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Abstract

This study highlights the conservation problems faced by the tiny freshwater bivalves of
the family Sphaeriidae, also known as pea, pill, or fingernail clams (or mussels) in Europe.
Despite their global distribution, assumed ecological importance, and potential uses, basic
knowledge about their taxonomy, biology, and ecology is very limited and much lower
than for the larger freshwater bivalve taxa. Immediate scientific priorities are required to
fill knowledge gaps regarding their taxonomy, genetic diversity, distribution, reproductive
cycle, ecosystem functions, and population trends. Such fundamental knowledge is neces-
sary to identify specific threats and develop appropriate conservation actions. Deploying
environmental DNA analysis at a large scale could be a valuable way to fill gaps in distribu-
tion and strengthen monitoring in areas where local taxonomic knowledge is lacking. Until
taxon-specific management plans can be developed, we recommend that efforts concentrate
on the general protection and restoration of wetland habitats, implementing pollution con-
trol measures, and managing invasive species. These actions should be complemented by
community engagement through citizen science initiatives. Additionally, prioritising data
collection to fill existing knowledge gaps and updating conservation statuses (Red Lists)
based on comprehensive assessments will be crucial. Implementing these actions will pro-
vide a starting point for the broader protection of freshwater ecosystems, thus benefiting
pea clams and other interconnected species within these habitats.

Keywords Sphaeriinae - Fingernail clams - Pill clams - Conservation roadmap - Treats -
Knowledge gaps

Introduction

The tiny freshwater bivalves of the family Sphaeriidae are also known as pea, fingernail, or

pill clams (or mussels), and they are distributed worldwide and inhabit various freshwater
ecosystems, from very small ponds to large lakes and rivers (Cox et al. 1969; Kuiper 1983).
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Fig. 1 Odhneripisidium tenuilineatum, one of the smallest European species (A) and Sphaerium rivicola,
the largest European species (B)

In Europe and elsewhere, many of the species of pea clams are widespread, and this can be
explained by the ability of these tiny animals to travel long distances, which can happen
via waterbodies or by clinging on to other animals such as insects, fish, amphibians, birds
and mammals, among others (Mackie 1979; Wood et al. 2008; Zelaya and Marinone 2012).
Therefore, even from a natural history and biogeographic perspective, this group of ani-
mals warrants greater scientific attention given their remarkable variety of dispersal modes.

Despite often being overlooked, pea clams are fascinating animals. What sets them apart
from other freshwater bivalves are primarily their size ranging from 3 to 25 mm (Fig. 1),
possession of a different number of siphons (one for the genus Pisidium), the presence
of byssus being limited to larval stages, hermaphroditicity, episodes of self-fertilisation
(facilitated by internal fertilisation, although cross-fertilisation is normal), brooding larvae
(juveniles develop in brood pouches in the parent’s internal demibranchs and are subse-
quently released into the environment through the siphon), a small number of offspring
(usually up to 30), functional gonads upon release (although depending on the species, they
still require several months to reach their final size), a lifespan not exceeding five years
(some species live much shorter). They also have the ability to live across a wide range of
temperatures (from frozen Arctic or high mountain lakes to tropical and arid environments)
and habitats, including springs, fens and wet meadows, rivers, lakes, but also anthropo-
genic ponds, canals and dam reservoirs—from oligotrophic to eutrophic waters (Meier-
Brook 1975; Heard 1977; Holopainen and Hanski 1986; Killeen et al. 2004; Korniushin
2006; Piechocki and Wawrzyniak-Wydrowska 2016; Lee 2019). Furthermore, they exhibit
an exceptionally high degree of polyploidy for the animal kingdom (most species being
polyploid and possessing a high number of mitotic chromosomes ranging from approxi-
mately 150 to around 247), although the evolutionary origins and advantages of polyploidy
in pea clams are not yet fully understood (Korniushin 2006; Petkeviciateé et al. 2006, 2007;
Korinkova and Moravkova 2010; Kofinkova and Kral 2011).

