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Abstract

The geographic range of the freshwater naiad Margaritifera auricularia has declined alarmingly since the beginning of the 20th
century. The last records of live specimens date from 1933, and this species was thought to be extinct until 1996 when the authors
found a population of about 2000 mussels in a channel of the Ebro River basin (Spain). The habitat, biology and host ®sh of the

species are here described for the ®rst time. The habitat is a well oxygenated, subsaline and oligo-mesotrophic water with high
values of calcium (150 mg/l) where M. auricularia shows a patchy distribution in a substrate of pebbles, gravels and sand. In
aquarium experiments all individuals released glochidia and developing embryos during 35 days (February±March), the former

becoming attached to the gill ®laments of the sturgeon (Accipenser baeri) 1 day after emission. One month later, at a temperature of
16±20�C, metamorphosed juveniles were obtained from induced infestations on the sturgeons. We review the current situation of
this population and measures that should be urgently implemented to conserve this species through conservation of the habitat
(Canal Imperial de AragoÂ n) and long term programmes of arti®cial propagation. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The global decline of freshwater mussel populations
in the last 50 years has attracted much concern from
national and international conservation organizations.
Several causes are suggested. Their complex life cycle
requires a ®sh host during their parasitic larval stage.
The microscopic thin-shelled larvae (glochidia) that are
brooded and released by the millions usually have
hooks to attach themselves to the ®ns or gills, where
they become encapsulated for several weeks before
transforming to a free-living juvenile. Therefore, mussel
survival depends not only on habitat conservation but
also on the availability of the ®sh host.
Species of the genus Margaritifera have been histori-

cally the object of intensive exploitation for their nacre
and pearls. Three taxa are known to occur in Europe:
M. auricularia, M. margaritifera (L. 1758) and M. dur-
rovensis (Phillips, 1928). Validity of the speci®c or sub-

speci®c status of M. durrovensis is discussed in relation
to M. margaritifera by Phillips (1928), Chesney et al.
(1993) and Moorkens and Costello (1994).
During this century, M. margaritifera has been extir-

pated from many regions of Central Europe (Budden-
siek, 1995), and is now a priority subject for study in
many countries. Numerous studies of this species docu-
ment the precipitous decline and status of remnant
populations [Bauer, 1986 (and references therein),
1987a,b; Bauer and Eicke, 1986; Bauer and Vogel, 1987;
Hruska, 1992; Chesney et al., 1993; Ziuganov et al.,
1994; Valovirta, 1995, 1998; Chesney and Oliver, 1998;
Gibson, 1998; Killeen et al., 1998].
The only descriptive report on M. auricularia deals

with a Spanish population (Haas, 1916a,b, 1917) living
in a 70±120-m wide section of the river Ebro between
stones and boulders with a predilection for deep areas
(5±7 m), as well as in the Canal Imperial de AragoÂ n, an
ancient channel of the Ebro. A brief description of the
anatomy of the species is also available from Haas
(1924), but no information on its reproductive biology
and larval morphology was reported. No other living
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specimens of this species were reported in the scienti®c
literature until 1996 (Araujo and Ramos, 1996, 1998;
Ramos, 1998). However Azpeitia (1933) documented
specimens that were probably collected after 1917 from
the Ebro basin, and one specimen from Toledo (Tajo
River), and Altaba (1990) reported dead specimens of
M. auricularia from an irrigation channel of the Ebro
River near the estuary (Tarragona, Spain).
The species' former range included the Iberian Penin-

sula, France, Italy, England, Germany and Morocco,
where a local race probably occurred (Haas, 1969). In
Spain, from 5000 to 400 BC, it had a much wider dis-
tribution (Araujo and Moreno, 1999) as in other Eur-
opean countries (Preece et al., 1983), suggesting a
continuing decline during the post-glacial period.
The species has been listed in Appendix IV of the EC

Habitats Directive and in Appendix II of the Bern
Convention. In the IUCN is listed as Critically Endan-
gered (IUCN, 1996). After the rediscovery of living
specimens of M. auricularia (Araujo and Ramos, 1996)
and the corresponding report to the DireccioÂ n General
de ConservacioÂ n de la Naturaleza of Spain, the Comi-
sioÂ n Nacional de ProteccioÂ n de la Naturaleza has
included this as the ®rst invertebrate species on the
National Endangered Species List (Royal Decree 439/
90) in the category of ``threatened with extinction''.
More recently, there have been reports of other M.

auricularia populations in the main stem Ebro River, in
one nearby irrigation channel (Altaba, 1997), in one
channel of the Loire River (France) (Bacchi and Gil-
bert, pers. comm.; Nienhuis, pers. comm.) and in rivers
of Morocco (Araujo and Ramos, 2000a).
In this paper, we describe the habitat of M. aur-

icularia in the Canal Imperial and the results of several
experiments designed on the arti®cial reproduction of
the species. We summarize the legal conservation status
of the species, the national and international e�orts to
conserve and restore the species, and those actions that
are urgently needed for species conservation.

