne and Molofsky 2007; Facon et al. 2008;

reviewed in Roman and Darling 2007).

The importance of repeated introductions and

genetic diversity is amplified for invasive species

that are incapable of bi-parental sexual reproduction
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(e.g., parthenogenetic or selfing species). Although

these species benefit from reproductive assurance,

they lack the capacity to generate novel genetic

variation due to the absence of bi-parental reproduc-

tion and genetic recombination. Hence, a reduction in

genetic diversity in invasive species, and particularly

in those lacking bi-parental reproduction, presents a

paradox if evolvability is important to invasion

success (Roman and Darling 2007).

Parthenogenetic (or clonal) populations of a New

Zealand freshwater mudsnail (Potamopyrgus anti-

podarum) have invaded Europe, Australia, and the

US (Ponder 1988; Wallace 1992; Zaranko et al. 1997;

Dybdahl and Kane 2005). These snails undergo both

sexual and clonal reproduction in their native range,

and the genotypic diversity of clonal populations in

their native range is very high (Dybdahl and Lively

1995). Further detailed studies in the native range

showed that a wide range of niches are occupied

because of a broad diversity of ecologically distinct

multilocus genotypes (MLGs) (Fox et al. 1996;

Jokela et al. 1999; Jokela et al. 2003). Taken together,

these studies suggest that expansion across a broad

range of niches might be most likely if sufficient

genotypic diversity was present in introduced

P. antipodarum populations. European populations,

which were founded in the late 18000s, are comprised

of several clonal lineages as measured by phenotypic

and molecular marker variation (Ponder 1988; Hauser

et al. 1992; Weetman et al. 2002). However, less is

known about the genotypic diversity of US and

Australian populations.

In the US, P. antipodarum has dispersed rapidly

and widely in the western US and the Great Lakes

over the past 25 years, with the first populations

detected in the Snake River, ID (Proctor et al. 2007).

Ecological studies suggest that P. antipodarum is

highly invasive (Hall et al. 2003; Kerans et al. 2005;

Hall et al. 2006). Preliminary surveys of US popu-

lations of P. antipodarum using allozyme markers

recovered only two different multilocus genotypes,

suggesting a lack of genotypic diversity. These two

genotypes were correlated with distinct geographic

ranges; one of these genotypes occurred in several

populations in the western US (Dybdahl and Kane

2005), and the second in populations from Lake

Ontario (Proctor et al. 2007).

Here, our goal was to obtain a more detailed

picture of genotypic diversity and assess the potential

for niche evolution in western US populations of

P. antipodarum. In this paper, we describe the results

of a thorough and systematic survey using allozymes,

mitochondrial DNA sequences (mtDNA), and nuclear

microsatellite DNA loci (msDNA), focusing on the

western US. We included rapidly evolving msDNA

loci because they can detect lineages that have arisen

recently, and hence reveal the presence of genotypic

diversity that is not detectable by slowly evolving

allozymes or mtDNA.

Methods

Sample collection

We collected samples from populations across the

western US (see Table 1; Fig. 1). Sampling was

designed to cover presumed regional centers of

invasion in the western US, based on the historical

sequence of first reports and historical pattern of

dispersal. In a few cases, samples were obtained

opportunistically as live individuals sent to our lab for

genetic analyses. Exact collection locations were

recorded using a GPS (Garmin Legend, Garmin USA).

Allozyme analysis

We obtained 562 samples from 18 sites in both the

eastern and western US (Table 1). Samples were either

snap frozen in liquid nitrogen, or kept alive until

analysis. Samples were genotyped using six allozyme

loci (PEP-D, IDH-1, PGM, 6PGD, MPI, AAT). We

used cellulose acetate gel electrophoresis and well-

established protocols; triploid genotypes were scored

by asymmetric staining for loci and genotypes where

alleles are sufficiently distinct (Dybdahl and Lively

1995, 1996, 1998; Fox et al. 1996). The identity of

alleles and their relative migration rates on the gels are

given in Appendix Table 3. Individuals sharing iden-

tical genotypes at all loci by definition had the same

allozyme multilocus genotype (MLG), and were

considered members of the same clonal lineage.

