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ABSTRACT

Invertebrate biodiversity, especially in the freshwater realm, is severely underrepresented in conservation research and action, leading to an under-
estimation of current global extinction rates. Species differ in the biological traits that make them susceptible to extinction, and estimating extinction 
risk for freshwater species can aid conservation measures under limited available knowledge. Identifying traits as predictors of extinction risk may 
serve as a profile for each group of organisms and contribute to predicting which species will be at higher risk of extinction in the foreseeable future. 
Here we focus on European freshwater gastropods, a severely understudied taxon of high conservation priority due to many threatened species 
and high rates of species extinction. Our analyses showed that multiple factors such as body size, shell shape, breadth of habitat types, and even 
the type of habitat contribute to vulnerability to extinction. Species with smaller body size and narrower habitat breadths are facing greater extinc-
tion risk. Shell shape and habitat type may also play a role in extinction risk. Our analysis provides insight into why some gastropod species are 
more susceptible to extinction than others. This information can guide conservation assessment and action and help identify potentially threatened 
species lacking sufficient data for evaluation.
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I N T RO D U CT I O N
Invertebrates constitute the vast majority (about 95–97%) of 
known animal species, but are severely underrepresented in con-
servation research and action (Clark and May 2002, Di Marco 
et al. 2017, Donaldson et al. 2017). Indicative of this knowledge 
gap is the fact that of the ∼1.5 million described species accepted 
by the International Union for the Conservation of Nature 
(IUCN 2025), only ∼1.6% have been evaluated and ∼27% of 
these are Data Deficient (Cardoso et al. 2011, Cowie et al. 2022). 
As a comparison, the IUCN Red List covers nearly all tetrapod 
species. This knowledge gap affects the estimates of global 
extinction rates, and our efforts to mitigate the outcome of the 
biodiversity crisis. Most importantly, it may affect the develop-
ment of appropriate research methodologies aimed at under-
standing the conservation requirements of invertebrate species 

and, consequently, the development of effective conservation 
strategies (Di Marco et al. 2017).

To surmount the invertebrate knowledge gap, research has 
turned its focus on molluscs (Cowie et al. 2017, 2022, Régnier 
et al. 2009). Molluscs are the second-largest phylum on Earth 
with ca. 90 000 species, and can be found from the deep sea to 
the top of mountains, showing astonishing diversity (Sousa 
2024), and providing important ecosystem services such as 
food, materials, and clean water (Zieritz et al. 2022). Molluscs 
are good candidates for assessing background rates of species 
extinction (De Vos et al. 2015), as their shells have high poten-
tial for fossilization. Yet, of the currently known mollusc spe-
cies, only about 10.5% have been evaluated for their extinction 
risk, and about 4.6% of these (mostly gastropods) are extinct 
(Cowie et al. 2022).
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Estimates of the existing biodiversity crisis become more com-
plicated when considering freshwater biodiversity. Freshwater 
ecosystems constitute less than 1% of the total volume of the 
hydrosphere, but they support over 10% of all known species and 
they are an essential resource for human life, providing clean 
water, food, and other ecosystem services. Freshwater habitats 
are under extensive pressure from anthropogenic threats 
(Darwall et al. 2018), resulting in a global freshwater biodiversity 
crisis that requires immediate action (Collen et  al. 2014): 
one-quarter of freshwater species are at risk of extinction (Sayer 
et al. 2025). Freshwater biodiversity is, as well, underrepresented 
in conservation research since most of the research focusing on 
terrestrial biodiversity does not consider freshwater ecosystems 
(Di Marco et al. 2017). However, conservation plans for terres-
trial species and systems might have only a limited benefit for 
freshwater systems (Darwall et al. 2011). Freshwater molluscs 
are amongst the taxa of highest conservation concern; for exam-
ple, in Europe 44% freshwater molluscs are threatened with 
extinction and 9.5% of them are considered extinct (Böhm 
et al. 2021).

Freshwater molluscs (close to 7000 species; MolluscaBase 
2025) are a mega-diversified group that play key roles in ecosys-
tems such as contributing to water quality, nutrient cycling, pro-
viding food for other species, and many more (Böhm et al. 2021). 
The vast majority of freshwater mollusc species belong to 
Gastropoda (Böhm et al. 2021), which in Europe represent 94% 
of the total freshwater molluscan diversity (Cuttelod et al. 2011). 
The two most diverse groups of freshwater gastropods are 
Caenogastropoda (formerly grouped within Prosobranchia) and 
Hygrophila (Cuttelod et al. 2011, Neubauer and Georgopoulou 
2021). These groups differ in several aspects concerning their 
ecology, evolutionary history, and life-history traits. For example, 
Caenogastropoda are dioecious species with gills that live and 
reproduce for 4–5 years (Pyron and Brown 2015) while 
Hygrophila are hermaphrodites (self-fertilization can occur), 
mostly annual species with a 1-year life cycle, which breathe 
through a pocket in their mantle that is used as a lung. Hygrophila 
have the potential for long-distance dispersal and are considered 
as ecologically more flexible species, successful colonizers, with 
on average wider distributions than Caenogastropoda (Dillon 
2000, Pyron and Brown 2015), and they have been found to be 
less prone to extinction than Caenogastropoda (Neubauer and 
Georgopoulou 2021).

