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ABSTRACT

Pseudanodonta complanata is listed as “Near Threatened® on the ITUCN Red List (IUCN, 2006) and is »
spectes of conservation priority on the UK Biodiversity Action Plan. The UK is host to some of the
largest populations of this species, but little s known about their reproductive bislogy. Two populations
were studied in the Great Ouse catchment and the Waveney and Yare catchment, Bast Anglia, UK,
Both populations are reproductively active, producing viable glochidia. Small mussels (<030 mm
lergth} in both carchments indicate that recruitment is occwrring. A short non-gravid period in May
15 followed by three months of glochidial formation in June, July and August; by Seprember mussels
contain mature glochidia ready lor release the followmg April. Females brood between 3,000 and
50,000 glochidia, and this scales with mussel length L {mm) as; nyue o L The sex ratio is skewed
towards females {20 females;t male), and males are larger than females, No hermaphrodites were
found during the histological examination of the gonads of 24 mussels. The i vivo examination of demi-
branchs is shown to be an effective nonsacrificial means of determining sex and gravidivy. Conservation
recommendations include: minimizing management operations in river stretches containing large popu-

lations; avoiding forms of management which preferentially remove large mussels (L.e. males and the most
lecund females}; performing management dusing the non-gravid period to avoid causing the premature
release ol glochidiag leaving suflicient time between management operations for poputations ro recover;
and temporarily translocating mussels to refugla during management operations.

INTRODUCGTION

The precipitous decline in freshwater mussel populations has
become a cause for concern in recent vears (Bogan, 1993, 1998,
Kicciardi, Neves & Rasmuassen, [998; Swayer ef af,, 20040, In
North America, of the 297 species once present, 12% are pre-
sumed extinet, and 60% are considered endangered or threa-
tened (Ricciardi #f of., 1998). This trend is seen the world over
(Bogan, 1993), and has been atwributed variously to poliution,
stltation, habitat destruction cansed by impoundment, canaliza-
ticn and dredging, land-use change, loss of the obligare host-fish
species, and the spresd of invasive species such as the zebra
mussel, Draissena potymorpha {Bogan, 1993 Layzer, Gordon &
Anderson, 1993; Neves, 1993 Williams of «f., 1993, Ricciards
ebal., 1998; Aldridge, 2000, 2004; Straver «f al., 2004).

The depressed  river mussel,  Prendanodonia  complanate
(Rossmisster, 1835} (Fig. 13, is a Buropean freshwater bivalve
which s currently listed as ‘Lower Risk ~ Near Threatened’
on the TUGN Red List of Threatened Spectes (TUCN, 20083,
Irg range extends across most of Europe, including Finland,
Sweden, northern Russiz, Austria, Germany, Switzerland,
France, The Netherlands and the UK {Haas, 1969; Gittenberger
et al., 1998; ITUCN, 2006}, However, it is reported to be rare in
most parts of this range {Schermer, 1935; Tudorancea, 1972,
Hauvkioja & Hakala, 1974; Huby, [988; Englund & Heing,
1992, Willing, 1997, Kerney, 1999}, In Germany, it is classed
as ‘threatened by extinction’ and is afforded a high degree of pro-
tection by law (Der Bundesminister filr Umwels, Naturschuez
und Reakrorsicherheit, 19867, In the UK, it has been included
on the priovity list of species of particular conservation concern
in the Biodiversity Actton Plan for the UK {Anon, 1995).
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There remains some confusion over the taxonomy of P, compla-
aofr. Haas {1969} recognized three geographically separated
st P oglongeta Holandre, 1836, P. complanale Rossmidssler,
1835 and P omiddendorffi Siemaschko, 1849 he states that
P oelomgala 3s the form found in the UK. Current consensus
halds that P eomplanalo s a single species (Falkner, Bank &
von Proschwitz, 20015 Anderson, 2005), and we follow this
clagsification here.

