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Abstract Many parasites have strong negative

impacts on their hosts, but the effects of single-host,

non-trophically transmitted parasites can be subtle and

are not well understood. We examined the physiolog-

ical response of juvenile brown trout (Salmo trutta) to

encystment by the parasitic larvae (glochidia) of the

freshwater pearl mussel, Margaritifera margaritifera.

Glochidia abundance was positively correlated to host

body size and was accompanied by significant spleen

enlargement at 31 days postexposure, but not before

(15 days) or after (160 days). Compared to controls,

encysted gill lamellae were significantly thicker and

longer, and tended to have fewer mucous cells which

may have facilitated encystment. There were no signif-

icant difference in mean blood haematocrit between

encysted and uninfected trout, but encysted trout took c.

6 h longer to reach basal ventilation rate than controls

suggesting that glochidiosis may impose a respiratory

burden to brown trout. These findings may have

implications for the artificial propagation of the fresh-

water pearl mussel because the effects of glochidia on

host respiratory performance appear to be additive.

Therefore, aiming for high glochidia loads may not be

the best option for mussel propagation programmes, if

this compromises host fitness and hence the probability

of successful glochidia excystment.
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Introduction

Freshwater mussels (Bivalvia: Unionoidea) rank

amongst the most endangered aquatic organisms in the

world (Lydeard et al., 2004; Strayer et al., 2004). They

have an obligate parasitic stage (glochidia) attached to

the gills or fins of freshwater fish (Meyers & Mille-

mann, 1977) and are increasingly the target of

conservation programmes that rely on the infection

of suitable fish hosts for propagation (Thomas et al.,

2010). Yet, knowledge of fish vulnerability and

resistance to glochidia is very scant, despite its

obvious importance for Unionid mussel conservation.

It is assumed that glochidia represent some form of

parasitic burden (Treasurer & Turnbull, 2000; Trea-

surer et al., 2006) because fish often mount an immune

response that results in the sloughing of large numbers
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of glochidia (Hastie & Young, 2003; Rogers-Lowery

et al., 2007) and can acquire immunity following

experimental exposure to a range of freshwater

mussels (O’Connell & Neves, 1999; Rogers &

Dimock, 2003; Dodd et al., 2005, 2006). On the other

hand, because glochidia are obligate, single-host

parasites, their fate is inexorably linked to that of

their hosts, and a strong negative impact on fish hosts

would ultimately decrease parasite fitness. Indeed, the

parasitic status of freshwater mussels has been called

into question, and the relationship of glochidia with

their fish hosts has been described as one of phoresy

(Barnhart et al., 2008), or even as a form of symbiosis-

protocooperation (Ziuganov & Nezlin, 1988; Geist,

2010), although this has never been tested.

Salmonids are the definitive, obligate hosts for the

glochidia of Margaritifera margaritifera (L.), the

freshwater pearl mussel, and here we examined a suite

of physiological responses of brown trout (Salmo

trutta L.) to glochidia encystment at various times

postexposure in order to shed light on the nature of the

salmonid-freshwater pearl mussel host–parasite sys-

tem. We examined the spleen of infected and control

trout because the vertebrate spleen is the location of

soluble antigen recognition (Rowley et al., 1999) and

can also act as an erythrocyte reservoir (e.g., Yamam-

oto, 1987). Spleen enlargement (splenomegaly) fol-

lowing parasite infection has been reported for many

species, including birds (Brown & Brown, 2002) and

fish (Seppänen et al., 2009), making the relative size of

the spleen a potentially useful indicator of host

immune-competence. However, stress can also cause

a change in the relative size of the spleen of fish

(Manning, 1994). For example, Kortet et al. (2003)

observed a decrease in the relative size of the spleen of

Rutilus rutilus as a result of spawning stress in the

wild. The spleen of encysted trout, therefore, could

become enlarged due to an immunological response,

or contracted due to a stress response.

Many organisms show reduced blood haematocrit

following infection by blood parasites. That is the

case, for example, with blackeye thicklip infected by

gnathid isopods (Jones & Grutter, 2005), or rabbitfish

Siganus luridus infected by the microcotylid Allobiv-

agina spp. (Paperna, 1984), but it is unclear if this is

also the case for glochidia-infected trout. Glochidia

become encapsulated in the secondary fish gill lamel-

lae and the cysts often pierce through the fish’s blood

vessels (Karna & Millemann, 1978; Araujo & Ramos,

1998; Araujo et al., 2002), so there is clearly potential

for altering host blood parameters. Histological

examination of fish gills, and data on red blood counts,

therefore, could reveal potential glochidia impacts.