DNA extraction

For DNA analysis, samples were preserved in 95%

EtOH and returned to the lab where they were

transferred to 1 9 TE buffered (10 mM Tris, 1 mM
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EDTA) 70% EtOH. Total genomic DNA was

extracted using the chelex bead method (Walsh

et al. 1991) by dissection and removal of a small

piece of tissue from the foot. Individuals were given

unique identification serial numbers and vouchers

were preserved in buffered 70% EtOH. DNA extrac-

tions were used for either mitochondrial DNA

sequencing, microsatellite DNA genotyping, or both.

Table 1 Sampling sites, sample sizes, and the frequency of P. antipodardum clones based on combined multilocus genotypes

(MLGs) in population across the introduced range in the western and eastern US

Sample sizes Clone frequencies

ID Site Location Latitude Longitude Allozyme mtDNA msDNA US 1 US 1a US 2 US 3

E1 Lake Ontario Wilson NY NA NA 79 6 5 1.00

E2 Lake Superior Duluth MN NA NA 3 1.00

L2 Polecat Creek YNP WY 44 08.1090N 110 42.8410W 25 2 30 1.00

L3 Lewis River YNP WY 44 08.3600 N 110 39.4960W 32 1.00

L4 Firehole River YNP WY 44 33.4430N 110 50.1670W 68 1.00

L5 Gibbon River YNP WY 44 38.2990 N 110 51.2240W 24 1.00

L6 Madison River YNP MT 44 39.2060N 110 59.3470W 59 1.00

M3 Beaverhead River Dillon MT 45 46.3740 N 111 30.9060W 2 1 1.00

S 02 Young0s Bay Astoria OR 46 09.9790N 123 50.2660W 74 2 33 1.00

S 03 Devil0s Lake Oregon 44 59.2660 N 123 59.1900W 1 11 1.00

S 04 Umpqua River Oregon 43 41.5900 N 123 59.9640W 5 10 1.00

S 05 Garrison Lake Port Orford OR 42 45.3680N 124 30.0540W 47 2 41 1.00

S 06 Rogue River Oregon 42 25.5290N 124 24.5470W 2 5 1.00

S 07 Putah Creek Winters CA 38 30.9850N 122 03.7190W 11 2 36 1.00

S 11 Owens River Bishop CA 37 41.8710 N 118 45.7300W 2 18 1.00

S 13 Portagee Camp California 36 36.0010N 118 04.3220W 2 13 1.00

S 14 Hot Creek Bishop CA 37 42.5100 N 118 47.1300W 6 1.00

S 15 Malibu Creek Malibu CA 34 03.0180N 118 41.0820W 10 8 1.00

S 16 Ogden River Utah 41 15.2900N 111 51.7620W 1 1 1.00

S 17 Paradise Utah 41 34.5270N 111 51.3310W 1 25 1.00

S 18 Bear River Grace ID 42 32.5800N 111 47.9050W 16 2 4 1.00

S 19 Port Neuf River Pocatello ID 42 56.1100 N 112 32.6870W 2 25 1.00

S 20 Malad River Wendel ID 42 51.8370N 114 54.2390W 8 16 49 0.85 0.15

S 21 Thousand Springs Hagerman ID 42 41.4480 N 114 49.2120 W 43 1.00

S 22 Snake River Bliss ID 42 54.5560N 114 57.5930W 4 4 4 NA NA

S 23 Snake River Grandview ID 42 59.4490N 114 05.5330W 40 1.00

S 25 Snake River ID 43 18.4110N 116 34.2970W 2 14 1.00

S 27 Crooked Creek Burns June. OR 42 47.9420 N 117 44.8270W 2 10 1.00

X1 Flaming Gorge UT 40 54.7210N 109 18.9360W 14 2 20 1.00

X2 Calaveras River CA 38 05.6220N 120 52.3210W 0 20 1.00

# Sites 18 22 20

Total sample 563 68 375

Clone MLGs are described in Table 2. To confirm association between markers within individuals, all samples assayed for mtDNA

were also analyzed for msDNA. For monomorphic sites, association between allozyme and DNA markers within individuals was

assumed due to geographic association. For polymorphic site S 20, a subsample of 8 individuals was assayed for all three markers to

confirm marker association. For polymorphic site S 22, all individuals were assayed for all three markers. YNP Yellowstone National

Park, msDNA microsatellite DNA, mtDNA mitochondrial DNA, NA Not available
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All of sampled individuals that were assayed for

mtDNA haplotype were also genotyped using micro-

satellite markers.

