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Abstract

Evolutionary and ecological situations in a species’ native and invasive ranges can be drastically different. This is the case for
Potamopyrgus antipodarum Gray (1843) a morphologically highly variable freshwater snail native to New Zealand, where
sexual and asexual individuals coexist and experience selective pressure by sterilizing endoparasites. By contrast, only a few
asexual lineages have been established in invaded regions around the globe, where parasite infection is extremely rare. We
analyzed the ecomorphology of 996 native P. antipodarum in a geometric morphometric framework, using brood size as proxy
for fecundity, and mtDNA and nuclear SNPs to account for relatedness and identify reproductive mode. As expected, we found
genetic and morphological diversity to be higher in native than in invasive snails investigated previously, but surprisingly no
higher morphological diversity in sexual versus asexual individuals. The relationships between shell morphology, habitat, and
fecundity were complex. Shape variation was primarily linked to genetic relatedness but specific environmental factors including
flow rate induced similar shell shapes. By contrast, shell size was largely explained by environmental factors. Fecundity was
correlated with size but showed trade-offs with shape in increasingly extreme conditions. With increasing flow and toward small
springs, the trend of shell shape becoming wider was reversed, i.e., snails with narrower shells were brooding more embryos. We
concluded that both genetic and environmental contributions to variation in shell morphology in P. antipodarum likely play an
important role in the ability of this species to adapt to a wide spectrum of habitats.
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Introduction

Ecomorphology, the study of the relationship between organ-
ismal morphology and ecological characteristics (Williams
1972; Karr and James 1975), has been a central theme in
evolutionary biology because it reflects how organisms can
adapt to their environment through their morphology.
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Naturally, morphologically diverse taxa have been especially
suited for ecomorphological studies including famous models
like, e.g., the East African lake cichlid fishes (e.g., Fryer and
Iles 1972) and Anolis lizards (e.g., Losos 2009). Many gastro-
pod species are highly suited as well to study morphological
adaptation as contact with the environment is to large parts
mediated through the shell in the majority of species. This
implies that shell morphology should be shaped at least in part
by evolutionary forces. In land snails, shell shape and size have
been related to environmental parameters in several ways
(Goodfriend 1986). Shape, for example, is strongly correlated
to the inclination of a species’ preferred substrate (Okajima
and Chiba 2011). In aquatic snails, shell thickness and arma-
ture may be influenced by predation risk (e.g., Holomuzki and
Biggs 2006; Le Pennec et al. 2017). Furthermore, it appears
that shell morphology can evolve rapidly in geological time
scales and respond repeatedly but independently in a similar
way to similar selection regimes (e.g., Stankowski 2011;
Haase et al. 2013), with the potential to generate parallel eco-
logical speciation (Johannesson et al. 2010; Stankowski 2013).
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Although most ecomorphological studies have been con-
ducted at the interspecific level, at least in part because evo-
lutionary trends are easier to detect at higher taxonomic levels,
studies on the intraspecific level also present several advan-
tages. In particular, unlike their interspecific counterparts, in-
traspecific ecomorphological studies are not affected by phy-
logenetic constraints (Losos and Miles 1994). For this reason,
intraspecific studies can be especially well suited to identify
adaptive pressures and provide insights to the microevolution-
ary mechanisms leading to the phenotypic differentiation
(Rieseberg et al. 2002; Kingsolver and Pfennig 2007). The
ovoviviparous New Zealand mudsnail Potamopyrgus
antipodarum Gray (1853) is an excellent candidate for an
intraspecific ecomorphological study because it features high
variability in shell morphology and occurs in a wide diversity
of habitat types (Warwick 1952; Winterbourn 1970; Haase
2008; Verhaegen et al. 2018). Native to New Zealand, obli-
gately asexual lineages of this small fresh and brackish water
snail have successfully invaded Australia, Europe, the US,
Japan, and Chile within the last 180 years (Ponder 1988;
Bowler 1991; Shimada and Urabe 2003; Alonso and Castro-
Diez 2012; Collado 2014). Several studies have addressed
how asexual P. antipodarum could become such successful
invaders, suggesting factors such as high physicochemical
tolerance, high reproductive rate, release from parasite pres-
sure, and the ability to detect and avoid novel predators (e.g.,
Alonso and Castro-Diez 2008; Levri et al. 2017). Several au-
thors have also suggested that variation in P. antipodarum
shell morphology can be adaptive with respect to invasibility,
playing an important role in the snail’s ability to colonize
diverse habitats (e.g., Kistner and Dybdahl 2013, 2014;
Verhaegen et al. 2018).

The considerable variability of shell morphology of
P. antipodarum is linked to both genetic adaptation and phe-
notypic plasticity (Kistner and Dybdahl 2013; Verhaegen et al.
2018). Variation in shell morphology in P. antipodarum has
been associated with numerous abiotic and biotic factors, in-
cluding flow rate (Haase 2003), water depth (Jokela et al.
1997), predation (Holomuzki and Biggs 2006), and parasitism
(Levri et al. 2005; Lagrue et al. 2007). Several recent
P antipodarum studies (Kistner and Dybdahl 2013, 2014;
Vergara et al. 2016; Verhaegen et al. 2018) have used a geo-
metric morphometric approach (Bookstein 1991; Zelditch
et al. 2012) to disentangle selective pressures on shell shape
and size. Kistner and Dybdahl (2014) found that in invasive
US lineages, shell shape was related to flow rate, with wider
but shorter shells found in habitats with high flow. By contrast,
in invasive European lineages, Verhaegen et al. (2018) found
that shell size increased with flow rate. Although no difference
in shape was detected between lentic versus lotic habitats,
narrower but longer shell shapes produced more brooded em-
bryos under conditions with higher flow rate. Verhaegen et al.
(2018) also found that water temperature and latitude as well

