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ABSTRACT

1. Freshwater mussels, historically a component of freshwater benthic invertebrate biomass, are one of the most
imperilled animal groups on the planet. Margaritifera auricularia was once a common freshwater mussel
inhabiting large rivers throughout Western Europe. It was believed to be extinct until 1996 when a few small
populations were found in Spain and France.

2. CurrentlyM. auricularia is one of the most endangered species in the world. The current status of this mollusc
in the Ebro River was surveyed, finding a few adult specimens at only two localities, and many old, empty shells
throughout the river.

3. Using a simple analysis of historical hydrological data, dramatic changes in water flow might have led to
localized extirpation of this freshwater mussel.

4. Other factors contributing to the slow extirpation of this long-lived invertebrate from other areas of the Ebro
Basin include the continuous reduction of water levels during the reproductive season, overharvesting for nacre,
construction of impoundments, extinction of fish hosts, and impaired water quality.
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INTRODUCTION

Freshwater mussels are one of the most imperilled
animal groups on the planet, and play an extremely
important role in the ecology of freshwater
ecosystems as a main component of the freshwater
biomass in some systems (Vaughn and Hakenkamp,
2001; Strayer et al., 2004). The dramatic changes
taking place in freshwater ecosystems during the
last century have played a part in the large-scale

disappearance of these animals, although the causal
factors are largely unknown (Harding et al., 1998;
Lydeard et al., 2004).

The greatest diversity of freshwater mussels, also
known as unionoids, exists in North America, with
nearly 300 different species. Of these, 37 are extinct,
73 critically imperilled, 42 imperilled, 50 vulnerable,
42 secure and 44 apparently secure (Strayer et al.,
2004). In Europe, where many mussel populations
are in clear decline, there are only 16 native
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species, belonging to six genera (Araujo and de
Jong, 2015). European Margaritifera margaritifera
populations have declined by 95% during the 20th
century (Young et al., 2001; Geist, 2010), whereas
Margaritifera auricularia survives only in a single
Mediterranean basin (the Ebro River in Spain;
Araujo and Ramos, 2000, 2001) and in four
Atlantic basins in France (Adour, Garonne-

Dordogne, Charente and Loire; Prie et al., 2010).
All of these basins are threatened habitats and
mussel populations do not appear to be actively
recruiting (Prie et al., 2010). By contrast, at the end
of the 19th century a single fisherman could harvest
500 kg of M. auricularia for nacre (the nacreous
layer is the main part of the freshwater mussel’s
shell) on a single day in the Ebro River near

Figure 1. (a) Distribution ofM. auricularia in the Ebro River (Spain). Black dots indicate locations of livingM. auricularia specimens (Gómez and Araujo
2008; Araujo et al., 2009), grey dots indicate historic sites ofM. auricularia, and dots with white centre indicate town names. Large circles indicate areas of
the Middle Ebro surveyed that are described in this paper. See Table 1 and Figure 1(b) for details. Area 1: surveys 1 to 4. Area 2: surveys 5 and 6. Area 3:
surveys 7 to 14. (b) Area 3 of the Middle Ebro River. Numbers in circles indicate surveys (Table 1). Only one live M. auricularia specimen was found in

survey 5. Black bars (T1, T2 and T3) show the location of tunnels for water diversion to power stations. Black dots indicate town names.
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Sástago (Zaragoza) (Figure 1(A)). This is equivalent
to 1300–4000 individuals, depending on whether
empty or complete specimens were weighed. By
1915, mussel collecting dramatically decreased, with
fishermen requiring one and a half months to collect
50 kg (Haas, 1916, 1917). There are three known
populations of M. auricularia in the Ebro basin
(Figure 1(A)): the Canal Imperial de Aragón (c. 5000
individuals), the Canal de Tauste (80 individuals) and
the Lower Ebro (70 individuals) (Araujo and Ramos,
2001; Gómez and Araujo, 2008).