Finally, because glochidia of M. margaritifera are

exclusively gill parasites (Wächtler et al., 2000), we

expected that they might have an impact on salmonid

host respiration. Fusion of secondary lamellae, nodule

formation, and thickening or scarring of the gills have

sometimes been noted in other glochidia–fish systems,

and it has been suggested that this might increase

resistance to gas diffusion, and perhaps decrease

respiratory performance (Meyers et al., 1980). Some

fish respond to glochidia encystment by hyperventi-

lating (Crane et al., 2011), but whether this represents

a response to impaired gas exchange is not known. No

information is available on the salmonid–freshwater

pearl mussel system, and we employed opercular beat

rate as a measure of ventilation frequency (Hawkins

et al., 2004; Millidine et al., 2008) to test if glochidia

encystment-affected salmonid respiration. Our gen-

eral expectation was that the effects of glochidia on

salmonid physology would be mild or short lived in

order to ensure host survival and maintain parasite

fitness.

Methods

Sources of fish and estimation of glochidia loads

Studies were conducted at the Cynrig Fish Culture Unit

of the Environment Agency Wales (Powys, Wales) and

at the Freshwater Research Unit, Swansea University.

Juvenile 0? brown trout (Salmo trutta) used in this

study (fork length 54–265 mm) were derived from

R. Usk broodstock maintained at the EAW hatchery, as

part of the Environment Agency (Wales) captive

breeding program for M. margaritifera. Approxi-

mately 1,000 trout were transferred to a 1.5 diameter

tank which was connected to a holding tank containing

50 adult mussels at least 2 months before glochidia

spatting during the autumns of 2008 and 2009. A

similar number of trout was kept in other tanks

unconnected to the mussels to serve as unexposed

controls. Fish were fed in excess by means of automatic

feeders according to standard hatchery procedures.

A sample of 27–90 juvenile brown trout were

humanely killed by an overdose of anaesthesia
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(2-phenoxyethanol, Sigma Chemical Co., St Louis,

MO) at four different time intervals over the course of

glochidia encystment. The fish were weighed (wet

weight, 0.1 g), measured (fork length, mm) and their

gill arches dissected and mounted on glass slides.

Glochidia found on each of the eight gill arches were

counted under a dissection microscope (Leica) at 409

magnification and these were summed up to provide

total glochidia loads for each fish. Glochidia numbers

were counted on two occasions separated several

weeks apart to provide data on the reliability of

glochidia counts. Approximate dates of spatting (glo-

chidia release) were estimated from visual observa-

tions of adult mussels and detection of encysted

glochidia in the trout gills. Days postexposure (d.p.e.)

were calculated as the mid-point between the date of

the last negative sampling occasion (when no glochidia

were found) and the first positive sampling event.

Gill histology

At 15 days postexposure, the first left gill arch of 15

trout was placed in an excess of freshwater Bouin’s

fixative (Humason, 1979). Histologically-fixed gill

arches were dehydrated in a series of graded ethanol

baths (70, 80, 90, and 100%), and cleared with Histo-

Clear (National Diagnostics, USA) before mounting in

paraffin wax. Serial sections (6 lm) were made using

a 52164 Kent Cambridge rotary microtome and at least

ten slides per individual were stained using the

haemotoxylin-eosin method (Lillie, 1965). Gill sec-

tions were then photographed using an Olympus C500

digital camera mounted on an Olympus BX41 micro-

scope at 409 magnification. The width and length of

one control (unencysted) and one encysted secondary

lamellae, as well as the thickness at glochidia cysts at

0�, 180�, and 270� axes were measured for each

individual host from high resolution digital photo-

graphs using Image-J (Fig. 1). The presence or

absence of epitheliocystis-like colonies (Nowak &

LaPatra, 2006) was noted, and the number of mucous

cells in a 200 lm2 area centred on the cyst was

counted.

Haematocrit determination

To determine haematocrit values, whole blood from

the caudal veins of freshly killed trout (exposed

n = 21; unexposed n = 23) was drawn into capillary

tubes (75 9 1.5 mm) at 30 days postexposure, cen-

trifuged at 3,000g for 5 min and the total packed red

blood cell volume read from a haematocrit graduated

scale (Hawksley Scientific) as per Woo (1969).