Mitochondrial DNA sequencing

Sequences for the cytochrome b (cyt b) gene were

obtained from up to 8 individuals from 22 sites for a

total of 60 samples (Table 1; Fig. 1). (All of these

individuals also were genotyped using microsatellite

markers.) We used published primers and protocols

from Neiman and Lively (2004) to amplify 431 bp of

the cyt b gene. PCR fragments were cleaned using

Shrimp Alkaline Phosotase (5 units) and Exonuclease I

(0.5 units) by incubation at 30 min at 37�C, followed

by 15 min at 80�C. Direct sequencing of cleaned PCR

fragments was done using Big Dye 3.1 (ABI) chem-

istry on an ABI 3730 capillary sequencer. Forward and

reverse sequences were proofread and aligned with

Sequencher 4.2.2 (Genecodes). Sequence alignment

was checked manually. COLLAPSE was used to

identify unique haplotypes.

Microsatellite DNA amplification and analysis

Microsatellite amplification was attempted on at least

10 individuals from each sampled location, for a total

of 322 samples from 20 sites (see Table 1). We used

five of the published loci from Weetman et al. (2001):

Pa254, Pa56, Pa112, Pa143, and Pa121. Each locus

S11

S7

S13

X1

S2

S6

S4
S25

S19
S18

S16

M3

X2

S5

S3

S27

S17

L2 - L6

S14

S15

S20 - S22

Fig. 1 The approximate location of sampling sites in a survey

of genotypic diversity of P. antipodarum in the western US.

Areas in gray are HUCs (Hydrologic Unit Code of the USGS)

with known P. antipodarum populations, according to

http://www.esg.montana.edu/aim/mollusca/nzms/. Site labels

are described in Table 1. Not shown are two sites in the Great

Lakes (see Table 1)
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was amplified using ten uL PCR reactions with the

following specific reagent concentrations: 10 mM

Tris–HCl (pH 8.3), 50 mM KCl, 200 lM of each

dNTP, 2 mM MgCl2, 0.5 lM of each primer, and 0.05

U of AmpliTaq (ABI). Our thermocycling parameters

(modified from Weetman et al. 2001) were as follows:

initial denaturation at 94�C for 60 s, followed by 30

cycles of 94�C for 30 s, 61�C for 30 s, and 72�C for

60 s, with a final extension at 72�C for 30 min. For

each primer pair, the forward primer was labeled with

fluorescent dye to facilitate automated fragment size

analysis. Following amplification, PCR products were

combined and diluted with size standard (Genescan

500 LIZ from ABI) and fragment size analysis was

performed on an ABI 3730 capillary sequencer. We

described allele size scoring bins in STRand (Hughes

1998) according to the microsatellite repeat motifs

previously identified (Weetman et al. 2001). These

predefined bins allowed STRand to match the size of a

particular allele with an allele generated by the locus

repeat motif. We focused our analysis of allele sizes on

those within the size ranges previously identified by

Weetman et al. (2001, 2002). Stutter peaks, caused by

DNA strand slippage during PCR, were ignored. Peaks

far outside the previously described allele size range

were ignored because they could represent nonspecific

amplification products. Our PCR protocols included a

long extension reducing the presence of ‘‘plus A’’

peaks. Our microsatellite methods differ from those

used in a recent survey of the Snake River in Idaho

(Hershler et al. 2010). Their scoring methods are less

detailed, but their results show that they considered

much wider allele size ranges (over 50 repeats) than

expected from the known allelic variation in microsat-

ellites in P. antipodarum (Weetman et al. 2001, 2002).

Clonal P. antipodarum are triploid (Wallace 1992;

Dybdahl and Lively 1995) which adds difficulty when

determining heterozygous genotypes. It is straightfor-

ward to determine the genotype of individuals with one

or three different allele sizes, but scoring individuals

with only two different alleles is more difficult.