Freshwater mussels have a temporary but
obligatory parasitic stage in which the larvae
(glochidia) attach to the external surface or gill
filaments of their vertebrate hosts (mainly fish)
before metamorphosis to the free-living juvenile
stage. The biology and life cycle of M. auricularia
were recently described (Araujo and Ramos, 1998;
Grande et al., 2001; Araujo et al., 2002, 2003). There
are two known native host fish of M. auricularia
glochidia: Atlantic sturgeon, Acipenser sturio (Preece
et al., 1983; Araujo and Ramos, 2000) and blenny,
Salaria fluviatilis (Araujo et al., 2001). Of these, only
the blenny was historically common in the Ebro and
probably increased M. auricularia recruitment;
however, in recent years the Spanish blenny
populations have decreased by 50% (Doadrio, 2001).
It is already known that the distribution and
abundance of host fish might be an important factor
in limiting unionoid populations (Strayer, 2008).

Numerous factors have probably contributed to the
drastic decline ofM. auricularia populations, including
the decline of host fishes, pollution, climate change
and commercial exploitation (Preece et al., 1983;
Altaba, 1990; Araujo and Ramos, 2001). The goal of
this paper is to demonstrate how the human
alteration of freshwater ecosystems has contributed
to M. auricularia extirpation in the Ebro River (NE
Spain). These results contribute to extending
knowledge of the anthropogenic effects on
freshwater mussels, which is essential for river
restoration projects that include freshwater mussel
conservation programmes (Cooksley et al., 2012;
Varandas et al., 2013; Moorkens and Killeen, 2014;
Quinlan et al., 2015). The species is currently listed in
Appendix IV of the European Habitats Directive
and in Appendix II of the Bern Convention, the
two main documents outlining European biodiversity

conservation regulations. Margaritifera auricularia is
also listed as being in critical danger by the
International Union for Conservation of Nature
(Cuttelod et al., 2011) and considered threatened
with extinction by inclusion on the Spanish National
Endangered Species List (Araujo and Ramos, 2001).

MATERIAL AND METHODS

Study area and mussel survey

Fourteen sampling surveys were undertaken between
September 2000 and June 2006 in the Middle Ebro
River to determine the status of M. auricularia. The
stretch of river surveyed measured 25 km (Table 1;
Figure 1). Some surveys were carried out in areas
with an impending threat of habitat modification
(e.g. dredging, crossing gas pipelines, installation of
refrigeration circuits for energy plants or water
pumps), while others were in habitats with
historical records of M. auricularia. Half of the
surveys were in the three meanders of the Ebro
River around the locality of Sástago, downstream
of Zaragoza (Aragón), where a huge population
was present at the beginning of the 20th century.

The sampling design was developed so as to locate
freshwater mussel beds, such as those historically
cited in the Ebro. Given the zero visibility on the
river bed, divers worked by touch. The sections
studied were prospected by transects, closer
together in areas with increased likelihood of
mussels (appropriate substrates). Depending on
these and other variables (e.g. river discharge), the
type of transect used was decided using two
methods: transverse and/or longitudinal linear
(TLL) and transverse and/or longitudinal diagonal
(TLD). The former was the method generally
used for convenience and ease of use. The transect
was formed by a 50 m long submerged rope,
weighted at the centre and at each end, and
marked with floating buoys. The rope was
traversed along its whole length by two divers,
one on each side, so that the corridor under
consideration was about 4 m. This system was
used in cases of strong current or unfavourable
substrate for mussels (e.g. mud). Transects were
traversed to reach the opposite side of the river,
in the case of the transverse one, or parallel to
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the shore line, in the case of the longitudinal one.
Transects were moved by motorboats.

