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[bookmark: _Toc193289951]1.1 Freshwater Pearl Mussels
Freshwater pearl mussels (FPM), Margaritifera margaritifera, are an ecologically important bivalve belonging to the order Unionida. This keystone species offers ecosystem services to rivers, such as nutrient cycling, water filtration and habitat creation (Vaughn, 2018). They have a complex lifecycle including a host-specific obligate parasitic stage on salmonid fish. Glochidia are released into the water by gravid females in the summer months and reach the host fish passively through the water column. Host fish inhale the glochidia, which then attach onto the gills. For successful encystment by gill epithelial cells, an immune response must be induced following initial attachment, otherwise the glochidia will be shed. Successfully encysted glochidia will undergo metamorphosis for a period of 9 – 11 months before excysting, where they then live buried in river substrate for ~5 years. Host suitability is believed to be an influential factor to encystment success, duration of glochidia development and excysted juvenile success (survivability) (Marwaha et al, 2021). In Europe, the only known suitable host for freshwater pearl mussels are Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) (Young & Williams, 1984; Bauer, 1987; Ziuganov et al., 1994). Some FPM populations will only encyst on Atlantic salmon (salmon-preferring) and others only on brown trout (trout-preferring) even when both species are present. Others will utilise both species but with varying degrees of success (Wacker et al., 2019).
[bookmark: _Toc193289952]1.2 The R4ever Kent project 
The EU funded LIFE project R4ever Kent is a partnership project between Natural England, Environment Agency, South Cumbria Rivers Trust and the Freshwater Biological Association. The project is working to improve the condition of the river Kent in Cumbria, through practical river restoration, landowner engagement and water quality improvements. One of the main objectives of this project is to increase the population of FPM in the Kent, through captive breeding and release of propagated juveniles into the riverbed to reinforce the native population which is currently estimated at just 10 individuals. Since this population is critically low, it is necessary for a ‘donor’ population of FPM to be used for this propagation and reinforcement, to prevent a genetic bottleneck and ensure genetic diversity. 	
One of the partners involved in the R4ever Kent project is the Freshwater Biological Association (FBA), which operates the Species Recovery Centre (SRC) for FPM in Windermere, Cumbria. At the SRC, there are six UK FPM populations currently being propagated. With host compatibility being such a determining factor for survival, it was imperative to ensure that the considered FPM donor populations would successfully encyst, metamorphose, excyst and survive on salmon and trout native to the river Kent as hosts. 
[bookmark: _Toc193289953]1.3 Encystment Trials
This brings us to the purpose of this study: to identify which English FPM population being propagated at the SRC is the most suitable donor population for the river Kent in Cumbria. It was intended for the encystment trials to use three mussel populations: one salmon-preferring (Irt, Cumbria); one brown trout-preferring (Tyne, Newcastle) and one that is known to encyst onto both species (Clun, Shropshire). Genetics studies using microsatellite markers from these three populations revealed high genetic variability and differentiation, confirming them as suitable for population reinforcements.   
This study attempted encystment trials for the Irt and Clun mussels in 2022, and Clun and Tyne mussels in 2023, to determine whether they can successfully encyst onto native brown trout (BT) (Salmo trutta) and /or salmon (S) (Salmo salar), distributed throughout the river Kent catchment (AliEskandari et al., 2024). Knowledge of host specificity is vital to inform management of threatened parasite species and improve conservation action outcomes. Since FPM depend upon salmonids as their host, their ability to encyst on either fish species will influence the dispersal of individuals and therefore impact population dynamics (Wacker et al., 2019). Specialist parasites are more prone to coextinction by the loss of suitable hosts (Farrell et al., 2021), so opting for a mussel population known to utilise both BT and salmon would be advantageous for the successful reinforcement of FPM juveniles in the river Kent. 	

