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Abstract
Aim: Freshwater ecosystems and their biota are severely endangered by global 
change today, and predicted extinction levels are skyrocketing for many taxa. Most 
studies have focused on entire clades, while approaches testing for selective extinc-
tion risk with respect to ecological traits are rare. As studies are typically based on 
modern faunas, the generality of the detected patterns in the context of the current 
biodiversity crisis remains uncertain. We use a dataset of fossil and modern fresh-
water gastropods to investigate extinction probability in dependence of lifestyle and 
geographic distribution.
Location: Europe, Miocene to present-day.
Methods: We performed generalized linear mixed modelling to test for a relation-
ship between extinction probability and taxonomic group (Caenogastropoda vs. 
Hygrophila, reflecting different lifestyles) and range size, while using time as random 
effect. Extinction and survival of modern representatives was predicted based on 
IUCN conservation status. To identify the types of faunas with elevated extinction 
risk with respect to lifestyle, we tested for a relationship between the proportion of 
Caenogastropoda and lake surface area and geological duration using generalized 
linear models.
Results: We found a clear relationship between extinction likelihood and lifestyle, 
which is linked to differences in range sizes and is independent of geological time. 
Caenogastropoda are more prone to go extinct. A strong positive relationship be-
tween the proportion of Caenogastropoda and geological duration was found, show-
ing that Caenogastropoda are more dominant in long-lived lakes.
Main conclusions: The elevated extinction risk of caenogastropods is linked to their 
smaller geographic ranges, which reflects their comparably poor colonization ability, 
and urges enhanced conservation efforts. Their high diversity and high degree of 
endemism in long-lived lakes render, especially these archives of evolution important 
conservators of biodiversity. As most of these lakes are under severe anthropogenic 
pressure, concerted conservation measures are needed to ensure the survival of 
their unique biota.
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1  | INTRODUC TION

Freshwater environments and their biota experience critical threats 
at present (Böhm et  al.,  2020; Darwall et  al.,  2020; De Grave 
et al., 2015; Dudgeon, 2020; Garcia-Moreno et al., 2014; Neubauer 
et  al.,  2021; Pimm et  al.,  2014; Poff et  al.,  2012; Vörösmarty 
et  al.,  2010). Climate change, water pollution, habitat degradation 
and invasion by exotic species are but a few of the many threats 
straining modern freshwater biodiversity (Albert et al., 2021; Bowler 
et al., 2017; Dudgeon et al., 2006; Heino et al., 2009). According to 
the Living Planet Index, vertebrate populations in fresh water have 
declined by approximately 84% in the past 50 years (WWF, 2020). 
As concern invertebrates, about one third of the species of freshwa-
ter crabs (Cumberlidge et al., 2009), crayfish (Richman et al., 2015) 
and molluscs (Böhm et  al.,  2020) are globally threatened with ex-
tinction. Several studies have predicted future freshwater biodi-
versity loss as a direct or indirect consequence of human impact 
(e.g., Cordellier et al., 2012; Janse et al., 2015; Markovic et al., 2014; 
Neubauer et al., 2021; Pereira et al., 2010). Unless serious effort is 
directed towards freshwater biota and the ecosystems they live in, 
we are likely to steer into a sixth mass extinction event within the 
millennium (Neubauer et al., 2021).

Freshwater biota are more isolated compared to marine or ter-
restrial ones and therefore considered more vulnerable to ecological 
alteration (Dudgeon, 2020). Profound understanding of the drivers 
of extinction in freshwater animals is vital not only from a general 
perspective, but it also forms the basis for a proper coordination of 
conservation efforts. However, our knowledge of what drives the 
rise and demise of freshwater faunas is still very limited. In order 
to disentangle natural and anthropogenic impact, a main task is to 
identify parameters influencing extinction in the absence of major 
crises like the current one.

One aspect often neglected concerns the unevenness of extinc-
tion among different lifestyles within an animal group. For exam-
ple, Payne et al. (2016) showed the extinction selectivity of marine 
taxa with respect to differences in body size, habitat, feeding mode 
and motility and how it has changed through geological time. Few 
such assessments are available for freshwater animals and most deal 
with vertebrates (e.g., Liu et al., 2017; Olden et al., 2007; Reynolds 
et al., 2005; but see also Bland, 2017). We are not aware of any study 
taking into account fossil data to make general predictions about se-
lective extinction probability in freshwater biota.