The TLD method enabled comprehensive
information to be collected across a width of 10 m
per transect. This was costly in effort and time,
used in areas with appropriate substrate for
mussels (e.g. settled gravel), but not in areas of
high current. The submerged weighted rope was 10
m long. In the transverse-diagonal case, the rope
was parallel to the river bank and was traversed in
two directions by divers; on completing the first
sub-10 m transect, one diver moved the rope
making zig-zag sub-transects until reaching the
opposite bank. In the case of longitudinal-diagonal
transects, the same operation was performed but
followed the shore line. In areas with high densities
of mussels, divers picked up bottom samples along
transects, subsequently washing them on the shore
with a water pump and a sieve (2 × 2 cm). In
shallow areas, where it was not possible to use
scuba equipment, the survey was conducted by
wading using tactile searches and waterscopes. All
live mussels found were collected, identified,
measured and returned to their original location.

Discharge analysis

Like many freshwater mussels, M. auricularia is
strongly dependent upon continuous water flow for
food, reproduction and fish vectors (Strayer, 2008;
Moorkens and Killeen, 2014). Therefore, the dis-
charge in environments harbouring M. auricularia is
likely to be one of the key variables for its continued
occurrence. In this way, the long-term flow datasets
in the areas where the species was historically
recorded in the Ebro River were studied for an area
where the species reached high numbers in the early
20th century.

The sampling reach comprised three meanders
and was one of the first in Spain to have
hydropower stations installed (Figure 1(B)). The
first tunnel (T1, maximum capacity 50 m3 s-1),
diverted water from the second meander and was
built in 1908 to provide energy to a calcium carbide
factory. A second tunnel (T2, maximum capacity
200 m3 s-1), connecting the first two meanders
opened in 1929, while a third tunnel (T3, maximum
capacity 252 m3 s-1), which diverted water from the

third meander, was built in the 1950s (Guillén and
Ríos, 1994).

Discharge data were gathered from the Ebro
Water Authority, which recorded daily discharge at
Zaragoza from 1913–1933 and 1943–2010 at a site
64 km upstream from the study reach; Zaragoza is
the closest discharge station to Sástago where long-
term data have been recorded. Unfortunately, no
discharge records were available between 1933 and
1943. There are no significant tributaries between
the Zaragoza gauge station and Sástago. Only
temporary streams may occasionally increase Ebro
discharge, albeit in small quantities, but they are
offset by frequent illegal pumping that diverts some
water upstream of Sástago. Minor water diversions
have existed between the discharge recording
location and the mussel sampling sites in this
catchment since 1913, but they are negligible.

Monthly discharge was computed to make
analysis easier by multiplying daily discharge times
by the number of days in each month. The
historical daily flow data at the meanders and after
T1 and T2 between 1999 and 2002 were used to
calculate how often discharge was negligible in
these meanders owing to the diversion of flow to
these hydropower stations. We hypothesized that
periods of channel dryness had the largest impact
on mussel population recruitment (i.e. periods
coinciding with release of juveniles, usually between
April and May) (Araujo et al., 2001, 2003). Using
monthly discharge data, the years with periods of
channel dryness during the first five months of
juvenile life were determined to know if nil
discharge could be deleterious for the long-term
survival of M. auricularia.

Age assessment

One valve of two recently dead specimens of M.
auricularia from the Ebro River (length 153 cm)
and the Canal Imperial (length 149 cm) were
sectioned to study their age, based on the number
of growth rings (Clark, 1980; Neves and Moyer,
1988). The specimens were sectioned in an
oblique direction from the umbo towards the
postero-ventral region to cover the longest
distance. These thin sections were then polished
using carborundum and observed under optical and
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binocular microscopes (Araujo et al., 2014). Each
growth ring, or intra-shell periostracum layer
(Checa, 2000), was considered as one year. The
approximate age of living specimens of M.
auricularia was inferred by comparing shell lengths
with the sectioned specimens.

RESULTS

Records of M. auricularia in the Ebro basin

Living M. auricularia were found in only two
localities (Table 1), both of which were altered
‘flow refuge’ habitats (Strayer et al., 2004)
reminiscent of the historic natural dynamics of the
Ebro River (Ollero, 1996): the braided channels of
the Ribera Alta (area 2 in Figure 1), with 38
individuals found in a large mud layer and one
individual from the second meander near Sástago
(area 3 in Figure 1). In the two sectioned shells the
number of growth rings do not mark the exact
number of years, because during the first 10 years
no periostracum layers are included in the shell.
Nevertheless, the shells analysed by thin section
had more than 50 marked growth rings. All living
specimens collected were larger than 150 mm and
hence older than 50 years.