Despire evidence of a decline in UK populations in recent
years {Maller, 1999}, the UK is home o some of the largest
populations of P. complanale in the world [Willing, 1997,
Melvor, 1999; Mualler, 1999%. These populations are therefore
of particular conservation importance, and they permit much-
needed studies on the biology and ecology of P. complanata.
Such studies are called for in the UK Species Action Plan for
P.complanate {Willing, 1997}, which states as one of its objectives:
1o loitiate autecological rescarch to develop a clearer under-
standing of ... the life history of the species”.

Because most untonld species are relatively  long-lived
thetween 10 and 100 years; Bauer, 1983 vor, 19997, relic
populations may be found wany years alter recruitment has
stopped, for example because of the loss of the hest fsh, a
change in water temperature, or pollution aflecting juvenile sur-
vival (Baver, 1983, 1988; Heinricher & Layzer, 1999; Aravjo &
Ramos, 20008 Many such populations have heen found
{e.g. Chesney & Oliver, 1998; Henricher & Layzer, 1999;
Rogers, 1999; Kelner & Sieeman, 2000; Morales of af,, 200
and this emphasizes the importance of understanding the repro-
ductive biology of a unionid mussel species in arder to conserve

The reproductive biclogy of unionid mussels is unique: sperm
are released by males into the water column to fertilize cges
being held i the outer demibranchs {gills) of females. The fert-
lized eggs develop inio glochidia (Tarvae with bivalved shells)
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Figure 1. Preudanodonte complanata, showing the forms found in the Great Quse catchment A and in the W avency and Yave catchment B Seale har = 20

mar. Photo A AL Molver; photo B 8. Midler.

within the femaled’ gills, and are then released into the water
column. To complete thely development into juvenile mussels,
they must parasitize certain host fish species, encysting on the
gills, fins or scales for days or months, Having completed meta-
maorphosis into juvenile mussels, they exayst from the host fsh (ar
from the parent mussel (Kat, 1984),

Previous studies have shown that P complanata
winter brooder, holding glochidia for most of the vear and
releasing glochidia in spring or summer, This is followed hy a
short non-gravid interval, which is betweern March and May
in Austria {Schierholz, 1889), in June i Finland {Pekkarinen,
1993) and between July and August in Russia {Zhadin, 1952},
The only British study, based on six individuals frem the River
Cam {a tributary of the Great Guse), found that all specimens
were gravid in July (Aldridge, 1999); no P. complenate were
lound in other months, so the non-gravid period is unknown,
No males were found, implying that P. cemplanata may be her-
maphroditie. Pekkarinen (19933 found three hemmaphrocdies
among 180 mussels in Finland, showing that hermaphroditism
is present bur uncommol in the Finnish population,

This stady investgates the reproductive biology of two Britsh
populations of P. complonala, tn the Great Quse catchment and
the Waveney and Yare catchment in Fast Anglia (Fig. 20,
Both catchments contain short stretches with very high densides
of P complanala (Mclvor, 1999, Miller, 1999), The gravidity,
fecundity, sex ratio and possibility of hermaphrodidsm were
studied fo determine whether these populations are reproduc-
tively active, and to provide detailed information about their
reproductive biology o inform future management plans
aimed at this species’ conservation.

18 a long-term

oy
o

MATERIAL AND METHODS

Specimens of P. complanata were collected by hand every month
between January and Novermnber 1999 from a range of locations
within the Grear Ouse carchment and the Waveney and Yare
catchmaent in East Anglia, UK (Fig, 21, Mussels were collected
from different locations each month to aveid collecting the
same specimens twice,

The maxbmum lengths of all P. complanate were measured
with vernier callipers. The valvey of mussels were gently
prised open by inserting the tips of the thumbs into the gape
hetween the valves and pulling the valves a few wmillimerres
apart {the permanent valve gape of P. complanats makes this
possible}. The demibranchs could then be examined i o to
identily mules, non-gravid females and gravid females. In
males, theve 15 no swelling of either the outer or inner
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Figure 2. Map of southeast England showing the Great Quse carchiment
and the Waveney and Yare catchment.

demibranchs, which are both thin and tlexible when lifted up
with a blunt needle; in non-gravid lemales, the cuter demi-
branchs are thicker than the inner demibranchs, and they are
sturdier and more rigid; and in gravid females, the outer demi-
branchs are highly swolien along all or part of (heir lengrh (fol-
lowing Bloomer, 1934; Heard, 1975: Hiby, 1988; Aldridge,
personal observation).