Gastropods are ideal candidates for studying deep-time pro-
cesses in freshwater ecosystems because of their high diversity, high 
individual abundance, high rates of endemism and good preserva-
tion potential (Strong et al., 2008). Moreover, all of the major groups 
of freshwater gastropods and lifestyles present today have existed 

since the Mesozoic or early Cenozoic, respectively (Gray,  1988; 
Strong et al., 2008; Taylor, 1988).

The two most diverse groups of freshwater gastropods today 
are found among the Caenogastropoda (formerly grouped within 
Prosobranchia) and the Hygrophila (formerly as Pulmonata or 
Basommatophora) (Pyron & Brown, 2015). These two groups differ 
considerably in a number of traits concerning their Bauplan, ecol-
ogy and evolutionary history. Caenogastropoda comprise dioe-
cious, mainly perennial species that live and reproduce for 4–5 years 
(Pyron & Brown, 2015). Hygrophila, in contrast, are hermaphrodites 
and mostly annual freshwater species with a 1-year life cycle (Pyron 
& Brown,  2015). Their higher reproductive rates and shorter life 
cycles help them survive in ephemeral environments (e.g., Brown 
et  al.,  1998). On average, they tolerate wider temperature ranges 
and can cope with greater variation in the dissolved oxygen (Pyron & 
Brown, 2015). Because of their terrestrial evolutionary background, 
they do not have gills (like caenogastropods) but breathe through a 
vascularized pocket in the mantle they use as a lung. Also, Hygrophila 
are considered to be more effective competitors when food is scarce 
(Pyron & Brown, 2015).

Because of self-fertilizing Hygrophila theoretically require only 
a single specimen to effectively colonize new habitats (Baker, 1945; 
Dillon, 2000). In caenogastropods, this can occur in rare cases of par-
thenogenetic species (Strong et al., 2008). Additionally, Hygrophila 
can survive outside the water for an extended period of time be-
cause of their capability to supply oxygen directly from the air (e.g., 
Dillon, 2000; Kendall, 1949; Poznańska et al., 2015), which increases 
their potential for long-distance dispersal (Yu et al., 2021). On the 
other hand, caenogastropod species can seal the aperture of the 
shell with an operculum, which facilitates dispersal via exo- or even 
endozoochory (Kappes & Haase, 2012).

The abovementioned features seem to make Hygrophila eco-
logically more flexible, rendering them faster and more successful 
colonizers. As a result, they have today on average wider distribu-
tions than caenogastropods, many of which are endemic and have 
restricted geographic ranges (e.g., Johnson et  al.,  2013; Pyron & 
Brown,  2015; Welter-Schultes,  2012). Nonetheless, exceptions of 
restricted-range endemic Hygrophila (e.g., Albrecht et  al.,  2006; 
Stelbrink et al., 2015) and widely dispersed Caenogastropoda exist 
as well (e.g., Ponder, 1988), especially among euryhaline or amphi-
dromous groups (Strong et al., 2008).

We hypothesize that the higher colonization ability makes 
Hygrophila more effective in surviving and increasing their geo-
graphic ranges and, by this, lowering the extinction risk compared 
to Caenogastropoda. However, whether the observed differences in 
the distributions of the two groups are a general pattern or only true 
for recent times is unknown.
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To test our hypothesis and infer the generality of the pattern, 
we use a comprehensive dataset of freshwater gastropod faunas 
spanning entire Europe over the last 23 million years (Myr; Miocene 
to present). We evaluate extinction probability as a function of tax-
onomic group (Caenogastropoda vs. Hygrophila, as indicator for 
differences in lifestyle) and species distributions using generalized 
linear mixed models. In order to identify the types of lakes in which 
Caenogastropoda/Hygrophila are particularly common—to pinpoint 
the types of faunas that are particularly rare today and/or contain a 
high abundance of species with elevated extinction risk—we assess 
correlation between the proportion of Caenogastropoda in a fauna 
and a lake's geological duration and surface area.