Over the last two decades, comparative extinction risk model-
ling has aimed to predict patterns and drivers of extinction risk in 
species, with the ultimate goal of informing monitoring and con-
servation action (Purvis et al. 2000, Cardillo and Meijaard 2012, 
Cazalis et al. 2023). Models build on the role of anthropogenic 
pressures driving species decline and extinction (Murray et  al. 
2014) as well as the extent of protected areas and other extrinsic 
factors while accounting for species biological and life-history 
traits (intrinsic factors) making species more (or less) sensitive to 
external extinction drivers (Di Marco et al. 2015). Several traits 
have been tested as predictors of extinction risk, since knowing 
what makes certain species more prone to extinction can aid pre-
diction of future risk (Chichorro et al. 2019). Not surprisingly, the 
majority of the literature on extinction risk concerns well-known 
taxa, such as mammals and other vertebrates (Purvis and Hector 

2000, González-Suárez and Revilla 2013, Tingley et  al. 2013, 
Atwood et al. 2020, Cardillo 2021) and only a few exercises have 
been attempted on invertebrates, mainly insects (Koh et al. 2004, 
Terzopoulou et al. 2015, Arbetman et al. 2017, Palash et al. 2022).

Here we model extinction risk of European freshwater gastro-
pods from selected intrinsic traits that have been repeatedly tested 
for their relationship with extinction risk in several taxa. We 
hypothesize that a higher risk of extinction is associated with: (i) 
species of larger body size, since these require more resources and 
have slower life cycles (Purvis and Hector, 2000), and (ii) species 
occurring in a limited range of habitats, since these are more 
exposed to habitat reduction or deterioration from natural or 
anthropogenic causes (Purvis et al. 2000, García-R and Di Marco, 
2020). Life-history traits such as generation length, offspring size, 
and fecundity have also been proposed as important correlates of 
extinction risk (Purvis et al. 2000). However, data on these traits 
are currently unavailable for most of the European freshwater gas-
tropod species, and their analysis was not possible in the present 
study (see also Material and Methods section). To test our hypoth-
esis, we analysed a comprehensive dataset of gastropod traits to 
provide insight into why some species are more susceptible to 
extinction and identify groups of species of conservation concern. 
Our results can inform conservation planning since they can be 
used to identify potentially threatened species that have yet to be 
formally evaluated.

M AT E R I A L S  A N D  M ET H O D S
Compiling the dataset

We analysed the European freshwater gastropod species assessed 
by the IUCN (840 species; about one-third of the assessed fresh-
water gastropod species worldwide) since Europe is one of the 
best studied regions regarding gastropods and the number of 
assessments is relatively high compared to other geographical 
regions (Chichorro et al. 2022, Sousa 2024). Species absent from 
the IUCN Red List assessment were excluded from the analyses, 
while those assessed as Data Deficient were retained for some of 
the sensitivity tests (see Imputation of missing data). We obtained 
threat categories from the IUCN Red List archive (IUCN 2025), 
the most comprehensive compilation of global species conserva-
tion status that is widely used as a tool for conservation planning, 
monitoring, and decision-making (Cowie et al. 2022). Following 
that, we updated species taxonomy and systematics according to 
MolluscaBase (MolluscaBase 2025) to be in line with synonyms 
and taxonomic revisions. The final dataset comprised 814 species 
(97% of European assessed freshwater gastropod species).

To investigate the relationship between traits and extinction 
risk (see also Supporting Information), we initially searched for 
several parameters that have been repeatedly studied, in several 
taxa, for their relationship with extinction risk, such as body size, 
breadth of habitats, trophic level, generation length, egg size as a 
proxy of the offspring size, and altitudinal range (Purvis et al. 2000, 
Keane et  al. 2005, Chichorro et  al. 2019, 2022). Furthermore, 
based on the findings of Chiba and Roy (2011) regarding the rela-
tionship between shell shape (measured via spire index) and 
extinction risk in land snails, we included this variable in analyses 
as well. Last, we also included the type of habitat in our data list, 
since there is evidence that most of the freshwater species that 
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went extinct originated from lakes and springs (Sayer et al. 2025). 
After a preliminary search, we discarded variables (i.e. generation 
length, egg size, clutch size) with a high percentage of missing data 
(i.e. >70%), to avoid having unpredictable effects over the param-
eter estimates. Thus, we focused on body size (estimated from 
shell measurements), shell shape (measured via spire index; 
high-spired species have more conical shells, while low-spired 
species have more flattened shells), habitat type (lake, river, 
springs/slow running waters, brackish waters, and caves/subter-
ranean habitats; see also Supporting Information), and habitat 
breadth (number of different habitat types a species occupies). 
Shell measurements (shell length and shell width) were retrieved 
from AnimalBase (AnimalBase Project Group, 2005-2024) and 
from the species’ original descriptions. We avoided extracting shell 
measurement values from other published records as this could 
lead to bias due to species misidentifications by the publishing 
authors. Note that the original descriptions of species sometimes 
were the only source of size data since some species are endemic 
to single locations and have not been described in any other pub-
lished material in detail. Shell measurements correspond to the 
maximum recorded values for each species (i.e. measurements of 
the largest known specimen as reported in the literature), ensuring 
comparability across species assessed from potentially varying 
sample sizes in the original descriptions.

