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Abstract Conservation of the endangered freshwa-

ter pearl mussel (FPM) includes artificially rearing

juveniles, but the pulsed flow-through (PFT) method,

enabling the continuous renewal of water and food in

culture containers, has not been applied to FPM. This

study tested the PFT method in culture of FPM

juveniles, and the effect of water source (tap vs well

water) and food concentration (mixture of commercial

phytoplankton products) on the survival and growth of

juveniles. Beaker-specific survival rates varied from 0

to 100% (mean: 34%) and from 0 to 58% (mean: 16%)

in the 1st (2-week) and 2nd (10-week) experiment,

respectively. In the 1st experiment, juveniles attained

statistically significantly bigger sizes and more than

two times higher survival in well water than they did in

tap water. In both experiments, the food concentration

of 0.250 ll/l resulted in the highest survival (com-

pared to other concentrations ranging from 0.125 to

0.500 ll/l). However, food concentration did not have
a significant effect on size of juvenile FPM in either of

the experiments. Results indicate that the PFT system

is suitable for FPM rearing experiments, but its

applicability to mass culture of FPM juveniles requires

further investigation.

Keywords Endangered species � Freshwater pearl
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Introduction

The freshwater pearl mussel, Margaritifera margar-

itifera (Linnaeus, 1758), is an extremely long-lived,

critically endangered bivalve occurring in the running

waters of the Holarctic region (Moorkens, 2011;

Lopes-Lima et al., 2017; IUCN, 2019). The life cycle

of M. margaritifera contains critical phases, such as

the glochidium larva attaching to Atlantic salmon or

brown trout, and the long juvenile stage in the riverbed

gravels. Thus, the species is threatened by many

anthropogenic environmental disturbances, including

pollution, sedimentation, eutrophication, damming,

flow changes, invasive salmonids and loss of salmonid

host fish (Bauer, 1988; Young, 1991; Young et al.,

2001; Österling et al., 2008; Gum et al., 2011;

Taskinen et al., 2011; Moorkens & Killeen, 2014;

Gosselin, 2015; Salonen et al., 2016).

Freshwater mussels act as ecosystem engineers,

playing an important role in particle processing,
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nutrient release and sediment mixing. By burrowing in

the river substrate, freshwater mussels increase water

and oxygen penetration through the sediment, release

nutrients from sediments and stabilise river substrates

(McCall et al., 1979; Matisoff et al., 1985; McCall

et al., 1995; Zimmerman & de Szalay, 2007; Allen &

Vaughn, 2009). By filtering phytoplankton and sus-

pended fine materials, freshwater mussels transport

nutrients from the water to the river bed (Howard &

Cuffey, 2006), decreasing chlorophyll-a content and

clearing the water (Welker & Walz, 1998). Mussel

shells offer attachment surfaces for bryophytes, which

in turn serve as habitat for diverse invertebrate

communities (Bowden et al., 1999). Thus, freshwater

mussels provide important ecological services and

link multiple trophic levels in river ecosystems

(Vaughn & Hankenkamp, 2001; Vaughn et al., 2008;

Vaughn, 2018).

Healthy freshwater mussel beds can comprise

50–90% of the benthic biomass in streams (Negus,

1966; Layzer et al., 1993; Strayer et al., 1999).

Because organisms’ contribution to ecological pro-

cesses is directly proportional to their biomass

(Strayer et al., 1999; Vaughn et al., 2004), the decline

of M. margaritifera populations can have remarkable

implications for river ecosystems’ functioning. Ful-

filling the criteria for an indicator, flagship, keystone

and umbrella species, M. margaritifera is an ideal

target species for conserving aquatic ecosystem func-

tioning (Geist, 2010).

North America has a long tradition of rearing

endangered mussel species in the laboratory (Gatenby

et al., 1997; Rogers, 1999; Beck & Neves, 2003;

Beaty & Neves, 2004; Patterson et al., 2018). Rearing

facilities for M. margaritifera have also been estab-

lished in a few European countries (e.g. Czech

Republic, Luxembourg, France, UK, Norway, Ireland

and Germany), where mussel juveniles are reared until

they reach a size where they can survive in natural

habitats, even in poor sediment conditions (Schmidt &

Vandré, 2010; Thomas et al., 2010; Gum et al., 2011).