@ Springer

as factors most likely associated with food availability also
influenced shell shape and/or size. The only ecomorphological
study on native P. antipodarum of which we are aware that has
applied geometric morphometrics investigated the association
of shell morphology of lake populations with depth, and pre-
vious established frequencies of parasite infections, relative
proportions of sexual and asexual individuals, and across-
lake genetic structure. However, Vergara et al. (2016) only
found a correlation between size and depth, hence assuming
higher fecundity for populations in deeper waters with less
parasite pressure compared to shallow-water populations.
The evolutionary and ecological situations in P, antipodarum’s
native and invasive ranges are markedly different. In New
Zealand, P, antipodarum populations are characterized by a long
evolutionary history and high diversity of mitochondrial haplo-
types and genotypes (e.g., Neiman and Lively 2004; Stadler et al.
2005; Paczesniak et al. 2013), frequent coexistence between dip-
loid, obligately sexual and polyploid, obligately asexual individ-
uals (Dybdahl and Lively 1995; Neiman et al. 2011), and intense
parasite-imposed selection (Winterbourn 1974; Hechinger 2012).
By contrast, invasive P. antipodarum populations have
established less than 180 years ago, only a few obligately asexual
lineages have successfully invaded (Hauser et al. 1992; Hughes
1996; Jacobsen et al. 1996; Gangloft 1998; Stadler et al. 2005),
and parasite infection is extremely rare (Gérard and Le Lannic
2003; Zbikowski and Zbikowska 2009; Cichy et al. 2017; Gérard
et al. 2017). Verhaegen et al. (2018) investigated adaptation of
shell morphology of a few closely related clonal lineages in
Europe. Here, we extended our ecomorphological analyses of
P, antipodarum to native populations collected from two regions
of New Zealand and covering spring, stream, and lake habitats.
Similar to Verhaegen et al. (2018), we applied a geometric mor-
phometric framework to relate variation in shell morphology to
ten environmental parameters. We used genetic markers to ac-
count for relatedness and identify reproductive mode, dissected
each snail to establish its sex and to control potential effects of
parasite infection on shell morphology (Levri et al. 2005; Lagrue
et al. 2007), and counted the number of brooded embryos as
proxy for fitness in females. As asexual P. antipodarum repro-
duce without recombination through ameiotic parthenogenesis
(Phillips and Lambert 1989), we expected to find higher geno-
typic diversity and consequently higher morphological diversity
in the native range compared to the invasive ranges according to
the frozen niche hypothesis. The frozen niche hypothesis predicts
that phenotypic variation should be higher in sexual versus asex-
ual lineages because both genetic variation and the range of phe-
notypically plastic responses should be limited in the latter
(Vrijenhoek 1979). For native populations of P. antipodarum, this
prediction would hold as well, provided asexual lineages were
uncommon. We then asked whether evidence for adaptation of
shell morphology to environmental variables in the native range
was similar to evidence for shell adaptation detected in Europe
(Verhaegen et al. 2018) or North America (Kistner and Dybdahl
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2013, 2014). Although our approach did not directly aim to dis-
entangle genetic adaptation and phenotypic plasticity, morpho-
logical variation related to genetic lineage rather than habitat
would likely have a genetic basis. Controlling for genetic related-
ness, we asked whether genetic adaptation to a particular type of
habitat occurred once or in parallel. Our overall goal was to
generate a deeper understanding of whether variability of shell
morphology is an important factor for the success of
P. antipodarum for colonizing a wide spectrum of habitats in
New Zealand.

Methods
Sampling

We collected 996 snails at 50 New Zealand freshwater sites
during summer (February and March) 2016: 18 sites (337
individuals, 33.17%) in the geographic center of the North
Island and 32 sites (659 individuals, 66.83%) in the northwest
of the South Island (Supplementary Table 1). We used a dip
net to scrape snails off stream and lake bottoms, submerged
rocks, and aquatic plants at depths of 0-50 cm and then fixed
the snails on site in 70% ethanol. At each site, we recorded
water temperature, salinity, and conductivity (Water tester;
Milato®, Germany), turbidity (clear, average, or unclear),
concentration of nitrates (Test strips from API®, New
Zealand), flow rate (estimated by timing three times the travel
distance of 1 m by a floating leaf), percent shade, and
presence/absence of visually identified predators (fish, cray-
fish, or crab). Because these water bodies are not continuously
monitored for these parameters, we had to assume that our
single measurements nevertheless reflect overall differences
between sites eventually varying more or less in parallel over
the year but certainly not randomly. We are confident that this
is indeed the case as we did not detect any unexplainably
outlying data, data indicating a punctual, abnormal impact,
or contradictory data, for instance when comparing tempera-
ture with percent shade, latitude, and altitude. Nitrite concen-
trations were zero at all sites and therefore discarded from
further analyses. Finally, we also categorized each by its status
as a lake (7 sites), spring (6 sites, upstream water bodies less
than 30 cm wide), type 1 stream (13 sites, width between
30 cm and 1 m), type 2 stream (12 sites, width between 1
and 2 m), and type 3 stream (12 sites, width larger than 2 m).

Geometric morphometrics

We used geometric morphometrics to analyze shell shape and
size independently (Bookstein 1991; Zelditch et al. 2012). We
began by individually positioning the shells of up to 20 fully
grown snails per site, defining “fully grown” by displaying a
continuous apertural lip (Verhaegen et al. 2018), under a Carl
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Zeiss Discovery V20 microscope on a silicone support, with
the aperture facing up and the coiling axis oriented horizontal-
ly. We then photographed each snail with an AxioCam MRc
camera and a Plan Apo S x 0.63 objective at different magni-
fications and with a 1-mm scale bar. We also classified shells
as smooth, ridged, or spiny (Holomuzki and Biggs 2006). The
shell images were transformed into the tps format with the
program tpsUtil version 1.64 (Rohlf 2012), 18 Cartesian land-
marks (Fig. 1) were placed, and a scale factor was added using
the scale bar with tpsDig v.2.22 (Rohlf 2010). Using a
Procrustes superimposition, the raw landmarks were centered,
scaled, and rotated around a common centroid to minimize the
distances between them (Rohlf and Slice 1990). A repeatabil-
ity test had previously been conducted to ensure the detected
variance in shape was unrelated to manipulative error
(Verhaegen et al. 2018). For each shell, we used MorphoJ
v.1.06 (Klingenberg 2011) to calculate centroid size (CS) as
the square root of the summed squared distances of each land-
mark from the centroid of the landmark configuration
(Bookstein 1991). The CS value represents the overall size of
the shell and is the only size measurement independent of
shape. The heights of the shells with the smallest and the larg-
est CS were also measured with the Zeiss microscope. Because
a multiple linear regression of Procrustes coordinates on CS
(Monteiro 1999) (R*=0.107; mean squared error <0.001;
p<0.001) revealed allometry, i.e., shape varying with size,
we used the regression residuals instead of the coordinates in
our further analyses to correct for size (Klingenberg 2016).