2. Materials and methods

The Canal Imperial de AragoÂ n was built in the 18th
century and runs parallel to the Ebro River through the
Spanish provinces of Navarra and Zaragoza. It belongs
to the Ebro river basin and ¯ows across quaternary
sediments for 115 km, the last 25 km being a narrow
concrete ditch 1±2 m wide. The main part of the channel
is 10 m wide and about 3.5 m deep when it is full, with a
water velocity of 0.6 m/s. When ``empty'', the water
depth is c. 40±100 cm. There is no bankside vegetation,
except some trees and scattered patches of Typha sp. No
macrophytes occur in the channel.
The Canal Imperial (Fig. 1) was surveyed completely

at low ¯ow with special emphasis on sites where the bed

has not been arti®cially covered with concrete. Mussel
sampling was conducted by looking for traces in the
sediment and shells, using a ``viewing glass'' in deeper
areas. In order to estimate the size structure and popula-
tion size, specimens of M. auricularia were collected in
February 1997, measured (length, width and height),
marked on the left valve with numbered glue-on shell®sh
yellow tags (Hallprint tags, Holden Hill, Australia) and
released. A recapture survey was conducted 1 year later.
The simple Lincoln (1930) index (= Petersen's method)

(Le Cren, 1965) was used to estimate population size,
assuming a stable population. According to this index,
Nn/Nc=Nm/Np, where Nm= number of specimens
marked, Nc= number of specimens collected, Nn=
number of specimens recaptured, and Np= total popu-
lation.
For granulometric (particle size) analyses of the sub-

strate, samples were taken from three sites where M.
auricularia occurs at di�erent densities and at one site
where it was absent. Samples were obtained at each site
by digging in the substrate (to c. 10 cm depth) to obtain
1 kg of wet sediment.
Repeated physico-chemical measurements of the

water column pH, temperature (�C), conductivity (mS/
cm), suspended material (mg/l), organic material (mg/l
O2), dissolved oxygen (mg/l), BOD5 (mg/l O2), total
ammonium (mg/l NH4), Ca (mg/l), Mg (mg/l), Na (mg/
l), K (mg/l), Cl (mg/l), SO4 (mg/l), NO3 (mg/l), NO2

(mg/l), Alkalinity (mg/l CO3), PO4 (mg/l), Zn (mg/l), Cu
(mg/l), Cd (mg/l) and Hg (mg/l) were taken in the area
with the densest population at low- and full-water
levels. These analyses were kindly conducted by the
ConfederacioÂ n HidrograÂ ®ca del Ebro.
Since February 1996, eight specimens ofM. auricularia

were maintained in an aquarium with arti®cial airation
containing 120 liters of water and 10 cm of substrate.
Several days later, 11 Siberian sturgeon (Acipenser baeri
Brandt, 1869), 10±20 cm in length, were placed in the
aquarium. Water temperature ranged between 16 and
20�C and pH from 7.5 to 7.7. The mussels were fed with
dissolved egg yolk and a nutritional diet for ®ne-®lter
feeders (Advanced Invertebrate 1 Formula, Marine
Enterprises, Inc., USA) and the ®shes were fed with red
mosquito larvae. After infestation with glochidia, one or
two sturgeon were regularly removed from the aquarium
and anaesthetised with 3-aminobenzoic acid ethyl ester
(MS222) and their gills examined.
For induced infestation, glochidia were obtained with

a pipette from the exhalant aperture of the gravid mus-
sels and placed in aerated water in a glass jar containing
isolated ®sh. To con®rm the presence of glochidia gill
®laments were excised under a SZH10 Olympus stereo-
microscope, and ®xed for scanning electron microscopy
for 2 h in glutaraldehyde, then dehydrated in a graded
ethanol series and transferred to acetone. They were
critical-point-dried with liquid CO2 in a Polaron E-3000
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unit and then coated with gold in a BioRad SC515
sputter coating unit, 20 nm thick. Observations were
made in a Philips XL20 SEM at accelerating voltages of
20±30 kV.
In order to recover metamorphosed juveniles, a sec-

ond experiment was conducted. Five sturgeon infested
with M. auricularia glochidia were isolated in an aqua-
rium (water temperature between 23 and 24�C) without
substratum and with a 5 mm mesh plastic net on the
bottom. One month after infection, the bottom water
layer was pumped through a 60 mm mesh every 2 days.