Heterozygotes were determined by analyzing differ-

ences in peak height. An allele represented twice in the

genotype (e.g., A in AAB) was expected to have a

larger peak magnitude. However, complicating this

process further, we expected shorter alleles to be

amplified more compared to larger alleles, sometimes

causing large allele drop-out (Selkoe and Toonen

2006). This sometimes results in short alleles having

taller peak heights than longer alleles. If two clearly

defined alleles with equal peak height were found in a

sample, then we scored the longer peak (larger number

of repeat units) as being represented twice in the

genotype. For example, if peak A is 10 repeats long and

B is 20 repeats and of equal height, then the genotype

would be scored as ABB. Allele sizes were scored

twice for each sample and any ambiguous samples

were re-amplified and rescored. We compiled the five-

locus MLG of the sampled individuals. Individuals that

share alleles at all loci have the same MLG, and are

considered to be members of a clonal lineage.

Combined multilocus genotypes

To measure genotypic diversity, we combined geno-

typic data from allozymes, mtDNA, and msDNA into a

combined MLG. Conclusions about the association

among markers within individuals in these combined

MLG were confirmed in several ways. First, all of the

individual samples taken from the field that were typed

for mtDNA haplotype were also assayed for their

multilocus microsatellite genotype. Second, although

allozyme markers were assayed on a different set of

individuals in most cases, populations were genotyp-

ically monomorphic for all three markers at all sites

except S 20 and S 22 (Table 1). For the monomorphic

sites, we concluded that all individuals with the single

multilocus genotype at the DNA markers (either the

mtDNA haplotype, the multilocus microsatellite

genotype, or both) share the multilocus allozyme

genotype found in sampled individuals from the same

site. Third, for the genotypically diverse Bliss site (S

22), we genotyped the same individuals for all three

markers (Table 1). Finally, for the genotypically

diverse Malad River site (S 20), all individuals assayed

for mtDNA were also assayed for their microsatellite

genotype, confirming the association between these

two markers. In addition, we ran an additional set of

samples and we assayed these samples for all three

markers.

Results

Allozyme MLG diversity

The samples of P. antipodarum in the eastern and

western US recovered a total of 3 allozyme MLGs
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(Table 2). All populations sampled in the western

US, with one exception, were comprised of individ-

uals with the same MLG (referred to as US 1 in

Table 2). The two sampled populations from the

eastern US (Lakes Ontario and Superior) had a

second MLG (see US 2 in Table 2). A single site in

the middle Snake River near Bliss, ID (site S 22), was

comprised of a mix of two different allozyme MLGs

(see US 1 and US 3 in Table 2).

Mitochondrial DNA sequence diversity

The samples across the US range returned three

cytochrome b haplotypes (Table 2). All except one

western US population were comprised of individuals

with a single haplotype (referred to as H06). This

haplotype is identical to haplotype 37 (genbank

AY570216) from Neiman and Lively (2004). The

Bliss population (site S 22) also contained a second

divergent haplotype H19 (1.9% uncorrected sequence

divergence from the H06 haplotype; genbank

HG680431). The third haplotype, referred to as H05

and similar to haplotype H19 (less than 0.2%

uncorrected sequence divergence), was found exclu-

sively in samples from the Great Lakes (sites E1 and

E2). This haplotype is identical to haplotype 22

(genbank AY570201) from Neiman and Lively

(2004).

Microsatellite DNA MLG diversity

Analysis of the 372 individuals across the 20 sites

returned four different msDNA MLGs (Table 2). All

western US populations except two were comprised

of a single msDNA MLG (see US 1 in Table 2). A

second msDNA MLG was present in one western US

location (S 20: Malad River, ID) at a moderate

frequency (15%) (see US 1a in Table 2). A third

msDNA MLG was found at the Bliss, ID, site (S 22)

(see US 3 in Table 2). Finally, a fourth msDNA MLG

was found in Great Lakes sites (see US 2 in Table 2).

Total genotypic diversity

The combined genotypic data from allozymes,

mtDNA, and msDNA revealed a total of four

different genotypes, one of which was widespread

in the western US (Table 2). The combined MLG are

numbered in Table 2. The three different allozyme T
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genotypes were each associated with a distinct

mtDNA haplotype and msDNA MLG, and these

clones were designated as US 1, US 2, and US 3.