Splenomegaly

Spleens were dissected from trout hosts at 15 days

(n = 27), 30 days (n = 27) and 160 days postexpo-

sure (n = 30), weighed (0.001 g) and photographed

with a Canon EOS D40 fitted with a SIGMA EM-140

DG ringflash and a macro lens (TAMRON SP DI

90 mm 1:2.8, 1:1 magnification), mounted on a copy

stand at a fixed 40 cm height from the object. Spleen

areas were subsequently digitized from high resolution

TIFF images using Image-J (Abramoff et al., 2004) in

order to quantify the extent of glochidia-induced

splenomegaly (enlargement of the spleen).

Ventilation frequency

Ventilation frequency of trout hosts was estimated

from measurements of opercular beat rate (OBR) as per

Roberts et al. (2011). A total of 50 exposed brown trout

were haphazardly collected from the EAW hatchery at

160 d.p.e., transported to Swansea University and

allowed to acclimatize in a 1 m diameter recirculation

tank for 1 week. Individual fish were then placed at

random in six 3-l aquaria (25 9 15 9 18 cm) fitted

with a constant air supply. A wooden frame and

dividers isolated the aquaria and prevented the fish

Fig. 1 Encysted M. margaritifera glochidium in the gills of

brown trout host 15 days postexposure (corresponding to 176

cumulative temperature units). Key: G glochidium, L secondary

lamellae, M mucous cells. H & E stain, 940 magnification
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from seeing each other. Small observation holes

allowed an observer to view the fish without being

seen. OBR was recorded with the aid of a stopwatch at

6 min intervals during the first hour, then at hourly

intervals for 4 h, before a final reading was taken 15 h

after introducing the fish, which was considered to be

the baseline value (Brydges et al., 2008; Roberts et al.,

2011).

Statistical analysis

We employed general linear models to examine the

effect of body size (fork length) and days postexposure

on trout glochidia loads, and tested for glochidia-induced

changes in spleen size and haematocrit at various times

postexposure by ANCOVA, using fork length as a

covariate. To test for glochidia-induced changes in gill

morphology, we employed a paired t test to compare the

length and width of encysted and unencysted (control)

secondary lamellae from the same individuals, as well as

the number of mucous cells per 200 lm2 section.

Repeated measures ANOVA was used to compare

OBR of uninfected and infected trout with different

glochidia loads using fork length as a covariate to control

for variation in body size. Where Mauchly’s test for

sphericity could not be met, Greenhouse-Geisser cor-

rected probability values were used. We used SPSS 16.0,

and SYSTAT v. 10 for all statistical tests, and applied the

logarithmic or square root transformations to improve

normality and homogeneity of variances, as required.

Ethics statement

Trout used in this study had been exposed to glochidia

of the freshwater pearl mussel by EAW staff as part of

Environment Agency (Wales) captive breeding pro-

gram for M. margaritifera, and were part of the routine

monitoring of encystment rates at the hatchery. Fish

were humanely killed in accordance to HO schedule 1

and carried out by trained personnel.

Results

Effect of body size and time since encystment

on glochidia abundance

Glochidia counts were reliable, as there were no false

negatives and repeatability in glochidia counts was

very high (intraclass-correlation coefficient = 0.999,

Cronbach’s Alpha = 1.000). Glochidia abundance

generally decreased with days postexposure (Table 1).

Multiple regression (F2,190 = 33.927, P \ 0.001)

indicated that variation in glochidia counts (square-

root transformed values) was positively associated

with trout body size (t = 2.517, P = 0.013) and

negatively associated with days-postexposure (t =

-7.703, P \ 0.001; Fig. 2). However, the positive

effect of host body size on glochidia abundance, which

was evident at 15 days (F1,25 = 4.88, P = 0.037) and

30 days postexposure (F1,25 = 280.02, P \ 0.001),

was no longer significant at 160 d.p.e. (F1,47 = 2.404,

P = 0.128) or 167 d.p.e. (F1,88 = 0.837, P = 0.363).