[bookmark: _Toc193289954]Methodology
[bookmark: _Toc193289955]2.1 Broodstock Collection 
Broodstock mussels were collected from the river Clun in April 2010 and 2011 and remain indefinitely at the SRC. Broodstock in the Irt is rotated annually, with the individuals for this trial collected in July 2021. The Tyne broodstock were collected in August 2023. These mussels are maintained in cages of substrate inside 2m diameter flow through tanks covered by a lid, with minimal interference.
[bookmark: _Toc193289956]2.2 Electrofishing and Housing
To obtain the native river Kent S and BT, the Environment Agency led the electrofishing activity in June 2022. On this day, 100 brown trout and 136 Atlantic salmon were electro-fished from the river Kent and transported to the SRC. Each species cohort was separated into two tanks, with 68 salmon being housed in tank 1b and 68 housed in tank 2b (Figure 1). Likewise, 33 BT were housed in tank 1c and 33 in tank 2c. Tanks 1b and 1c would be exposed to Irt mussel glochidia, whilst tanks 2b and 2c would be exposed to Clun mussel glochidia. 
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[bookmark: _Ref191895138]Figure 1. A diagram of the 6-tank set up for the Irt and Clun mussel encystment trials. BT = brown trout. S = Salmon.
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2.3 Clun mussel Accelerated Encystment 2022
Ten Clun mussels were removed from their tank and placed into a 10L bucket of water and heated to 20°C. After 45 minutes, there was no release. This was repeated on two more days, with no release observed. Therefore, the Clun mussels were excluded from 2022 encystment trials. 
[bookmark: _Toc193289958]2.4 Irt mussel Accelerated Encystment 2022
Six Irt mussels were placed in a 10L bucket of water and heated to 20°C. One female from the Irt
mussel population released glochidia. This glochidia was collected via pipette and mixed with 10L of
H20. 3 x 1ml pipettes of this solution were taken and observed, which showed a 42 glc/ml average
(47, 36, 43 glc/ml). 5L of the 10L glochidia/H20 solution were added to 75L of H20 to give an 80L
solution which was agitated to ensure suspension of glochidia before being added to tank 1b
(brown trout). The remaining 5L of the 10L solution was added to another 75L of H20 to give an 80L solution which was agitated to ensure suspension of glochidia before being added to
tank 1c (salmon). 
When glochidial release was observed, its viability was immediately checked under a microscope – looking for snapping glochidia with no surrounding membrane. The trial aimed to obtain glochidia from two to three females. The glochidia was suspended by stirring it vigorously in the 5L bucket of water. Five 20µl aliquots were taken and placed into individual spots on a petri dish. Using a low power microscope, the numbers of actively snapping and closed glochidia were recorded. Following this, 20µl salt solution was added to each aliquot and recounts were made on the number of closed or open glochidia. The remaining 5L of glochidia solution was evenly divided into two buckets, ensuring it was well agitated for an equal concentration in both buckets. 
The electro fished salmon were then netted from their tanks into separate 70L barrels of water, adding one of the 2.5L bucket of glochidia solution to each barrel. Water was vigorously scooped up vertically - avoiding the fish - and poured back into the same barrel; this aerated the water and suspended the glochidia. After 15 mins, the salmon were returned to their tank along with the glochidia solution in the barrel to maximise encystment. One fish from each tank was dispatched. All four gill arches were dissected and the number of glochidia on both sides was recorded. This stage was repeated for the tank of brown trout.	
[bookmark: _Toc193289959]2.5 Monitoring fish 
On Day 2 and 3 after first-encystment, the process of fish dispatch and dissection was repeated, recording the number of glochidia per gill arch. By Day 3, there was a noticeable difference in encystment between fish species. Further samples were taken every three days to monitor glochidial development. Fish weight and length were recorded to calculate body condition.  
[bookmark: _Toc193289960]2.6 Heated Indoor System 
In December 2022, the exposed fish were moved to a heated indoor system (HIS): a recirculating closed system involving a container of water that is heated and pumped up to a second header tank of water housing the fish. The water was heated from ≥10 °C to ≥16 °C at 2°C intervals over the course of 3-4 days. Once the water temperature reached ≥16°C, a collection net and bottle were set over the inflow pipes of the header tank of each system to collect any dropped off juveniles. The bottles were checked most days and juveniles collected were transferred to a heated aquarium system (HAS). The fish were housed in the HIS for 6 weeks.
[bookmark: _Toc193289961]2.7 Collection
Regular glochidia measurements were taken every few days for an accurate determination of the start of excystment for Irt (2022) mussels. At 350-400 µm, FPM can start to excyst successfully (Taeubert et al., 2013), hence at this size, plankton nets were set over the outflow of each fish tank and collection bottles secured to the end. Collections were then carried out until juvenile drop-off ceased. Juvenile mussels were placed into two heated aquarium systems, one for each host fish species: Irt salmon 2022, Irt brown trout 2022. 
[bookmark: _Toc193289962]2.8 Accelerated Encystment 2023
After the Clun broodstock failed to release glochidia in 2022, a second attempt was made to conduct encystment trials on this population in 2023. Additionally, it was intended for a trout-preferring population to be trialled simultaneously, and the FBA selected the Tyne population from Newcastle. Whilst the Clun broodstock remains indefinitely at the SRC, 30 adult mussels were collected from the Tyne river in August 2023, to form the broodstock for this population. This round of encystment trials followed the same process as 2022 and the Clun experienced successful encystment. However, the Tyne mussels did not release viable glochidia and therefore, their encystment trial was ceased. 
The collection process for the Clun in 2023 followed that of the Irt in 2022, and again juvenile mussels were placed into separate heated aquarium systems for each host fish species. Therefore, at the end of both year trials, four aquaria systems continue to be maintained: Irt salmon 2022, Irt brown trout 2022, Clun salmon 2023, Clun brown trout 2023. 	