Samples were taken {rom inside the ounter demibranchs of
gravid females using a syringe with a 600-pm hore needle o dis-
cover whether egys, immature or mature glochidia were present.
‘The samples were examined under a dissecting microscope, and
mature  glochidia smapped  shut when a satwrated  sale
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Table 1. The source catchment and lengths of the 14 mussels whose
glochidia were counted {shown in bold} which form a sub-group of the
24 dissected mussels; these mussels were collected between February
and April 1999

Catchment Sex No.  Lengths (mm)

Greai Ouse Femzale 5 58, 59, 62, 63, 69
Male 1 54

Wavenay/Yare Female 11 48, 55, 62, 62, 64, 64, 69, 76, 80, 80, 80
Male ¥ 32,37, 43, 48, €3, 81, 85

solution was added {Weaver, Pardue & Neves, 1991; Watters &
O'Dee, 1998; Fisher & Dimock, 2000,

The demibranchs from 1 (ully gravid females (Table 1) were
dissected out, cut open and shaken violentdy in water to flush out
all glochidia from between the gill septae. Sub-samples from an
agitated suspension of the glochidia weie taken and the number
of glochidia counted.

Gonadal tissue samples from the upper central portion of the
foot tssue were taken from 24 musseds {Table 1), and these were
passed through an alcohol series and into xylene and wax for sec-
tioning with a microtome. Five G-ppm thick sections were cut at
200300 pam inrervals throughout the gonad; Loosanoff (1937,
Heard (1973) and Grande, Araujo & Ramos {2001} emphasize
the Importance of Jooking at more than one region of gonad
tissue when in search of hermaphroditdc tssue. The sections
were stained with haematoxylin and cosin, Spermatocytes and
oocytes were tdentified using descriptions given by Dinamani
(1974 and Peredo & Parada (1984}

RESULTS

The gonadal sex of 23 of the 24 disseered mussels matched the sex
as determined by examination of the gills; I the one remaining
mussel, no sex could be determined from the gills. This confirms
the reliability of sexing mussels using the comparative thickness
of the outer and inner demibranchs.

The sex raito of mussels

Alrogether 243 females and 112 males were found, giving a com-
bined sex ratio of 2.5 (emales: | male, which is significandy differ-
ent from a bl ratio (X2 =608, df=1, P<0.00], using
the Yates correction for continuity; Zar, 1996). The sex ratio

Ouse catchment
O Unsexed
m Fermnale

@ Male

Number of P. complanata

2629
100-104

Length (mm)

DANODONTA COMPLANATA

way not significantly diflerent between the two catchments:
182 females and 63 males were found in che Ouse catchment,
compared with 111 females and 49 males from the Waveney
and Yare catchment (XQ =0.013, dl= 1, P=0.7341 It was
shown by #-tests that males were significantly longer than
females in hoth catchments: Quse catchment: = 7,09,
df==03, P < (.001; Waveney and Yare catchment ¢= 3.13,
df= 62, P =00.005 (Fig. 3). Pseudanadonta complanata from the
Waveney and Yare carchment were alse significantly longer
than those from the Quse catchment: =871, df= 334,
P 000

Gravidity of mussels

The smallest gravid mussels were 43 mm in length {Ouse catch-
ment} and 48 mm in length (Waveney and Yare catchment),
Smaller non-gravid mussels were found in both catchments as
shown in Figure 3,

Mussels were gravid with marure glochidia from September
through to April {Fig. 4}. Following a short non-gravid interval
in May, mussels started 1o brood eggs in their outer demibranchs
int June and July. By August, these eggs had developed into glo-
chidia, aithough the glochidia were only in the early stages of
formation:  they did not possess hooks and were white in
colour. By September mature glochidia with well-lormed light-
brown hooks were present,

Glachidial release must have occurred i late Aprilfearly
May, although this was not observed elirectly. It is probahle
that glochidia were not all released at the same time, because
in April the demibranchs of 10 of the 22 gravid females were
swollen for only part of their length; ar other times of the year
the demibranchs were swollen along most of their length.