Artificial propagation is a central part of M. margar-

itifera conservation and restoration strategies (Hastie

& Young, 2003; Geist, 2010; Gum et al., 2011; Lopes-

Lima et al., 2017). Rearing new-bornM. margaritifera

juveniles can be done in so-called Hruska boxes

(Hruska, 1992), in which some of the water (with

food) is renewed from time to time. It can also be done

using the so-called ‘semi-natural’ method, with the

continuous flow-through of natural river or lake water.

Here, no food is added, but the juveniles feed on the

nutrition available in the natural water supply (Hastie

& Young, 2003; Lavictoire et al., 2016). The third

method for culturing new-born juvenile M. margari-

tifera is to place them directly in hole plates located in

rivers (Buddensiek cages) (Buddensiek, 1995), where

they feed on natural food, such as phytoplankton,

zooplankton and particulate detritus. As an alternative

to static box culture, semi-natural methods, or hole

plates, flow-through systems, which enable the con-

tinuous renewal of water and food, have been devel-

oped to rear juvenile mussels (Patterson et al., 2018,

Kunz et al., 2020). The flow-through method was first

used in ecotoxicology research to expose juvenile

mussels to known concentrations of contaminants

(Ingersoll et al., 2007) but was further adopted for the

captive breeding of mussels (Barnhart et al., 2015;

Kunz et al., 2020). In pulsed flow-through (PFT),

every 60–90 min, a pulse of ‘flow’ is automatically

delivered to beakers where juvenile mussels are held

to change the water, remove waste and deliver food

(for details, see Patterson et al., 2018). This system has

proven effective for culturing the freshly detached

juveniles of Unionidae mussels, and most importantly,

western pearl shell, Margaritifera falcata (Gould,

1850), (Patterson et al., 2018; Kunz et al., 2020). As

the advantages of the PFT method include individual

beakers that can easily be removed for examination,

PFT could provide an efficient tool for replicated

experiments when studying the optimal conditions

(e.g. food type) for raising juvenile M. margaritifera.

In addition, PFT could be developed into a powerful

technique for the mass culturing of M. margaritifera

juveniles.

For these reasons, this study investigates the

suitability of the PFT method to propagate juvenile

M. margaritifera. In addition, in pursuance of the

suitability test, it examines the effect of the water

source (tap vs well water) and different food concen-

trations on the survival and growth of juvenile M.

margaritifera. The hypotheses were as follows: (i) the

PFT system is suitable for culturing M. margaritifera

juveniles, (ii) the use of well water results in better

success—in terms of the growth and survival of

juveniles—than aged tap water and (iii) moderate food

concentration results in a better growth and survival of

M. margaritifera juveniles than low or high

concentrations.
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Materials and methods

Glochidia source, infestation of host fish

and metamorphosis

Rearing experiments were carried out between July

and December of 2016. To obtain juvenile mussels,

brown trout, Salmo trutta (Linnaeus, 1758), were

infested at the Konnevesi Research Station (University

of Jyväskylä) on 31 August, 2015 with M. margari-

tifera glochidia collected from River Jukuanoja, Iijoki

River catchment, northern Finland (for the map, see

Salonen & Taskinen, 2017). Brown trout (1 ? years

of age) originated from the Laukaa fish farm of the

Natural Resources Institute Finland. The glochidia of

M. margaritifera were collected using a non-destruc-

tive method by placing 30 gravid mussels into buckets

with 3 l of river water for 30 min on the day of

infestation so that the mussels could be returned to the

river after incubation. The timing of the M. margar-

itifera glochidia collection was based on previous

studies on this population (Salonen & Taskinen, 2017;

Chowdhury et al., 2017) to ensure that the glochidia

were fully mature. Salonen et al. (2017) found thatM.

margaritifera of River Jukuanoja were specialised to

infest brown trout, whereas Atlantic salmon were a

poor host. The glochidial suspension was facilitated

with aeration and additional water and kept at a low

temperature (4–6�C) to maintain the glochidia’s

viability during the 500 km transportation from the

river to the research station. Fish were transported to

the research station 2 weeks before exposure and kept

in a 163 l flow-through tank. Exposure was performed

with 14.3 9 105 glochidia for 1.5 h at a temperature

of 16.8�C. During the exposure, water volume was

reduced to 70 l, water flow was halted and aeration

was provided. Details about the maintenance of the

fish over the winter of 2015–2016 and the numbers of

M. margaritifera glochidia in the fish can be found in

Chowdhury et al. (2019). A total of 159 brown trout

were initially infested in 2015, but only 14 of them

were used for juvenile mussel collection in 2016.