Effects of discharge on M. auricularia survival

Using data from the historical daily flow records at
the meanders (from 1913–1933 and 1943–2010) and

daily water turbinated for T1 and T2 between 1999
and 2002 (data not shown), the potential impact
of these two power stations on M. auricularia
populations was calculated. The second meander
was dry for at least five consecutive months each
year, probably having a lethal impact on mussel
populations in this reach (Figure 2, 3). Throughout
the study period, discharge was infrequently higher
than 240 m3 s-1 during the five months of each year
when the release of M. auricularia juveniles is more
likely. Surplus water, only present after the amount
of discharge had been diverted to the power plants,
reached the extent of a meander in eight years only
(1953, 1961, 1962, 1963, 1972, 1977, 1992 and
1993). The consecutive transformation of meanders
into long pools between dams would have affected
the early months of life for juveniles, which are
usually released between April and May (Araujo
et al., 2001, 2003), thus having a potentially large
impact on species extirpation. Between 1908 and
1929, when only T1 was functional, flow impacts
were presumably lower.

DISCUSSION

Results suggest that the management of a hydropower
plant during the first half of the 20th century resulted
in the extirpation of the last large population of M.
auricularia in the Ebro Basin and the Iberian
Peninsula. Nevertheless, extirpation of M. auricularia
is not the result of a single cause. Other necessary

Figure 2. Discharge diversion at power station T2 in the Ebro River from 1943 to 2010. A lethal impact on the M. auricularia population might have
occurred when T2 diverted water flow (between 25 and 240 m3 s-1) for more than five consecutive months (dashed line).
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conditions forM. auricularia recovery are clean water
and uncontaminated sediment, which depend on
natural water flow through river meanders
(Moorkens and Killeen, 2014). Over the course of
time, the synergistic action of mussel overfishing,
discharge flows from two chemical factories, absence
of native host fishes, pig farms, increase of
agricultural plots and irrigation in ‘isolated bypass
reaches’, probably contributed also to the demise of
this species (Vaughn and Taylor, 2000; Strayer,
2008; Quinlan et al., 2015). Similar synergistic
actions are likely to have modified mussel habitats
including the braided channels of the Upper Ebro
River at the Ribera Alta (area 2 in Figure 1), where
mussel populations were buried under layers of silt.
The conditions necessary for supporting healthy M.
auricularia populations in the Ebro have disappeared
and been replaced by those favouring human
development (Barrera, 1999), thus leading to
impoverished biodiversity. For instance, the irrigated
area in the basin rose from 420 000 ha in 1926 to

783 948 ha 75 years later, and the discharge of the
Ebro River has diminished concurrently. Other
habitat modifications, which were extensive during
the second half of the 20th century, included the
40% decrease in the area covered by autochthonous
vegetation (Ollero, 1996) and the building of
thousands of water control structures (e.g. small
dams, breakwaters and jetties). At present 46% of
the Middle Ebro shores (318 km) are flanked by
these structures (Ollero, 1996; Barrera, 1999). In
addition, 65 impoundments were constructed to
regulate the modern Ebro River basin, the first one
located at the mouth of the river (maximum
volume 540 hm3), followed by the construction of
the large (1534 hm3) Mequinenza impoundment
during the 1960s.