Shell height

000

Fig. 1 Landmarks (LM) used in geometric morphometric analyses: apex
(LM1); intersection of sutures with the shell outline (LMs 2—7); most
external right (LM8) and left (LM9) points of the body whorl; highest
(LM10), lowest (LM13), most external left (LM12) and right (LM11)
point of the aperture; dotted auxiliary lines indicate how landmarks 14—
18 were placed
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The variation in shape among individuals was first visualized
using a principal component analysis (PCA) and by use of
wireframe graphs. Pairwise population comparisons were
based on Procrustes distances, a measure of the absolute mag-
nitude of the shape deviation (Klingenberg and Monteiro
2005), tested with 10,000 permutations in Morphol.

Dissections

After we photographed each snail, we dissolved the shells in
0.5 M EDTA (pH 7.5) for 3 days. The exposed soft bodies
were then dissected under a microscope in order to determine
the sex of the snails (presence/absence of a penis), the pres-
ence of macroparasites in the body cavity, and to count the
number of brooded embryos in females. All snails were col-
lected during the summer months, the presumptive reproduc-
tive peak, suggesting that we were likely to capture estimates
of fecundity that represent or are close to fecundity maxima
for most or all of the snails (Schreiber et al. 1998; McKenzie
et al. 2013). Any embryos were removed and the remaining
tissue was placed into 96% ethanol for preservation for DNA
extraction.

Genetics and population genetic analyses

The dissected snail tissues were sent to LGC Genomics
(Berlin, Germany; www.lgcgroup.com) for DNA extraction,
mtDNA sequencing, and SNP genotyping. The DNA was
extracted with the sbeadex™ lifestock kit in conjunction
with an RNase treatment. A 497-bp fragment of the mitochon-
drial cytochrome 5 gene (cyt b; primers 5'-TTCT
TTATTAGGACTTTGTTTAGG-3" and 5'-TTTC
ACCGTCTCTGTTTAGCC-3"; Neiman and Lively 2004)
was sequenced on an [llumina MiSeq V3 platform and clus-
tered into haplotypes with CD-HIT-EST v.4.6.1 (Li and
Godzik 2006). The sequences were then trimmed to a length
of 431 bp to be compared to previously identified haplotypes
on the NCBI database using the nucleotide BLAST (Altschul
et al. 1990). The haplotype distribution was mapped and a
median joining haplotype network built with PopART v.1.7
(Leigh and Bryant 2015).

We genotyped 48 of the 50 SNPs used in Verhaegen et al.
(2018), which included 16 SNPs designed by Paczesniak et al.
(2013) and 32 by Verhaegen et al. (2018) (Supplementary
Table 2), using KASP™ assays. SNP loci that were fixed
across all individuals and individuals with missing data at
six or more loci were excluded from subsequent analyses.
We assigned SNP genotypes using an infinite alleles model
distance index and setting the maximum distance threshold
(Rogstad et al. 2002) to zero for two genotypes to be consid-
ered the same in GenoDive v.2.0 (Meirmans and Van
Tienderen 2004). We used the SNP genotypes to distinguish
between asexual and sexual individuals: individuals with
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unique genotypes relative to all other snails were considered
sexual while individuals with shared genotypes were consid-
ered asexual. It is important to mention that this approach
means that we cannot exclude the possibility that asexual in-
dividuals with rare genotypes would be mistakenly catego-
rized as sexual. For all subsequent population genetic analy-
ses, we included all sexual individuals and one asexual indi-
vidual per genotype per sampling site. We evaluated the pres-
ence of Hardy—Weinberg equilibrium (HWE) and genotypic
linkage disequilibrium (LDE) for each SNP locus in each
sampling site in GENEPOP v.4.7.0 (Rousset 2008). In order
to assess if sexual and asexual individuals can be distin-
guished based on the diversity of the SNPs, we calculated
the probability that two sexual individuals share the same
genotype by chance, the combined non-exclusion probability,
with Cervus v.3.0.7 (Kalinowski et al. 2007).

The number of genetic clusters was estimated with a K-
means clustering analysis based on the lowest Bayesian infor-
mation criterion (BIC) (Schwarz 1978). We used a discrimi-
nant analysis of principal components (DAPC) (Jombart et al.
2010) within the R package adegenet v.2.0.1 (Jombart 2008)
to visualize the relationships among clusters. DAPC is a dis-
criminant analysis with, as first step, a transformation of the
data through PCA, which ensures that the variables are uncor-
related and their number less than the number of analyzed
individuals (Jombart et al. 2010). The distribution range of
the K clusters was mapped by modifying the R script written
by F. Jay (Jay et al. 2012) available online (http://membres-
time.imag.fr/Olivier.Francois/pops.html).

To assess the genetic distances between sites, we calculated
pairwise Slatkin’s linearized fixation indices based on Fgr
(Slatkin 1995) in Arlequin v.3.5.2.2 (Excoffier and Lischer
2010). We then used these values to build an unrooted
neighbor-joining (NJ) tree in PAST, reflecting evolutionary re-
lationships among populations. This NJ tree was then mapped
with GenGIS v.2.5.3 (Parks et al. 2013). The presence of ge-
netic structure among geographical regions (Supplementary
Table 1) or water body types was assessed with two analyses
of molecular variance (AMOVA) (Excoffier et al. 1992), as
implemented in GenoDive. The correlation between geograph-
ical distances (in meters) and the genetic distances (Slatkin’s
linearized Fst) among sites was evaluated with a Mantel test in
PASSaGE v.2 (Rosenberg and Anderson 2011). The matrix of
pairwise geographical distances was created with the R pack-
age geosphere v.1.5-7 (Karney 2013) using the coordinates of
the sampling sites as the input file.

Statistical analyses

We tested for correlations between shape distances (Procrustes)
and genetic distances across sites with a Mantel test as imple-
mented in PASSaGE. A partial Mantel test was then used to
assess the relationship of shape and geographical distances,
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using a matrix of pairwise genetic distances to control for the
effect of genetic similarity. In a second series of tests, we re-
placed shape with CS using pairwise differences of median CSs.

We used a generalized linear model (GLM) (binomial
error family) to evaluate whether the ratio of asexual-sex-
ual individuals within sites was affected by water body
type. We used another binomial GLM to assess whether
the risk of infection with parasites was linked to a particu-
lar water body type, island, genetic cluster, mt haplotype,
or reproductive mode.

