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Abstract

1. Freshwater mussels are declining throughout their range. Their important

ecological functions along with insufficient levels of natural recruitment have

prompted captive breeding for population augmentation and questions about the

usefulness and applicability of such measures.

2. This article reviews the current state of captive breeding and rearing programmes

for freshwater mussels in Europe. It considers the various species, strategies, and

techniques of propagation, as well as the different levels of effort required

according to rearing method, highlighting the key factors of success.

3. Within the last 30 years, 46 breeding activities in 16 European countries have

been reported, mainly of Margaritifera margaritifera and Unio crassus. Some

facilities propagate species that are in a very critical situation, such as Pseudunio

auricularius, Unio mancus, and Unio ravoisieri, or multiple species concurrently. In

some streams, the number of released captive-bred mussels already exceeds the

size of the remaining natural population.

Juergen Geist, Frankie Thielen and Louise Lavictoire are the Principal authors.

For affiliations refer to page 35

Received: 28 April 2023 Revised: 20 July 2023 Accepted: 31 August 2023

DOI: 10.1002/aqc.4018

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. Aquatic Conservation: Marine and Freshwater Ecosystems published by John Wiley & Sons Ltd.

Aquatic Conserv: Mar Freshw Ecosyst. 2023;1–39. wileyonlinelibrary.com/journal/aqc 1

https://orcid.org/0000-0001-7698-3443
https://orcid.org/0000-0001-8137-3877
https://orcid.org/0000-0002-9751-8505
https://orcid.org/0000-0001-9901-8435
https://orcid.org/0000-0002-5027-4398
https://orcid.org/0000-0001-5037-3516
https://orcid.org/0000-0003-4392-9250
https://orcid.org/0000-0001-6758-5857
https://orcid.org/0000-0002-6404-0875
https://orcid.org/0000-0002-1606-6675
https://orcid.org/0000-0003-0098-9560
https://orcid.org/0009-0001-6154-3696
https://orcid.org/0000-0003-2048-9205
mailto:geist@tum.de
https://doi.org/10.1002/aqc.4018
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/aqc
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faqc.4018&domain=pdf&date_stamp=2023-09-21


4. Rearing efforts range from highly intensive laboratory incubation to lower

intensity methods using in-river mussel cages or silos. Most breeding efforts are

funded by national and EU LIFE(+) grants, are well documented, and consider the

genetic integrity of the propagated mussels. Limited long-term funding

perspectives, the availability of experienced staff, water quality, and feeding/

survival during early life stages are seen as the most important challenges.

5. Successful captive breeding programmes need to be combined with restoration of

the habitats into which the mussels are released. This work will benefit from an

evidence-based approach, knowledge exchange among facilities, and an overall

breeding strategy comprising multiple countries and conservation units.

K E YWORD S

aquaculture, captive breeding, conservation translocation, freshwater mussel culturing,

Margaritifera margaritifera, propagation, reintroduction, Unio crassus

1 | INTRODUCTION

The global decline of freshwater biodiversity has prompted many

efforts addressing its conservation (Geist, 2011). This holds

particularly true for freshwater mussels, which are among the most

threatened taxa throughout Europe (Lopes-Lima et al., 2017). From a

conservation perspective, endangered freshwater mussels, particularly

the freshwater pearl mussel (Margaritifera margaritifera L.), are

considered target species for the conservation of aquatic ecosystems,

as they simultaneously fulfil the criteria of flagship, indicator,

keystone, and umbrella species (Geist, 2010). The continuing declines

and lack of natural recruitment of freshwater mussels in Europe has

led to an increasing number of rearing approaches for population

augmentation. It has also led to controversies about the usefulness of

captive breeding in the context of mussel conservation, particularly if

such activities are not properly monitored or are conducted without

considering habitat restoration (Preston, Keys & Roberts, 2007;

Schmidt & Vandré, 2010; Gum, Lange & Geist, 2011; Patterson

et al., 2018).