Individuals designated as US 1a have a distinct

combined msDNA and allozyme MLG, but share

their mtDNA haplotype (H06) with US 1 (Table 2).

Discussion

We surveyed three types of genetic markers in US

populations of P. antipodarum to determine the

genotypic diversity of a highly invasive clonal

species. The combined genetic marker data showed

that a single MLG (US 1) occupies the vast majority

of the range in the western US. In addition, a single

distinct MLG (US 2) was identified in the Great

Lakes (Ontario and Superior). These results indicate

that two different broadly distributed clonal popula-

tions in the western US and the Great Lakes were

each comprised of individuals that are derived from a

single maternal lineage (US 1 and US 2). This survey

also detected two clones (US 1a and US 3) that are

distributed narrowly in the middle Snake River of

Idaho. Hence, genetic markers, including highly

variable microsatellite DNA, show that expansion

across a broad geographic range by P. antipodarum

has occurred despite the near absence of genotypic

variation within and among populations.

Propagule pressure has the potential to result in

greater levels of genetic diversity than found in the

native range (Lockwood et al. 2005; Kolbe et al.

2004; Lavergne and Molofsky 2007; Facon et al.

2008). In contrast, the importance of propagule

pressure in building genetic diversity in US invasive

populations of P. antipodarum appears to be minimal.

Our results suggest that a total of four clonal lineages

(US 1, US 1a, US 2, US 3) occur in the US, three of

which occur only in the western US (US 1, US 1a, US

3). The US 2 clone from the Great Lakes samples is

distinct from western US clones at all three genetic

markers. The mtDNA haplotype of US 2 is identical

to that of the EU A clone that is widespread across

continental Europe (Stadler et al. 2005). Two of the

three clones in the western US (US 1 and US 3)

appear to represent introductions from distinct clonal

lineages because they differ from each other at all

three genetic markers. According to their mtDNA

haplotype, US 1 and US 3 also come from highly

divergent clades (Neiman and Lively 2004). The

third clone in the Snake River area (US 1a) has a

novel msDNA genotype that might represent either

introduced variation, or a newly arisen lineage from

US 1 that differs only by recent mutation. US 1 and

US 1a share alleles for four of the five loci that were

scored (Pa 56, 112, 121, 143) (Table 2). Mutational

variants at three of these loci represent losses/gains

of at least 2 repeats. This level of mutational change

is consistent with previous studies of this species in

Great Britain (Weetman et al. 2002). However,

variation between US 1 and US 1a at Pa 121

represents the gain/loss of at least 15 repeats, and

this exceeds the level of mutational gain/loss in

Great Britain (at most 4 repeats as reported in

Weetman et al. 2002). Therefore, it seems likely that

the US 1a genotype represents a third introduced

genotype in the western US rather than newly arisen

mutation variation.

Studies of microsatellite mutational processes and

allelic variation on introduction populations of

P. antipodarum in Great Britain uncovered a large

number of microsatellite MLGs. A survey of eight

clonal populations across Great Britain using four of

the same microsatellite markers and the same allele

size range that we used revealed a total of 34 MLGs,

of which four were common and one was widespread

(Weetman et al. 2002). Weetman et al. concluded that

the microsatellite variation resulted from mutational

input within Great Britain populations which were

established no later than the 18800s. Consistent with

the mutational input explanation, the most wide-

spread genotype in Great Britain was likely the

ancestor of 16 MLGs that differ by only a few

mutational steps (Weetman et al. 2002). Given the

shorter time in the western US populations since

introduction for mutational input, it is not surprising

that our survey revealed different microsatellite

MLGs only in individuals that also differed in

mtDNA or allozyme genotype. In contrast, a micro-

satellites survey of Snake River, ID, populations,

Hershler et al. (2010) scored more microsatellite

alleles and MLGs. However, unlike our study, they

used a range of allele sizes much larger than would be

consistent with the current understanding of micro-

satellite variation in P. antipodarum (Weetman et al.

2001, 2002). Their study also did not consider other

genetic and phenotypic markers of clone identity to

support their conclusions.
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Of the three clonal lineages in the western US (US

1, US 1a, US 3), only the US 1 clone was found in all

populations. Similarly, continental European popula-

tions of P. andipodarum are comprised of a single

MLG (Ponder 1988, Hauser et al. 1992). In the

western US, US 1a and US 3 were restricted to two of

our collection sites in the middle Snake River, ID.