2  | METHODS

2.1 | Dataset

The dataset is an updated version of the data analysed by 
Neubauer, Harzhauser, Georgopoulou et al. (2015) for reconstruct-
ing species richness of European non-marine aquatic gastropods 
since the Miocene. We accounted for latest faunal assessments 
and taxonomic/systematic revisions published since then. The 
dataset includes faunas from Scandinavia in the North to Cyprus 
in the South, the Azores and Iceland in the West to the Caspian 
Sea realm in the East (Figure  1). Turkey, the Caucasus countries 
and Turkmenistan (as part of the Caspian Sea Basin) were included 
because of their European biogeographic affinities (compare 

Neubauer, Harzhauser, Georgopoulou, et  al.,  2015; Neubauer 
et  al.,  2021). The final dataset includes 27,790 occurrences of 
2,109 species from 5,374 localities (Figure 1). See Appendix S1 for 
details on the data selection.

2.2 | Species range sizes

Many different measures of species distributions are available 
in the literature. A recent comparison of several commonly used 
methods yielded minimum spanning tree as the best performing 
method (Boyle, 2017a). This measure gives the minimum distance 
that connects all species occurrences; hence, the shortest distance 
a species must have travelled to achieve the observed distribu-
tion. As such, it is a conservative estimate of species distribution 
(Boyle,  2017a). Considering that a species' geographic range may 
shift over time, we calculated minimum spanning tree distance for 
each species separately per one-million-year bin using the package 
GeoRange v. 0.1.0 (Boyle, 2017b) for R v. 4.0.3 (R Core Team, 2020). 
For localities with stratigraphic age ranges overlapping time bin 
boundaries, the mean age was used and rounded up to the next 
integer. In total, we used 24 time bins, whereas extant species (i.e., 
all occurrences recorded in the last 200 years) were treated sepa-
rately from the Quaternary records. Given the obvious non-normal 
distribution of the data, differences between the distributions of 
Caenogastropoda and Hygrophila were assessed with a Wilcoxon 
rank-sum test. The test was performed for the overall data as well 
as for each time bin.

F I G U R E  1   Localities/lakes yielding 
fossil and extant freshwater gastropods 
used in this study. The insets on the 
upper right correspond to Iceland and 
the Azores. Note that no pre-Quaternary 
fossils are preserved in northern Europe 
due to glacial erosion [Colour figure can 
be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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2.3 | Extinction probability

To test for extinction probability in response to lifestyle and range 
size, species survival status was coded per one-million-year bin. 
Species were marked as survivors (1) if they occurred in the follow-
ing time bin and as extinct (0) if they did not. Extant species were 
assigned to these categories based on their IUCN Red List con-
servation statuses (IUCN,  2020), whereas taxa labelled as “least 
concern” and “near threatened” were considered survivors and 
those marked “vulnerable,” “endangered,” “critically endangered” 
or “extinct” were considered to become extinct eventually (or are 
already). Taxa with statuses “data deficient” or “not evaluated” or 
those not listed in IUCN Red List were variably excluded or included 
and treated as extinct or survivors (pessimistic/optimistic scenarios 
sensu Payne et al., 2016) to test for a possible effect of unknown sta-
tuses. To account for differences in lifestyles, the taxonomic group 
(Caenogastropoda vs. Hygrophila) was included as a categorical vari-
able in the models described below.

Extinction probability was assessed via generalized linear 
mixed models (GLMMs) using the R package lme4 v. 1.1-26 (Bates 
et al., 2020). GLMMs are superior to standard linear models for they 
allow incorporating uncertainty factors that potentially obscure a 
general pattern, such as variation through time. Four logistic mod-
els with different combinations of parameters were computed to 
test for an effect of lifestyle and range size on survival status (see 
Appendix S2). To specifically disregard variation through geological 
time—in order to test for the generality of the pattern—we added the 
time bin as random effect, whereas the effect (i.e., the slope) of life-
style is allowed to vary within each time bin. Range size was centred 
and scaled prior to the analyses. Model fit was compared via Akaike 
information criterion (AIC). Models with ΔAIC > 2 were considered 
significantly different (Burnham & Anderson, 2004). Model diagnos-
tics were assessed with the package DHARMa v. 0.3.3.0 (Hartig & 
Lohse,  2020). The marginal R2 and the intraclass correlation coef-
ficient (ICC) were computed with the package performance v. 0.6.1 
(Lüdecke, Makowski, et  al.,  2020). Plots were generated using the 
package ggeffects v. 1.0.1 (Lüdecke, Aust, et al., 2020).