Rearing methods developed for North American mussel species

and conditions (Gatenby, Neves & Parker, 1996; Beaty &

Neves, 2004; Neves, 2004; Jones, Mair & Neves, 2005;

Barnhart, 2006; Hua & Neves, 2007; Patterson et al., 2018) have

often been transferred to European mussel species, but without

systematic evaluation of the success of such actions. Recent studies

reveal that some captive breeding practices, such as the use of a low

number of parents, can result in erosion of the genetic constitution of

offspring compared with the original populations, both in freshwater

mussels (Geist et al., 2021) as well as fishes (Stoeckle et al., 2022). Co-

adaptation or co-evolution of mussels to certain fish hosts (Geist &

Kuehn, 2008; Taeubert et al., 2010; Taeubert, Gum & Geist, 2012;

Salonen et al., 2017; Taskinen & Salonen, 2022), the effects of host

fish age (Marwaha et al., 2019), duration of the parasitic phase

(Marwaha et al., 2017), water temperature (Taeubert, El-Nobi &

Geist, 2014), and rearing conditions (Eybe et al., 2013; Eybe

et al., 2015; Lavictoire et al., 2016; Lavictoire et al., 2020) all have an

impact on the performance of captive-bred mussels, with potential

consequences if such interactions are not taken into account. Cross-

exposure experiments indicate that stock origin and environmental

conditions affect both the survival and the growth of juvenile

freshwater mussels after their release (Denic et al., 2015). Based on

an earlier review of European and North American captive breeding

programmes, Gum, Lange & Geist (2011) suggested that captive

breeding should only be a rescue tool to retain the evolutionary

potential of priority populations that would not persist long enough to

benefit from habitat restoration practices. This is in line with

Rytwinski et al. (2021), who identified a need for evidence to evaluate

the effectiveness of conservation-oriented captive breeding and

release programmes for imperilled freshwater mussels. This is

particularly important given the worldwide increase in captive

breeding programmes for highly threatened freshwater mussels

(Strayer et al., 2004; Barnhart, 2006; Thomas, Taylor & Garcia de

Leaniz, 2010; Gum, Lange & Geist, 2011; Patterson et al., 2018).

The aim of this article is to review the current state of freshwater

mussel captive breeding programmes in Europe. The critical

challenges associated with these activities were identified from

personal interviews with key groups involved in the captive breeding

of freshwater mussels throughout Europe, including information on

the context of these programmes, the coverage of species, the

intensity and type of rearing practices, and their timelines. This

information was then used to make recommendations for effective

conservation of freshwater mussels through captive breeding, and to

identify priorities for its future use.

2 | METHODS

All the institutions and organizations listed in Table 1 were contacted

by one of the three main authors and interviewed using the same

questions, to gather standardized information. The interviews took
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place primarily via video-conferencing, by phone, or, to a lesser

degree, by email. The answers given were formatted in a standardized

way, to enable comparison, and are presented in Table 1.

3 | RESULTS AND DISCUSSION

3.1 | Existing rearing and culturing programmes for
freshwater mussels in Europe

In this review, 46 captive rearing and culturing initiatives dating back

to 1989 were identified (Table 1). These initiatives cover 16 countries

and 10 species of freshwater mussels. This includes the endangered

freshwater pearl mussel M. margaritifera and the Irish Margaritifera

durrovensis, as well as the giant freshwater pearl mussel Pseudunio

auricularius, occurring only in Spain and France. Five Unio species (the

thick-shelled river mussel Unio crassus, the painter’s mussel Unio

pictorum, as well as Unio mancus, Unio ravoisieri, and Unio tumidiformis)

and Potomida littoralis have also been propagated. Among the pond

mussels (Anodontinae), only Anodonta anatina has been propagated.

The efforts for captive breeding are very unevenly distributed

among these 10 species, with the vast majority of activities being

exclusively focused on M. margaritifera, and, to a lesser but increasing

extent, on U. crassus. Some activities focus on propagating species in

a very critical situation, such as P. auricularius, U. mancus, and

U. ravoisieri, or multiple species concurrently. In proportion with the

efforts put into captive breeding, most is known about glochidial

release times as well as culturing and rearing practices for the

freshwater pearl mussel, followed by the thick-shelled river mussel

and the giant freshwater pearl mussel, whereas far less is known

about these aspects for all other species.

In most cases, existing breeding programmes cover the core areas

of species distribution, with some exceptions. For instance, it is

alarming that currently only the Spanish captive breeding programme

is in place for the highly endangered P. auricularius, as previous

programmes covering the remaining core distribution area of this

species in France have come to an end. Several countries operate

multiple breeding stations for the same species to address

geographical coverage and risk mitigation, whereas some programmes

serve populations in several countries. Most breeding programmes

have received funding through either national or EU LIFE(+) projects

of limited duration (typically a maximum of 5–8 years; Table 1).