[bookmark: _Toc193289963]Results

Due to weather conditions, the Tyne broodstock were collected later in the field season than anticipated and subsequently failed to release glochidia once at the SRC - likely because they had already finished releasing in the river. This meant that the trials were only completed for the Irt and Clun populations. However, in comparison to the Tyne mussels, both these populations had a greater number of propagated juveniles that would be of suitable size (> 15mm) by 2026 and therefore able to be released as specified in the R4ever Kent project objectives. 
During the encystment trials, the FBA experienced several staff changes which meant that not all desired data was collected.  Glochidia measurements were recorded for the Clun in 2023 but not for the Irt in 2022.  Juvenile measurements were taken on 60 Irt mussels in the first year of life but no Clun mussels were measured in the first year, meaning a comparison could not be made on growth rates. 


Encystment was successful on both salmon and trout for the Clun and Irt mussels (Table 1). The encystment period was 87 days shorter for the Irt mussels. 

[bookmark: _Ref192239615][bookmark: _Ref192239610]Table 1. A summary of encystment and excystment between the two mussel populations on their host fishes.
	Mussel population
	Irt Mussels
	Clun Mussels 

	First encystment date
	06/09/2022
	22/09/2023

	First excystment date
	15/12/2022
	27/03/2024

	Encystment period in days
	100
	187




The collection results for the Irt and Clun mussels are displayed in Figure 2 and compared in Table 2.  Both populations show gradual increases in collection numbers from salmon hosts salmon before a rapid decrease, but Irt mussels had a greater peak drop off. Collection numbers from brown trout hosts for both populations were low with minimal variation.  
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 [bookmark: _Ref192766229]Figure 2. A graph showing the number of juvenile Irt and Clun mussels collected from river Kent brown trout (BT) and salmon (S) during the encystment trials of 2022-2023.  




[bookmark: _Ref192239298]Table 2. A summary of juvenile mussel survival from the two mussel populations for both host fishes. The * indicates statistically significant differences.
	Mussel population
	Irt Mussels
	Clun Mussels

	Fish host 
	Salmon
	Brown Trout
	Salmon
	Brown Trout

	Number of juveniles collected
	
9430

	
53

	
7224

	
263


	Maximum daily drop-off
	2085
	26
	748
	35*

	Percentage of total collection
	99.4 %
	0.6 %
	96 %
	4 %

	Number of surviving juveniles 2025
	3105
	0
	3082
	86

	Survival percentage
	35 %
	0 %
	43 % 
	33% 




There was no significant difference between the total number of juveniles collected for Irt and Clun mussels (chi-squared = 0.01633, df = 1, p-value = 0.8983). 
A pairwise comparisons using Wilcoxon rank sum test was then used to compare the collection numbers between the hosts. There was also no significant difference between the number of mussels collected from salmon hosts for Clun and Irt (p = 0.0647). However, the Clun had significantly more juveniles collected from brown trout than Irt mussels (p = 0.0077).  
For the survival data, a Welch two sample T Test confirmed there was no significant difference between the total number of Clun and Irt juveniles surviving to 2025 (t = -1.3697, df = 18.766, p-value = 0.1869), or the numbers collected from salmon hosts (t = -1.8143, df = 18.655, p-value = 0.09). In the Irt mussel trial, no juveniles survived to 2025 after encystment on brown trout, compared to 86 individuals for the Clun mussels.  Survival percentage was higher for Clun mussels than Irt mussels for both host species; however, it must be noted that these Clun mussels are one year younger than the Irt mussels.        	               