Gill histology

Encysted lamellae were significantly thicker (mean =

251.6 lm, SD = 46.8) and longer (mean = 298.9 lm,

SD = 78.34) than un-encysted (control) lamellae from

the same fish (mean thickness = 141.4 lm,

SD = 50.7, t14 = 12.560, P \ 0.001; mean length =

245.2 lm, SD = 76.2, t14 = 6.222, P \ 0.001). The

number of mucous cells per 200 lm2 gill area was also

higher in control lamellae (mean 3.5, SD = 3.0) than

in encysted lamellae (mean = 0.4, SD = 0.5), but the

difference was not significant (P = 0.054).

Splenomegaly

As with glochidia counts, repeatability of spleen area

measurements was very high (intraclass-correlation =

Table 1 Variation in glochidia prevalence and abundance in 0? brown trout hosts sampled at various days postexposure (d.p.e)

Sampling year Spat release D.P.E No. of trout

examined

FL (mm) (SE) Prevalence (%) Mean glochidia (SE)

2008 22/09 15 27 91.3 (±3.68) 100.0 100.7 (±18.62)

31 27 98.4 (±2.74) 100.0 150.9 (±2.94)

160 49 107.3 (±3.52) 55.0 36.7 (±7.94)

2009 28/09 167 90 174.4 (±1.98) 47.7 54.1 (±7.66)
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0.999, Cronbach’s Alpha = 1.000), indicating that

digital photography can be used to obtain precise

measurements of spleen area. At 15 and 160 days

postexposure glochidia encystment did not result in

any detectable enlargement of the spleen, and all the

observed variation in spleen size was explained by

differences in host body size. However, at 30 d.p.e.

there was a significant enlargement of the spleen of

infected fish compared to controls (t = 8.442,

P \ 0.001), once the effects of host body size had

been statistically controlled for (multiple regression

F2,24 = 94.461, P \ 0.001).

Haematocrit

Mean haematocrit values were not related to glochidia

abundance at 30 d.p.e. (F2,18 = 1.959, P = 0.170),

nor was there a significant difference in mean haema-

tocrit between exposed (16.42% ± 4.47, n = 21) and

unexposed trout (16.47% ± 3.78, n = 29) when the

effect of body size had been accounted for (ANCOVA

exposure status F1,41 = 0.240, P = 0.627; fork length

F1,41 = 4.702, P = 0.036).

Ventilation frequency

As data violated the assumption of sphericity for

repeated measures analysis, the Greenhouse-Geisser

correction was applied. Ventilation frequency was

elevated immediately after transferring the fish to the

observation aquaria, and declined over time to reach

basal levels 15 h later (Fig. 3). Univariate repeated

measures analysis indicated a strong between subjects

effect of log-transformed glochidia loads on ventila-

tion frequency (F1,42 = 13.805, P = 0.001), as well

as significant within subject effects of time (F11,462 =

21.806, P \ 0.001), and interactions between time and

body size (F11,462 = 3.601, P = 0.016) and between

and time and glochidia loads (F11,462 = 4.943,

P = 0.003). These results were confirmed by multi-

variate repeated measures analysis, which again

indicated a strong effect of elapsed time on ventilation

frequency (Wilks’ Lambda = 0.302, F11,32 = 6.735,

P \ 0.001), as well as significant interactions between

time and body size (Wilks’ Lambda = 0.392,

F11,32 = 4.504, P \ 0.001) and between time and

glochidia load (Wilks’ Lambda = 0.511, F11,32 =

2.784, P = 0.012). The presence of such interactions

indicates that the rate at which ventilation frequency

approaches basal levels depends on host body size

(large fish take longer) and glochidia loads (more

heavily encysted fish also take longer). Changes in

ventilation frequency over time were well described

by a logarithmic decay curve (Fig. 3, control trout

R2 = 0.949, P \ 0.001; encysted trout, R = 0.985,

P \ 0.001) and indicated that trout encysted with

glochidia took on average almost 6 h. longer to reach

basal levels (predicted time = 941 min.) than control

trout without glochidia (predicted time = 584 min.),

despite having a similar mean body size (t46.7,
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P = 0.622). On the other hand, glochidia load (log

transformed) had no statistical effect on basal ventilation

rate 15 h after netting (glochidia effect t = 0.090,

P = 0.929), once the effects of host body size had been

accounted for (fork length effect t = -8.229, P \
0.001; multiple regression F2,46 = 34.816, P \ 0.00).

