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Abstract
Laboratory experiments have indicated that tench (Tinca tinca) is an effective
predator of Potamopyrgus antipodarum. However, few P. antipodarum have been
found in the gastrointestinal tracts of wild caught benthivorous fishes, including
tench. This had led to the assumption that the shell properties of the snail act against
native predators. In general, it has been predicted that this is due to P. antipodarum
possessing a thicker shell and a lower amount of soft tissues than native snails; the
latter will thus be preferred by benthivorous fishes. In the current study, shellcrushing resistance and the soft tissue mass / shell mass ratio were compared between
the non-native P. antipodarum and three native species. Results indicated a similar
shell-crushing resistance for P. antipodarum relative to the native Bithynia tentaculata,
the latter of which is a common food object in tench diet. However, the soft tissue
mass / shell mass ratio of the invader was significantly lower than in most of the
studied native snails, indicating a lower amount of soft tissues in P. antipodarum.
Key words: shell strength, portion of soft tissues, tench, feeding selectivity

Introduction
Non-native species, colonizing ecosystems beyond their native range,
encounter not only novel environmental conditions, but also new enemies
(Maron and Vila 2001; Verhoeven et al. 2008; Levri et al. 2017). The ability
of non-native species to escape natural enemies, such as predators and
parasites, increases their probability of successful establishment in new
environments (Keane and Crawley 2002; Torchin et al. 2003; Levri et al.
2017). Active escape from predators is limited in most aquatic gastropods
and bivalves due to their low mobility. Snails can exhibit various
behavioural (Alexander and Covich 1991; McCarthy and Fisher 2000; Levri
and Clark 2015; Levri et al. 2017; DeWitt et al. 2018 and others) and
morphological (Seed 1993; Zaranko et al. 1997; Cheung et al. 2004;
Holomuzki and Biggs 2006 and others) traits, or even changes in lifehistory (Crowl and Covich 1990; Guo et al. 2017), which allow them to
avoid enemies. Shells and their associated structures (e.g., spines, hairs,
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keel) are one of the structural traits that serve as a last line of defence
(DeWitt et al. 2018). Molluscs are also widely demonstrated to exhibit
various predator-induced shell form changes (Appleton and Palmer 1988;
DeWitt 1998; Krist 2002; Bourdeau 2010; Sherker et al. 2017) or shell
thickening (Auld and Relyea 2011; Bible et al. 2017; Zdelar et al. 2018).
Nevertheless, most of these traits require time to be expressed, particularly
in the case of non-native species that have not coevolved with native
predators. However, some introduced species, even in the initial stages of
invasion, are not consumed by native predators.
Potamopyrgus antipodarum J. E. Gray, 1843 is a small (< 7 mm shell
length) snail native to New Zealand. In recent decades, it has become one
of the most widespread invasive species worldwide. Due to its high ecological
plasticity, absence of natural enemies and obligate parthenogenesis, the snail
has successfully established in various water bodies and has become highly
abundant (in some ecosystems, the density reaching up to 500,000 ind. m-2
(Hall et al. 2003). These high densities of P. antipodarum may be associated
with a lack of natural enemies, particularly of effective predators. Previous
studies have indicated that Tinca tinca (Linnaeus, 1758) is a most effective
predator of this snail (able to crush the shell) under laboratory conditions
(Rakauskas et al. 2016). The same tendency was expected in natural
ecosystems, keeping in mind that the native snail Bithynia tentaculata
(Linnaeus, 1758) is visually similar and is a common prey item for T. tinca
(O’Maoileidigh and Bracken 1989; Brönmark 1994; Michel and Oberdorff
1995). However, field studies have indicated that P. antipodarum is not
incorporated into the tench diet (Rakauskas et al. 2016), raising questions
of how this abundant invader escapes one of its potential effective
predators. To answer this, the snail’s low proportion of soft tissues, and/or
its small hard shell with an operculum, are traits that have been widely
presented as an explanatory variables (Zaranko et al. 1997; Vinson and
Baker 2008; Brenneis et al. 2011 and others), though these traits have to
our knowledge never been analysed empirically.
It was assumed that P. antipodarum is an energetically poorer prey item
for benthivorous fishes crushing their prey. As energetic values for molluscs
are expected to be equivalent on a dry weight basis (Cummins and Wuychek
1971; Tucker et al. 1997), shell crushing resistance and the proportion of
soft tissues to whole body weight of P. antipodarum versus three native
snails were evaluated. The aim of this study was to estimate and compare
shell properties such as crushing resistance and tissue to shell weight ratio
in the invasive P. antipodarum and three species of native snails.