We used a linear mixed model (LMM) to address whether
and how shape was affected by the environmental factors,
parasite infection, sex, and reproductive mode using PC1 as
response variable and setting the mtDNA haplotypes and the
SNP-based clusters as random factors to account for genetic
relatedness. Salinity and longitude were removed from the
environmental variables because each of these two variables
was positively correlated with conductivity (Kendall’s tau =
0.964, z=41.604, p <0.001) and latitude (fau=10.448, z=
20.759, p <0.001), respectively. We used the same set of en-
vironmental variables and random genetic factors in all
LMMs and generalized linear mixed models (GLMM) follow-
ing here. We used a similar approach to assess the influence of
the environmental variables on CS, applying a LMM on the
inverse CS to obtain normally distributed errors. Because we
expected that sexual snails would harbor a wider range of
shape and size than asexuals, we used Fligner—Killeen median
tests to determine whether there were significant differences
between sexual versus asexual PC1 and CS variance. To cor-
rect for the difference in sample sizes between asexual and
sexual individuals, the Fligner—Killeen median tests were re-
peated again 100 times, both for PC1 and CS, this time by
randomly subsampling a matching number of asexuals. The
effects of the environmental variables, shell shape (PC1), and
CS variables on spininess were estimated with a GLMM (bi-
nomial error family). We eliminated the ridged snails from the
analysis, leaving only smooth and spiny shell categories as
response variables, because we could not definitively deter-
mine whether ridged shells might reflect spiny shells that had
lost their spines. Finally, we used an LMM with the logarith-
mically transformed number of embryos as a proxy for fitness
for uninfected female snails brooding at least one embryo and
the environmental variables, PC1, and CS as fixed factors to
assess the influence of each of these three factors on fecundity.
We also included the interactions of PC1 and CS with the
environmental factors in the model. Because we found CS to
have a strong effect on fecundity, we also ran a LMM to test
the effects of the environmental factors, PC1, and their inter-
actions on the number of embryos corrected for CS. Finally,
subsequent to those (G) LMMs on shell shape, size, armature,
and snail fecundity that did reveal a difference between repro-
ductive modes, we implemented additional (G) LMMs for
each reproductive mode separately. All (G) LMMs were run
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in R with the /me4 v.1.1-13 package (Bates et al. 2015) and
built by dropping terms based on type-II Wald x” tests of the
Anova function available from the car package (Fox and
Weisberg 2011). Marginal and conditional R* were calculated
for each LMM using the r.squared GLMM function
(Nakagawa and Schielzeth 2013; Johnson 2014) of the
MuMIn v.1.40.0 package (Barton 2017). A marginal R’
(Rz(m)) represents the proportion of variance explained by
the fixed factors alone, and a conditional R* (R*,) explains
the proportion by both the fixed and random factors (Vonesh
et al. 1996). The effects v.3.2 package (Fox 2003) was used to
visualize the positive and negative effects of the fixed factors.
All statistical tests were executed in PAST v.3.14 (Hammer
et al. 2001), MorpholJ, or R v.3.3.3 (R Development Core
Team 2011). Non-parametric tests were used if normal distri-
butions were rejected by a Shapiro—Wilk test.

Results
Genetics

We successfully sequenced a 497-bp segment of mitochondri-
al cyt b in 979/996 individuals (98.29%), and we detected
seven different mtDNA haplotypes (Figs. 2 and 3). Only two
haplotypes were 100% identical to haplotypes already present
in GenBank: haplotype 01 (GenBank accession number:
AY570182) (588 individuals, 60.06%) and 37 (AY570216)
(137 individuals, 13.99%). We named the five new haplotypes
cybA (MH092996) (225 individuals, 22.98%), cybB
(MH092997) (18 individuals, 1.84%), cybC (MH092998) (9
individuals, 0.92%), cybD (MH092999) (1 individual,
0.10%), and cybE (MH093000) (1 individual, 0.10%). The
closest matches we could find for those five haplotypes with
previously published haplotypes were haplotypes 22
(AY570201, difference to cybA at one site), 37 (cybB, ten
sites), 27 (AY570206, cybC, four sites), 31 (AY570210,
cybD, two sites), and 30 (AY570209, cybE, three sites).
Haplotypes cybD and cybE were discarded in further analyses
because they were only represented by one individual each.
Forty-seven of the 48 SNP loci could be genotyped (failed
locus—ss804270590). In addition, 36 of these 47 loci were
polymorphic (Supplementary Table 2). In 967 of the 996
(97.09%) individuals, at least 30 of the 36 polymorphic markers
could be genotyped; the other 29 individuals were discarded
from further statistical analyses involving genetic factors. All
SNP loci did not violate statistical expectations for HWE or
linkage disequilibrium (p > 0.05 in all cases). We detected 304
different multilocus genotypes. One hundred (32.9%) of these
genotypes represented asexual lineages, as we could safely con-
clude based on the extremely low combined non-exclusion
probability of 5.541 x 10, which is the probability that two
sexual individuals share the same genotype by chance. The
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Fig. 2 Median joining network
for the seven cytochrome b
haplotypes found in 979 New
Zealand Potamopyrgus
antipodarum and sampling sites.
Each branch represents a single
nucleotide substitution and short
transversal lines as well as small
black circles unsampled
haplotypes. Size of circles is
proportional to number of

individuals per haplotype NZO1
NZ03
NZ04
NZ08
NZ31
NZ32
NZ37
NZ39
NZ41
NZ42
NZ43
NZ45
NZ46

number of genotypes among the 20 individuals sampled per site
varied between 1 and 20, with up to 9 different asexual geno-
types per site (2.76 £ 1.68 —mean + SD, maximum number of
asexual genotypes found at site NZ75). The 304 genotypes
were grouped into 16 different clusters (Fig. 4) by K-means
clustering. Their distribution is mapped in Fig. 5. We used 34
of the 36 SNP loci to calculate genetic distances (Slatkin’s
linearized Fgt) between sampling sites (Supplementary
Fig. 1) and produced a neighbor-joining tree (Supplementary
Fig. 2). We excluded two SNPs that exhibited a relatively high
fraction of missing data (compl157769 c0 seql;
comp160266 c0 seq4). A Mantel test (Mantel #=5.433, two-
tailed p < 0.001) revealed that genetic distances were structured
along a spatial gradient and an AMOVA suggested the same for
geographical regions (AMOVA, F=0.171, SD=0.017, p=

0.001). We found no evidence for genetic structure among wa-
ter body types (AMOVA, F=0.033, SD=0.009, p=0.115)
(Supplementary Table 3).