In July 2016, the temperature of the fish mainte-

nance tank was raised from 10–12�C to 16�C to initiate

the metamorphosis of the glochidia. Eight randomly

selected trout were then moved to the laboratory of the

Department of Biological and Environmental Science,

University of Jyväskylä and placed in separate 30 l

buckets with a flow-through of well water at 18�C. The

juvenile mussels (length of approximately 300 lm)

were collected from the bucket water with a sieve

(mesh size: 100 lm) for the 1st 3-week experiment. In

August 2016, the same procedure was repeated with

another six trout to obtain M. margaritifera juveniles

for the 2nd 10-week experiment (see below).

The use of fish in this study was approved by the

Animal Experiment Board of Finland (Regional

Administration of Southern Finland, license number

ESAVI/10184/04.10.07/2014). Collection of M. mar-

garitifera glochidia from River Jukuanoja was per-

formed with license number POPELY/513/07.01/

2011 from the North Ostrobothnia Regional Centre

for Economic Development, Transport and the Envi-

ronment (Oulu, Finland).

Pulsed flow-through (PFT) system, feeding

and water

The individual PFT systems (Fig. 1) (Patterson et al.,

2018; Kunz et al., 2020) in the current study included a

40 l container with a water-food suspension (16 l of

water added with different amounts of food, see

below) and four 250 ml replicate beakers with juve-

nile mussels. Every hour, an electric valve delivered a

Fig. 1 Schematic drawing of the pulsed flow-through system

utilised in this study. The system consists of a a timer, b a

container for water and food solution, c a timed valve and

d delivery manifolds and beakers. The valve connected to the

timer automatically delivers the water and food mixture to the

beakers through the delivery manifolds
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125 ml (3 min) pulse of water-food suspension

through a splitter to each beaker. Each delivery of

water displaced half of the water in the beaker. The

juveniles were fed with commercial marine bivalve

food Shellfish Diet 1800� (dry weight[ 8%, cell

density circa 2 billion/ml) and Nanno 3600� (dry

weight[ 18%, cell density circa 68 billion/ml) (Reed

Mariculture Inc., USA) in a 1:1 mixture. Every day,

the water-food suspension in the container was

completely renewed, and the suspension was contin-

uously aerated. Juveniles were contained in the 250 ml

beakers with a 1 mm layer of sand (125 lm in

diameter) to provide a substratum. Four PFT systems

were in use, totalling 49 4 = 16 beakers. Nylon mesh

(100 lm) was placed on top of each beaker to spread

the water pulse falling into the beaker and to avoid the

possible escape of crawling juveniles.

Two types of water were used: (1) tap water

(Jyväskylän Energia/Alva municipal water system)

that was kept in large buckets and aerated for at least

48 h before use and (2) aerated well water (University

of Jyväskylä, Ambiotica building). The water quality

information for the tap and well water is given in

Table 1. The water temperature was kept at 18�C.

The 1st rearing experiment: effect of water source

and food quantity

Four treatments were established: (1) well water and

high food concentration (0.250 ll/l), (2) well water
and low food concentration (0.125 ll/l), (3) tap water

and high food concentration (0.250 ll/l) and (4) tap

water and low food concentration (0.125 ll/l). In the

low and high food treatments, 1 and 2 ll of both food

types (ShellFish Diet� and Nanno 3600�) in a 1:1

ratio was added to each of the waters, respectively.

Twenty randomly selected, newly metamorphosed

juveniles were allocated to each beaker, totalling

4 treatments 9 4 replicate beakers 9 20 = 320

juveniles. The 1st rearing experiment lasted for 3

weeks, but the data on the juveniles’ length were

collected at the 2-week time point due to a low number

of individuals thereafter for juvenile length analyses

(see below).