Materials and methods
The non-native snail P. antipodarum and three native widespread and very
common snails in majority of Lithuanian aquatic ecosystems – Bithynia
tentaculata, Radix sp. and Theodoxus fluviatilis (Linnaeus, 1758) (Figure 1) –
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Figure 1. Maximal shell size and shape of snail species used in the study. Numbers indicate
B. tentaculata (1), Radix sp. (2), P. antipodarum (3) and T. fluviatilis (4) (modified from
Rudzīte et al. 2010).
Table 1. The number of snails used in soft tissues to shell ratio (T/S), shell crushing resistance
(SCR) analyses and snail shell length ± SD.
Species
P. antipodarum
B. tentaculata
Radix sp.
T. fluviatilis

T/S
35
20
5
12

SCR
25
21
5
19

L, mm
4.2 ± 0.8
7.5 ± 1.2
10.8 ± 0.6
8.7 ± 0.9

were selected for performed analyses. Bithynia tentaculata and Radix sp.
are common prey items for many benthivorous fish species, including
tench. The samples were collected from the Elektrėnai water reservoir
(Lithuania: 54.757160; 24.672924) using a hand net. The snails were
transported to the laboratory and kept alive in lake water until further
analysis. The number of analysed snails is presented in Table 1. A small
number of Radix sp. was used in the analyses due to the low density of
these snails in the sampling site.

Tissue to shell mass ratio
The dry weight was estimated by dissecting the snails, separating the soft
tissues (including the embryos in the case of P. antipodarum) from the
shell and operculum, and drying them to a constant weight at 60 °C for 24
hours. The shell and soft tissues of each individual were weighted separately
on calibrated SARTORIUS scales (d = 0.001 mg).
Analysis of variance (ANOVA) followed by Unequal N HSD tests were
applied to identify significant pairwise differences between species.
Parametric tests were used as data met the normality assumption of
parametric methods (Shapiro-Wilk’s W tests, P < 0.05). Calculations were
performed using Statsoft Statistica 10.0 software.

Shell-crushing resistance
Prior to measurements of shell-crushing resistance (shell strength) among
the studied snails, all specimens were pictured and shell length measured
(to the nearest 0.1 mm) using ImageJ software. The force required to crush
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Figure 2. Mean (± SD) ratio of soft tissue mass to shell mass for study snails.

the shells was estimated with a modified drill press, by applying compressive
force directly to live snails with the aperture facing down, placed on
calibrated scales (d = 1 g), which were filmed. Increasing downward force was
applied until shell failure. The force at shell failure was defined as the
maximum crushing force. The obtained data was expressed as a pressure
weight (KgF), which was converted to Newtons (N). The shell-crushing
resistance values of the studied snails were log10 transformed and
compared using ANCOVA with shell length as covariate, followed by
Unequal N HSD pairwise comparisons. All statistical analyses were performed
in statsoft STATISTICA 10.0 software.

Results
Tissue to shell mass ratio and shell-crushing resistance
The analysis of tissue to shell mass ratio of the studied snails indicated
significant (ANOVA: F3, 71 = 146.636, P < 0.001) variation between the studied
species (Figure 2). Applied pairwise comparison tests indicated no significant
differences in the ratio only between P. antipodarum and T. fluviatilis
specimens (P = 0.95). Both of these snails had significantly lower tissue to
shell mass ratios than B. tentaculata and Radix sp. (P < 0.001). The highest
ratio was estimated for Radix sp. specimens. The average tissue to shell
mass ratios in Radix sp. and B. tentaculata were 5.9 and 1.9 times higher,
respectively, than that evaluated in P. antipodarum.
ANCOVA revealed significant differences in shell-crushing resistance
(F3, 69 = 43.81, P < 0.001) among the studied snails (Figure 3). Applied post
hoc unequal N HSD tests indicated that the native snail T. fluviatilis had
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Figure 3. Shell-crushing resistance of Radix sp. (black triangles), B. tentaculata (black squares),
P. antipodarum (white circles) and T. fluviatilis (white squares) in relation to shell length.

the highest shell resistance, while Radix sp. required the lowest amount of
force to crush the shell. There were no statistically significant (p = 0.18)
differences in force required to crush the shells of P. antipodarum and
B. tentaculata.