Like other bivalves, pea clams play a role in maintaining the ecological balance of
aquatic environments by filtering water and recycling nutrients (Korniushin and Glaubrecht
2002). Most of their functions and services still remain to be quantitatively assessed (Ditt-
man et al. 2018). However, some examples show that, pea clams can be used for bioreme-
diation due to their ability to accumulate pollutants (Vaughn and Hoellein 2018). These
bivalves serve as a food source for organisms at higher trophic levels. They also play a
role in the bioturbation of sediments and provide a physical resource for other species that
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utilise their shells (Cooley and Foighil 2000; Sousa et al. 2011a; Bespalaya et al. 2019). On
the other hand, pea clams act as intermediate hosts of a number of trematode species caus-
ing disease (Bespalaya et al. 2023).

Despite these important ecological features, and like many other freshwater species,
European pea clams face numerous conservation challenges due to habitat loss, pollution,
introduction of invasive species, and climate change. Although freshwater bivalves are
declining worldwide (Lopes-Lima et al. 2017), there is very little known about the pea
clams (Watson and Ormerod 2005; Lopes-Lima et al. 2018). In recent decades, pea clams
have been largely overlooked in Europe, especially compared to the bivalves of the fam-
ily Unionidae (Fig. 2A). Over 40 species of these clams have been found in Europe, rep-
resented by five genera (Conventus, Euglesa, Odhneripisidium, Pisidium and Sphaerium)
(Bespalaya et al. 2023; Graf and Cummings 2023). However, due to many knowledge gaps,
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Fig.2 Comparison of research interest (cumulative number of publications) in every family of freshwater
bivalves (Sphaeriidae, Cyrenidae, Dreissenidae, Unionidae and Margaritiferidae) in Europe based on the
Scopus database (A) and cumulative number of Scopus publications on Sphaeriidae by different research
areas (B). It should be noted that although more papers have been published under species names, the
uncertain taxonomy of freshwater bivalves necessitated search terms with a higher taxonomic ranking.
Thus, the total papers published in each group may be larger, but the trend and differences between groups
are likely the same
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it is difficult to determine their conservation status. A recent large-scale survey in France
revealed a worrying conservation status of some species not currently considered endan-
gered (Prié et al. 2023). The current IUCN threat categories (conservation status), which
cover only a few European pea clam species, appear outdated (Gloer and Diercking 2010;
Cuttelod et al. 2011). The conservation of pea clams in Europe requires a comprehensive
understanding of their distribution, biology and ecology, but effective conservation efforts
are hindered due to the knowledge gaps. Therefore, in this study, we aim to summarise the
threats faced by pea clams, the knowledge gaps that must be filled to conserve this family
effectively, and the actions that should be taken to bring pea clam conservation back on the
scientific and cultural radar.

Threats to European pea clams

Habitat loss and degradation is a major threat to European pea clam populations. The
conversion of wetlands for agriculture, urbanisation, and infrastructure development has
resulted in the loss of critical habitats for these bivalves. Global wetland loss has been
estimated at more than 50% since 1900. Although the loss rate has slowed in some coun-
tries since the 1980s, Europe had already lost more than half of its wetlands by 1990 (EEA
2010). Wetlands are essential for many species of pea clams, providing suitable condi-
tions for their survival and reproduction. The destruction of wetlands disrupts the natu-
ral hydrological cycles and reduces the availability of suitable habitats for this group of
aquatic organisms (Lopes-Lima et al. 2018). Water pollution, leading to acidification or
eutrophication, mainly from agricultural runoff, industrial discharges, and sewage, is a sig-
nificant threat to all native bivalve species in Europe, including pea clams (Lopes-Lima
etal. 2017, 2018). Several studies have shown that the number of pea clam species declines
with decreasing pH (@kland and @kland 1986; Merildinen and Hynynen 1990), as different
species have differing tolerance to pH and alkalinity (@kland and Kuiper 1980; Merildinen
and Hynynen 1990). Pollutants such as nutrients, pesticides, and heavy metals can accumu-
late in the tissues of these bivalves, leading to physiological stress and reduced reproduc-
tive success. Additionally, pollution can degrade water quality, affecting the availability of
food and oxygen for pea clams (Joyner-Matos et al. 2007, 2011).