There are growing concerns about the impacts of
fragmentation and flow regulation structures on the
health of freshwater mussel populations (Layzer
et al., 1993; Layzer and Madison, 1995; Vaughn
and Taylor, 1999; Hardison and Layzer, 2000).
Furthermore, more recent work demonstrates that at
least M. margaritifera is adapted to a combination
of stable substrate conditions that are kept clean
through high water velocities with low fine sediment
infiltration (Cooksley et al., 2012; Moorkens and
Killeen, 2014; Quinlan et al., 2015). The impact of
these structures is most damaging to rarer species
and species with narrow requirements for host fish
(e.g. M. auricularia), as they act as fish dispersal
barriers, increase fine sediment levels and create
unfavourable interstitial water chemistry (Strayer,
2008; Moorkens and Killeen, 2014). Several studies
have also reported the lethal effect of un-ionized
ammonia from industrial, municipal and agricultural
wastewaters on juvenile freshwater mussels (Newton,
2003; Strayer and Malcom, 2012). All these
environmental changes have occurred at the same
time as a dramatic modification of the Ebro fish
fauna. Of the 46 taxa in the basin, 27 are indigenous
and 19 introduced (Sostoa and Lobón, 1989; Franch
et al., 2008; Miranda et al., 2010; Doadrio, pers.
comm.). Of the two known native host species for
M. auricularia historically present in the Ebro, the
Atlantic sturgeon (Acipenser sturio) is currently
extirpated (Sostoa and Lobón, 1989) and blenny
(Salaria fluviatilis) populations have decreased by
50% in recent years (Doadrio, 2001), making mussel

Figure 3. Area of the Ebro River at the meanders with the power station
tunnel closed (a) and open (b).

INFLUENCE OF FLOW DIVERSIONS ON GIANT FRESHWATER PEARL MUSSEL 1151

Copyright # 2016 John Wiley & Sons, Ltd. Aquatic Conserv: Mar. Freshw. Ecosyst. 26: 1145–1154 (2016)



recruitment unlikely. Living specimens of the three
other freshwater mussels native to the Ebro were
found in nearly all the localities surveyed (Table 1),
but at lower abundance than expected, especially in
areas that maintain braided channels. The poor
survival of these species, which were previously
abundant (Haas, 1916; 1917), could be due to their
shorter life-cycle and a greater number of potential
host fishes (Araujo et al., 2005).

At the basin scale, many factors difficult to define
drive the distribution of mussel populations
(Strayer, 2008). However, the diversion of water
from the Sástago meanders may be directly
responsible for M. auricularia extirpation at this site.
Populations in these meanders probably represent
one of the few source populations (Strayer et al.,
2004; Strayer, 2008) in the Ebro Basin. This is a
paradigmatic example of an invertebrate undergoing
slow steady extirpation for > 70 years (‘extinction
debt’) owing to the interaction between man-made
changes in habitat quality and the unique biology
of these animals (i.e. slow growth rate, complex
life history and long lifespan). Although these
relict populations persist under harsh environmental
conditions, they may take several decades to
disappear following habitat changes because of their
long lifespan (Dynesius and Nilsson, 1994; Harding
et al., 1998; Rowe, 2008). Artificial structures in
rivers are integral to the social and economic
landscape, but existing structures (i.e. hydroelectric
power stations) should not be considered as fixed
components of the catchment hydrology (Cooksley
et al., 2012; Varandas et al., 2013). The results
reported on the changes in water flow that probably
led to the extirpation of M. auricularia in the Ebro
pave new research paths, which will be important
for whole-catchment restoration projects, including
freshwater mussel conservation programmes.

ACKNOWLEDGEMENTS

Sampling surveys were supported by FMC Foret S.
A., Enagas, Gas Natural, INYPSA, Hidroeléctrica
La Zaida, Edison Mission Energy and EID
Consultores. Thanks also to Gobierno de Aragón
(DGA), Instituto Aragonés de Gestión Ambiental
(INAGA), Agenda 21 Local of the Zaragoza local

government, Gobierno de Navarra (Departamento
de Medio Ambiente, Ordenación del Territorio y
Vivienda del Servicio de Conservación de la
Biodiversidad) and Gobierno de La Rioja (Área de
flora, fauna, caza y pesca de la Dirección General
del Medio Natural). Dive sampling was conducted
by the team of Serveis Integrals Subacuatics. We
are also grateful to A. Romero, I. Gómez, Agentes
de Protección de la Naturaleza (Aragón, Navarra
and La Rioja), Fire brigade of Zaragoza and
Navarra and personnel from SODEMASA for their
help in the surveys. Data on the historical daily flow
of the Ebro at the meanders were supplied by the
Ebro Water Authority (http://hercules.cedex.es/
anuarioaforos/afo/estaf-codigo.asp). Data on the
daily flow for T1 and T2 between 1999 and 2002
were supplied by the manager of the hydrological
plant T1. Finally, our deepest thanks go to three
anonymous referees for their constructive criticism
of the manuscript.