In M. margaritifera, the species upon which the majority of captive

breeding efforts have been focused, there is already evidence that

some of the released captive-bred mussels have started to reproduce,

e.g. in the River Lutter (Germany). In some streams, the number of

released captive-bred mussels already exceeds the size of the

remaining natural population.

3.2 | Different intensities of rearing techniques

Most rearing techniques try to bridge the critical juvenile stages in the

life cycle of mussels (i.e. the parasitic and early post-parasitic phases)

by providing optimal conditions during this time. Breeding approaches

vary greatly in the intensity, size, species, numbers of juveniles

produced, and the age/size at which they are released into the wild

(Figure 1; Table 1,). They also differ in monitoring intensity with

regards to the genetic monitoring of the offspring, which is in place in

about half of the programmes. At the highest intensity level, parent

mussels are collected in the wild and transferred into a hatchery where

they remain either permanently (ark-type system) or for extended

periods of time. Examples are the Windermere station in the UK,

where freshwater pearl mussels from five rivers are kept, typically for

between 2 and 36 months, before being returned to the wild, although

one broodstock population has been present at the Ark for 13 years.

Upon glochidial release, host fish, also maintained at the facility, are

infested, and after drop-off juvenile mussels are maintained in a

variety of recirculating and flow-through systems until they reach a

size of about 15–20 mm. Sizes can vary depending on species and

location. Such highly intensive systems are usually free from many of

the adverse conditions in mussel rivers, but also bear a greater risk of a

total loss of multiple populations owing to the aggregation of mussels

in one place (e.g. when systems fail and suitable emergency systems

are absent). These high-intensity programmes tend to be looked upon

less favourably by conservationists, unless habitat and catchment

restoration is being carried out concurrently with the captive breeding

activities. The feeding of juveniles is considered a major challenge as

maintaining mussels in the hatchery often requires the labour-

intensive collection of detritus from natural sources. In addition,

commercially available algal food is often used (Gatenby, Neves &

Parker, 1996), which together with water and detritus from the same

habitat as the parent mussels, have yielded successful results for

juvenile survival and growth.

At the other extreme, some programmes, such as the freshwater

pearl mussel conservation programme in the River Lutter, are largely

field based and independent of technical facilities. Each year a small

number of ripe mussels are collected from the river and used to infest

wild electrofished or hatchery-reared host fish with those glochidia,

before releasing the infested fish into the river. This system has a low

risk of affecting the genetic constitution of the offspring, especially if

different parent mussels are used each year, but it bears the risk of

being largely unsuccessful if stages other than the parasitic phase

of the life cycle are the main bottleneck. This is often the case with

the freshwater pearl mussel, where colmated and oxygen-deficient

stream beds are considered the main bottleneck for recruitment in

Europe (Geist & Auerswald, 2007; Denic & Geist, 2015; Simon

et al., 2015), as low oxygen levels evidently compromise the survival

of juveniles (Hyvärinen et al., 2022).

The methods used in any particular facility depend upon factors

such as the infrastructure available, the water source, and the amount

of staff time and funding available. Where specialist facilities are

available and there are staff to monitor broodstock, fish, and juveniles,

high and medium intensity methods, as described in Figure 1, can be

used. Pulsed flow-through systems (Patterson et al., 2018; Hyvärinen

et al., 2021), incubator/detritus boxes (Eybe et al., 2013; Scheder

et al., 2014; Nakamura et al., 2018; Grunicke et al., 2023), flumes,

aquaria systems (Lavictoire et al., 2016; Lavictoire et al., 2020), and the
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Floating Upweller System (FLUPSYS) (Patterson et al., 2018) all require

medium to high levels of attention. The most resource-intensive

systems per juvenile reared are the incubator/box and the pulsed

flow-through systems (Kunz et al., 2020; Hyvärinen et al., 2021). In the

incubator system, juveniles are kept in static water in boxes (with

usually 200–500 individuals per box) and are cleaned and supplied

with fresh water, food, and detritus one or two times per week. The

pulsed flow-through system provides water (and food) changes at

regular intervals (as much as once per hour), but there are usually no

more than 50–100 juveniles per beaker. The lower resource-intensive

systems are the downwelling aquarium system (with 1000 juveniles

per sieve, and containing 12–15 sieves, cleaned every 2 weeks), the

sand aquaria (with 150–500 juveniles per system, and a weekly water

exchange), FLUPSYS (with several hundred to 1000 juveniles per

bucket, and cleaned when necessary), and flumes (with several

thousand individuals per flume, and cleaned when necessary).