The 2nd rearing experiment: effect of food

quantity

Only well water was used in this experiment. The four

food concentrations were 0.125, 0.250, 0.375 and

0.500 ll/l of food (ShellFish Diet� and Nanno

3600�) in a ratio of 1:1. The initial number of newly

metamorphosed mussel juveniles per beaker was 40,

totalling 4 treatments 9 4 replicates 9 40 = 640

juveniles. The experiment lasted for 10 weeks, but the

juvenile length data were collected at the 4-week time

point due to a low number of individuals thereafter for

juvenile length analyses (see below).

Survival and length measurements

Survival and growth monitoring were performed at the

1-week (1st experiment) or 2-week (2nd experiment)

time marks. The beakers were emptied, and the

juveniles were collected using a 250 lm sieve to

count living and dead juveniles. Living juveniles

moved their foot or kept their valve shut. Dead

juveniles had an empty, open shell or had no

movement of the foot within 1–2 min of observation.

In these monitoring checks, the shell length of a

randomly selected subsample was measured using a

scaled ocular of the microscope. The number of lost

juveniles was estimated, and the sand was replaced.

Beaker-specific numbers of juveniles measured for

length at the 2-week time point—the data of which

were used in the statistical analysis on the effect of

water type and food concentration on juvenile survival

and size for the 1st experiment (see below)—varied

Table 1 Water quality information for tap and well water

Water source pH Iron (lg/l) Hardness (mmol/l) Manganese (lg/l) Electrical conductivity (mS/m)

Tap watera 8.03 30 0.56 0 14.05

Well waterb 6.7 38 0.01 \ 2 13.1

aThe water quality information was provided by Jyväskylän Energia Ltd (Alva). The values are averages for the year 2016
bAnalysed by Eurofins Environment Testing Ltd in April 2016
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from 2 to 17. The beaker-specific numbers of juveniles

measured for length at the 4-week time point—used in

the statistical analysis on the effect of food concen-

tration on juvenile survival in the 2nd experiment (see

below)—varied from 1 to 15.

Statistical analyses

Survival rate and average shell length were calculated

for each replicate beaker. These beaker-specific values

were then used as the response variable in the analyses

of variance (ANOVA), with individual beakers as the

statistical unit. In the 1st rearing experiment, the

factors included water (tap, well) and food quantity

(high, low); in the 2nd rearing experiment, only the

food (four levels) was included as a factor. Because of

the low survival rate of the juvenile mussels in one of

the replicate beakers in the 1st experiment, statistical

analyses were performed using data from the 2-week

time point in this experiment. Even so, the length data

were not available for one replicate beaker in the tap

water and low food concentration treatment—in all

other treatments, the length data were available for all

four replicate beakers (n = 4). In the 2nd experiment,

the survival rate was examined at the end of the

10-week monitoring period. However, since the

number of juveniles decreased over time, growth

differences were analysed at the 4-week time point in

the 2nd experiment. Because of human error, the

length data were not available for one replicate beaker

in the 0.125 ll/l food concentration and for one

replicate beaker in the 0.250 ll/l food concentration

treatment of the 2nd experiment. In all the other

treatments, the length data were available for all four

replicate beakers (n = 4). In addition, to fulfil the

criterion of homoscedastic variance, the response

variable survival had to be log10-transformed prior to

ANOVA. Tukey’s test was used to compare potential

differences between food quantity groups and survival

rate in the 2nd experiment. A remarkable number of

juveniles were lost between monitoring points (see

‘‘Results’’)—they were not found at all, either dead or

alive. Survival rates were calculated by comparing the

observed number of living juveniles to the initial

number of juveniles allocated to each beaker at the

beginning of the experiment.