We are aware that the association between extinction proba-
bility and distribution for the modern fauna must not be overesti-
mated, as IUCN conservation status is partly based on distribution 
data (IUCN, 2020). To test for a potential bias, we ran an additional 
GLMM excluding modern faunas entirely.

2.4 | Effect of lake characteristics on the 
prevalence of lifestyles

We tested for a relationship between the proportion of 
Caenogastropoda and the geological duration (but not age per se) 
and surface area of lakes that contain at least ten species. These 
data were available for 130 lakes, including 17 palaeo-lakes. See 
Appendix S1 for more details on the data availability and data sources 
for the fossil lakes. Following Gorthner (1994), we define a long-lived 

lake as one that has existed for at least 100,000 years. Because we 
also include fossil data, we refrain from using the term “ancient lake", 
which is commonly used for modern long-lived lakes only.

We ran several generalized linear models (GLMs) to assess which 
parameters or combinations thereof best explain the proportion 
of Caenogastropoda in lacustrine faunas through time. We tested 
32 possible combinations of parameters (single vs. both parame-
ters vs. intercept-only model, with and without factor interaction), 
transformed versus untransformed variables (arcsine-square root 
transformation for the proportion of Caenogastropoda and decadic 
logarithm for lake duration and surface area) and error distribution 
(binomial vs. Gaussian, whereas binomial distribution only allows 
for untransformed variables) (Table S1 in Appendix  S4). Model fit 
was assessed using AIC with the R package AICcmodavg v. 2.3-1 
(Mazerolle, 2020). Normality of model residuals was checked with a 
Kolmogorov–Smirnov test and by visual examination.

3  | RESULTS

Caenogastropod species are more likely to go extinct than 
Hygrophila through most of the past 23 Myr (Figure 2a). Only few 
exceptions are found in selected time bins in the middle and late 
Miocene. A similar trend is reflected in the species range sizes. On 
average, Hygrophila have a wider distribution (Wilcoxon rank-sum 
test, W = 1,981,901, p <  .001; Figure 2b). For individual time bins, 
the differences between Caenogastropoda and Hygrophila are sig-
nificant in 12 out of 24 cases; only in a single one (bin 12), caenogas-
tropods have significantly larger geographic ranges (Appendix  S3, 
Table S1 in Appendix  S3). This bin coincides with the transition 
from middle Miocene peri-Paratethyan faunas (sensu Neubauer, 
Harzhauser, Kroh, et al., 2015), containing several widespread cae-
nogastropod species, to the late Miocene Lake Pannon, including on 
average more Hygrophila species that are only known from small 
areas or single localities.

The GLMM testing for extinction probability as a function of 
taxonomic group (which correlates with differences in lifestyle) and 
range size, including interaction of both terms as well as adopting 
a random slope of lifestyle across time bins, received the highest 
support (see Appendix S2). The model diagnostics indicate that the 
residuals are not normally distributed and that there is some minor 
quantile deviation, but the QQ-plots show that the observed distri-
bution closely matches the expected one. Furthermore, there is no 
sign of overdispersion (p = .328), and the model is unaffected by tem-
poral autocorrelation (see Appendix S2, Figure S1 in Appendix S2). 
The marginal R2 of 0.822 indicates that the major part of the total 
variation is due to the fixed effects, while the random effects (i.e., 
time bins) account only for a small portion of the variation (adjusted 
ICC = 0.057).

The results demonstrate a strong link between extinction prob-
ability and taxonomic group and range size, respectively (Figure 3). 
More precisely, the model shows that Caenogastropoda and 
Hygrophila have a different extinction probability with respect to 
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range size, whereas there is still some overlap of the two groups. 
Extinction probability relates with taxonomic group, whereas caeno-
gastropods are more likely to go extinct (Table 1; Figure 3, insert). 
Conversely, species with larger distributions are—unsurprisingly—
less prone to extinction. In particular, the model indicates a general 
minimum range size, above which species do not become extinct. 
This threshold is 3,825  km for Caenogastropoda, distinctly higher 
compared to 2,320 km for Hygrophila (Figure 3).

