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Abstract

The dependence of freshwater snails on the availability of ions through their ambient 
water varies widely across species and deficiencies may limit reproduction and other 
physiological functions. Nevertheless, in many studies on the New Zealand mud snail 
(NZMS) Potamopyrgus antipodarum, where reactions on components dissolved in the 
water are not the focus, the composition of the water the snails are kept in is not spec-
ified. We tested the sensitivity of reproduction to three types of artificial fresh water in 
three parthenogenetic lineages invasive to Europe. The three lineages descended each 
from a single mother collected in the same population in northern Germany. Repro-
duction was measured as the number of offspring sired within 12 weeks and varied 
across water types, however, lineages differed in their reaction norms. This indicates 
1) that reproduction of the NZMS is indeed sensitive to the composition of the water 
and 2) that there is fitness relevant genetic variation which probably has arisen only 
within the 160–180 years the NZMS is present in Europe, i.e. we witness clonal evolu-
tion. For experiments, this means that the water composition should not be neglected 
and that potential genetic variation even among closely related clonal lineages has to 
be accounted for in order to ensure comparability and reproducibility.

Key words: Clonal adaptation, clonal evolution, comparability, experimental setup, fro-
zen niche variation, reproducibility

Introduction

Many life history traits are phenotypically plastic, hence, their expression depends 
on the environment. For aquatic organisms, the composition of the water is argu-
ably the most immediate external factor influencing probably the majority of phys-
iological processes. Interestingly, as trivial as this is, many studies investigating life 
history traits in the New Zealand mud snail (NZMS) Potamopyrgus antipodarum 
(Gray, 1843) do not specify the composition of the water the snails are kept in. 
Explicit protocols are virtually the exception, in particular in cases where dissolved 
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components are not the focus of the experiment (e.g., King et al. 2022; Männer et 
al. 2022; Levri et al. 2023). In many experiments, water quality may be regarded as 
a factor of minor importance as long as the conditions are equal across the exper-
iment. This probably holds for a specific experiment, however, comparability and 
reproducibility are certainly limited. This is particularly evident in ecotoxicological 
tests, where husbandry conditions need to be standardized to achieve comparable 
results across labs (Duft et al. 2007; OECD 2010), but in principle also applies to 
all other studies, including those on life history traits.

Against this background, we investigated the sensitivity of reproduction to the 
composition of freshwater in the NZMS. The NZMS is native to New Zealand, 
where it is the most common and wide-spread freshwater snail occurring in prac-
tically all types of freshwaters including standing and running waters from springs 
down to estuaries, thus also tolerating brackish water (Winterbourn 1970; Ver-
haegen et al. 2018b). Population densities can reach hundred-thousands of indi-
viduals per m2 (Geist et al. 2022). The broad ecological tolerance is paralleled by 
an enormous morphological variation largely correlated with the habitat. Shell 
size ranges from about 2.5 mm in spring populations and reaches up to 12 mm 
in larger rivers and lakes (Verhaegen et al. 2018b). Shape is similarly variable, and 
often shells bear periostracal spines (Holomuzki and Biggs 2006). A great deal of 
this morphological variation appears to be due to phenotypic plasticity, in size 
more so than in shape (Kistner and Dybdahl 2013; Verhaegen et al. 2018a, b; 
Männer et al. 2022). The NZMS is ovoviviparous and originally diploid as well as 
gonochoristic, hence outcrossing. However, diploid, triploid, and tetraploid par-
thenogenetic, almost all-female lines have been evolving repeatedly (Neiman et al. 
2011; Paczesniak et al. 2013). The broad ecological tolerance and the reproductive 
characteristics are probably mainly responsible for the invasive success of those 
lineages that established in Europe, Australia, N-America, Japan, Chile, and lately 
also in N-Africa (summarized in Donne et al. 2020; Taybi et al. 2021), which are 
exclusively parthenogenetic. In Europe, the NZMS is Nr. 42 among the worst 
alien species (Nentwig et al. 2018). Apart from this notoriousness, the NZMS 
has become an important experimental species for the investigation of life history 
traits, host-parasite interactions, morphological adaptation, as well as in ecotoxi-
cology (e.g., Dybdahl and Lively 1995a; Negovetic and Jokela 2001; Stange et al. 
2012; Verhaegen et al. 2019).