3. Results

3.1. Natural habitat

Specimens of M. auricularia exhibited a patchy dis-
tribution along 30 km of the channel, being absent from
all areas with concrete covered beds but also many areas
with a natural bed. The species coexists with a rich
unionid community of Potomida littoralis (Lamarck),
Unio elongatulus C. Pfei�er and Anodonta cygnea (L.),
which inhabit most of the channel at various densities.
All naiads live throughout the channel width.
M. auricularia lives partially buried in clay-sand and

gravel beds, sometimes (especially in the breeding sea-
son) nearly vertical with the posterior end exposed and
sometimes horizontal, showing only the dorsal margin.
The main fraction of the substrate (Table 1) is of peb-
bles followed by gravel and sand. The ®nest fraction is
always very small. Burrowing activity of the specimens
leaves very visible wide (X�=7.97 cm; S.D.=1.12;
n=123) circular traces in the substrate.

A total of 565 live specimens were caught, marked
and released on February 1997 and 731 were captured 1
year later of which 211 were marked, indicating an esti-
mated number of 1956 specimens in the Canal Imperial.
These nearly 2000 specimens are not the total popula-
tion size because the species probably exists in other
unexplored areas in the canal. No dead marked speci-
mens were found.
As regards mobility, 14 of 16 marked specimens

released in two parallel rows in the channel bottom were
found in the same position 1 year later. In another site
with 20 marked specimens, ®ve were in the same posi-
tion after 1 year, and the rest were no more than 4 m
upstream.
All the live specimens were >13 cm in length, except

two measuring 10 cm. The population structure, based
on length measurements of 438 specimens is highly
skewed to large individuals (Fig. 2).
Data on water quality in the channel are presented in

Table 2. M. auricularia is a hardwater species; calcium
levels in the Ebro River were c. 150 mg/l. The tempera-
ture in the Canal Imperial ranged from 7.4 (March) to
22.9�C (August).

Fig. 1. Map of the Canal Imperial, in north east Spain.

Table 1

Particle size analysis (%) of substrate at the Canal Imperial where

Margaritifera auricularia is very abundant (A and B), rare (C) and

lacking (D)

A B C D

Pebbles (10±100 mm) 64.69 70.54 42.66 37.50

Gravel (2±10 mm) 23.24 15.75 30.43 34.13

Sand (0.063±2 mm) 10.36 10.66 24.83 27.99

Mud (<0.063 mm) 1.69 3.02 2.06 0.36
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3.2. Aquarium results

As soon as the M. auricularia specimens were placed
into the aquarium, all of them began to release white
masses of eggs and developing embryos, with mature
glochidia released after 7 days, that is 4 days after the
®sh were introduced. The masses of glochidia were
strongly expelled through the exhalant aperture, and
subsequently remained either on the aquarium bottom
or lying over the mussel until they were inhaled by a
sturgeon. One day after emission of the glochidia, they
were observed attached to the gill ®laments of ®shes.
Expulsion of glochidia and immature embryonic stages

lasted c. 35 days, with a lapse of 5 days without emis-
sion in the middle of the spawning period and with a
marked peak of glochidial release on the 28th day.
Four infested ®shes were removed from the aquarium,

anaesthetized, sacri®ced and examined 5, 13, 34 and 60
days after infestation, respectively. On the ®rst three
occasions they had gill ®laments packed with glochidia,
but glochidia were absent at 60 days.
The glochidia became encapsulated on all gill ®la-

ments (Fig. 3A). Thirty-four days after infestation,
encapsulated glochidia became spherical in shape (Fig.
3B) when compared to those from two ®shes sacri®ced
earlier (i.e. after 5 and 13 days, respectively).
Ten days after the fourth sturgeon was sacri®ced, the

remaining ®shes were removed from the aquarium.
Subsequently, several bottom samples were examined
and some empty glochidial shells were found, but no
juvenile mussels were detected even after all the aqua-
rium substrate was examined.
Exactly 1 month after the ®ve sturgeon were infested

in the second experiment, we found 15 live juveniles and
many empty juvenile valves in the aquarium without
substrate. Only a few empty juvenile shells were found
in the following 2±4 days, and no encysted glochidia
were found on the surviving sturgeon. Shell measure-
ments of the juveniles were: length 190 mm, height, 187
mm, and width 225 mm.