The relationship between survival status and range size in de-
pendence of taxonomic group varies through time (i.e., the random 
effects of the GLMM; Table 1; see Appendix S2, Figures S2 and S3 
in Appendix S2). Across all time bins, the individual trajectories re-
semble the overall picture, but the predicted survival probabilities 
for small distributions vary considerably. For example, the modern 
fauna (bin 0) is much more prone to extinction compared to the lat-
est Pleistocene–Holocene one (bin 1) at the same range size (Figure 
S3 in Appendix S2). In most time bins, Hygrophila have higher sur-
vival probabilities at the same range size. Only in three out of the 24 
bins, caenogastropods have a higher survival status, although the 
differences between the trajectories are minor and only concern 
small geographic ranges.

The results of the GLMM hardly differ when adopting a survival 
status of 1 (optimistic scenario) or 0 (pessimistic scenario) for spe-
cies with unknown conservation status (Table 1; see Appendix S2, 
Figures S8–S15 in Appendix S2). Only, in the pessimistic scenario, 

caenogastropods have a smaller minimum range size at survival sta-
tus = 1 than Hygrophila (Figure S13 in Appendix S2). This result is 
probably due to the unevenly distributed number of species with un-
known conservation status and their range sizes. About 70% of those 
species are caenogastropods with a small range size, while some of 
the Hygrophila have quite large range sizes. Finally, the GLMM ex-
cluding modern data—to test for a potential bias from inferring sur-
vival status based on distribution data—shows similar results as the 
main GLMM (see Appendix S2, Figures S4–S7 in Appendix S2). The 
same model as above received highest AIC support, and the slopes, 
marginal R² and adjusted ICC are in a similar range as the overall 
model (Table 1).

Of the 32 GLMs testing for an association between the propor-
tion of Caenogastropoda and lake surface area and geological du-
ration, the model with the highest AIC support among all possible 
combinations of parameters is the Gaussian model combining lake 
surface area and log10-transformed lake duration (including factor-
crossing) and untransformed proportion of Caenogastropoda (see 
Appendix S4). The residuals are normally distributed (Kolmogorov–
Smirnov test, D  =  0.081, p  =  .367) but show outliers far beyond 
Cook's distance, suggesting a strong influence of single data points 
on the model (Figure S1 in Appendix  S4). The second best model 
according to AIC includes only log10-transformed lake duration and 
untransformed proportion (ΔAICc  =  0.57). The residuals are nor-
mally distributed too (D = 0.086, p = .293), and there are no major 
outliers biasing the results (Figure S2 in Appendix  S4). Therefore, 
we consider this more parsimonious model (adjusted R2  =  .689, 
p < .001) as best fitting our data while not violating the assumptions 
of linear regression (Figure 4).

F I G U R E  2   Per cent extinct (a) and mean species range sizes 
(b) of freshwater gastropod species per one-million year bin. The 
boxplots on the lower right show the statistical distribution of 
geographic ranges for Caenogastropoda and Hygrophila across 
all time bins (based on the largest maximum spanning tree of a 
species across all bins). The medians are significantly different 
(Wilcoxon rank-sum test, p < .001) [Colour figure can be viewed at 
wileyonlinelibrary.com]

Pe
rc

en
t e

xt
in

ct

Caenogastropoda
Hygrophila
all

Time (Ma)

1

104

R
an

ge
 s

iz
e 

 (k
m

)
Pliocene Quat.E. Miocene M. Miocene L. Miocene

103

R
an

ge
 s

iz
e 

(k
m

)

20

40

60

20 15 10 5 0

103

102

10

102

10

(a)

(b)

F I G U R E  3   Fixed effects of the generalized linear mixed model 
with taxonomic group (i.e., lifestyle) and geographic range. On 
average, caenogastropod species are more prone to extinction, 
both in general (insert) and at the same range size, compared to 
Hygrophila. The vertical lines and corresponding values indicate the 
minimum range size, above which species are unlikely to go extinct. 
See Figure S3 in Appendix S2 for random effects of individual time 
bins [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/


2362  |     NEUBAUER and GEORGOPOULOU

4  | DISCUSSION

4.1 | Caenogastropoda are more prone to extinction

The results of the GLMM show that the extinction probability of 
freshwater gastropod species correlates with taxonomic group and 
geographic range (Figure  3). The model supports our hypothesis 
that caenogastropod species are on average more prone to go ex-
tinct. More precisely, their survival probability is lower than that of 
Hygrophila at the same range size and they have a higher “safety 
threshold range” (minimum range size above which the predicted 
survival status = 1). The GLMMs based on different data subsets all 
show the same tendency (Table 1), proving that our model is inde-
pendent of time (and particularly modern data) and reflects a general 
pattern.