Results

1st rearing experiment

After 2 weeks, the mean ± S.E. survival of the

juvenile mussels was 2.7 times higher in well water

(49 ± 6%, low and high food combined) than in tap

water (18 ± 6%, low and high food combined)

(ANOVA, the effect of food concentration,

F1,16 = 14.479, P = 0.003, Fig. 2). On average,

mean ± S.E. survival rate was 2.1 times higher in

high food concentration (46 ± 6%; well and tap water

combined) than in low food concentration (22 ± 6%,

well and tap water combined) (ANOVA,

F1,16 = 8.363, P = 0.014, Fig. 2). The replicate unit

with the highest survival rate, 100%, was in well

water/high food concentration—the lowest, 0%, was

in tap water/low food treatment. In ANOVA, interac-

tion between the water source and food concentration

was not significant on juvenile survival (F1,16 = 2.317,

P = 0.154). After 2 weeks of rearing, the average

mean ± S.E. length of juvenile mussels was greater in

well water (473 ± 16 lm) than in tap water

(385 lm ± 17 lm) (ANOVA, effect of culture water,

Fig. 2 Mean replicate-specific survival (± S.E. of the mean) of

M. margaritifera juveniles in high and low food in tap and well

water in the 1st experiment after 2 weeks of rearing (n = 4

replicate beakers per treatment in well water and n = 3 replicate

beakers per treatment in tap water)
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F1,15 = 15.974, P = 0.002, Fig. 3, low and high food

treatments combined). Instead, the effect of food

concentration on the length of juveniles was not

statistically significant (ANOVA, the effect of food

concentration, F1,15 = 1.345, P = 0.271, Fig. 3). As in

the case of survival, the interaction between water

source and food concentration was not significant in

ANOVA on juvenile length (F1,15 = 2.566,

P = 0.137). Among the juveniles that did not survive,

many were not found dead but were instead missing.

The number of juveniles that were lost (not found dead

or alive) was high; the beaker-specific proportion of

juveniles that had gone missing was 0–45% in well

water/high food, 35–80% in well water/low food,

30–35% in tap water/high food and 20–65% in tap

water/low food treatment.

The accuracy of the PFT system was assessed by

observing the precision of the frequency and volume

of water delivery. The delivery occurred in a timely

manner. The water pulses were observed to be of equal

volume, and adjustments were not needed. Later in the

experiments, two nozzles were clogged by debris in

the delivery water, causing an obstruction to the water

flow.

2nd rearing experiment

There were statistically significant differences

between feeding treatments in the mean survival of

the juveniles (ANOVA, F3,14 = 19.211, P\ 0.001).

The highest mean ± S.E. 10-week survival,

42 ± 10%, was observed in the 0.250 ll/l food

concentration (Fig. 4). However, it did not differ

significantly from the 0.375 ll/l concentration with a

mean ± S.E. survival rate of 21 ± 19% (Tukey’s test,

P = 0.864, Fig. 4). Another homogenous group was

formed by the highest and the lowest food concentra-

tion (0.125 and 0.500 ll/l), which had mean survival

rates of around 1% and did not differ significantly

from each other (Tukey’s test, P = 1.000). The

difference in mean survival between food concentra-

tions 0.125 and 0.250 ll/l was statistically significant

(Tukey’s test, P = 0.001); this was also true between

the food concentrations 0.125 and 0.375 ll/l (Tukey’s
test, P = 0.003). The differences in the mean survival

between concentrations of 0.250 and 0.500 ll/l—as

well as between 0.375 and 0.500 ll/l—were also

statistically significant (Tukey’s test, P = 0.001 and

P = 0.005, respectively). The highest survival in a

single replicate unit during the 10-week monitoring

period was 58% in one of the beakers in the 0.250 ll/l
food concentration. The same as in the 1st rearing

experiment, the number of lost juveniles (found

neither dead nor alive) was high: 23–38% per beaker

Fig. 3 Mean average replicate-specific length (± standard

error of the mean) of M. margaritifera juveniles in high and

low food concentration in tap and well water in the 1st

experiment after 2 weeks of rearing (n = 4 replicate beakers per

treatment in well water and n = 3 replicate beakers per

treatment in tap water)

Fig. 4 Mean replicate-specific survival (± standard error of

the mean) of M. margaritifera juveniles in four food concen-

tration treatments at the end of the 2nd 10-week rearing

experiment using well water (n = 4 replicate beakers per

treatment)
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in 0.125 ll/l, 30–45% in 0.250 ll/l, 15–30% in

0.375 ll/l and 20–25% in 0.500 ll/l food concentra-

tion. At the 4-week time point, the mean average

beaker-specific length of the juveniles did not differ

between food treatments (ANOVA, F10,13 = 1.187,

P = 0.364, Fig. 5); the mean ± S.E. length of the

juveniles overall for the 14 beakers was 475 ± 9 lm.