Descriptive statistics

Seven hundred sixty-one (76.41%) of the 996 snails were
assigned asexual status, with the remaining 209 snails
(23.59%) deemed sexual (Supplementary Fig. 3). The asexu-
al-sexual ratio was dependent on the type of water body from
which the snails were collected (X2=24.625, df=4,
p<0.001): the proportion of sexuals was highest in lakes
(35.1%), lowest in springs (10.3%), and intermediate in
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cybB
NZ53
NZ90

cybD /

streams (19.7%) (Supplementary Table 4). The majority of
snails were female (950, 95.38%) compared to only 46
(4.62%) males, of which 9 were asexual (19.57%). We found
parasites in 107 individuals (10.74%), 74 of which were asex-
uals (9.72% of asexuals) and 33 sexuals (15.79% of sexuals).
The risk of infection was influenced by the island (19.64%
infections on the North Island compared to 6.24% on the
South Island) and type of water body the snails were found
in (Supplementary Table 4), their genetic cluster, but not their
reproductive mode or haplotype (Supplementary Table 5).

Shape

The three first PCA axes explained a total of 65.80% of the
variation in shape across individuals (38.86% by PCI,
14.72% by PC2, and 12.22% by PC3). Snails with negative
PC1 values tended to have a shell shape that was narrower but
longer than the average shell shape, while snails with positive
PC1 values had a shell shape that was shorter but wider than
the average shape. Here, we will refer to these two shell shape
extremes as “narrow” and “globular,” respectively. Mean
shell shape and these two shape extremes are visualized by
the wireframe graphs (Fig. 6). Shell shape (Procrustes dis-
tances) did not follow a spatial (partial Mantel test 7= 1.270,
p=0.204) or a genetic (Mantel test =1.8131, p=0.067) gra-
dient. The variance in shape (PC1) explained in the LMM
(Supplementary Table 6) by both the genetic variables as ran-
dom factors and the environmental variables plus reproductive
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Fig. 4 Discriminant analysis of
principal components of the 16
clusters detected by K-means
clustering based on single
nucleotide polymorphism data.
Ellipses represent inertia ellipses

A DA Mes
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mode as fixed factors was 61.20% (= R*(,). The fixed factors
alone explained 19.92% (= R%,)) of the shape variance, i.e.,
there was a strong genetic effect.

Latitude

172 173 174 175 176

Longitude

Fig. 5 Distribution of genetic clusters based on single nucleotide
polymorphism markers. Lines indicate color ranges of clusters; lines
representing clusters 5, 7, and 15 point at specific sites. Clusters 8, 9,
and 10 were widespread across the northwest of the South island and
therefore were not mapped
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The LMM on shape found asexual snails were, on average,
narrower in shape than sexual counterparts (PC1 gexua =—
0.002 +£0.033 —mean = SD; PClexyq =0.004 +0.0.038).
Counter to our predictions, we also found that the shape range
for asexuals was wider than for sexuals (Fligner—Kileen me-
dian centered x> =6.185, p =0.013) (Supplementary Fig. 4a);
however, this result was only obtained in 48% of our tests with
a matching number of sexual and asexual individuals; in the
remaining cases, no significant differences were found.
Because of the significant differences in shape between asex-
ual and sexual individuals in our total sample, we repeated the
LMM on shape within sexual and asexual groups separately.
These analyses revealed that both sexual and asexual lake-
collected snails were narrower than snails collected from
streams (Fig. 7a). Snails were also relatively narrow in high
nitrate conditions and relatively globular when flow rate was
high. Asexual snails found at higher latitude, altitude, or sun-
light exposure were more globular than asexual snails from
lower latitudes and altitudes and shadier locations and were
narrow relative to other asexuals when conductivity was high,
but no effect was found for the sexual snails. We did not find
effects of sex, parasitic infection status, island, water temper-
ature, or turbidity on shell shape for either sexual or asexual
snails. The R®, were 92.80 and 75.01%, and the R’ only
5.38 and 8.97%, for the LMMs within asexual and sexual
individuals, respectively.
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Fig. 6 Wireframe representations
of the variation in shape
(increased ten times) along PCI1.
The gray wireframes represent the
mean shape observed across all
sampled individuals; the black
wireframes represent the most
extreme shapes, with narrow
morphs (a) for negative PC1
values and globular morphs (b)
for positive PC1 values

Size

Centroid size varied between 3.42 and 13.94 (6.87 +1.90),
i.e., the largest snails were more than four times larger than
the smallest snails. The smallest snail (found at site NZ24)
measured 2.30 mm in height and the largest snail (NZ45)
was 9.30 mm high. The population with lowest mean snail
size (NZ14, 3.87+0.14) was found on the North Island and
the population with the largest mean snail size was from the
South Island (NZ52, 11.39+0.77), although the majority of
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Fig. 7 Variation in shell shape (a) and size (b) between water body types.
The boxplots show the median (middle line), quartiles (boxes), 1.5 times
the interquartile range (IQR) (whiskers), extreme values (dots). The
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populations with larger snails were found on the North Island
(Supplementary Fig. 5). Centroid size followed a spatial (par-
tial Mantel test 1=4.691, p<0.001) and a genetic gradient
(Mantel test 1=2.642, p=0.008). An effect of genetic relat-
edness was also detected by the LMM on CS, but most of the
variation in size was still explained by the environmental, i.e.,
fixed variables (R* ) = 52.73%, R*)=77.35%).

There was no difference is CS (CS,q.x median=6.573,
CS;ex median = 6.747) or in size range (F—K median centered
x> =3.308, p=0.069, CS,eex range =3.420-13.941, CS,cy
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notches extend to +1.58 times the IQR divided by the root squared
number of observations, overlapping notches being strong evidence that
the two medians do not differ (Chambers et al. 1983)
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range = 3.523-11.526) (Supplementary Fig. 4b) between
asexual and sexual snails, not even when the number of asex-
uals was subsampled (non-significant in 82% of the replicated
tests). Sex, parasites, and altitude did not affect shell size ei-
ther. All other environmental factors that we evaluated did
affect CS: snails were larger on the North Island, at lower
latitudes, in the presence of predators, and in warmer water
and water with higher conductivity. Snails in current with
higher flow rates, nitrate, or sun exposure were smaller in size.
The largest snails were found in relatively clear or relatively
turbid water, while the smallest snails were found in water of
average turbidity. Finally, with respect to water body type, the
smallest snails were found in springs, snails of intermediate
size in lakes, and the largest snails in streams, with size in-
creasing with stream width (Fig. 7b).