Discussion
In general, the obtained results confirm the assumption that P. antipodarum
is a poor food item for benthivorous fishes that crush their prey. The
relatively high resistance of the shell to crushing and their small individual
size, combined with the low amount of digestible soft tissues and the large
brood pouch consisting of embryos, some of which are shelled, make this
species an energetically less valuable prey item than most of native snails.
Foraging theory suggests that if obtained energy is lower than the sum of
searching and processing costs, predators will unlikely include a given prey
in the diet (Pyke 1984). One of most important findings of the current study
was that the resistance of the shell to crushing in P. antipodarum is very
similar to some of the native snails, though it contains a lower amount of
soft tissues than the latter. As the energy required to process the shell of
P. antipodarum is relatively high, but the amount of digestible tissues is
relatively low, the poorer energetic value of P. antipodarum in comparison
to most of the studied native snails can be assumed. It was found that
P. antipodarum and B. tentaculata require a similar amount of power for
their shells to be crushed. The lowest resistance to crushing was observed
in Radix sp. specimens, which have thin and very fragile shells. The thickshelled T. fluviatilis specimens required the greatest amount of power to crush
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their shell. Such results imply that the small hard shell of P. antipodarum
does not give any benefit in the avoidance of benthivorous predators that
exhibit shell-crushing behaviour. Such results are interesting as, despite
their similar size, the non-native snails exhibit thicker shells than the
natives, which are known to provide benefit in native predator avoidance
(Appleton et al. 2009; Miranda et al. 2016). For example, shell thickening is
well documented in molluscs as one of the frequent traits associated with
predator avoidance (Leonard et al. 1999; Smith and Jennings 2000; Reimer
and Harms-Ringdahl 2001; Brookes and Rochette 2007; Weigand and
Plath 2014; Miranda et al. 2016 and others).
However, although the power needed to crush the shells of B. tentaculata
and P. antipodarum was found to be very similar, the proportions of soft
tissues in the bodies of the snails were different. It was found that native
species, particularly Radix sp. and B. tentaculata, contained a higher
percentage of soft tissues than P. antipodarum. Only T. fluviatilis with its
typically thick shell contained relatively less soft tissues than the invader.
A lower amount of flesh in the prey indicates a lower amount of assimilated
energy in the predator. In general, the obtained results coincide with the
results of field studies that have indicated that B. tentaculata and Radix sp.
are preferred food objects in the tench diet (O’Maoileidigh and Bracken
1989; Brönmark 1994; Michel and Oberdorff 1995). The ability of the
tench to crush the shells, and the relatively large amount of soft tissues,
make these snails a preferable food object.
As studied morphological properties of P. antipodarum can not solely
account for low numbers of the snail in the T. tinca diet, some other
predator avoidance traits can be suspected. The invader P. antipodarum
and T. tinca exhibit different preferences for microhabitat – the invasive
snails prefer sand or gravel substrate in lakes (Zaranko et al. 1997; Butkus
personal obs.), while tench prefer muddy substrates with macrophyte
communities (Rendón et al. 2003). Thus, different preferences could allow
the snail to escape the tench by spatial segregation. If such an assumption
is correct, there would be a trivial amount of P. antipodarum in the tench
diet, as indicated by Rakauskas et al. (2016). Additionally, the distribution
of the non-indigenous snail is limited to particular areas in the ecosystem
during the initial stages of invasion, while the tench are present across the
entire lake; thus, despite active foraging, the probability of the fish to
consume the invader is lower than that for native snails. Though such an
assumption is reasonable, other explanations are also possible. Some
behavioural and morphological traits associated with predator avoidance
have already been documented for P. antipodarum (Holomuzki and Biggs
2006; Liess and Lange 2011; Levri et al. 2019 and others). Previous study
has indicated that P. antipodarum is not incorporated into not only tench,
but also in other benthivorous fish diet (Rakauskas et al. 2016). Despite
high density of the snail in studied ecosystems, only trivial numbers were
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found in the gastrointestinal tracts of Abramis brama (Linnaeus, 1758),
Gymnocephalus cernua (Linnaeus, 1758), Perca fluviatilis (Linnaeus, 1758)
and Rutilus rutilus (Linnaeus, 1758), (Rakauskas et al. 2016). In general, it
is already well documented that benthivorous fishes avoid consuming
P. antipodarum in nature, but the main biological mechanisms of predator
escape are still questionable.
Overall, the results of current study agree with the widely accepted
assumption that P. antipodarum is poorer than native prey items for
benthivorous fish species that crush their prey. However, as P. antipodarum
is abundant, spatially aggregated and easily accessible in lake ecosystems,
the lower energetic value relative to native snails (high shell resistance and
low amount of digestible tissues) cannot solely explain the trivial quantities
of P. antipodarum in the diet of T. tinca. Further studies on traits associated
with predator escape, particularly spatial segregation between P. antipodarum
and T. tinca, may provide useful insights in this native predator – invasive
prey interaction.
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