The two taxonomic groups coincide with major differences 
in lifestyle. Because of their gonochoristic mode of reproduc-
tion, slower reproduction rates and longer life cycles (Pyron & 
Brown,  2015), Caenogastropoda are largely out-competed by the 
air-breathing Hygrophila when it comes to colonizing new habitats 
quickly. Hygrophila include many species with high ecological toler-
ances and thus higher dispersal potential and chances of survival in 
newly colonized environments (Johnson et al., 2013; van Leeuwen 
et  al.,  2013). The effect is enhanced by physiological differences: 
their capability to take up oxygen from the air facilitates survival 
outside the water and therefore increases the chance for successful TA
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F I G U R E  4   Linear regression model showing the logarithmic 
association between the proportion of Caenogastropoda per 
fauna and a lake's geological duration. In case of lakes overlapping 
stratigraphic intervals, age assignment (and colour) was based on 
the mean stratigraphic age of all fossil-bearing localities included 
in this study. The grey area shows the 95% confidence interval. Gr., 
Lake Groisenbach; K., Lake Kosovo [Colour figure can be viewed at 
wileyonlinelibrary.com]
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long-term dispersal (e.g., Dillon,  2000; Kendall,  1949; Poznańska 
et al., 2015). Good dispersers with wide distribution also exist among 
caenogastropods (e.g., van Leeuwen et al., 2012), but they are ex-
ceptions rather than the rule. Examples are parthenogenetic spe-
cies, such as Potamopyrgus antipodarum or Melanoides tuberculata, or 
taxa with high ecological tolerances, like Bithynia tentaculata (Mills 
et al., 1993; Städler et al., 2005; Strong et al., 2008).

4.2 | Long-lived lakes as refuges for 
caenogastropods

Our analyses show that the relative species richness of 
Caenogastropoda and Hygrophila in a lake relates to its geological 
duration (Figure 4). The longer a lake exists, the more caenogastro-
pods can be expected on average. All extant faunas with more than 
42% caenogastropods in European lakes are from long-lived lakes 
(Figure 4). In contrast, the majority of lakes today are geologically 
young and of glacial origin and typically dominated by Hygrophila 
(Georgopoulou et al., 2016).

Long-lived lakes harbour unique faunas that have evolved 
over hundreds of thousands to millions of years and constitute 
exceptional evolutionary archives (e.g., Cohen,  1994; Hampton 
et al., 2018; Martens, 1997; Wilke et al., 2016; Wilson et al., 2004). 
The high species diversity in these ecosystems is typically the result 
of intralacustrine speciation, resulting in endemic evolutionary lin-
eages (e.g., Hirano et al., 2019; Michel, 1994; Neubauer et al., 2013; 
Schreiber et al., 2012; Wilson et al., 2004). While many long-lived 
lakes—both recent and fossil—have experienced major environ-
mental changes, they have still continuously existed as lakes for an 
extended geological time (e.g., Harzhauser & Mandic, 2008; Jipa & 
Olariu, 2009; Krijgsman et al., 2019; Mandic et al., 2011; Neubauer, 
Georgopoulou, et  al.,  2016; Neubauer, Harzhauser, et  al.,  2016; 
Wilke et al., 2020) and as such expectedly lower the extinction risk 
of the species they harbour.

In a comprehensive review, Michel (1994) demonstrated that, 
among other factors, gastropod radiations in long-lived lakes are 
associated with strategies of reproduction and dispersal (see also 
Boss, 1978; Brooks, 1950; Martens, 1997). Matching our results, she 
showed that long-lived lakes are typically dominated by caenogas-
tropod species (there as “Prosobranchia”) with dioecious reproduc-
tion with a large percentage of them being endemic (Michel, 1994). 
However, our study is the first to provide quantitative evidence that 
species composition of gastropods as regards the proportion of 
Caenogastropoda is (at least to some extent) a function of the lake's 
geological duration.