Information regarding habitat types was taken from public data-
bases (i.e. AnimalBase, IUCN Red List) and from literature searches 
(Haase et al. 2000, Glöer et al. 2010, Glöer and Georgiev 2012). Using 
the shell measurements, we estimated spire index, a commonly used 
measure of gastropod shell shape, which is defined as the ratio of shell 
length to shell width (Chiba and Roy 2011). We also estimated the 
geometric mean of length and width (Chiba and Roy 2011) as a proxy 
for body size, following also the work of Chichorro et al. (2022) in 
trait-based prediction of extinction risk.

When shell measurements were not available, we used an impu-
tation procedure to overcome the problem of excluding certain 
species, since this may create bias in analysis (Nakagawa and 
Freckleton 2008). Shell measurements and species-specific traits 
are usually missing from the literature for the least studied species. 
Thus, such an exclusion of species would insert bias in our analyses 
since the exclusion would be nonrandom; we would practically 
have excluded the least studied species or the less abundant ones. 
Data imputation creates less bias than excluding cases with miss-
ing values, especially when more than 30% of the data (as in our 
case; see Results) are missing (Penone et al. 2014). To fill in the 
missing values (see Supporting Information for details) we used 
the missForest function of the missForest v.1.4 R package (Penone 
et al. 2014) since it allows for missing value imputation on differ-
ent types of variables and it does not need tuning parameters or 
assumptions about distributional aspects of the data (Stekhoven 
and Bühlmann 2012). To obtain more accurate imputation values 
regarding the shell measurements, in the first compiled dataset 
(Dataset1; 814 species), Data Deficient taxa were included since 
for many of them shell measurements were available. We followed 
the adapted version of an imputation procedure described by van 
Zuijlen et al. (2024). Similarly, we used taxonomy as a proxy for 
phylogenetic relatedness (see Supporting Information) since no 
complete phylogeny of all European freshwater gastropods is avail-
able. We ran the imputation 10 times resulting in 10 imputed 

datasets and we randomly selected five of them to identify the 
significant extinction risk predictors. We log-transformed contin-
uous data (geometric mean, spire index) to avoid significant skew-
ness in their distribution of values and observations spread far 
away from the main density of trait values.

Phylogeny reconstruction
Extinction risk may depend on species phylogenetic position, and 
thus to estimate extinction risk taking phylogenetic relationships into 
account, we also performed phylogenetic generalized least squares 
(PGLS; Symonds and Blomberg 2014) analyses using the same traits 
as in the classic approach and the phylogenetic tree presented in 
Figure  1. The PGLS analyses did not include the full dataset of 

Figure 1. Bayesian inference (BI) phylogenetic tree resulting from 
BEAST software analysis. Acroloxus sequences were used as the 
outgroup. BI posterior probabilities are shown on the nodes of the 
tree. The constraints defined based on the Hydrobiidae phylogeny of 
Delicado et al. (2024) are shown using red circles on the respective 
nodes. Scale bar corresponds to substitutions per site.
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gastropod species but were restricted to Littorinimorpha for two prin-
cipal reasons. First, this order accounts for 85% of species in our data-
set and, second, and more fundamentally, no published molecular 
phylogeny encompasses all orders of European freshwater gastropods. 
The deep divergence times and the limited genetic data for other 
orders precluded reliable phylogenetic reconstruction across the full 
dataset. Therefore, the PGLS results should be treated as a case study 
illustrating the role of shared evolutionary history within the domi-
nant order, rather than a comprehensive phylogenetic test across the 
full dataset. For the PGLS approach we used the PhylotaR v.1.3.0 R 
package (Bennett et al. 2018) to download DNA sequences longer 
than 350 bp from GenBank. Sequence clusters were filtered to keep 
one sequence per species and considering a requirement for >50 spe-
cies from our taxon list in each sequence cluster (see Supporting 
Information), we ended up with four clusters corresponding to two 
mitochondrial (16S and COI) and two nuclear genes (18S and 
28S/5.8S).