Discussion

Kunz et al. (2020) recently described and tested a PFT

auto-feeding beaker system for the laboratory culture

of juvenile freshwater mussels. However, before the

present study, the PFT method in the culture of new-

born juvenile M. margaritifera—as an alternative to

traditional methods—had not been studied. The pre-

sent results regarding the survival of juveniles are

comparable to previous rearing experiments with

juvenile mussels. Artificially reared mussels’ survival

after 2 months has usually been less than 50%, and it is

often less than 20% (Gatenby et al., 1997; Rogers,

1999; Beck & Neves, 2003; Beaty & Neves, 2004).

The artificial breeding of M. margaritifera juveniles

that Eybe et al. (2015) attempted using Hruska boxes

resulted in survival rates ranging from 7 to 98%within

110 days. A semi-natural culture of M. margaritifera

juveniles by Lavictoire et al. (2016) resulted in

survival rates ranging from 14 to 55% within lengthy

culture periods of 1–2 years. Between-box variation in

the survival ofM. margaritifera juveniles in a 55 days

culture by Marwaha et al. (2017) was extremely large,

from 0 to 100%. However, Scheder et al. (2014)

achieved a mean survival of M. margaritifera juve-

niles during a 1 years box culture as high as 96.3%. In

the PFT experiment by Kunz et al. (2020), the mean

survival of M. falcata juveniles was 23% at day 357.

The mean survival ofM. margaritifera juveniles in the

present 10-week PFT experiment, 16%, is not high,

but it fits the range of the previous culture results for

this species.

Lake or river water is usually used to rear unionids

(e.g. Barnhart, 2006; Eybe et al., 2013; Marhawa et al.,

2017). However, not all rearing facilities have access

to natural water and must use tap or well water as an

alternative. In addition, exposure to micro-predators

(Rhabdocoela flatworms) (Zimmerman, 2003) and

harmful micro-organisms (e.g. opportunistic proto-

zoan parasites, fungal infections) may be lower when

using tap/well water vs lake/river water. In the present

experiments, the use of tap water resulted in signif-

icantly higher mussel mortality than the use of well

water. In the 1st rearing experiment, the juveniles

reared in well water were also larger in size than the

juveniles reared in tap water. The tap water had a

higher pH value and[ 50 times higher hardness than

the well water. Tap water is sometimes treated with

chemicals such as chlorine, which has been shown to

cause mortality in blue mussels, Mytilus edulis (Lin-

naeus, 1758) (Thompson et al., 1997). Furthermore,

the ageing process used for the tap water may not

completely remove the chlorine, making it less

suitable for M. margaritifera juveniles than well

water. In the future, PFT culturing ofM. margaritifera

juveniles should be attempted using lake or river

water. In addition, the use of algae and detritus mix as

a food source has led to good survival results in

traditional Hruska box cultures (e.g. Eybe et al., 2013;

Marwaha et al., 2017) and should therefore also be

tested with PFT. The use of detritus and lake or river

water may expose juveniles to micro-predators present

in natural waters. In the present study, no micro-

predators were observed in either the tap or well water

treatments. Thus, the avoidance of micro-predators

may be a benefit of well/tap water-based cultures.

In both rearing experiments, the food concentration

of the water had a statistically significant effect on the

juveniles’ survival. The food concentration of

0.250 ll/l resulted in the highest survival rate.

Fig. 5 Mean average replicate-specific growth (± standard

error of the mean) of M. margaritifera juveniles in four food

concentration treatments at the 4-week time point in the 2nd

10-week rearing experiment using well water (n = 4 replicate

beakers per treatment)
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Because concentrations higher or lower than 0.250 ll/
l did not result in higher survival, it can be concluded

that the juveniles’ survival was not limited by the

amount of food they received. According to Hruska

(1999), abundant food can accelerate the growth of

juveniles, but the excess food can also block the

substrate and further the growth of algae by providing

nutrients, thus decreasing the oxygen available to

juveniles. The present results were in accordance with

this, indicating that there is an optimal feeding level

for juvenile M. margaritifera, above which survival

rates start to decrease. Although the survival differ-

ences between food concentration treatments were

clear in the 2nd experiment, the differences in juvenile

length (growth) were not statistically significant. This

was in accordance with the results of the 1st exper-

iment, indicating that growth differences may be

harder to determine than survival differences. How-

ever, it is important to note that length measurements

were performed on living juveniles, which may have

partly masked the possible growth effects of food

treatments if the slowly growing individuals were the

first to die.