The higher relative species richness of caenogastropods in long-
lived lakes may have different causes, including but not limited to 
reproduction strategy, dispersal capability, genetic structure, hab-
itat parameters and physiological constraints (Michel, 1994; Schön 
& Martens, 2004). A main factor contributing to the differences be-
tween Caenogastropoda and Hygrophila species richness involves 
depth range. Long-lived lakes typically form in geologically stable, 

deep tectonic basins (Cohen, 2003). In many of these ecosystems, 
there is a clear bathymetric zonation of gastropod species (e.g., Hauffe 
et al., 2011, 2016; Lattuada et al., 2020; Michel, 2000; Neubauer, 
Harzhauser, et al., 2016; Sitnikova, 2006; Stelbrink et al., 2016). As 
they are not bound to air oxygen, the dioecious caenogastropods 
have naturally higher depth tolerances and, on average, can diver-
sity across a wider bathymetric range (Michel, 1994; but see, e.g., 
Stelbrink et al., 2015 for an exception of abyssal Hygrophila). Some 
intralacustrine radiations were probably triggered by ecological op-
portunity arising from lake deepening (e.g., Stelbrink et al., 2020).

The presence of long-lived lakes might also explain a part of 
the variation in the relationship between extinction probability 
and taxonomic group across geological time (Figure  2, Figure S3 
in Appendix S2). For example, the low extinction risk in the latest 
Miocene to Pliocene (bins 5, 7, 8 and 9) compared to today or most of 
the Quaternary may be due to the presence of long-lived lakes such 
as lakes Pannon or Dacia in central to south-eastern Europe, where 
many species found stable conditions and existed for several mil-
lion years (Magyar et al., 2013; Neubauer, Harzhauser, et al., 2016; 
Wenz, 1942). A potential fossil bias towards long-lived lakes, which 
have long sedimentary records and might thus be overrepresented in 
the fossil record, is unlikely in our case. While the number of records 
and species is particularly high for these lakes, the number of long-
lived lake faunas is still comparably low in our dataset.

4.3 | Limitations

The relationship between the proportion of Caenogastropoda and 
lake duration is not linear, and there are deviations from the gen-
eral pattern. Probably the most famous among them is the middle 
Miocene Lake Steinheim (Figure  4), which gave rise to a species-
flock of the planorbid genus Gyraulus associated with a complex 
pattern of morphological diversification (Rasser, 2013). Also within 
late Miocene Lake Pannon, Hygrophila formed evolutionary line-
ages such as the lymnaeid Valencienniinae (Figure  3a; Neubauer, 
Georgopoulou, et  al.,  2016), but these are overshadowed by the 
more abundant hydrobiids and melanopsids. The Caspian Sea fauna 
is an outlier in the other direction: It is almost exclusively composed 
of caenogastropods and dominated by the minute Hydrobiidae 
(Wesselingh et al., 2019).

Extending the geographic scope shows that the pattern we 
found is not restricted to Europe. Many long-lived lakes outside the 
study range are also dominated by caenogastropod species, such as 
lakes Tanganyika, Malawi and Titicaca (Dejoux, 1992; Van Damme 
& Gautier,  2013; West et  al.,  2003). A comparable fossil exam-
ple is the Miocene Pebas lake system, dominated by Cochliopidae 
(Wesselingh, 2006). However, some long-lived lakes exist today 
(e.g., Baikal and Victoria) that have a near equal share or even more 
Hygrophila species (Lange et  al.,  2013; Michel,  1994; Vinarski & 
Kantor, 2016). We are not aware of long-lived lake faunas dominated 
by Hygrophila, but examples like Lake Baikal or Lake Victoria show 
that the pattern we find is not as strict as suggested by European 
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lakes alone. To allow a more general conclusion, more data on the 
gastropod faunas and geological ages of fossil and recent lakes all 
around the planet need to be gathered, as far as possible considering 
lakes of different geological origin, bathymetric range, trophic state 
and climatic setting.

The relationship between extinction probability and taxonomic 
group is here interpreted to reflect differences in lifestyles, particu-
larly concerning reproductive mode, life cycle and respiration type, 
all of which influence the species' dispersal ability. We are aware that 
extinction probability is not only a function of these traits, particu-
larly as different families, genera and species within the two clades 
show some degree of variation with respect to these (and other) 
traits (e.g., Dillon, 2000; Pyron & Brown, 2015; Strong et al., 2008). 
Also, environmental and climatic factors and, in the Anthropocene, 
human impact certainly play a role in driving extinction of freshwa-
ter gastropods (Cordellier et  al.,  2012; Georgopoulou et  al.,  2016; 
Neubauer, Harzhauser, Georgopoulou, et  al.,  2015; Neubauer 
et  al.,  2021), whereas the two systematic groups may suffer from 
and react differently to selected pressures. Nonetheless, the dif-
ferences among Caenogastropoda and Hygrophila concerning the 
abovementioned lifestyle traits, which are consistent through geo-
logical time, support our hypothesis that the discrepancy we found 
in their extinction likelihood is at least to some degree a result of 
lifestyle.