Climate change is also a potential threat to the survival of pea clams in Europe. Rising
temperatures, changes in precipitation patterns, and increased frequency of extreme cli-
matic events can disrupt the ecological balance of freshwater ecosystems, affecting the sur-
vival and reproduction of these bivalves (Sousa et al. 2007, 2008a, 2008b, 201 1a). Changes
in water temperature and flow regimes can affect the timing of life cycle events of pea
clams, potentially leading to population declines, as these phenomena are sometimes exac-
erbated by the presence of invasive bivalves. For example, during an extreme drought in
2005 in the Minho River (Iberian Peninsula), a freshwater ecosystem heavily invaded by
Corbicula fluminea, a complete collapse of a Pisidium amnicum population was observed.
Massive mortality of P. amnicum was recorded during this drought, after which the popula-
tion never recovered due to lack of recruitment and is now considered extirpated (Sousa
et al. 2007, 2008a, 2008b, 2011a). Additionally, climate change combined with pollution
and other stressors may lead to large-scale disasters, such as in 2022 in the Oder River (the
second largest river in Poland), where it is estimated that almost 90% of bivalves in the
river died (Szlauer-Lukaszewska et al. 2024).

Invasive species, in addition to the well-documented impact of Corbicula fluminea on
Pisidium amnicum in Portugal (Sousa et al. 2007, 2008a, 2011a), can affect pea clams in
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several ways. Dreissenid bivalves use byssus threads to attach themselves to the valves of
pea clams (Lauer and McComish 2001). This fouling by dreissenid bivalves can hinder the
ability of pea clams to burrow and move through sediments. Presumably, in some cases,
dreissenid bivalves may obstruct the valve movement, thereby impairing their filter feeding,
respiration, and reproduction, similar to the impact on unionids (Sousa et al. 2011b; Bddis
et al. 2014). This fouling reduces the density of pea clams (Lauer and McComish 2001),
potentially leading to their localised extinction in European regions. It has been proven that
in addition to native species of fish and invertebrates, invasive ones also feed on pea clams
(Meira et al. 2024). For example, invasive species such as Neogobius melanostomus and
Orconectes limosus, which are common in Europe, prey on pea clams in North America
(Klocker and Strayer 2004; Mack and Andraso 2015). However, there is no evidence of the
impact of predation by these and other predator species on European pea clams.

Knowledge gaps about European pea clams

The role of pea clams in ecosystem functioning and the services they provide has yet to
be adequately quantified (Rassam et al. 2021). Although they are small in size, they often
occur in very high densities, reaching up to 130,000 individuals m~2 for a single species
(Dyduch-Falniowska 1982). Therefore, they may play a crucial role in nutrient cycling,
water filtration, and sediment stabilisation. For example, the average filtration rate in Spha-
erium transversum was estimated to be 15.7 ml hour™ (Way 1989). They are also likely
to play an important role in the interstitial water—sediment interface of aquatic ecosystems
(Burton Jr. 1991), which urgently needs to be quantified. Little is also known about the
importance of pea clams as a component of the diet of other organisms (Dawidowicz and
Gliwicz 1983). Therefore, it seems that pea clams should be of considerable interest to
researchers. However, scientific production is ten times less in Sphaeriidae compared to
Unionidae (Fig. 2A) (Lopes-Lima et al. 2014). Many issues remain to be resolved, and still
little is known about pea clams. To illustrate the scientists’ interest in pea clam research,
searches were conducted in the Scopus database using research areas proposed for freshwa-
ter mussels by Lopes-Lima et al. (Lopes-Lima et al. 2014). Although the investigation did
not include articles published in grey literature, articles published in languages other than
English, or articles unavailable to this database for different reasons, it revealed a trend in
research on pea clams (Fig. 2B). The majority of publications about pea clams focus on
their ecology, while more fundamental investigations into taxonomy, genetics, and physiol-
ogy appear to be neglected (Fig. 2B).