We aligned each sequence cluster using CodonCode Aligner 
v.9.02, and obvious misalignments were edited manually. 
Sequences in each aligned cluster were trimmed such that only 
sites with coverage of at least 50 species were retained. Last, we 
concatenated the four sequence clusters resulting in an alignment 
3755 bp in length.

We performed preliminary unconstrained maximum-likelihood 
(ML) tree searches per gene in IQtree (Nguyen et al. 2015) to identify 
rogue taxa. Next, we performed (i) ML and Iii) Bayesian inference 
(BI) analyses on the concatenated sequence matrix (see Supporting 
Information) using RaxML-NG v.1.2.2 (Kozlov et  al. 2019) and 
BEAST2 v.2.7.4 (Suchard et al. 2018) respectively, under the model 
suggested by IQtree model selection while implementing topological 
constraints based on the phylogeny of Delicado et al. (2024) as pre-
sented in Figure 1.

Statistical analysis
We classified species as either threatened (EN, VU, CR or EX; 
1) or non-threatened (LC, NT; 0), following previous studies 
and we excluded Data Deficient taxa as these could not be 
classified in a category of risk (Dataset2; 611 species). We pre-
dicted the binary (threatened/non-threatened) status of spe-
cies by fitting a generalized linear-mixed model (GLMM) 
using the trait values as the independent predictors. Following 
the approach used in similar studies (Chichorro et al. 2022, 
Palash et al. 2022) we used family as a random effect to account 
for missing phylogenetic relationships among all the studied 
taxa. The response variable was binary and each species could 
be threatened (EN, VU, CR or EX; 1) or non-threatened (LC, 
NT; 0), as in other studies (Payne et al. 2016, Atwood et al. 
2020), although in our study we included the Extinct species 
in the threatened list. Thus, we used a Bernoulli distribution 
and logit link function to construct the models.

We initially tested for multicollinearity among all predictor vari-
ables (Supporting Information Table S3), and we fitted full models 
(i.e. the most complex ones) using body size, shell shape, habitat 
breadth, and habitat type as predictor variables. We then used the 
drop1 function in R to compare all possible models (including the 
null model) that can be constructed by dropping a single predictor 
variable of the existing model and compared the models based on 
their Akaike Information Criterion (AIC; for all models compared, 
we used the same dataset and the same random effect). We also tested 

for interactions between predictor variables that had a significant 
effect (see also Supporting Information) as shown in Table 1. All 
models were fit using the R package glmmTBM v.1.1.11 (Brooks et al. 
2017). To assess the quality of the overall fit of the models, we used 
the Hosmer–Lemeshow global goodness-of-fit (GOF) test as imple-
mented in the R package ResourceSelection v.0.3-6 (Lele and Keim 
2006). Performance metrics of each model such as sensitivity, preci-
sion, and F1 were estimated using the predict function while values 
regarding the area under curve (AUC) were estimated using the R 
packages ISLR v.1.4 (James et al. 2021) and ROCR v.11 (Sing et al. 
2005). Details on the validation procedure are provided in the 
Supporting Information.

Last, as a case study, we tested the influence of the real phylo-
genetic relationships among Littorinimorpha species. We built a 
phylogenetic generalized linear model (PGLS) with habitat 
breadth, habitat type, body size, and shell shape as predictor vari-
ables and binary extinction risk as a response variable. We used 
the pgls function of the caper v.1.0.3 R package (Orme et al. 2013) 
to fit models (see Supporting Information File S1) to the data 
under study while accounting for the expected covariance due to 
shared evolutionary history as presented in the 50% majority rule 
consensus tree of the phylogenetic analysis. Then, we performed 
model selection for the variables under study (and their combi-
nations) based on the AIC values.

R E SU LTS
Data description

Considering that for some species (especially for the Data 
Deficient ones) habitat was recorded as ‘unknown’ (so practically 
it is missing), data for habitat type and breadth were missing for 
5.8% in Dataset1 and 1.3% in Dataset2 (not including Data 
Deficient species and used for the extinction risk modelling). The 
percentage of missing data was higher for body size and shell shape 
(Shell Height: 31% missing, Shell Width: 35% missing).

In Dataset1, 46% of the species were threatened, 0.6% were extinct, 
and 20% were Data Deficient (most of them in the family Hydrobiidae, 
which belong to Caenogastropoda). The percentage of threatened 
species rose to 61% considering species of Dataset2, with the majority 
(176 species) of them being ‘Vulnerable’ (Supporting Information 
Fig. S2). In Dataset2, 83.3% of the species were Littorinimorpha, 
which held the largest percentage of threatened species (Fig. 2; Fig. 
S3) with their two largest families, Hydrobiidae (379 species; 210 
threatened) and Moitessieriidae (179; 42 threatened species), having 
already three extinct species. Most species living in lakes or caves/
subterranean were threatened (62% and 64.3% respectively) while 
the majority of those living in brackish waters were non-threatened 
(70.2%) (Fig. 2). However, we must note the lower number of species 
found in lakes (116 species) compared to other habitats (e.g. springs/
slow running waters: 360 species; caves/subterranean habitats: 215 
species) and the low number of species found in brackish waters (24 
species) in our dataset.