REFERENCES

Altaba CR. 1990. The last known population of the freshwater
mussel Margaritifera auricularia (Bivalvia, Unionoida): a
conservation priority. Biological Conservation 52: 271–286.

Araujo R, de Jong Y. 2015. Fauna Europaea: Mollusca – Bivalvia.
Biodiversity Data Journal 3: e5211. doi:10.3897/BDJ.3.e5211.

Araujo R, Ramos MA. 1998. Description of the glochidium of
Margaritifera auricularia (Spengler, 1793) (Bivalvia, Unionidae).
Philosophical Transactions of the Royal Society of London B
353: 1553–1559.

Araujo R, Ramos MA. 2000. Status and conservation of the
relict giant European freshwater pearl mussel Margaritifera
auricularia (Spengler, 1793). Biological Conservation 96:
233–239.

Araujo R, Ramos MA. 2001. Action Plans for Margaritifera
auricularia and Margaritifera margaritifera. Nature and
Environment Council of Europe Publishing: Strasbourg.

Araujo R, Bragado D, Ramos MA. 2001. Identification of the
river blenny, Salaria fluviatilis, as a host to the glochidia of
Margaritifera auricularia. Journal of Molluscan Studies 67:
128–129.

Araujo R, Cámara N, Ramos MA. 2002. Glochidium
metamorphosis in the endangered freshwater mussel
Margaritifera auricularia (Spengler, 1793): a histological
and scanning electron microscopy study. Journal of
Morphologie 254: 259–265.

Araujo R, Quirós M, Ramos MA. 2003. Laboratory
propagation and culturing of juveniles of the endangered
freshwater mussel Margaritifera auricularia (Spengler,
1793). Journal of Conchology 38: 53–60.

Araujo R, Gómez I, Machordom A. 2005. The identity and
biology of Unio mancus (= U. elongatulus) (Bivalvia:

R. ARAUJO AND M. ÁLVAREZ-COBELAS1152

Copyright # 2016 John Wiley & Sons, Ltd. Aquatic Conserv: Mar. Freshw. Ecosyst. 26: 1145–1154 (2016)

http://hercules.cedex.es/anuarioaforos/afo/estaf-codigo.asp
http://hercules.cedex.es/anuarioaforos/afo/estaf-codigo.asp
http://doi.org/10.3897/BDJ.3.e5211


Unionidae) in the Iberian Peninsula. Journal of Molluscan
Studies 71: 25–31.

Araujo R, Madeira, MJ, Ayala, I. 2009. Estudio del estado
actual de conservación de Margaritifera auricularia en las
aguas del río Ebro. Informe final. CSIC-ACEBI. Madrid.

Araujo R, Delvene G, Munt M. 2014. Presence and implications
of organic layers in fossil and extant Unionoida (Mollusca,
Bivalvia). Journal of Molluscan Studies 80: 74–83.

Barrera M. 1999. Las aguas del Ebro. Aguas de la Cuenca del
Ebro S. A.: Zaragoza.

Checa A 2000. A new model for periostracum and shell
formation in Unionidae (Bivalvia, Mollusca). Tissue and
Cell 32: 405–416.

Clark GR. 1980. Study of molluscan shell structure and growth
lines using thin sections. In Skeletal Growth of Aquatic
Organisms. Biological Records of Environmental Change,
Rhoads DC, Lutz RA (eds). Plenum Press: New York and
London; 603–616.