The lower intensity and more field-based systems (boxes 6-10,

Figure 1) can be used when space in specialist facilities is limited or

absent. The smallest juveniles (freshly excysted from fish) can be

placed into in-river cage systems. These systems, placed in mussel

rivers, still need regular cleaning and maintenance, but are relatively

low effort in relation to facility-based systems. Juveniles of >4 mm

can be placed into mussel silos, again with regular cleaning (monthly),

whereas slightly larger juveniles (>10 mm) can be placed in sediment

boxes (Bílý et al., 2018) or into side channels (often referred to as

Hruška channels; Hruska, 1999; Hruska, 2001; Gum, Lange &

Geist, 2011), as a soft-release method before being stocked into final

release sites. Sediment boxes need some cleaning and maintenance,

but the side-channel method requires almost no maintenance.

3.3 | Challenges associated with mussel captive
breeding programmes

The primary challenges identified in the majority of captive breeding

programmes are related to limitations in budget or staffing, and to

rearing conditions such as water quality, feeding, and the survival of

juveniles during early life stages (Table 1). Concerning budget

limitations, the short duration of funding schemes over only a few

years, especially for long-lived species such as M. margaritifera, is a

more serious constraint than the funding level when starting new

programmes. As M. margaritifera only become mature at an age of

10–15 years (Young & Williams, 1984), the typical funding schemes,

with a maximum duration of 3–6 years in this species, only cover the

rearing of a few cohorts of sexually immature juveniles. Furthermore,

uncertainty in the continuation of funding decreases the retention of

experienced staff and is out of step with the biological pace of some

freshwater mussel species. Frequently, setting up and maintaining

F IGURE 1 Captive breeding methods used for freshwater mussels throughout Europe. Coloured dots on the map refer to the different

techniques described in the note boxes. Boxes 1 and 2 describe high-intensity methods, requiring maintenance at least once per week; boxes 3–5
describe medium-intensity methods, requiring maintenance at least once per fortnight; and boxes 6–10 describe low-intensity methods, requiring
maintenance approximately monthly, or as needed
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breeding programmes can also be complicated by water quality issues,

the provision of natural or purchased feed for early life stages, and

high mortality rates, sometimes culminating in the loss of an entire

year cohort. Rearing systems dependent on an external water supply

especially face a greater risk of unforeseen water quality issues, such

as cyanobacteria blooms (Norwegian breeding station Austevoll),

excess turbidity, and fine sediment loading (Austrian breeding station),

as well as water quantity issues (as observed in dry summers in the

German breeding station near Hof). At later stages of the mussel life

cycle, the identification and limited availability of habitat of sufficient

quality into which the juveniles can be released are reported as

additional challenges (Table 1). In addition to the challenges directly

associated with the captive breeding of mussels, monitoring them

after their release is another key issue. Such monitoring is essential

for assessing the suitability of recipient water bodies for captive-bred

juveniles, identifying the ideal release sites, and determining the ideal

captive breeding procedures that result in the greatest survival in the

wild.

3.4 | Recommendations for the future

Despite progress in the captive breeding of freshwater mussels, their

sustainable conservation will always depend on the conservation or

restoration of habitats and catchments. While conservation and

restoration projects continue, captive breeding programmes can help

to save small populations from extinction and boost the number of

individuals for eventual release back into the wild once the habitats

are capable of supporting early-stage juvenile mussels. Based on

information from current freshwater mussel breeding stations in

Europe, the following measures are suggested for improvement.