Phylogenetic relationships
In our dataset, consisting of one sequence per species, 43% of species 
were represented by three or four genes in the concatenated dataset 
while 20% of species were represented by one gene sequence. Genetic 
information was missing for most of the species, which was more 
profound for Data Deficient taxa (79% missing). Comparing 
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threatened and non-threatened taxa, missing data was higher for the 
threatened ones (genetic information was missing for 62% of threat-
ened species). Note that missing data here was considered in terms 
of the filters set in data collection (i.e. sequences longer than 350 bp, 
sequences present in at least 50 species in each cluster). However, a 
severe taxonomic bias at the genus or family level did not exist, since 
there was 81% representation of the taxa at the genus level. The 50% 
majority-rule consensus trees resulting from the BI analysis is pre-
sented in Figure 1 and Supporting Information Figure S2. ML and BI 
analyses resulted in similar phylogenies. More specifically, ML and BI 
trees were congruent regarding the grouping of species within family 
and genus levels. However, differences existed regarding the relation-
ships among families (deep phylogenetic events) where low statistical 
support was observed on the nodes for both analyses.

Extinction risk prediction
Considering the whole dataset of freshwater species (Dataset1), 
the best-fit model (Table  1) included body size, shell shape 
(expressed as spire index), habitat breadth, and presence in lakes, 
and specifically the one including the interaction between habitat 
breadth and presence in lakes (Table 1). Smaller sized species 
(Fig. 3A), with high-spired shells (Fig. 3B) and narrower habitat 
breadth (Fig. 3C) seemed to be at greater risk of extinction, espe-
cially if one (or the only) of these habitats happened to be a lake 
(Fig. 3D). Comparison of body size between species found in 
lakes and those of other habitat types (Supporting Information 
Fig. S4) revealed that species in lakes (for our dataset) were bigger 
(Wilcoxon; W = 13636, P < .001). Comparison of body size 

between species found in one habitat type and those found in 
multiple habitat types (Fig. S5) revealed that the latter were bigger 
(Wilcoxon; W = 45 351, P = .005) while the difference in body 
size was marginally significant for Caenogastropoda (Wilcoxon; 
W = 34685, P = .042). All five imputed datasets indicated the same 
‘best’ model with only slight differences in their estimates (Table 
S5). The model performed well considering the correct prediction 
of actual threatened species (sensitivity = 0.80) but the correct 
prediction of actual non-threatened species was lower (specific-
ity = 0.50) and in general it performed well considering the bal-
ance between its ability to predict both positive and negative cases 
(F1 score = 0.76, AUC = 0.72). The 80/20 validation procedure 
(see Supporting Information) on the same dataset indicated the 
same model as the ‘best model’ and the model’s performance 
metrics (Tables S6 and S7) were similar to those of Table 1.

Extinction risk analyses focused on Caenogastropoda 
(Supporting Information Table S4) indicated as the best-fit model 
included body size, habitat breadth, and presence in lakes. Body 
size and habitat breadth showed a significantly negative effect 
while presence in lakes had a significantly positive effect (Fig. S6; 
Table S8). The model performed similarly well to that of Dataset2 
(sensitivity = 0.79, specificity = 0.41, F1 = 0.75, AUC = 0.65).

The best model supported by the PGLS analysis on Littorinimorpha 
present in the tree of Figure 1 included the interaction between habitat 
breadth and presence in lakes, as shown in Supporting Information 
Table S9. The relationship between extinction risk and body size was 
non-significant since the fraction of species (217 species, excluding 
Data Deficient taxa) that were included in this analysis had on average 

Table 1. Comparison among extinction risk models tested with general linear mixed model (GLMM) analyses on Dataset2 (excluding Data 
Deficient taxa, 611 species); the best model based on the Akaike Information Criterion (AIC) is shown in bold.

Model: traits AIC Estimates [95% CI] Local performance 
metrics#

GOF test

Model1: 
Body size + Shell shape + Habitat 
breadth + Presence in lake

730.1 −0.82 [−1.22, −0.42]
1.11 [0.29, 1.94]

−0.86 [−1.15, −0.57]
0.96 [0.41, 1.51]

Sens. = 0.78 Spec. = 0.51 
Prec.=0.72 F1 = 0.74 
AUC = 0.705

χ2 = 9.72

Model2: 
Body size + Shell shape + Habitat  
breadth × Presence in lake (interaction)

715.3 −0.84 [−1.28, −0.40]
1.07 [0.19, 1.95]

−0.49 [−0.83, −0.15]
3.47 [1.93, 5.00]

−1.74 [−2.74, −0.74]