[bookmark: _Toc193289964]Discussion

The first objective of these encystment trials was to determine which of the FPM populations being propagated at the FBA’s Species Recovery Centre would be able to successfully encyst onto native river Kent fish and therefore would be a suitable donor population for the R4ever Kent juvenile mussel reinforcements. The results showed that both the Irt and Clun mussels could be induced to release viable glochidia that were then able to encyst onto the gills of the fish provided to them.  
The Clun and Irt had similar total numbers of juveniles collect, but the Clun population experienced a longer encystment period, which has been associated with greater post-parasitic fitness (Eybe et al., 2015). Marwaha et al. (2017) showed that longer parasitic stages lead to excystment at a larger size, as well as increased growth and survival. This suggests that juveniles from the Clun population would experience greater fitness than Irt mussels if they encysted onto wild river Kent fish. Moreover, compared to the Irt mussels, survival percentage was higher in the Clun mussels, for both salmon and trout host species. 
The second objective of the trials was to confirm whether assumptions on host-preference for the different populations were accurate.  The encystment rates showed that the Irt mussels were strongly salmon-preferring whilst the Clun showed a weaker preference for salmon, with a greater proportion of total encystment on the brown trout. Furthermore, despite a small number of Irt mussels encysting onto brown trout initially, these were not viable and did not survive, unlike the moderate survival experienced for Clun mussels on brown trout hosts. Studies show that this host-suitability is influenced by the immune system compatibility of the salmonid host (Hastie & Young, 2001; Chowdhury et al., 2018), as well as co-evolution and local adaptation (Taeubert et al., 2010; Salonen et al., 2017). Condition of the fish host is also an important factor involved in successful encystment and can determine host suitability (Österling & Larsen, 2013).
Whilst most continental European FPM populations are brown trout preferring (Geist et al., 2006), salmon have been shown to offer greater fitness to FPM since they exhibit greater migratory behaviour, allowing for wider dispersal of juvenile mussels (Ieshko et al., 2016), hence it can be favourable to select a donor population that is able to encyst onto salmon. However, in the UK, salmon condition and population sizes are dramatically in decline (Thorstad et al., 2021; Dadswell et al., 2022), which is causing significant negative effects on the reproductive success of UK FPM populations (Cosgrove et al., 2016). Therefore, when considering which population to use for FPM conservation in the river Kent, the R4ever Kent partners are reluctant to select a donor population of FPM that almost exclusively encysts on the Atlantic salmon, such as the Irt. Releasing propagated juvenile mussels that only encyst onto salmon will substantially decrease the chances of their glochidia encountering a suitable host, since the abundance and distribution of salmon is predicted to continue to decline over the next several decades. Instead, choosing a donor population that has greater success encysting on the more abundant and stable brown trout populations is hoped to increase the likelihood of the juvenile mussels successfully reproducing in the river Kent. 
The findings of these encystment trials strengthen the case for ongoing research into the host-parasite relationships of salmonids and FPM. Consequently, through the R4ever Kent project, the FBA is beginning metabolomics research on the Clun population, with the objective of understanding the biological mechanism underlying encystment, excystment and the ability of fish to evade infection. It is hoped the study will elucidate whether this host-parasite relationship is predominantly governed by the fish host’s acceptance of the glochidia, or if it is the ability of the parasitic mussels to evade host immunity.  
[bookmark: _Toc193289965]Conclusion
	
The encystment trials aimed to identify which freshwater pearl mussel populations, propagated at the FBA’s Species Recovery Centre, could successfully encyst onto native river Kent fish for juvenile mussel reinforcements. Results showed that both Irt and Clun populations could release viable glochidia that successfully encysted on salmon. The Clun population had a longer encystment period, which may lead to better post-parasitic fitness, and had greater survival rates than the Irt mussels. Additionally, Irt mussels were unable to produce viable juvenile mussels on brown trout hosts, but Clun mussels had a small proportion of surviving mussels from brown trout. These findings suggest that selecting the Clun mussels for the R4ever Kent reinforcements may be more beneficial for future FPM conservation in the river Kent, due to the declining salmon population. The results also highlight the need for further research into the host-parasite relationship.
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