Even though the PFT system could potentially be

used for the mass culture of M. margaritifera

juveniles, the PFT system, before anything, may be

an ideal way to carry out replicated, manipulative

experiments on juvenile cultures as well as their

tolerances to different water source parameters or

contaminants. One benefit of the PFT system is that

juveniles are divided into separate units so that

potential problems, such as pathogens and predators,

do not necessarily contaminate the entire mussel

culture. In a PFT culture, juveniles automatically

receive a continuous supply of fresh water and food,

ensuring constant conditions.

The small size of juveniles and the use of fine sand

as a substrate make juvenile handling challenging.

Removing juveniles from the sand substrate for

monitoring likely caused them physical damage and

stress. Detecting juveniles in the sand is also difficult.

However, sand offers juveniles a natural substrate that

allows them to burrow and potentially prevents them

from being carried out of the beaker with the overflow.

A considerable number of juveniles were lost during

the present experiments. Even though juvenile fresh-

water mussels are able to crawl up the side of a beaker

and sometimes are lost from their containers because

of this (Rogers, 1999; Zimmerman, 2003; Barnhart,

2006), it was assumed that the disappearance of

juveniles was caused by technical challenges related to

weekly/biweekly checks of juvenile survival and

length and cleaning of the substrate (i.e. sieving to

separate juveniles from sand substrate, flushing juve-

niles from the sieves to petri dishes and pipetting

juveniles when separating dead individuals). It is

expected that the longer total handling time due to the

longer duration of the 2nd rearing experiment caused

the lower survival in the low food treatment of the 2nd

experiment compared to the low food treatment in well

water in the 1st experiment. Lavictoire et al. (2016)

found that M. margaritifera juvenile survival was

significantly higher in treatments where the substrate

was cleaned less frequently—once a month—than in

treatments where the cleaning was done every week.

Cleaner substrate may enable mussels to findmore and

better-quality food, but over-frequent substrate clean-

ing may expose juveniles to stress, physical damage

and may result in a higher level of missing individuals

(O’Beirn et al., 1999). In contrast, rearing experiments

with unionid juveniles, including removal from the

rearing system by sieving and flushing even every

10 days, has yielded high juvenile survival rates

(Barnhart, 2006). Nevertheless, the weekly/biweekly

monitoring of juveniles’ survival and growth in the

present study, accompanied by sieving the juveniles

from the sand, may have caused stress and decreased

the survival and growth rates. PFT culture of M.

margaritifera juveniles should thus be tested without

sand substrate and with less frequent disturbance of

the juveniles in terms of sieving, counting and

cleaning procedures.

The PFT system appeared to be accurate in terms of

the timing and volume of the food solution pulse;

however, clogging of the nozzles may decrease the

reliability of the system. Therefore, it is important that

nozzles and manifolds are cleaned regularly to prevent

matter from accumulating in the system.

Kunz et al. (2020) found that the PFT system

improved the survival of juvenile mussels (Lampsilis

siliquoidea Barnes, 1823; Villosa iris Lea, 1829; An-

odonta californiensis Lea, 1852 and M. falcata)

compared to other previously tested rearing methods.

The results of the present study suggest that the PFT

system is suitable for rearing juvenile M. margari-

tifera. In addition, the present study showed that PFT

provides an efficient system to study different factors

contributing to the survival and growth of juvenile M.
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margaritifera. Thus, in accordance with the general

conclusions by Kunz et al. (2020), it is believed that

PFT offers an ideal system for replicated experimental

studies on factors affecting the rearing success of M.

margaritifera and on water source, feeding and

contamination problems. Therefore, the PFT culture

system not only offers an alternative rearing system of

M. margaritifera juveniles, but it can, in general,

contribute to the science-based conservation of this

critically endangered species.
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