Sens. = 0.80 Spec. = 0.50 
Prec. = 0.72 F1 = 0.76 
AUC = 0.722

χ2 = 14.30

Model3: 
Body size + Habitat breadth × Shell 
shape + Presence in lake (interaction)

721.6 −0.81 [−1.23, −0.40]
−1.24 [−1.67, −0.81]
−1.84 [−3.96, 0.28]

1.00 [0.44, 1.58]
2.18 [0.71, 3.66]

Sens. = 0.79 Spec. = 0.51 
Prec.=0.72 F1 = 0.75 
AUC = 0.713

χ2 = 14.12

Model4: 
Shell shape + Body size × Habitat 
breadth + Presence in lake (interaction)

728.2 1.06 [0.22, 1.90]
−0.06 [−0.95, 0.82]
−0.40 [−0.95, 0.14]

0.95 [0.39, 1.51]
−0.53 [−1.10, 0.05]

Sens. = 0.82 Spec. = 0.47 
Prec.=0.72 F1 = 0.76 
AUC = 0.708

χ2 = 16.36

Model5: 
Shell shape + Habitat breadth + Body size 
× Presence in lake (interaction)

730.8 1.18 [0.35, 2.00]
−0.86 [−1.15, −0.57]
−0.72 [−1.15, −0.29]

1.58 [0.36, 2.79]
−0.52 [−1.43, 0.38]

Sens. = 0.78 Spec. = 0.52 
Prec.=0.72 F1 = 0.75 
AUC = 0.704

χ2 = 11.52

Sens: the proportion of actual positive cases correctly identified by the model, Spec.: the proportion of actual negative cases correctly identified by the model, Prec.: the ratio of true 
positive predictions to the total predicted positive cases by the model, F1 score: reflects the balance between the model’s ability to predict both positive and negative cases.
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smaller sized species than those absent from the tree (ANOVA, 
F = 17.6, P < .001). Classic GLMM (Table S10) analysis on the same 
species resulted in the same results as the PGLS analysis.

D I S C U S S I O N
By compiling a comprehensive dataset of biological traits for the 
European freshwater gastropods assessed by the IUCN, we concluded 

that multiple factors such as body size, breadth of habitat, and even 
the type of habitat may contribute to determining extinction risk. Our 
results indicated that larger freshwater gastropods that occupy a broad 
range of habitat types are less prone to extinction. Body size and hab-
itat breadth have been extensively studied for their relationship with 
extinction risk in several taxa (Ripple et al. 2017, Chichorro et al. 2019, 
2022, Cardillo 2021). Habitat breadth is a universal predictor of 
extinction risk across plant, vertebrate, and invertebrate terrestrial taxa 

Figure 2. Proportion of threatened (red) and non-threatened (blue) species for all European freshwater species in the study per order (A) and 
habitat type (B, C, D). Orders with a few representative species (1–58 species) have been pooled under their respective subclass. 
Caenogastropoda (B) include the families Cycloneritida, Sorbeoconcha, Allogastropoda, Architaenioglossa, and Hypsogastropoda; 
Heterobranchia (C) include Hygrophila and Ellobiida; while Littorinimoprha (D) are presented separately since they consist of most species.
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including terrestrial gastropods (Chichorro et al. 2019, 2022). In line 
with these findings, we found that habitat breadth was a strong pre-
dictor of extinction for freshwater gastropods in all three datasets 
analysed (all freshwater gastropods, Caenogastropoda, a subset of 
Littorinimorpha).

The relationship between body size and vulnerability to 
extinction varies considerably among taxa (Chichorro et  al. 
2019, 2022). Historically, larger body size has been linked to 
higher extinction risk in endotherms such as mammals and 
birds, as well as in reptiles and certain invertebrates (Owens and 
Bennett 2000, Cardillo et  al. 2005, Tingley et  al. 2013, 
Terzopoulou et al. 2015, Nolte et al. 2017, Palash et al. 2022). 
This vulnerability is typically driven by higher energetic 
demands, lower population densities, and slower reproductive 
rates (Purvis et  al. 2000). However, our results indicate the 
opposite pattern for freshwater gastropods: smaller species face 

greater extinction risk. This divergence probably reflects funda-
mental biological and ecological contrasts between terrestrial 
endotherms and freshwater ectotherms. In freshwater systems, 
small body size does not imply higher metabolic costs; instead, 
it is strongly associated with habitat specialization, restricted 
geographical ranges, limited dispersal ability, and narrow ende-
mism (Böhm et al. 2021). Consequently, these smaller taxa are 
disproportionately sensitive to localized environmental changes 
and habitat degradation, whereas larger animals are more fre-
quently threatened by overexploitation (Ripple et al. 2017). This 
specific vulnerability of small-bodied species appears to be a 
broader characteristic of freshwater ecosystems, with similar 
trends documented in amphibians, crayfish, and freshwater 
fishes (Olden et al. 2007, Bland 2017, Kopf et al. 2017, Cardillo 
2021, Chichorro et al. 2022). Ultimately, these findings highlight 
that the link between body size and extinction risk is 

Figure 3. Predicted probabilities of threat in relation to body size (A), shell shape (B), habitat breadth (C), and the interaction between habitat 
breadth and presence in lakes (D) for all European freshwater species assessed by the IUCN.
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fundamentally context-dependent, demonstrating the risk of 
extrapolating terrestrial conservation paradigms to freshwater 
ectotherms.