Fecundity

Individuals contained between 5,000 and 50,000 giochidia in
their vuter demibranchs, The number of glochidia (Ngtock )
increased with the length of the mussel (L, mm) as follows:

Rgioeh = 3,521

flinear regression on natural logarithm of datw Fry go= 11,4,
; ¢ T {5,192y
P <000 R = 0,486; Fig. 5).
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Figure 3. The size frequeney distribution of male and female Psendanodonto complanata in the Ouse catchment and the Waveney and Yare cawchment,

also showing the few musse
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s whose sex couwld not be determined by visual examination of the gifls {mostly the smaller musscls).



AL McIVOR A

n:
16 4 39 24 27 17 20

2%

D DG

ALDRIDGE

27 18 13

1.0

O3 Nongravid females

B3 Gravid females
(egys)

. Gravid females

(immature glochidia)

M Gravid females

Proportion of femates

i

(mature glochidiay

FEHY
HHEHT
T

January
February
Marchh
April
May
June
July

Month {1998)

August

October

September
November

Figure 4. The proportion of Preudanodonta somplanaie that was gravid cach month, showing whether eggs, immature glochidia or matwre glochidia were

present. The number of mussels examined each month is given above each column. Data from the (

as it was not possible 1o visit all catchments in all mouths.
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Figure 5. The relationship between the length of a female mussel and the
number of glochidia being brooded in the outer demibranchs. The fine
shows a lnear regression through the dawa fsee text).

The gonadal

T the 24 dissected mussels, either spermatocytes or cocytes wers
visible in all gonadal sections (8 males, 16 females]; no mussels
contained both spermatocytes and oocytes.

Oocyres were recognized by their farge size {hetween 530 and
80 pm dinmeter), large nuclens and granalar cytoplasm
(Fig. 6A). Spermatocytes were much smaller (4 pm diameter)
and darkly stained throughout lavge numbers were densely
packed within the follicles (Fig. 6B}, In some sections, spermato-
zoa were visible near the centre of the lollicles; these were bullet
shaped, long and thin with one end flattened dl”ld the ather end
rounded (3 pm long and 1 pm widel; occasionally their tails
were also visible, Large multinucleated sperm morulae {up to
L0 parr across) were also visible in male sections.

sex of mussels

DISCUSSION

In the cawchments studied, Pseudanodonia complanain was found o
be veproductively  active, producing  viable  glochidia.
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sreat Chuse, the \'\( aveney and the Yare were pooled

Psewdunsdonta complanata is probably a generalist in its use of
host fish species, as it encysts on a number of fish species, includ-
ing the rufle, Gymnocephalns cernua {Bervie & Boize, 1983}, ;’)(’I“Ch
(Perca fluviatils ), zander (Stizostedion lucioperca ), thrcv ard nine-

spined sticklebacks {Gasterosions aenleatus and Pungitius pungitins
and brown trout {Salmo frulle farie) [Huby, 1988;, Many of
these fish sp we present inthe Ouse, Waveney and Yare
catchments (Environment Agency, personal communications),
and therefore P, complanata should be able 1o reproduce. The pre-
sence of smaller individuals (<30 mm in length in both catch-
ments, I'ig. 3} s confirmation that recruitment is occurring
(specimens smaller than this are rarely found by hand-
sainplingy. Therefore, these populations are considered Impore-
ant populations for conservation.