The autecology of various pea clam species in Europe, including their life history,
density, biomass, distribution, reproduction, growth, and mortality rates, remains poorly
understood. Most of available information comes from studies published over thirty years
ago in different languages (e.g. Ladle and Baron 1969; Meier-Brook 1977; Bass 1979;
Holopainen 1979; Dyduch-Falniowska 1982, 1983; Holopainen and Hanski 1986; Hol-
opainen and Jonasson 1989; Piechocki 1991; Araujo et al. 1999; Korniushin and Glaubre-
cht 2002; Mouthon 2005, 2011; Mouthon and Daufresne 2008; Pettinelli and Bicchierai
2009; Korinkova 2011; Bespalaya et al. 2015b, 2019; Myzyk 2017). Significant knowledge
gaps exist regarding their anatomy, physiology, reproductive strategies, larval development,
and factors influencing their recruitment, growth, survival and dispersal. Moreover, the
role of pea clams as hosts of parasites also requires detailed research (Petkeviciaté et al.
2015). A critical knowledge gaps is the lack of comprehensive data on the diversity, dis-
tribution, and abundance of pea clam species throughout Europe. The uneven spread of
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data is highlighted in Fig. 3 for Euglesa subtruncata, a presumably common species across
Europe. Additionally, unsolved taxonomic issues still exist for some groups or recent splits
like E. ponderosa, and the taxonomic diversity of Eastern European pea clams (Bespa-
laya et al. 2015a, 2022, 2023; Vinarski and Kantor 2016; Petkeviciaté et al. 2018; Groh
et al. 2020; Bikashvili et al. 2022). While there is good distributional data for countries
and regions such as Britain, Ireland, France, Germany and Scandinavia (in many cases,
very old), information is sparse for parts of southern and southeastern Europe. The lack of
data from some European countries does not necessarily mean these species are not present
but that the they have not been reported. Moreover, data availability is an issue, with some
information in museum collections or monographs in national languages needing updating
and translation into English, particularly for countries like Ukraine, Belarus, and Poland
(Piechocki and Dyduch-Falniowska 1993; Korniushin 1996; Laenko 2012). Pea clams
are widely distributed in Europe, with a diversity hotspot mainly in the Balkan Peninsula
(SchultheiB et al. 2008). There is limited data on their presence in anthropogenic habitats
(Sousa et al. 2021), such as subsidence ponds (Sowa et al. 2019) or even wells (Dumnicka
et al. 2017). Despite the global existence of artificial ponds created for various purposes
(Fehlinger et al. 2023), there is no evidence that European pea clams utilise these habitats.
The substrate and pollution levels in these anthropogenic environments may not support
colonisation by pea clams, and frequent maintenance activities like dredging or drying can
pose an ecological trap (Sousa et al. 2021).

While some studies have focused mainly on the local or regional scales, such as
specific rivers or reservoirs (e.g. Sousa et al. 2008a; Zawal et al. 2016; Urbanic et al.
2020), there is a need for extensive surveys and monitoring programs covering broad
geographic areas and diverse habitats. This is essential to assess the presence and popu-
lation dynamics of pea clams across their entire European range. Further research is
needed on their dispersal mechanisms, including by animals (Zelaya and Marinone

Fig.3 Uneven pea clam distribution data across Europe. Example of Euglesa subtruncata, a presumably
common species throughout Europe. It should be noted that the lack of data from Norway, Italy, Spain or
other countries does not necessarily reflect that this species is not present in the country but that the data
has not been reported
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2012), plants (Halabowski, personal observation), or with bottom sediments/water
(Kappes and Haase 2012). Such research have potential payoffs for meta-population and
meta-communities theory regarding pea clams. This is also crucial for identifying con-
servation priorities areas for implementing effective management strategies.

Pea clams have high sensitivity to acidification, which has led to their use as bioin-
dicators in Finland, Norway, and Sweden (@kland and @kland 1986), where they are
included in acidification indices to classify ecological status under the European Union
Water Framework Directive. However, these indices only use the family and/or genus
level (Norwegian Environment Agency Water Framework Directive Group 2018; Swed-
ish Agency Marine and Water Management 2018a, 2018b; Aroviita et al. 2019). Thus,
the pea clams are not used to their full potential and data is not collected at a species
level. The use of pea clams as indicators of acidification highlight their potential for use
as bioindicators for other environmental parameters, as they are sensitive to changes
in flow, oxygen levels, sediment pollution, and habitat alterations (Meier-Brook 1975;
Horsék 2006; Bespalaya 2015; Sowa et al. 2019). To fully utilise this potential, under-
standing and leveraging species-specific differences in tolerance levels is essential.