Cooksley SL, Brewer MJ, Donnelly D, Spezia L, Tree A. 2012.
Impacts of artificial structures on the freshwater pearl mussel
Margaritifera margaritifera in the River Dee, Scotland.
Aquatic Conservation: Marine and Freshwater Ecosystems
22: 318–330.

Cuttelod A, Seddon M, Neubert E. 2011. European Red List of
Non-marine Molluscs. Publications Office of the European
Union: Luxembourg.

Doadrio I (ed.). 2001. Atlas y Libro Rojo de los Peces
Continentales de España. Ministerio de Medio Ambiente,
Dirección General de Conservación de la Naturaleza: Madrid.

Dynesius M, Nilsson C. 1994. Fragmentation and flow
regulation of river systems in the Northern third of the
world. Science 266: 753–762.

Franch N, Clavero M, Garrido M, Gaya N, López V, Pou Q,
Queral JM. 2008. On the establishment and range expansion
of oriental weatherfish (Misgurnus anguillicaudatus) in NE
Iberian Peninsula. Biological Invasions 10: 1327–331.

Geist J 2010. Strategies for the conservation of endangered
freshwater pearl mussels (Margaritifera margaritifera L.): a
synthesis of conservation genetics and ecology. Hydrobiologia
644: 69–88.

Gómez I, Araujo R. 2008. Channels and ditches as the last
shelter for freshwater mussels. The case of M. auricularia and
other naiads inhabiting the mid Ebro River basin, Spain.
Aquatic Conservation: Marine and Freshwater Ecosystems 18:
658–670.

Grande C, Araujo R, Ramos MA. 2001. The gonads of
Margaritifera auricularia (Spengler, 1793) and Margaritifera
margaritifera (L. 1758) (Bivalvia: Unionoidea). Journal of
Molluscan Studies 67: 27–35.

Guillén AI, Ríos C (eds). 1994. Recuerdos de Sástago. Grupo
Cultural Caspolino, Publ. 76. Caspe.

Haas F 1916. Sobre una concha fluvial interesante (Margaritana
auricularia, Spglr.) y su existencia en España. Boletín de la
Sociedad Aragonesa de Ciencias Naturales 15: 33–45.

Haas F 1917. Estudios sobre las Náyades del Ebro. Boletín de
la Sociedad Aragonesa de Ciencias Naturales 16: 71–82.

Harding JS, Benfield EF, Bolstad PV, Helfman GS, Jones
EBD. 1998. Stream biodiversity: the ghost of land use past.
Proceedings of the National Academy of Sciences USA 95:
14843–14847.

Hardison BS, Layzer JB. 2000. Relations between complex
hydraulics and the localized distribution of mussels in

three regulated rivers. Regulated Rivers: Research and
Management 17: 77–84.

Layzer JB, Madison LM. 1995. Microhabitat use by freshwater
mussels and recommendations for determining their instream
flow needs. Regulated Rivers: Research and Management 10:
329–345.

Layzer JB, Gordon ME, Anderson RM. 1993. Mussels: the
forgotten fauna of regulated rivers. A case study of the
Caney Fork River. Regulated Rivers: Research and
Management 8: 63–71.

Lydeard C, Cowie RH, Ponder WF, Bogan AE, Bouchet P,
Clarck SA, Cummings KS, Frest TJ, Gargominy O,
Herbert DG, et al. 2004. The global decline of nonmarine
molluscs. BioScience 54: 321–330.

Miranda R, Leunda PM, Oscoz J, Vilches A, Tobes I, Madoz J,
Martínez-Lage J. 2010. Additional records of non-native
freshwater fishes for the Ebro river basin (Northeast Spain).
Aquatic Invasions 5: 291–296.

Moorkens EA, Killeen IJ. 2014. Assessing near-bed velocity
in a recruiting population of the endangered freshwater
pearl mussel (Margaritifera margaritifera) in Ireland.
Aquatic Conservation: Marine and Freshwater Ecosystems
24: 853–8562.