Sex vatis and hermaphroditism

A female-biased sex ratlo similar to that seen here has bes
reported frem o number of other freshwater bivalve specie
{Heard, 1975; Bauer, 1987; Byrne, 1598; Garner, Haggerty &
Modim, 1989). No hermaphrodites were found, suggesting
that P. complanate is either wholly or predominantly dicecious
i these catchments. Pekkarinen, (1993 found approximately
2% i=c’z‘n‘mphmciirc‘s by Fionish waterways, and similar levels
could exist in British populatons. Weisensee (1916) suggests
that a skewed sex ratio could be a phase in the development of
hermaphroditism in anodontine species, many of which are
known to demanstrate great plasticity in their life history
strategies (Heard, 1973),

Male P. romﬁ/ana,'a were generally longer than females. Simi-
larly, Brander [1954) noted that in Finnish populations,
females were under-r epresented in the larger size classes, and
that the largest female was smaller than the largest male. A pos-
sible explanation for this is that females resorh their shells o
provide calcium carbonate for juvenile shell formation; shell
resorption (or negatve growth) is seen in several freshwater
bivalve species, including dnodmta grandis grondis and Lampusifis
radiatn siliquoidea (Downing & Downing, 1993), the zebra
mussel Dregisena pofymorpha (Fincks & Mackie, 1997}, and
Anodonta anating and Unzp pictorum { McIvor, 20047,

‘The sex determined [rom the gills matched gonadal sex in 23
out of 24 dividuals, allowing the reliable estmadon of sex
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A Female gonadzal tissue B Male gonadal tissue

Figure 6. Gonadal tissue. A, Female gonadal tssue, showing aocyies {oc), nuclel in), follicke lemen {13, follicle wall {fw) and connecdve tissue oth
Seake bar = 120 wn. Meost follicles were empty or contained only afew oooytes, beeauss the specimens were colleeted between February and April when
the previsus year's voeytes had already been relensed into the gills and the current year’s ooc had not yet started forming, B, Male gonadal
tissue, showing spermatocytes {sc}, spermatozoa (s, sporm morulae {sm), follicle lumen {0}, and follicle wail Fwi, Scale bar =23 um.

Photographs: 8. Miiller.
without the need te sacrifice mussels. This technique is particu- P ocomplanala could be induced ar 20°C with the addition of
larly easy with P, complanaia because of the long period of gravi fish but not ar 12°C, and Bloomer [1943)}, whe recorded that
dity and the permanent valve gape, allowing the mussel valves to low temperatures delaved or inhibited glochidial release in Ano-
be prised open easily without the need for tongs and without donie eygnen. Hastie & Young {(2003) document both inter-
damaging the mussel’s shell. apnual and between-carchment variation in the timing of egg
transler to the gills and glochidial release in Scottish populations
ol Margarilifera margesitifera, which they also avribute to vari-
Age ab maturity atlons i water temperature,

The smallest gravid females were 43 and 49 mm in length o the
QOuse and Waveney and Yare catchments, respectively; these Fecunditly
lengths corrsspond to an age of approximately 4 years old [esti-
mated from catchment-specific lengthiage graphs produced by
Melvor (195895 and Maller (199%), where age was measured by
counting the growth rings on mussel shells). This falls within
the normal range for age at maturity of oplonids: Haag &
Staton {2003) found that Klpto aree and Lampsilis ornala
matured by the age of two, while Quadrule asperate and 3, puste-
{psa reached maturity between the ages of three and nine.

In this study berween 5,000 and 30,000 glochidia were found in
gravid females, aud the number of glochidia increased exponen-
tially with mussel length. Haby (1988) found smaller numbers
{between 8,000 and 16,000} in P, complanata Trom Germany,
using mussels of a similar size. Both Huby's data and the
nuwmbers of glochidia seen in this study are low relative 10
numbers seen in other Europeas species: between 100,000 and
300,000 glochidia in Unie spp. {Maaf, 1987; Piechocki, 1999)
and 16,000,000 glochidia in A, margaritifiva { Youny & Williams,
19845, However, some North American species show similar
small numbers of glochidia; for example, Fusconata cerina, Quad-
The non-gravid interval of . somplanaia is io May in these catch- rufa asperate and {3, pustusiosa were found o produce <260,000
ments, which is similar 1o that seen in Finnish populations glochidia by Haag & Staton {2003).