We found that shell shape (quantified via spire index) was also 
an important predictor of extinction risk when we analysed the 
whole dataset including different orders. However, shell shape was 
not a significant predictor when more homogeneous (in terms of 
shell shape) datasets such as the Caenogastropoda or 
Littorinimorpha were analysed. Shell shape underlies biological 
and mechanical constraints that vary across gastropod clades. 
Shell geometry has been found to be driven by material efficiency 
for land snails (Páll-Gergely et al. 2024). Furthermore, shell shape 
seems to play a functional role leading to microhabitat preferences 
at least in terrestrial gastropods (Cameron and Cook 1989) with 
high-spired species being active on steep or vertical surfaces and 
low-spired species on low-angle or horizontal substrates (Cook 
and Jaffar 1984, Solem and Climo 1985, Cowie 1995, Wong and 
Lim 2017, Albarran-Melzer et al. 2020). Based on the functional 
importance of shell shape for terrestrial gastropods, Chiba and 
Roy (2011) concluded that shell shape is an important correlate 
of extinction vulnerability.

Lastly, our results indicated that habitat type also plays a role 
in the risk of extinction since our analysis indicated that species 
of similar body size living in a limited number of freshwater body 
types and present in lakes are at a higher risk of extinction. In our 
data, a high proportion of threatened species are found in lakes in 
both Caenogastropoda and Heterobranchia. However, for 
Caenogastropoda, which represent most of the species in this 
study, a similarly high percentage of threatened species exists also 
in rivers and caves/subterranean habitats. Most of the extinct 
freshwater species worldwide inhabited lakes and rivers (Sayer 
et al. 2025). In our analysis, however, only lakes were found to 
have a significant effect. This may be because we estimated extinc-
tion risk based on the threat category (not the number of extinct 
species) or because our study is not global but focused on a spe-
cific region (i.e. Europe) where—according to the IUCN Red List 
in Europe—five species have gone extinct and they were distrib-
uted in different habitat types (one from each habitat type; lake, 
river/creek, marshes, springs, subterranean systems). We investi-
gated the possibility of the lake species being included in our data-
set being smaller (and as such at higher risk of extinction because 
of their size) but the results indicated that they were in fact larger.

Our finding that occurrence in lakes is associated with elevated 
extinction risk calls for an ecological explanation. Freshwater mol-
luscs in Europe are highly threatened, with 44% facing extinction 
(Cuttelod et al. 2011). Sayer et al. (2025) also found that freshwater 
species endemic to permanent lakes suffer a disproportionately 
high rate of extinction because their isolated habitat prevents them 
from escaping threats such as invasive species, water extraction, 
and harvesting. The combination of strong and persistent pressures 
with extremely limited natural recovery potential probably makes 
lake environments particularly vulnerable for endemic freshwater 
gastropods. We note, however, that our analysis includes a relatively 
small number of lake species (N = 116), and that more than half 
(56%) are recorded from a single location according to IUCN 
assessments. This raises the possibility that the observed pattern 
partly reflects range restriction rather than habitat type alone. 

Further studies that explicitly account for geographical range size 
will be needed to separate these effects more clearly.

An important caveat of our work relates to the possible influ-
ence of IUCN assessment practices on our results. Under Criterion 
B, a ‘location’ is defined as a geographically or ecologically distinct 
area in which a single threatening event could rapidly affect all 
individuals of a taxon (IUCN, 2025). For lake-dwelling gastro-
pods, it is often reasonable to treat an entire lake as a single loca-
tion, given that threats such as invasive predators, eutrophication, 
or water abstraction can affect the whole system at once. However, 
if this approach is applied more consistently to lake species than 
to taxa in other comparably restricted habitats—such as isolated 
springs or cave systems—it could lead to a higher proportion of 
lake species being assigned to elevated threat categories, regardless 
of their intrinsic vulnerability. We attempted to minimize this issue 
by excluding geographical range as a predictor from our models, 
thereby avoiding circularity with Criterion B, which underpins 
the listing of roughly 60% of the threatened species in our dataset. 
Even so, we cannot rule out the possibility that part of the ‘lake 
effect’ we detect reflects this aspect of the assessment process. 
Addressing this thoroughly would require analyses that explicitly 
consider the criteria used in individual assessments, or the use of 
alternative, criteria-independent measures of distributional 
restriction.