In Europe, where the NZMS has been reported first in 1859 (Ponder 1988), 
two mitochondrial lineages, t and z, have established (Städler et al. 2005). Both 
show subtle genetic variation on the nuclear level, depending on the markers 
investigated (Weetman et al. 2002; Verhaegen et al. 2018a). Both lineages occur 
in fresh as well as in brackish waters, however, lineage t seems to dominate in 
inland waters while lineage z is mainly encountered in brackish waters. Sympatry 
does occur, but appears to be rare (Verhaegen et al. 2018a; Butkus et al. 2020; 
Männer et al. 2022).

Here we report on a common garden experiment comparing reproduction in 
three clonal lineages of the NZMS in artificial fresh waters of three different com-
positions. The three lineages were each started by a single parthenogenetic female 
isolated shortly after collection at the Neustädter Binnenwasser in northern Ger-
many (54.1081°N, 10.8103°E) in September 2015 (Verhaegen et al. 2018a). Thus, 
at the time of the experiment, these lineages persisted already for more than 7.5 
years in our aquaria. The experimental freshwaters mainly differed in the presence/
absence and amount of carbonate and calcium ions (Table 1). We hypothesized 
that the lineages would react sensitively but that they would not differ in their 
reaction norms as the snails all originated from the same population/locality.
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Material and methods

Common garden experiment

The snails from the Neustädter Binnenwasser belonged to the mitochondrial lin-
eage z (Verhaegen et al. 2018a) and were maintained at a salinity of 1.3% [sea salt 
(Tropic Marin sea salt classic) added to deionized water], the salinity measured at 
the place of origin, at room temperature. Thus, they all had to acclimate to new 
conditions once transferred to freshwater. For each treatment, six adult (see Ver-
haegen et al. 2018a) snails from each lineage labelled Debin 20502, 20703, and 
20803, respectively, were isolated in small glass jars. These jars contained 10 g of 
aquarium sand (JBL Sansibar, Red), a stone for shelter, and 200 ml experimen-
tal water, either “ADAM” (Aachener Daphnien Medium; Klüttgen et al. 1994), 
“OECD” (OECD recommended standard composition; Duft et al. 2007; OECD 
2010), or “sea salt” (0.05% sea salt). The recipes/compositions are given in Table 1. 
The 54 jars were placed in climate cabinets at 21 °C with a regime of 14 hours 
light and 10 hours dark. Once a week, water was replaced, snails were fed spirulina 
flakes (JBL Spirulina Premium), and offspring counted. The experiment ran from 
March 23rd to June 15th 2023, a total of 85 days or roughly 12 weeks. At the end, 
each jar including the sand was thoroughly searched for young snails and eventu-
ally empty shells under a microscope in order to determine the final number of 
offspring. As aspects of reproduction have been shown to be size-dependent (e.g., 
Dybdahl and Kane 2005; McKenzie et al. 2013; Verhaegen et al. 2018a, b), shell 
height was measured parallel to the coiling axis from digital photographs taken 
with a Carl Zeiss Discovery V20 microscope equipped with an AxioCam MRc 
using the AxioVision LE software (Zeiss).

Statistical analyses

We analyzed two aspects of reproduction, success (offspring yes/no) and final 
number of offspring using descriptive statistics as well as generalized linear models. 
The data was analyzed using R v. 4.3.2 (R Development Core Team 2015), and 
packages dplyr v. 1.1.4 (Wickham et al. 2023b) for data manipulation, ggplot2 v. 
3.4.4 (Wickham et al. 2023a) for graphics, ggfortify v. 0.4.16 (Tang et al. 2016; 
Horikoshi and Tang 2018), and lme4 v. 1.1-35.1 (Bates et al. 2015) as well as 
effects v. 4.2-2 (Fox 2003; Fox and Weisberg 2018) for models and graphics. For 
selecting the best model for each response variable, we started with the full general 
model including all factors (lineage, water type, their interaction, first week off-
spring were detected, and shell size), and then removed the non-significant ones in 
a step-wise fashion beginning with the one with the highest p-value. The families 
used for modeling were Poisson distribution for the final number of offspring and 

Table 1. Composition of artificial freshwaters.