{in June, Pekkarinen, 19937, and in between the non-gravid
periods of Austrian populations {March~May, Schierholz,
1889) and Russian populations {July—August, Zhadin, 19592).

This pattern suggests that glochidial velease ocours enrlier in

The timing of gravidity

Implications fur conservation. recommendations for river
management

the year in warmer regions. This is consistent with the findings Ideally, channel management of river stretches containing
of Hiby {1888}, who showed that glochidial release by important P, complanata populations should he kept o a
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minhnun, as any form of disturbance is likely to affect the
mussels. In the UK, commen forms of channel mapagement
used to maintain flows and thus prevent flooding include dred-
ging {to prevent the build up of sedinment) and weed-curting
{to remove excess growth of macrophytes). Both methods
remove mussels from the river channel {Mclvor, 1999; Aldsidge,
2000, 20043, m an extreme case, a single dredging event in the
River Brue in Somerset removed more than 20% of a P compla-
nate popudation (Miller, 1599). The requirement for such man-
agement should be carefuily considered, and only undertaken i€
absolurely necessary and if the benefits of such management can
be shown to ourweigh the potential disturbance 1o the P compla-
nadn popalation. I such work i considered essencial, the follow-
ing recommendations may reduce the tive Tmpacts an
popuilations.

Forms of river management which preferentially remove
flarger mussels, such as the Bradshaw bucket (a mechanical
weed-cutting bucket mounted on a bank-side excavaror)
should be avoided, substituting practices which are not size-
selective, such as weed-cutting cither using a boat or by hand
{Aldridpe, 2000}, Remoeving the largest mussels will not only
remove & disproportionate number of males {shown here to be
largery, bur will also remaove the most fecund females, which
could result in a dramatic reduction n the numbers of glochidia
produced. Although weed-cutting by boat or by hand is more
expensive, dense populations of P. pomplanata are often highly
localized along short strewches of river (Mildler, 1999; Mclvar,
1999 D.C. Aldridge, unpubl), so the cost need not be
prohibitive.

As mussels may release larvae prematurely when stressed,
e.g. by physical disturbance, exposure to high turbidity or low
oxygen concentrations (Aldridge & Melvor, 2003), it is rece
ommended that work be carried out during the non-gravid
period of mussels {Le. May), 1o prevent causing the premature
relense of larvae which could resuli tn a large proportion of
mussels foregoing reproduction for that year. However, the
very short non-gravid period may be nsuflicient to complete
management works, particularly longer term construction opera-
tions {e.g. bridge building). In such cases, it 15 recommended

that works be carried out within one reproductive year of

mussels {i.e. approximately June-May] so that only one repro-
ductive cycle s afiected.

The frequency of chamnel management should also he con-
sidered. IF lurge numbers of mussels are removed during man-
agement opervations {as in dredging), and i the interval
between dredging is shorter than the tume it takes a mussel to
beco
mussels may be lost, The voungest reproductively active individ-
uals of P complanata were approximately 4 vears old; therefore, it
s recommended that a dredging frequency of not more than
once per 6 years ig carried ont, amnd longer intervals should be
preferred.

Finally, the temporary translocation of mussels should be con-
sidered in the case where an solated population will be impacted
by a management procedure that is Iikely to remove most of the
mussels, Il mussels are carefully handled and well maintained,
either in holding winks with a sultable algal dier (Gatenby
el al., 20007 or in net bags suspended in the source river
Melvor, 20041, high survival rates can be achieved, Mussel
relocation hay become a coramon procedure for impertant
unionid populations in North America {Cope & Waller, 1955).
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