Large trout displayed lower basal ventilation rates

than small trout, independently of glochidia load, and

encysted trout showed elevated ventilation rates than

controls at all times until they reached basal levels

(Fig. 4).

Discussion

The results of this study, based on two different

cohorts of juvenile brown trout, support the view that

glochidia of the freshwater pearl mussel may impose

some form of respiratory burden on their salmonid

host, although other physiological effects are probably

mild and transitory, and appear to peak at 1 month

postexposure.

Thus, we failed to find any effect of glochidia on

packed red blood cell counts, while spleen enlarge-

ment appears to have been short lived, possibly

reflecting an immunological host response to antigenic

material (Contamin et al., 2000; Morand & Poulin,

2000; Brown & Brown, 2002; Stanley & Engwerda,

2007; Cowan et al., 2009). Splenomegaly in brown

trout was only observed after 1 month postexposure,

when it was positively related to glochidia abundance.

No reduction in relative spleen size was found, which

would be indicative of stress (Kortet et al., 2003),

therefore suggesting that the observed splenomegaly

was likely a host immune response. Humoral and

tissue reaction to M. margaritifera glochidia have

previously been described in brown trout (Bauer,

1987a, b; Bauer & Vogel, 1987), and also in coho

salmon (Oncorhynchus kisutch) encysted with

M. falcata glochidia (Fustish & Millemann, 1978). In

the bluegill sunfish, Lepomis macrochirus, a humoral

and mucosal antibody response against glochidial

antigens of Utterbackia imbecillis was found at 20 and

60 days postexposure (Rogers-Lowery et al., 2007). In

previously challenged fish, anti-glochidial antibodies

have been identified in host blood much sooner

following a repeated glochidial challenge, indicating

the existence of acquired immunity. For example, Bauer

& Vogel (1987) noted the production of M. margari-

tifera-specific anti-glochidial antibodies in previously

challenged brown trout as early as 7 days postexposure.

The same results were obtained by O’Connell & Neves

(1999), who detected anti-glochidia antibodies in pre-

viously exposed Ambloplites rupestris 7 days after a

repeated challenge by glochidia of Villosa iris.

We found no significant effect of glochidiosis on

trout haematocrit values 1 month postexposure. In a

previous study, glochidia abundance was also found to

be unrelated to salmonid host condition or plasma

lactate levels (Treasurer et al., 2006). However,

plasma chloride levels in glochidia-encysted juvenile

salmon were found to be significantly higher 10 days

after sea transfer (Treasurer & Turnbull, 2000),

suggesting that glochidiosis may affect the ability of

salmon to adapt to the marine environment.

In contrast, the respiratory system of brown trout

appears to have been affected by glochidia encyst-

ment, resulting in some swelling and thickening of

secondary gill lamellae, although this effect was

localized around the cyst (as evidenced by the lack

of swelling in unencysted lamellae). Gill parasites

such as Unionid glochidia may be expected to have an

impact on the host’s respiration performance due to

impaired gas exchange of encysted lamellae, as seen
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by the elevated ventilation frequency of Micropterus

salmoides infected by glochidia of Lampsilis reevei-

ana, even several months postglochidial excystment

(Kaiser, 2005). Although basal ventilation frequency

was unrelated to glochidia loads in our study, encysted

trout took almost 6 h longer than uninfected trout to
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reach basal levels following netting. It would thus

appear that, within the range of glochidia loads found

in this study (1-204 glochidia per fish), glochidia

encystment may have impaired the ability of trout to

recover from hyperventilation in response to a mild

stressor. A recent study (Kaiser, 2005) also found an

impact of glochidiosis on host respiratory perfor-

mance, though at much greater glochidia loads (mean

632 glochidia/fish) than those in our study (mean 37

glochidia/fish). Our results show, for the first time, that

glochidia of M. margaritifera can impair the respira-

tory performance of its salmonid hosts even at low

abundances.

The relationship between glochidia abundance and

host body size is unclear. Although a positive associ-

ation has been noted in salmonids (Young & Williams,

1984; Bauer & Vogel, 1987), lack of association

(Cunjak & McGladdery, 1991), or even negative

association between glochidia abundance and host

size (Bauer, 1987b) have also been reported. However,

many of the earlier studies did not discriminate

between different age classes (i.e., 0?, 1?, etc.) of

the fish hosts, which were segregated by body size

alone. Therefore, it is likely that some of these

contradictory results are probably due to acquired

immunity caused by previous exposure of older fish,

rather than by a genuine effect of host body size. In

contrast, we found a positive relation between glochi-

dia abundance and host body size based on fish of the

same age (0?), which had never been in contact with

glochidia, and which could not, therefore, have devel-

oped acquired immunity. This effect was also transi-

tory and restricted to the initial stages of encystment, as

found by others (Hastie & Young, 2001).