Surveying and monitoring pea clam populations is problematic because identification
of this group of species is difficult. There is a lack of taxonomic expertise, and working
in deep, turbid waters with tiny clams completely buried in sediment presents sampling
problems. Much use could be made of invertebrate samples collected by environmental
agencies for water quality monitoring if the pea clams were passed on to specialists.
There is a particular need to train a group of freshwater biologists in Europe to acquire
expertise in pea clam identification, including increased taxonomic training. The iden-
tification of pea clams using new molecular-based surveys, such as environmental DNA
(eDNA) and metabarcoding, have recently been used with great success and should be
encouraged (Prié et al. 2023). Although the taxonomy of pea clams using a molecular
approach has advanced in recent years (Fig. 2B), a comprehensive taxonomic and sys-
tematics revision of European pea clams is urgently needed.

Knowledge of the phylogeny, phylogeography and patterns of genetic diversity
and connectivity of European pea clam populations is essential to guide conservation
efforts. There is a lack of comprehensive genetic studies on these bivalves (Graf 2013).
A recent study by Bespalaya et al. (2023) slightly improves the phylogenetic and taxo-
nomic structure of Sphaeriidae in Europe. However, it is based on a small number of
sequences available, mainly in GenBank. We recommend that future molecular research
should initially focus on obtaining reference libraries of informative barcodes, such as
COI or 16S rDNA, or the whole mitogenome for more accurate species identification,
and future work using metabarcoding approaches. The use of novel next-generation
sequencing methods (e.g. RAD or whole genome sequencing) to assess genetic diver-
sity within and between populations will provide insights into their evolutionary poten-
tial, adaptability, and vulnerability to environmental change. This information is crucial
for prioritising populations, species, or clades that represent unique evolutionary line-
ages for conservation. At the species level, knowledge of phylogeographic and genetic
diversity patterns is also of great interest for identifying populations of conservation
importance, such as evolutionarily significant units and conservation units. For exam-
ple, populations with high genetic diversity and unique haplotypes should rank higher
regarding conservation priority. It will also help to identify potential inbreeding events
and the main genetic flow pathways between populations. Another benefit of knowing
the detailed genetic diversity patterns of populations is the identification of potential
stock populations for reintroduction or translocation efforts. However, when attempting
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translocations, care should be taken to minimise the potential for disease or parasite
transfer between populations (Brian et al. 2021).

Conservation strategies and action needs for European pea clams

A roadmap to European pea clams conservation encompassing four interrelated, major
conceptual areas that need attention. For each conceptual area, the most pressing priorities
are listed in Fig. 4.

The basis for pea clam protection should be developing and updating official Red Lists
for freshwater molluscs, which many European countries still need to do (Bourlat et al.
2023). The lack of such actions may lead to erroneous conclusions. Namely, it has recently
been shown that bivalves are less endangered than freshwater snails (Bohm et al. 2021).
This results from the relatively low estimated level of threat in the family Sphaeriidae, for
which very few risks have been reported. This, in turn, results from the scarcity of data
regarding this group because they are much less frequently studied than other families of
molluscs (Bohm et al. 2021). Therefore, there is an urgent need to develop and update local
Red Lists, and reevaluate the [IUCN category for pea clams.

The protection and restoration of wetland habitats are essential for the conservation
of pea clams in Europe. Efforts should focus on identifying and designating important
wetlands as protected areas. These protected areas can provide a refuge for populations
of pea clams and ensure the preservation of their habitats. Additionally, restoration pro-
jects can improve degraded freshwater habitats and provide new suitable habitats for
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Fig.4 Conservation roadmap for European pea clams

@ Springer



Biodiversity and Conservation

pea clam populations. However, it is important to emphasise that the protection of fresh-
water ecosystems and their biodiversity requires a management strategy for entire river
catchments (Abell et al. 2007; Nogueira et al. 2021a, 2021b, 2023) and so all dimen-
sions of connectivity should be taken into account.