Spininess

The majority of snails had a smooth shell (730 individuals,
73.29%). A total of 162 (16.26%) snails had a spiny shell and
104 snails (10.44%) had ridged shells. The GLMM on spini-
ness (Supplementary Table 6) found a strong effect of the
genetic variation on spininess. There was no difference in
spininess between asexual and sexual snails. The only envi-
ronmental variables that we found to affect spininess were
temperature (positively correlated), altitude (negatively corre-
lated), and water body type. The largest proportion of spiny-
shelled snails was found in lakes (44.53%). In streams, the
proportion of spiny shells increased with stream width
(7.72% in type 1 streams, 14.36% in type 2, and 26.85% in
type 3). We did not find any spiny snails in springs. Finally,
the GLMM revealed that spiny snails also had shells that were
relatively globular and large compared to smooth-shelled
snails.

Fecundity

The number of brooded embryos per female (N =950) ranged
from 0 to 147 (19.75+23.55 —mean £ SD). We did not find
any embryos in trematode-infected females, consistent with
expectations for these sterilizing parasites. Shell size directly
affected fecundity, with larger females brooding more embry-
os. Fecundity was also affected by the interaction of shell size
with the type of water body, the presence of predators, and
with latitude. Larger snails brooded more embryos at higher
latitudes, in the absence of predators, or in lakes, springs, and
type 2 streams (Supplementary Table 6).

When corrected for size, the largest proportion of variation
in fecundity was explained by the fixed factors (Rz(m)=
33.35%), which included the environmental variables, with
or without interaction with shape, while the variance ex-
plained by genetic lineage was much lower (R, = 40.87%).
Among the environmental variables, latitude and predators

@ Springer

had a positive effect and sunlight coverage, altitude, conduc-
tivity, and nitrate, a negative effect on fecundity. Water trans-
parency also affected fecundity/CS: snails in turbid water had
lower fecundity than their counterparts in clear and, especially,
in water of intermediate turbidity. Sexual snails were found to
brood more embryos compared to asexual ones. While shell
shape alone did not affect fecundity/CS, we did detect inter-
actions with water body type, flow rate, and the presence of
predators. In particular, narrow females carried more embryos
at high flow sites or in springs than sympatric globular fe-
males. When predators were present, globular females
brooded significantly more embryos compared to narrow ones
(Supplementary Table 6).

Discussion

Our overall goal was to generate a deeper understanding of
whether variability of shell morphology is an important factor
in P. antipodarum’s successful colonization of a wide spec-
trum of habitats in New Zealand and in its worldwide inva-
sion. We found, as expected, genetic and morphological di-
versity to be considerably higher in native relative to invasive
populations. Our expectations regarding higher morphologi-
cal variation in sexual snails were not met, with no apparent
differences in the extent of morphological variation between
sexual and asexual snails. Finally, we found relationships be-
tween shell morphology, habitat, and fecundity to be complex.

Genetic structure

We found seven cyt b haplotypes and 304 SNP genotypes.
Thirty-six out of 47 SNP loci were polymorphic, including
all 16 polymorphic SNPs found in Europe (Verhaegen et al.
2018). The genetic diversity was, as expected, higher than the
genetic diversity observed in Europe, where the same genetic
markers revealed only two mitochondrial haplotypes and ten
closely related genotypes (Verhaegen et al. 2018). Genetic
marker analysis of invasive populations in North America re-
vealed a similar absence of diversity, detecting only three cyt b
haplotypes (Dybdahl and Drown 2011). The higher genetic
variation of New Zealand P. antipodarum is certainly linked
to the presence of sexual reproduction and the longer evolu-
tionary history of the snails in their native range, though we
cannot exclude potential roles for sampling effects or post-
invasion bottlenecks (Weetman et al. 2002; Stddler et al. 2005).

Five of the seven haplotypes were newly detected and two
were previously described (Neiman and Lively 2004; Neiman
et al. 2011). Our most common haplotype (60.06% of all
individuals), 01, was also reported as the most common hap-
lotype by Neiman and Lively (2004) and Neiman et al. (2011)
and, like 37, was present on both islands. By contrast, haplo-
type cybA was mostly confined to the North Island (present in
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nine North island sites and only a single South island site,
NZ64), and cybB was only found in our most northern sam-
pling site in Auckland (NZ90). CybD and cybE were each
only found in one individual that were collected from two
geographically close sites (NZ 53 and NZ54, respectively)
on the northwest coast of the South Island, but they were not
closely related to each other (95.82% identity).

SNP-based genetic distances were structured along a spa-
tial gradient indicating isolation by distance. Nevertheless,
low Fsr (<0.05) values between sites in the northwest of the
South Island and the Waikato as well as the mapped NJ tree
suggest recent long-distance gene flow, probably mediated by
birds (see, e.g., Haase et al. 2010; Zielske et al. 2017).

We found nine polyploid males (19.57% of all males),
broadly similar to the 27.02% of all males reported by
Neiman et al. (2011). Polyploid males are produced by asex-
ual polyploid females (Neiman et al. 2012); their fertility sta-
tus remains unclear (Soper et al. 2013, 2016).