These sites are near the oldest known records of

P. antipodarum in the US and the presumed original

introduction (Proctor et al. 2007). It is not clear why

the US 1a and US 3 genotypes have a restricted

range. One possibility is that they might have been

introduced together with US 1, but have not

expanded. If so, then perhaps US 1a and US 3 differ

ecologically from US 1 in a way that limits their

capacity to occupy new environments. Alternatively,

they might have been introduced more recently and

have not yet had sufficient time to disperse. If so, and

if these genotypes differ ecologically from US 1 in a

way that enhances their capacity to occupy new

environments, then they might represent the potential

for expansion in habitats not currently occupied by

US 1. Such cryptic secondary invasions of specific

genotypes can sometimes be more ecologically

harmful than established genotypes (Saltonstall

2002).

Either evolutionary adaptation or generalism and

plasticity are required when invasive species expand

across a range of novel environments. A growing

number of studies suggest that evolutionary adapta-

tion facilitates range in invasive species (Maron et al.

2004; Huey et al. 2000; Lee et al. 2003, 2007; Muller-

Scharer et al. 2004; Bossdorf et al. 2005; Lavergne

and Molofsky 2007). Expansion by adaptation is

much faster if there is sufficient genetic variation

within the invading population (Garcia-Ramos and

Rodriguez 2002). If evolved adaptation is important

for invasion, then there is a paradox: why are

bottlenecked invasive species successful even though

bottlenecked native species often are susceptible to

extinction (Frankham 2005; Roman and Darling

2007)? Furthermore, if evolvability is important for

invasions, then why are self-fertilization and clonal

reproduction over-represented among invasive spe-

cies (Barrett et al. 2008; Roman and Darling 2007)?

In clonal populations of P. antipodarum in the

native range, abundant genotypic variation and

restricted ecological distribution of individual geno-

types suggest that niche evolution occurs through

clonal selection (Fox et al. 1996; Jokela et al. 1999;

Jokela et al. 2003). Individual clones are strongly

segregated among lakes (Dybdahl and Lively 1995)

and among different lake-bottom habitats in two New

Zealand lakes. Hence, it is surprising that the western

US and European populations of P. antipodarum

have expanded across a wide array of niches without

the degree of clonal diversity found in the native

range. In the western US, the range includes habitats

as diverse as coastal estuaries and high elevation

streams (Dybdahl and Kane 2005). Thus, like other

species with uniparental reproduction that undergo

bottlenecks and lose variation during invasion

(Roman and Darling 2007), it remains an open

question how populations that lack genetic diversity

can be successful across a wide environmental

gradient (see also Mergeay et al. 2006; Tepolt et al.

2009).

In P. antipodarum, evolved adaptation to local

conditions in the western US might be possible if

genetic variation has accumulated from mutational

input within an individual clonal lineage such as US

1. Even though our survey did not detect genotypic

variation at neutral genetic marker loci, populations

of P. antipodarum from the Columbia and Snake

Rivers have low but detectable levels of quantitative

genetic variation for growth rate and reproduction

(Dybdahl and Kane 2005). Nevertheless, evolved

responses might be limited by low levels of quanti-

tative genetic variation, in addition to the absence of

genotypic diversity that could fuel clonal selection in

invasive P. antipodarum populations.

Rather than adaptive contemporary evolution,

P. antipodarum might be able to occupy a range of

niches because they maintain high fitness over a

broad range of environments via phenotypic plasticity

(Richards et al. 2006). Such general-purpose geno-

types have long been assumed to be associated with

invasiveness (Baker 1965). There is little indication

that general-purpose genotypes exist in populations

of P. antipodarum in the native range (Dybdahl and

Lively 1995; Jokela et al. 2003), although it is

possible that plasticity and generalism have evolved

during colonization or expansion (see Drown et al.

2010). Understanding the form of plasticity that is

likely to have evolved during the process of invasion

may help to explain the paradox of how an invasive

species can become broadly successful despite a lack

of genetic diversity.
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