As Earth’s biodiversity crisis accelerates, sometimes considered 
as an incipient sixth mass extinction (Barnosky et al. 2011), knowl-
edge of invertebrate taxa remains largely insufficient. The Linnean 
shortfall (only a fraction of all species having been described) leads 
to obstacles in effective conservation actions for these taxa. Despite 
increasing availability of molecular data and powerful computa-
tional methods, we still have a limited understanding of the phylo-
genetic relationships among living invertebrate species, many 
species are missing from phylogenies (Hortal et al. 2015; Cerretti 
et al. 2026), and our phylogenetic reconstruction for Littorinimorpha 
was not an exception. Littorinimorpha is the largest order of fresh-
water gastropods and the one with the highest percentage of threat-
ened species. Our search for genetic markers underlined the lack of 
data for many species, which was not random, since data were 
mainly missing for Data Deficient and threatened species. We were 
able to robustly reconstruct the phylogenetic relationships at the 
genus or family levels but the relationships among families remained 
largely unresolved. Considering the phylogenetic tree at the family 
level, our tree agrees with the phylogeny of Hydrobiidae (Delicado 
et al. 2024) since many constraints were set based on this phyloge-
netic tree. It is also in agreement with published phylogenies regard-
ing the relationships among the families Bithyniidae and 
Bythineliidae/Emmericiidae (Gladstone and Whelan 2022) and 
the close relationship among Bythineliidae/Emmericiidae/
Lithoglyphidae (Wilke et  al. 2013). However, the relationships 
among these families and Amnicolidae remains unclear. This under-
lines the need to turn to genomic markers such as ultraconserved 
elements (UCEs; Goulding et al. 2023, González-Delgado et al. 
2024), or restriction site-associated DNA sequencing (RAD-seq; 
Herrera and Shank 2016) to resolve the deep phylogenetic events 
which were poorly supported in our phylogenetic tree.

The partial agreement between the full GLMM and the PGLS 
model is an indication of the role of phylogenetic structure in 
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driving extinction risk patterns. The convergence of both 
approaches on habitat breadth and lake presence as significant 
predictors suggests that these traits are robust correlates of extinc-
tion risk that are not simply artefacts of phylogenetic 
non-independence among species. In contrast, the loss of statis-
tical significance for body size and shell shape in the PGLS model 
is probably attributable to two compounding factors. First, the 
PGLS was focused to Littorinimorpha and more specifically on a 
subset of them for which genetic data were available. This subset 
comprises on average smaller-bodied species than the full dataset 
(ANOVA, F = 17.6, P < .001), substantially reducing variance in 
body size and thus statistical power to detect its effect. Second, 
shell shape shows strong phylogenetic conservatism within 
Littorinimorpha—species within families tend to be morpholog-
ically similar—which means that after controlling for shared evo-
lutionary history, little independent variation in shell shape 
remains for the model to detect. Together, these patterns suggest 
that the body size and shell shape effects detected in the GLMM 
may partly reflect phylogenetically structured variation, while 
habitat-related traits appear to have a more direct and phylogenet-
ically independent relationship with extinction risk. Future stud-
ies incorporating a complete molecular phylogeny for all European 
freshwater gastropods would be needed to fully resolve these 
questions.

Understanding extinction risk and identifying its potential driv-
ers are essential to conservation research and planning. In this 
study, we show that freshwater gastropods that are habitat special-
ists (especially if their only habitat is a lake) and have smaller body 
sizes are at greater risk of extinction. Identifying possible drivers 
of extinction is particularly important for shaping the profile of 
highly threatened species, especially in taxa such as invertebrates, 
with high levels of Data Deficiency (Cazalis et  al. 2023). Data 
Deficiency in freshwater molluscs (36%) is the result of many 
interacting factors such as the deficiency of experts in the field of 
invertebrate systematics (Agnarsson and Kuntner 2007, Kotov 
and Gololobova 2016), the discrepancies among systematists, the 
lack of monitoring mollusc populations, or the fact that many spe-
cies have not been studied since their taxonomic description 
(Böhm et al. 2021). Predictive techniques may be useful to assess 
the threat status of the many Data Deficient species or at least 
prioritize the research towards species that seem to potentially be 
at greater risk of extinction, allowing more effective conservation 
actions (Böhm et al. 2021).

CO N CLU S I O N
Although in recent years conservation research has been moving 
towards a less biased representation of biodiversity, it is likely 
that biases in the conservation literature will take many years 
to be overcome (Di Marco et al. 2017). Our study identifies 
predictors of extinction risk in freshwater gastropods and high-
lights that besides the universal driver of habitat breadth, species 
with smaller body size are at greater risk of extinction. 
Considering that this agrees with similar studies in other fresh-
water taxa, our findings can provide information for conserva-
tion biologists to develop effective strategies for freshwater 
ecosystems.
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