4. Discussion

4.1. Natural history

Specimens of M. auricularia in the Canal Imperial
seem to be very sedentary, as suggested by the results of
our capture±recapture experiment in the di�erent areas
where the species lives. We assume that the whole area
for these mussels is very small because adults have very
poor locomotion or migration capacity, as reported by
Coker et al. (1921) for heavy-shelled mussels and, more
recently, by Amyot and Downing (1997) for Elliptio
complanata (Lightfoot).
Although more thorough studies are needed on habi-

tat, the granulometric data suggest that M. auricularia
numbers fall when substrates with a predominance of
®ner materials (gravel, sand, mud) increase and there is
a relative decrease in pebbles.
Water conditions vary throughout the year as may be

expected in a regulated irrigation channel. However, the
range of values in Table 2 indicate that the water is
generally subsaline (having moderate conductivity),
basic, well oxygenated and mesotrophic with moderate
levels of phosphorus and organic matter (BOD5). This
contrasts clearly with the conditions favoured by M.
margaritifera, which are typically fast ¯owing, clean and
oligotrophic rivers with low calcium levels.

Table 2

Physico-chemical analyses of the water at the site of the richest popu-

lation of Margaritifera auricularia at low water level (26 February

1997) and high water level (7 March 1997)

Low water High water

pH 8.3 8.1

Temperature (�C) 12.2 12.8

Conductivity at 20�C (mS/cm) 1547 1077

Suspended material (mg/l) 45 51

Organic material (mg/l O2) 12.7 12.1

Dissolved oxygen (mg/l) 10.6 10.3

DBO5 (mg/l O2) 2.2 6.2

Total ammonium (mg/l NH4) 0.13 0.10

Ca (mg/l) 163 114

Mg (mg/l) 49.9 23.8

Na (mg/l) 64.5 98.5

K (mg/l) 4.4 3.3

Cl (mg/l) 103 135

SO4 (mg/l) 373 196

NO3 (mg/l) 15.1 25.2

NO2 (mg/l) ± 0.057

Alkalinity (mg/l CO3) 253 187

PO4 (mg/l) 0.28 0.11

Zn (mg/l) 0.01 0.02

Cu (mg/l) 0.00 0.00

Cd (mg/l) 0.00 0.00

Hg (mg/l) 0.00 0.00

Fig. 2. Size frequencies structure of the Margaritifera auricularia

population.
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M. auricularia appears to be a short-term brooder
(tachytictic) (Araujo et al., 2000), all known species of
the genus Margaritifera are short-term brooders
(Heard, 1970; Smith, 1979; Bauer, 1994). We do not
know when fertilization of the ova occurs, but speci-
mens collected in the wild in mid-February had their
gills full of embryos, which developed into glochidia
which were released from late February until March 22
(peak on March 14).
Although there is a well known a�nity between M.

margaritifera glochidia and salmonid ®shes, species of
the latter were never common in the middle and lower
course of the Ebro Basin. Natural and induced infesta-
tions showed that the sturgeon is a suitable host for the
glochidia of M. auricularia, as previously suggested by
Altaba (1990). In our experiments, glochidia metamor-
phosed on the gills of sturgeon in aquaria, and juveniles
were released after 30 days at 23±24�C (690 degree-
days). Live juveniles move rapidly when observed under
the stereomicroscope, with retraction and protraction of
the ®nely ciliated foot. As regards shell changes during
metamorphosis, the juveniles exhibit a nearly spherical
shape produced by the addition of a very thin edge of
shell material around the glochidial valve. Acipenser

sturio, probably the only species of sturgeon occurring
naturally in Spain, was exploited until the mid-1960s in
the Ebro River, but catches declined following the con-
struction of reservoirs (Sostoa and LoboÂ n-CerviaÂ ,
1989). The absence of A. sturio specimens in Spain, and
especially in the Ebro basin over many years, is a likely
reason for the decline of M. auricularia.
Our results indicate that A. baeri is a good species to

be used as a surrogate ®sh host if a recovery plan for the
species is proposed.