3.4.1 | Provision of species- and basin-wide
European conservation strategies for freshwater mussel
species with long-term funding commitments

The provision of long-term funding options to secure acquired

specific knowledge and continuous action for long-lived mussel

species is crucial and key to success. The fauna discussed here are

long-lived, slow-growing species, and mussel catchments are so

significantly degraded that in most cases habitat restoration may

take more than a decade. Also, from a genetic point of view,

continued captive breeding over multiple generations can help to

prevent the erosion of genetic diversity (Geist et al., 2021). Owing

to the dominance of funding for captive breeding provided by the

European Union LIFE/LIFE+ programmes and national funds with

limited running times of 5 years or less, easy options for project

extensions following an objective and independent review at

intermediate stages would be most welcome and useful. Species-

and basin-wide European conservation strategies for freshwater

mussels will ensure that programmes have the best chance of

success.

3.4.2 | Science- and evidence-based support in the
development and evaluation of breeding programmes

A significant volume of work has been carried out by breeding

programmes to improve efficiencies and increase the number of

juveniles surviving in captivity. However, much of this valuable work

does not get published in the primary literature, limiting its impact.

Although there is a strong and collaborative European network of

mussel breeding programmes, more science- and evidence-based

support (with the subsequent publication and dissemination of

results) is needed to drive faster paced positive outcomes. The

development of breeding programmes requires the integration of

genetic information, as demonstrated for the freshwater pearl mussel

(Geist et al., 2021), as well as a critical evaluation of the impacts of

captive breeding procedures on the progeny, and ultimately on the

long-term success of different rearing methods in aiding the re-

establishment of functional populations in the wild.

3.4.3 | Increased knowledge exchange and training
opportunities

Although the diversity of different approaches to mussel breeding is

generally useful, by increasing the overall system resilience and

minimizing the high losses of juvenile mussels, e.g. related to feeding,

these issues could be reduced by an increased level of information

exchange and training. There are often very limited or no funds for

exchange and training opportunities. Therefore, there is a need to

provide trans-European funding, which allows scientific and practical

exchange among existing and newly planned breeding programmes. In

the past, most of the exchange among breeding stations has

happened through local conferences held, for example, within existing

LIFE(+) projects, thus being sporadic in time and place. Within the

European COST project CONFREMUS (2023), an intensified

exchange among mussel experts and mussel breeders has been

initiated for the first time, albeit time-limited to when this project

ends in 2024. Continuation and expansion (where appropriate) of

such successful initiatives is important for ensuring a well-connected

network of experts who communicate new findings in a timely

manner and who are available for training those new to mussel

conservation.

3.4.4 | Coordinated action related to species and
geographical representation as well as genetic aspects

Despite the success stories of many captive breeding efforts at the

European scale, there is still no coordinated approach among them in

terms of species, geographical, and genetic representation. The

development of a coordinated European strategy for captive mussel

breeding, ideally integrated into habitat and catchment restoration

plans – all of which should be evidence-based and supported by

scientific research – would be needed to increase the effectiveness of
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such programmes. This should ideally be integrated into the

development of minimal standards for captive mussel breeding,

concerning animal welfare aspects of host fish use, disease

prevention, maintaining genetic integrity of captive-bred mussels, and

minimizing extinction risk, as well as requirements of tracking

and assessing the success of mussel releases. It may also be necessary

to prioritize conservation actions (Geist, 2015) to ensure the best

remaining occupied sites within each catchment are secured, rather

than spreading conservation action too thinly to attempt to conserve

marginal populations and risk failure owing to a lack of resources.

3.4.5 | Guidelines for assessment of success of the
breeding action and risk mitigation

Together with the production of country-wide/European

conservation strategies, the production of guidelines to assess

breeding programme success and how to mitigate risks would be

valuable for new programmes. Guidelines would also help to

standardize the way in which current breeding programmes

communicate their outputs, driving an increased awareness of factors

affecting success and how risks can be minimized. In future,

information on which species, numbers, and sizes/ages of mussels are

being stocked at which locations needs to be collected more

systematically and beyond the level of individual stations. The

successful development and implementation of a standard approach

for monitoring freshwater pearl mussel (M. margaritifera) populations

in European rivers (Boon et al., 2019) and the continuing development

of a new European Committee for Standardization (CEN) standard on

mussel monitoring for a wider range of species illustrate that such

action is possible, even with limited levels of funding. This parallels

strategic conservation approaches in North America, where a national

strategy for the conservation of native freshwater molluscs has been

developed (FMCS, 2016).
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