Neves RJ, Moyer SN. 1988. Evaluation of techniques for age
determination of freshwater mussels (Unionidae). American
Malacological Bulletin 6: 179–188.

Newton TJ. 2003. The effects of ammonia on freshwater
unionid mussels. Environmental Toxicology and Chemistry
22: 2543–2544.

Ollero A. 1996. El Curso Medio del Ebro. Consejo de
Protección de la Naturaleza, Serie Investigación: Zaragoza.

Prie V, Bousquet P, Serena A, Tabacchi E, Jourde P, Adam B,
Deschamps T, Charneau M, Tico T, Bramard M, Cochet G.
2010. Nouvelles populations de Grande Mulette Margaritifera
auricularia (Spengler, 1793) (Mollusca, Bivalvia, Margariti-
feridae) découvertes dans le Sud-ouest de la France. MalaCo
6: 294–297.

Preece RC, Burleigh R, Kerney MP, Jarzembowski EA. 1983.
Radiocarbon age determination of fossil Margaritifera
auricularia (Spengler) from the River Thames in West
London. Journal of Archaeological Science 10: 249–57.

Quinlan E, Gibbins C, Malcolm I, Batalla R, Vericat D, Hastie
L. 2015. A review of the physical habitat requirements and
research priorities needed to underpin conservation of the
endangered freshwater pearl mussel Margaritifera
margaritifera. Aquatic Conservation: Marine and Freshwater
Ecosystems 25: 107–124.

Rowe CL. 2008. Life histories, contaminants, and potential
emerging threats to long-lived vertebrates. BioScience 58:
623–631.

Sostoa A, Lobón J. 1989. Fish and fisheries of the River Ebro:
actual state and recent history. In Historical Change of Large
Alluvial Rivers: Western Europe, Petts GE (ed). John Wiley:
Chichester; 233–247.

Strayer DL. 2008. Freshwater Mussel Ecology. A Multifactor
Approach to Distribution and Abundance. University of
California Press: Berkeley, CA.

Strayer DL, Malcom HM. 2012. Causes of recruitment failure
in freshwater mussel populations in southeastern New
York. Ecological Applications 22: 1780–1790.

Strayer DL, Downing JA, Haag WR, King TL, Layzer JB,
Newton TJ, Nichols SJ. 2004. Changing perspectives on

INFLUENCE OF FLOW DIVERSIONS ON GIANT FRESHWATER PEARL MUSSEL 1153

Copyright # 2016 John Wiley & Sons, Ltd. Aquatic Conserv: Mar. Freshw. Ecosyst. 26: 1145–1154 (2016)



pearly mussels, North America’s most imperilled animals.
BioScience 54: 429–439.

Varandas S, Lopes-Lima M, Teixeira A, Hinzmann M, Reis J,
Cortes R, Machado J, Sousa R. 2013. Ecology of southern
European pearl mussels (Margaritifera margaritifera): first
record of two new populations on the rivers Terva and Beça
(Portugal). Aquatic Conservation: Marine and Freshwater
Ecosystems 23: 374–389.

Vaughn CC, Hakenkamp CC. 2001. The functional role of
burrowing bivalves in freshwater ecosystems. Freshwater
Biology 46: 1431–146.

Vaughn CC, Taylor CM. 1999. Impoundments and the
decline of freshwater mussels: a case study of an
extinction gradient. Conservation Biology 13: 912–920.

Vaughn CC, Taylor CM. 2000. Macroecology of a host-
parasite relationship. Ecography 23: 11–20.

Young M, Cosgrove P, Hastie L. 2001. The extent of, and
causes for, the decline of a highly threatened naiad:
Margaritifera margaritifera. In Ecology and
Evolutionary Biology of the Freshwater Mussels
Unionoidea, Bauer G, Wächtler K (eds). Springer:
Berlin; 337–357.

R. ARAUJO AND M. ÁLVAREZ-COBELAS1154

Copyright # 2016 John Wiley & Sons, Ltd. Aquatic Conserv: Mar. Freshw. Ecosyst. 26: 1145–1154 (2016)