More than 75% of our snails had shared multilocus SNP
genotypes (100 SNP genotypes) and were thus categorized as
asexual, the actual proportion being likely higher as our ap-
proach underestimated as expected the number of asexual as
shown by the proportion of female individuals (95%).
Although the sexual snails represented less than a quarter of
our sample, they harbored more than twice as many genotypes
(204). The higher proportion of asexual individuals is certainly
a consequence of the twofold cost of sexual reproduction
(Maynard-Smith Maynard Smith 1971, Maynard-Smith
1978) experimentally demonstrated by Gibson et al. (2017).
Lakes tended to have the highest proportion of sexual individ-
uals, with 35.1% of samples from lakes assigned sexual status,
followed by streams (19.7%) and springs (10.3%). Our results
are generally similar to the frequencies of sexual
P. antipodarum reported in earlier studies (Fox et al. 1996,
88% sexuals in lakes; Neiman et al. 2005, 19.6% sexuals in
lakes; King et al. 2011, 8.2% sexuals in streams; Paczesniak
et al. 2013, 33.7% sexuals in lakes). The higher proportion of
sexual individuals likely reflects the higher pressure of para-
sites present in larger water bodies where fish and water fowl,
the final hosts of the parasites, have access. Under the Red
Queen hypothesis, the maintenance of sex, hence genotypic
variation through recombination, is indeed explained by the
presence of co-evolving parasites (Bell 1982), which has been
subject of several studies with P. antipodarum as model (e.g.,
Lively 1987, 1992; Jokela et al. 1997).

Because asexual individuals can only generate genetic var-
iation in offspring through mutation, we expected that sexual
individuals would harbor more morphological variation than
asexual snails. We could not evaluate whether this prediction
was met within sites because we did not collect enough spec-
imens from mixed populations for statistically meaningful
comparisons between sexual and asexual individuals.
Comparisons between sexual and asexual individuals across
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our entire sample did not reveal differences in shell size,
shape, or spininess between asexual and sexual snails. This
result is likely linked at least in part to the marked phenotypic
plasticity in shell morphology already observed in
P antipodarum (Verhaegen et al. 2018) and to the fact that
asexual snails probably also harbored considerable genetic
diversity. It appears that polyploid, asexual individuals origi-
nate commonly from diploid, sexual females so that clones
and outcrossing snails exhibit similar amounts of variation
(Dybdahl and Lively 1995; Neiman and Lively 2004).
Finally, we did not detect any difference between sexual and
asexual snails in number of brooded embryos, although when
corrected for size, fecundity was higher in sexual individuals.
These findings are thus largely in line with a previous study
showing no sexual/asexual difference in three other life histo-
ry traits in P. antipodarum (Larkin et al. 2016).

Evidence for adaptive variation in shell morphology

We detected a much higher level of morphological variation in
shape, size, and armature in New Zealand snails than for a
similar sample collected in Europe. For example, we found
that shell height of adult snails varied between 2.30 and
9.30 mm, a much wider range than reported for Europe
(3.48-5.00 mm) (Verhaegen et al. 2018). In New Zealand,
16.26% of snails had spiny shells, in Europe none
(Verhaegen et al. 2018).

Our mixed-model analyses revealed effects of both genetic
and environmental variation on shell morphology and fecun-
dity, though the relative contributions of genetics and environ-
ment varied across traits. For example, variation in shape and
shell armature had mainly a genetic basis, while environmen-
tal factors were much more important as determinants of size
and fecundity, similar to the findings in our previous study of
European P. antipodarum (Verhaegen et al. 2018).

It is tempting to assume that morphological variation asso-
ciated with genetic variation or environmental parameters in
our statistical models reflects genetic adaptation or phenotypic
plasticity, respectively. However, only in cases where genetic
relatedness has an effect and the effect of environmental pa-
rameters is negligible can we assume that the observed varia-
tion is largely due to genetic adaptation. Otherwise,
disentangling genetic adaptation and phenotypic plasticity
and estimating their relative importance is strictly possible
only through common garden experiments. However, this
would be prohibitive considering the extent of our analyses
and it is questionable if natural conditions can be mimicked in
the laboratory accurately enough to yield transferable results.

Mantel tests indicated that size but not shape followed a
spatial and genetic gradient. By contrast, our (G) LMMs de-
tected a strong effect of genetic relatedness on shape and re-
vealed a weaker effect of genetic relatedness on centroid size.
These different outcomes of the Mantel test and (G) LMMs
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can be reconciled by considering that the Mantel tests were
based on pairwise distances between populations whereas the
mixed models instead focused on the genetic relatedness in the
form of genetic clusters.

Our AMOVAs showed that genetic variation was structured
among geographical regions but not across water body types,
which themselves were associated with variation in shell mor-
phology. This suggests that similar shell morphologies might
have originated on multiple separate occasions. However,
without experimental support, the relative contributions of ge-
netic adaptation and phenotypic plasticity cannot be assessed,
hence statements about parallel evolution would be premature.

Effects of environmental factors on morphology
and fecundity

Flow and water body type

For many small stream organisms, the main risk associated
with exposure to high flow rate is being detached and dragged
away, with the potential for physical damage and relocation to
unsuitable habitats (e.g., Holomuzki and Biggs 1999, 2006).
In P. antipodarum, we observed (see also Haase 2003;
Verhaegen et al. 2018) that the snails avoided exposure to
stronger currents by staying close to the edge of streams or
seeking shelter behind stones or in vegetation. The wide var-
iation of shell morphology in P. antipodarum also appears to
be related to habitat and corresponding flow conditions, with
generally larger and wider shells found at higher flow rates
(Haase 2003; Kistner and Dybdahl 2013, 2014; Verhaegen
et al. 2018). Accordingly, we expected that variation in shell
morphology would be at least in part related to water body
type and potentially reflect adaptation to flow regimes.
Largely in accordance with our expectations, we found the
largest snails in lakes and wide streams, and the smallest snails
in springs. Although shells became more globular as flow rate
increased, snails with relatively narrower and smaller shells
had higher brood sizes, corrected for shell size, than more
globular counterparts under high-flow conditions. We specu-
late that larger and broader snails also have a relatively larger
foot (see Raffaelli 1982 for a review in Liftorina) and thereby
may compensate for increased drag and lift (Statzner and
Holm 1989; Weissenberger et al. 1991; Vogel 1994) by in-
creasing attachment strength to the substrate. Altogether, the
similarity of this result from New Zealand snails to those re-
ported for invasive European P. antipodarum by Verhaegen
et al. (2018) suggests that this size/shape/fecundity/flow rate
relationship is a general feature of P. antipodarum.
Fluctuations in the amount of water probably affect inhab-
itants of small springs to a greater extent than for larger bodies
of water, with the implication that spring-dwelling organisms
might experience a substantially higher risk of desiccation. In
this situation, small body size might provide advantages with
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respect to withdrawing to interstitial water remnants during
drier periods. This advantage may even increase for relatively
narrower snails with their smaller apertures reducing further
the desiccation risk, as they were brooding more embryos than
more globular spring dwelling P. antipodarum.