Water type Minerals contained in a total of 5 liters

ADAM 1.66 g NaCl

10 ml of CaCl2*2H2O solution (stock: 135.24 g in 1 L H2O)

10 ml NaHCO3 solution (stock: 27.72 g in 1 L H2O)

0.5 ml SeO2 solution (stock: 0.07 g in 1 L H2O)

OECD 1.25 g NaCl

0.75 g NaHCO3

Sea salt 2.5 g NaCl
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binomial for the success rate. The model that best explained the final number of 
offspring included all factors except shell size. In case of the success rate, only the 
interaction between water type and clonal lineage tended to show an effect.

Results

Of the 54 individuals, 26 produced offspring (48%). Two snails died without off-
spring, one belonging to Debin 20803 in week 10, and one from Debin 20502 in 
week 12, both kept in ADAM. In lineage Debin 20502 ten individuals reproduced, 
in Debin 20703 nine, and in 20803 seven. Regarding the waters, snails in ADAM 
were most successful (eleven snails siring young), followed by OECD (eight) 
and Sea salt (seven). The GLM best explaining reproductive success included the 
interaction of water type and clonal lineage, however, the relationships remained 
statistically insignificant (P ≥ 0.0957).

On average, each snail produced 2.94 ± 4.34 (SD) offspring. The maximum num-
ber produced by an individual was 20 (Debin 20703, ADAM). The number of off-
spring per water type and clonal lineage varied substantially and is presented in Fig. 1A.

Figure 1. Final number of offspring (A) and week of first offspring (B) across water types and lineages. Box plots represent median, inter-
quartile range (IQR), whiskers (max. 1.5 times IQR), and outliers.

The first snails to reproduce started in week 7 and the last ones in week 12 (mean 
9.5 ± 1.9). The time that passed until snails started to reproduce was again very 
variable across water types and clonal lineages (Fig. 1B). Snails that reproduced 
earlier also tended to have more offspring at the end of the experiment (Fig. 2).

Thus, the final number of offspring obviously depended on water type, clonal 
lineage, as well as time until first reproduction, which was confirmed by a GLM 
including these three factors and the interaction of the former two (Table 2).

The effect plot for the interaction of lineage and water type (Fig. 3) showed that 
in all three lineages, the final number of offspring was intermediate in ADAM. In 
lineages Debin 20502 and 20803, snails in Sea salt had most offspring, in Debin 
20703 those in OECD.
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Figure 2. Best fitting linear model representing relationship between number of offspring and first 
week of reproduction.

Figure 3. Effect plot from the generalized linear model for the final number of offspring depending 
on the interaction of genetic lineage and water type.
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Discussion

This study had two main findings: 1) reproduction of the NZMS is sensitive to water 
quality, and 2) clonal lineages do differ in their sensitivity to water quality indicat-
ing genetic variation even within the mitochondrial lineages of the parthenogenetic 
invasive populations. Aquatic snails take up minerals either from the water and/or 
with the food (Deaton 2008; Ponder et al. 2020). It can probably be expected that 
snails, whose shells consist of CaCO3, react differently to different mineral supplies 
affecting both, growth and reproduction, as well as neuro-muscular activities. Across 
species, the dependence on calcium concentrations in the ambient water differs 
widely (e.g., McMahon 1983; Madsen 1987; Dillon 2000; Briers 2003; Zalizniak et 
al. 2009; Dalesman and Lukowiak 2010). For the NZMS, several field studies found 
evidence that calcium – either measured directly or as hardness – positively influ-
ences occurrence, abundance, and life history traits (Herbst et al. 2008; McKenzie 
et al. 2013; Spyra and Strzelec 2014; Vazquez et al. 2016), possibly in interaction 
with other ions, though (Levri et al. 2020; Larson et al. 2023). Similar findings hold 
for conductivity in general (Herbst et al. 2008; McKenzie et al. 2013; Verhaegen 
et al. 2018a; Larson et al. 2020). Controlled lab experiments are scarce, though 
(Vazquez et al. 2016). Levri et al. (2020) suggest that for calcium concentration, 
conductivity and pH there may be thresholds above which any population density is 
supported. Also salinity affects population parameters and life history of the NZMS 
(summarized in Geist et al. 2022) and different lineages may vary in their reaction 
norms (Drown et al. 2011). Against this background it is indeed not surprising that 
all three lineages reacted differently across the three water types in our experiment.