The quality of the substrate plays an important role for pea clams. Habitat preferences
vary among species, but generally in rivers and lakes they prefer the detritus-covered
bottom in the ripal and littoral zones, respectively. However, other species are found
in clean, sandy substrates or alternatively in muddy substrates (Piechocki and Wawr-
zyniak-Wydrowska 2016). Being filter-feeders, they are exposed to the pollutants and
accumulation of heavy metals such as aluminium, cadmium, lead, and mercury released
from the sediments under appropriate conditions (e.g. lowered pH) (Szczgsny 1990).
A multi-faceted approach is needed to restore damaged and polluted habitats for pea
clams. It should include both increasing the diversity of substrates and removing unde-
sirable substances (various types of pollutants, e.g. heavy metals) using for example
phytoremediation (Hering et al. 2015; Samal et al. 2019; Debnath et al. 2021). Improv-
ing water quality is essential for the conservation of pea clams in Europe. Implementing
and enforcing regulations to reduce pollution from agricultural and industrial sources
can help minimise the negative impacts of water pollution on these bivalves. Addition-
ally, promoting sustainable agricultural practices, such as reducing the use of fertilisers
and pesticides and increasing the riparian vegetation, can help mitigate the pollution
risks to pea clams and other freshwater organisms.

Efforts should be made to control and manage invasive species that threaten Euro-
pean pea clams, including competing bivalves and known molluscivorous predators,
such as some crayfish and fish species. Therefore, it is crucial to develop and implement
early detection and rapid response programmes to prevent the establishment and spread
of harmful invasive species.

Mitigation of the potential impacts of climate change is also important for the long-
term conservation of pea clams in Europe (Sousa et al. 2008a). This may involve imple-
menting measures to increase the resilience of freshwater ecosystems, such as restor-
ing riparian vegetation, maintaining or restoring natural flow regimes, and promoting
sustainable water management practices. Additionally, monitoring and research efforts
should focus on understanding the specific vulnerabilities of pea clams to climate
change and developing adaptive management strategies to mitigate these impacts.

Understanding and assessing the extent and impact of these threats on pea clam
populations are essential to developing effective conservation strategies and prioritising
conservation actions (Watson and Ormerod 2005). In addition, conservation strategies
and governance needs for pea clams are similar to those described for freshwater mus-
sels (Sousa et al. 2023). Therefore, by implementing a more comprehensive approach,
conservation success can be achieved for both freshwater mussels and pea clams. Addi-
tionally, understanding the pea clam’s ecological interactions and contributions to eco-
system services is crucial for assessing their conservation value and integrating their
protection into broader ecosystem management strategies.

The use of citizen science for the conservation of pea clams can help scientists and
stakeholders obtain valuable information about these organisms. In particular, the local
community can provide knowledge about distribution, habitat, and environmental changes,
which can be valuable for conservation planning and management. Engaging with local
communities and travellers/naturalists and incorporating their knowledge can improve the
effectiveness of conservation and management efforts. Efforts should therefore be made to
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raise people’s awareness of the existence of these fascinating animals and to increase the
knowledge about them, the ecosystem services they provide, and the threats they face.

Conclusions

Often overlooked and undervalued, pea clams may play a crucial role in freshwater eco-
systems. However, their hidden existence is threatened by various anthropogenic activi-
ties and environmental changes. Conservation efforts must prioritise understanding their
biology, ecological role, and the threats they face. Implementing effective management
strategies that include habitat protection, pollution control, invasive species control, and
mitigation of climate change effects is essential. Bridging knowledge gaps through com-
prehensive research across European countries and engaging local communities can ensure
the continued existence and contributions of pea clams to freshwater ecosystems at differ-
ent scales. Raising awareness and support for the conservation of these remarkable organ-
isms is essential to preserve their biodiversity and maintain healthy freshwater ecosystems.
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