4.2. Conservation measures

The unexpected discovery of this M. auricularia
population in Spain and results reported here revive
interest in the species and pose new and puzzling ques-
tions. Unionoid juveniles are rarely collected because of
their small size and the unknown and di�erent habitats
they occupy (Isely, 1911; Hudson and Isom, 1984;
Neves and Widlak, 1987; Miller and Payne, 1988; Bud-
densiek, 1995; Richardson and Yokley, 1996). Only
Buddensiek et al. (1990) and Buddensiek and Ratzbor
(1995) have studied the chemistry of the interstitial
water of bivalve habitats, with emphasis on the juvenile
stages of M. margaritifera. Data on feeding and bur-
rowing behaviour of juvenile unionids, reported by
Yeager et al. (1994) suggest that this stage is the most
susceptible to environmental alterations. The fact that
neither juveniles nor middle-aged specimens were found
in the study channel suggests either that (1) the speci®c
host ®sh has not lived in the channel or in the river for
many years (Araujo et al., 2000) and/or (2) features such
as substrate or water quality do not allow juveniles to
settle and survive. Nevertheless, the great abundance of
the other three species of mussels in the channel, all
showing recruitment, mainly in its upper half, clearly
suggests that the conditions in this old channel (mainly
water quality and bottom composition) are reasonably
suitable for a healthy naiad community.
Evaluation of other ®sh hosts [e.g. eel Anguilla anguilla

(L.), river blenny (Salaria ¯uviatilis Asso)], through
recruitment observations in the wild and experiments with
local ®shes in aquaria, and electric-®shing in the Canal
Imperial, are underway. These studies are essential for
subsequent application of species reintroduction policies.
After dead specimens of M. auricularia were found

near the Ebro estuary in 1990, a set of recommendations
for the e�ective protection of M. auricularia and other
unionoids in the Ebro Delta Natural Park were pro-
posed (Altaba, 1990): namely (1) restrictions on collect-
ing; (2) appropriate research; (3) protection of ®sh
hosts; (4) protection of key habitats; (5) education; (6)
establishment of captive breeding colonies; (7) re-intro-
duction and (8) water quality control.
Points 2, 4, 6 and 8 are of primary importance, but

greater knowledge of M. auricularia ecology is needed

Fig. 3. Sturgeon (Acipenser baeri) gill ®laments showing encysted lar-

vae (glochidia): (A) 1 h after infestation; (B) 1 month after infestation.
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prior to implementing other actions. With our new
knowledge, it is time to implement a recovery program.
First, the newly discovered breeding population,

threatened by ``modernization plans'' to cover the
channel bed where it lives with concrete slabs, needs to
be protected. Its habitat is threatened because the
channel, like many others in Spain, is included in gov-
ernment restoration plans to avoid water wastage. The
massive dredging of the Ebro River bottom near the
estuary to make the river navigable, and the construc-
tion of several dams are impending threats to the Cata-
lonian population (Altaba, 1997).
In the case of the Canal Imperial, one option is to stop

the proposed work and protect the channel under a com-
prehensive project of rational water use and sustainable
development of the area (Araujo and Ramos, 2000b).
It is essential to increase survey e�orts in the main

course of the river to locate additional breeding aggre-
gations or cohorts of juveniles. This is not an easy task
due to the river's characteristics; it would be necessary
for scuba divers to survey di�erent transects and to
employ special controlled dredging methods.
Simultaneously, and with the available information

on the breeding season and reproductive strategies
under study, an experiment close to the natural habitat
of the species should be designed to investigate the
suitability of di�erent kinds of substrates for adults and
juveniles. Alternative ®sh species, that are likely to host
the parasitic larval stage, should be tested. This infor-
mation is a preliminary step to any plans for species
recovery or restocking of former habitats. Similar
experiments on arti®cial propagation of other fresh-
water mussels were carried out successfully many years
ago in the Mississippi River (Lefevre and Curtis, 1921)
and currently in several North American rivers (Neves,
pers. comun.).
Old reports like that of Coker et al. (1921) and more

recent research on endangered unionids (Bruenderman
and Neves, 1993; Hove and Neves, 1994; Vaughn and
Pyron, 1995) are essential to an understanding of the
natural history of freshwater mussels, but essential
information about feeding habits, bottom, depth and
current of the water bodies suitable for these molluscs,
especially species of the genus Margaritifera, are still
unknown.
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