The pathogenicity of Unionid glochidia to their

various hosts is not clear; whilst perhaps not truly

pathogenic, the symbiosis-protocooperation explana-

tion (Geist, 2010), or the phoretic description of this

relationship (Barnhart et al., 2008) do not fully explain

all the observed effects of glochidiosis. The transitory

spleen enlargement observed in this study, along with

the observed temporal changes in the effect of host

body size on glochidia abundance, and the acquired

immunity reported by others, strongly suggest that the

impacts of glochidia on the hosts are slight. Results for

M. margaritifera and other freshwater mussels (Fus-

tish & Millemann, 1978; Bauer, 1987b; Bauer &

Vogel, 1987; O’Connell & Neves, 1999; Rogers-

Lowery et al., 2007) suggest that there is an advantage

to be gained from shedding glochidia, at least during

the initial period of encystment, thereby providing a

strong argument against the relationship being pho-

retic or a form of symbiosis-protocooperation. How-

ever, our study—as well as that of Treasurer et al.

(2006), indicates that glochidia have little or no impact

on the hosts’ haematological condition, at least within

the range of glochidia numbers commonly seen in the

wild. However, the effects of glochidiosis on respira-

tory performance, measured here as the ability to

recover from hyperventilation, appear more signifi-

cant. Taken together, our results indicate that although

glochidia of M. margaritifera may have a small and

transitory effect on salmonid physiology, they may

have an effect on respiratory performance and that this

may compromise the capacity of the host to recover

from even a mild form of stress. Such an impact is

perhaps unexpected from a single-host parasite whose

fitness depends on that of its host. However, given that

individual salmonid fish can differ greatly in parasite

resistance (Consuegra & Garcia de Leaniz, 2008), it is

possible that freshwater pearl mussels might produce

glochidia of varying virulence as a bet hedging

strategy to infect hosts of varying immune-compe-

tence (Fenton & Hudson, 2002). If so, some degree of

host–parasite mismatch might be expected, and some

impacts on the host might become inevitable.

The results of our study have several implications

for the conservation and artificial propagation of the

critically endangered freshwater pearl mussel. Firstly,

glochidia load was found to increase with host body

size during the initial stages of encystment, suggesting

that glochidia attachment is, at least initially, probably

a function of surface area, as reported for other fish

(Poulin, 2000). Captive breeding programmes for

freshwater mussels usually aim for high encystment

rates (Thomas et al., 2010), and our study suggests that

it may be beneficial to select the largest fish as hosts.

However, as no relationship existed between body size

and glochidia loads at 160 and 167 days postexposure,

this may indicate that large trout are more efficient at

shedding glochidia than small ones. A potential trade-

off may therefore exist between encystment rates and

transformation success, and this would merit further

study.

The observed relationship between glochidia load

and ventilation rates has also conservation implica-

tions. Encysted trout and control trout showed the

same size-adjusted basal ventilation rate, but trout
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encysted with glochidia took significantly longer to

reach basal ventilation levels than controls. Moreover,

the existence of an interaction between elapsed time

and glochidia load indicates that the effect of glochidia

is cumulative, and that the more glochidia trout have

the longer it takes for them to recover from even a mild

form of stress. The fitness implications of these

findings are unclear, but it is possible that encysted

trout may be more susceptible to stress or perhaps even

more vulnerable to predation if released into the wild

(Poulin, 1995).

Artificial encystment typically results in glochidia

loads many times higher than those commonly found

in the wild (Karna & Millemann, 1978; Hruska, 2001),

and although loads up to 800 glochidia per fish result

in little (*1%) or no mortality (Hastie & Young,

2001, 2003; Preston et al., 2007) our results suggest

that they may affect fish hosts in other, more subtle

ways. If so, aiming for high glochidia loads may not be

the best option for mussel propagation programmes if

this compromises host fitness, and thus the probability

that glochidia will survive until excystment.
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