The NZMS is notorious for being phenotypically plastic in various aspects, one 
of the main factors considered to be responsible for its invasive success (Alon-
so and Castro-Díez 2008; Geist et al. 2022). Plasticity has been investigated in 
several traits including reproductive output, growth, mortality, adult shell mor-
phology or behavior either depending on controlled factors such as conductivity, 
salinity, temperature, light intensity, population density, and predator presence, or 
in transplant experiments and similar settings (e.g., Negovetic and Jokela 2001; 
Dybdahl and Kane 2005; Holomuzki and Biggs 2006; Neiman 2006; Drown et 
al. 2011; Liess and Lange 2011; Kistner and Dybdahl 2013; Neiman et al. 2013; 
Levri et al. 2014, 2017; Verhaegen et al. 2018a, b, 2021; Männer et al. 2022). 
However, the reactions to different water types differed among lineages in our 
common garden indicating genetic differentiation. This is even more surprising as 

Table 2. Results of the generalized linear model assuming Poisson distributed data for the final 
number of offspring. Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’.

Coefficients Estimate Std. Error z value P (>|z|) Significance

ADAM -0.12213 0.42169 -0.290 0.77211

OECD -0.97958 0.38375 -2.553 0.01069 *

Sea salt 5.12407 0.75242 6.810 9.75e-12 ***

Debin_20703 -0.84952 0.43199 -1.967 0.04924 *

Debin_20803 0.40491 0.41150 0.984 0.32513

ADAM:Debin_20703 0.62469 0.56704 1.102 0.27061

OECD:Debin_20703 1.80601 0.60265 2.997 0.00273 **

ADAM:Debin_20803 -0.63763 0.57313 -1.113 0.26590

OECD:Debin_20803 -0.09648 0.55017 -0.175 0.86079

Week -0.32264 0.06551 -4.925 8.42e-07 ***



Variation in reproductive sensitivity to water quality

367Carmen M. Sierra Lemus et al. (2024), Aquatic Invasions 19(4): 361–371, 10.3391/ai.2024.19.4.135332

the founding mothers were all collected from the same population on a small area 
of maybe 3 m2. Typing 3rd codon position SNPs, Verhaegen et al. (2018a) already 
found two nuclear genotypes among 20 snails in population Debin. As population 
differentiation within the two invasive mitochondrial lineages of the NZMS in 
Europe was subtle, Verhaegen et al. (2018a) assumed that the few, mostly locally 
restricted mutations detected accumulated only after the NZMS had arrived in 
England in the mid 19th century (see also Weetman et al. 2002). Our experiment 
now indicates also fitness relevant mutations, i.e. we probably witness evolution 
in the parthenogenetic lineages over a period of time of maybe 160–180 years. 
Adaptation without recombination is considered to be slow. However, once an ad-
vantageous combination of alleles has arisen through mutation accumulation, this 
combination may persist over generations as this genotype will not be disrupted by 
recombination (Roughgarden 1972; Vrijenhoek 1998). In contrast to native New 
Zealand populations of the NZMS, where the clonal diversity is mainly generat-
ed by the repeated evolution of parthenogenetic lineages from sexual progenitors 
(Dybdahl and Lively 1995b; Paczesniak et al. 2013), mutation accumulation is the 
only way of diversification for the exclusively asexual invasive lineages. This way, 
the variation of frozen niches (Vrijenhoek 1984; Jokela et al. 1997) and thus the 
adaptive, hence invasive potential of parthenogenetic NZMS are increasing.

Our findings show that water composition is not a factor that can be neglected 
in lab experiments. On the contrary, the reactions of the snails do of course depend 
on the minerals offered by their environment. This has been demonstrated in ex-
periments investigating deficiencies in supply in the NZMS and other freshwater 
gastropods (e.g., Herbst et al. 2008; Zalizniak et al. 2009; Dalesman and Lukowi-
ak 2010; Vazquez et al. 2016; Larson et al. 2020), but clearly has to be considered 
also in cases when the ions in solution are not in the focus of the experiment in 
order to ensure comparability and reproducibility. Regarding the study organism, 
we saw that even within fairly young clonal lineages, such as the mitochondrial 
lineages of the NZMS established in Europe, mutations do introduce genetic vari-
ation which has to be accounted for in the experimental setup.
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