Almost twice as many spiny shells were found in lakes than
in streams. Spininess might generate both advantages (preda-
tor deterrence) and disadvantages (seston buildup; increasing
the drag and thus the dislocation risk in lotic habitats)
(Holomuzki and Biggs 2006). The existence of such a trade-
off might explain the higher fraction of spiny snails in lakes
versus streams. Our enthusiasm for this possibility is weak-
ened by the fact that we did not find a direct effect of flow rate
on spininess and that we found a higher fraction of spiny snails
in larger versus smaller streams. This latter observation could
be connected to a likely increase of predation risk in wider
streams, which would also help to explain why no spiny snails
were found in springs. Similar to Holomuzki and Biggs
(2006), we also found a positive association between spines
and temperature, implying shell armature is the result of a
complex interaction of various environmental factors.

Abiotic factors

In P antipodarum, temperature and conductivity affect life
history traits like growth rate and fecundity (e.g., Dybdahl
and Kane 2005; Herbst et al. 2008; Levri et al. 2014). In
accordance with previous studies (e.g., McKenzie et al.
2013; Verhaegen et al. 2018), increasing temperature as well
as decreasing latitude and sunlight coverage had positive ef-
fects on CS and fecundity.

Conductivity can affect shell size and fecundity in various
ways. High conductivity likely indicates the presence of cal-
cium necessary for building the shell and producing embryos.
Low ion concentrations, in turn, may increase the costs for
calcium uptake and lead to osmotic stress (Herbst et al.
2008) affecting growth or fecundity. Consistent with this log-
ic, conductivity had a positive effect on size; however, it had a
negative effect on fecundity. We speculate that the latter might
be linked to the presence of other compounds causing higher
conductivity that negatively affect fecundity.

Nitrogen compounds are naturally present in freshwater
ecosystems, but can increase to toxic levels via anthropogenic
introduction (Jensen 1995, 2003; Stumm and Morgan 1996).
In particular, high concentrations of nitrogen compounds can
be toxic for aquatic animals (Jensen 1995, 2003) and negative-
ly affect dissolved oxygen concentration as a consequence of
eutrophication (Schindler et al. 1973). While P. antipodarum
has relatively high tolerance to short-term nitrate toxicity
(Alonso and Camargo 2003), we detected a negative effect
of nitrates in New Zealand P. antipodarum, similar to our
results from invasive European P. antipodarum (Verhaegen
et al. 2018).

l GfBS



Ecomorphology of a generalist freshwater gastropod: complex relations of shell morphology, habitat, and... 437

Biotic factors

Parasite infection did not have an effect on shell morphology.
This result was surprising in light of the fact that infected
snails were sterilized, assuming the potential shift of resource
allocation in infected snails from fecundity to growth
(Negovetic and Jokela 2001; Levri et al. 2005). Our result also
differed from that of previous studies (Levri et al. 2005;
Lagrue et al. 2007) suggesting that infected P. antipodarum
were wider and less spiny than uninfected specimens.

Predators are important drivers of modifications of shell
morphology in mollusks (Vermeij 1995). Different types of
predation are associated with different types of shell modifica-
tions in aquatic gastropods. For example, in Elimia livescens,
relatively elongated shells with relatively narrow apertures are
more entry-resistant (e.g., against crayfish; Krist 2002). Other
studies on Littorina obtusata and Physa sp. have shown that
more globular individuals are more crush resistant (Seeley
1986; DeWitt et al. 2000). Here, we found that across our
sample as a whole, the presence of predators was associated
with snails with relatively larger shells. By contrast, within
asexual P. antipodarum, predator presence was associated with
narrower shells. Fecundity was positively correlated with shell
size in the absence of predators but negatively correlated with
shell size when predators were present, indicating a potential
trade-off between fecundity and predator avoidance. Because
spiny-shelled P. antipodarum also tended to be relatively glob-
ular, this could indicate spines to play an additional protective
role against crush-type attacks. It is also important to note that
any inferences from these data must be viewed with caution in
light of the fact that our failure to detect predators does not
mean that predators were absent. Future studies that employ
more powerful methods (e.g., environmental DNA detection)
of predator detection are needed to more definitively establish
a connection, if any, between P. antipodarum shell morpholo-
gy and predator pressure (e.g., Ficetola et al. 2008; Jerde et al.
2011; Goldberg et al. 2013).

Conclusions

We found evidence for complex relationships between shell
morphology, habitat, and fitness in P antipodarum. Genetic re-
latedness played a primary role in shape variation, though we
also discovered evidence for expression of similar shapes in
lineages that experienced similar environments, e.g., flow re-
gime. By contrast, size variation was determined primarily by
environmental parameters, with genetic variation playing a rel-
atively minor but still significant role. Like other P. antipodarum
studies (e.g., McKenzie et al. 2013; Verhaegen et al. 2018), we
found a strong and positive relationship between fecundity and
size. However, there was a trade-off with shape. In increasingly
extreme conditions, i.e., with increasing flow and toward small
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springs, the trend of shell shape becoming wider was reversed,
i.e., snails with narrower shells were brooding more embryos.
As principal driver of morphological adaptation, we assumed
dislocation risk increasing with current. Further experiments
are however needed to actually quantify the differences in drag
and lift experienced by the different morphotypes, as well as the
differences in attachment strength, and to show if these differ-
ences are biologically meaningful.

We did not detect any major differences in the morpholog-
ical variation of sexual and asexual snails and in the relation-
ship of this variation to different habitat types. This absence of
marked sexual/asexual differences is almost certainly at least
in part a consequence of the frequent generation of asexual
lineages from sexual females, freezing genetic variation across
the entire spectrum harbored in the sexuals. We also found
evidence for a substantial role of phenotypic plasticity in the
expression of shell morphology; the extent to which our evi-
dence for the expression of similar phenotypes in unrelated
snails in similar habitats is due to plasticity versus genetic
factors will require follow-up studies targeting the role of ge-
netics and environment in the determination of the shell phe-
notype. The pronounced plasticity of shell morphology, both
genetic and phenotypic, is certainly an important factor for the
success of P. antipodarum colonizing a wide spectrum of hab-
itats and as an invasive species, in particular as this species
combines the benefits of both genetic recombination and the
quantitative, reproductive advantage of the enormous multi-
tude of asexual lineages.
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