4.4 | Implications for conservation

Their gonochoristic mode of reproduction, slower reproduction 
rates and longer generation times, paired with a lower tolerance to 
variation in oxygen or temperature (Pyron & Brown,  2015), lower 
the chances of successful colonization of new habitats for caeno-
gastropod species compared to Hygrophila. As a result, they have 
smaller geographic ranges and are more vulnerable to extinction 
(Figure 2b). A query of IUCN conservation statuses of all European 
freshwater gastropods (not only those used in our study) shows that 
64.1% of Caenogastropoda are threatened (status VU, EN or CR), 
compared to 31.5% for the Hygrophila (IUCN, 2020; data-deficient 
species were not considered for the calculation of the percentages). 
In turn, 64.4% of Hygrophila and only 23.9% of Caenogastropoda 
are marked as “least concern".

Conservation efforts need to focus not only on rare taxa—such 
as many Caenogastropoda—but on the ecosystems they inhabit as a 
whole. For caenogastropods, aside of springs, caves and groundwa-
ters (Strong et al., 2008), this concerns particularly long-lived lakes, 
where they typically form evolutionary lineages often resulting in a 
high diversity of endemic species. Few of these lakes exist today and 
all of them are affected directly or indirectly by human activities and 
face warming of surface waters, eutrophication, pollution, overfish-
ing and/or hydrological alteration (Hampton et al., 2018). Although 
these or similar factors—unfortunately—also pose threats for many 
other freshwater ecosystems (Albert et al., 2021; Böhm et al., 2020; 
Dudgeon, 2020; EEA, 2019; Green et al., 2015; Janse et al., 2015; 

Vörösmarty et al., 2010; WWF, 2020), the comparatively small num-
ber of long-lived lakes and their status as natural laboratories of evo-
lution make the situation even more critical. In order to safeguard 
these exceptional evolutionary archives and their biota multilateral 
basin management strategies, more and extensive aquatic reserves 
and coordinated conservation efforts across country borders are 
needed (Hampton et al., 2018; ILEC, 2005). As many long-lived lakes 
are situated in developing countries, this effort requires financial and 
scientific support from the international side (Coulter et al., 2006).

5  | CONCLUSION

Our study shows that Caenogastropoda are more likely to go extinct 
than Hygrophila. The increased extinction risk is reflected in smaller 
geographic ranges. The relationship between extinction probability 
and taxonomic group coincides with differences in lifestyle, that is 
the type of reproduction, life cycle, respiration mode and dispersal 
ability. While there are minor outliers in certain time bins in the fos-
sil record, our analyses confirm a general pattern that is not driven 
by fossil or extant faunas alone. Moreover, our findings clearly show 
the importance of long-lived lakes to the survival of caenogastro-
pods. While such environments were more frequent in Europe's 
geological past, only few long-lived lakes are present today, also on 
a global scale. These ecosystems are cradles of evolution and hold 
levels of species diversity and endemism far above average, and as 
such, they are in particular need of strict conservation measures to 
maintain their unique diversity.

The presence of outliers in some time bins as well as the large 
variance in the relationship between lake duration and proportion 
of Caenogastropoda indicates that the pattern is not as clear cut. 
There are certainly other factors impacting species extinction risk 
as well, like environmental conditions or individual species/family 
traits, but we believe that our contribution adds relevant data to 
understanding faunal evolution on large geographic and temporal 
scales. The outcomes of this study may also be a stimulation to in-
vestigate differential extinction risks in other species groups. Future 
investigations may particularly focus on a more detailed ecological 
differentiation of the species, with regard to lifestyle (e.g., (ovo)vivi-
parity vs. oviparity), trophic or habitat specialization or depth ranges. 
Where detailed information on the palaeoecology of extinct repre-
sentatives is known, the fossil record provides the opportunity to re-
construct general patterns and processes irrespective of short-term 
influence, such as posed by humankind.
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