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Abstract Surveys of unionid populations have been
incorporated into the Swedish national environmental
monitoring program. Nevertheless there is still lack of
knowledge of important aspects of the biology of
many unionid species. There may also be differences
between species. This work compares the spatial
distribution of two unionid species, Anodonta anatina
and Unio tumidus, at four sites in Sweden. Samples
were taken at transects along the shoreline at different
water depths on the surface bed and in the sediments.
Individual mussel ages were determined. Our results
indicated that younger mussel individuals do not show
differences in horizontal spatial distribution compared
to older mussel individuals. However, they showed a
preference to be burrowed in the sediment compared
to older individuals that were predominantly found at
the sediment surface. We also found a large difference
in burrowing frequency between species with a higher
frequency of burrowed adult individuals of A. anatina
than U. tumidus. This result may be due to the timing
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of our field survey that coincided with the period of
glochidia release for U. fumidus. We can conclude that
a monitoring program for freshwater mussel popula-
tions needs to be carefully planned in time.
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Introduction

In unpolluted water, the sedentary unionid mussel
species live a relatively long life. Depending on which
species, individual mussels can reach ages of 10 to far
over 100 years old (Aldridge, 1999; Hastie et al.,
2000a, b). They are dependent on unpolluted water for
this long lifespan due to their need to filter large
quantities of water for food intake, and an adult
Anodonta anatina may filter between 15 and 45 1/day
(Strayer, 2008). Thus, it has been proposed that the
presence of unionids indicates good water quality and
environmental managers have been encouraged to use
them as biological indicators (Grabarkiewicz & Davis,
2008). Moreover, large adult freshwater mussels are
comparably easy to survey due to their large size and
sedentary nature. Part of the extraordinary life cycle of
unionids involves parasitic larvae (glochidia) on a host
fish. Hence, the presence of reproducing mussel
populations is indicative of a good status of the host
fish populations (Watters, 1996). From 2010, surveys
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of unionids have been incorporated into the Swedish
national environmental monitoring program.

Besides being a good biological indicator, unionids
are seen as ecosystems engineers due to their influence
on the river or sea bed structure by creating new
habitats for many other organisms. Aldridge et al.
(2007) showed in their study a positive correlation
between high densities of freshwater mussels and
diversity of other invertebrate taxa. In addition, the
mussels can have a large effect on the water quality by
their capacity to filter up to 451 of water per day.
When this effect is multiplied over dense beds, they
are able to significantly decrease phytoplankton bio-
mass and remove phosphorus which in turn leads to
improved water clarity (Vaughn & Hakenkamp,
2001). Despite their potential usefulness in environ-
mental monitoring, there is still a lack of knowledge of
important aspects of the biology and ecology of many
unionid species. There is also a tendency to treat the
group of unionid mussel as homogenous, that is, as one

Fig. 1 a Map of Sweden with Vistra Gotaland region and the
two largest lakes marked. b Map of Vistra Gétaland region with
the 33 mussel sites surveyed, 2007 and 2008 marked with
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species. This is an issue where we should be careful
since there could be large differences in reproduction
biology and habitat preferences. This study is an
attempt to increase our knowledge about spatial
distribution of the two most common unionid species
in Sweden, Anodonta anatina, Linnaeus, 1758, (duck
mussel) and Unio tumidus, Philipsson, 1788, (swollen
river mussel).

In 2007 and 2008, we surveyed 33 mussel localities
in the region of Vistra Gotaland (Fig. 1), Sweden
(Gustavsson, 2007; Ingvarsson et al., 2009) to assess
the ecological status of the Unionid populations in this
region. We found that within 67 populations of the
species Anodonta anatina (duck mussel), Anodonta
cygnea, Linnaeus, 1758, (swan mussel), Unio tumidus
(swollen river mussel) and Pseudoanodonta compla-
nata, Rossmaessler, 1835 (depressed river mussel),
only one third seemed to show a satisfactory recruit-
ment status, according to the threshold value of 10% of
the individuals being less than 50 mm in length
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o|> Lake Kolungen

o o

> lgjver Mariedal
o
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circles, including the four sites resurveyed in present study,
2009 marked with triangles and titled
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(Wiberg-Larsen & Larsen, 2006). We focused our
search for unionids on the surface of the river or lake
bed, and supplemented this by completing a number of
sediment samples to include burrowed individuals.
Results indicated that younger mussels are found
borrowed deeper in the sediment in a higher frequency
than older individuals which tend to be found on the
bed surface. Since we were uncertain whether there
was any size bias (the probability of finding large
mussels easier than small) in our study we carried out
more comprehensive surveys at 4 of the 33 original
localities, which we will report on here. We concen-
trated on the two most common species in these
waters, A. anatina and U. tumidus and focused on
studying whether younger mussel individuals have a
different spatial distribution, both horizontally and
vertically, compared to adults.

Burrowing behaviour in unionid mussels differ
between species and have been shown to depend on
various factors. Watters et al., (2001) performed
studies of eight freshwater mussel species in outdoor
enclosures, and found vertical migration patterns
related to spring spawning and autumn season. One
group of species surfaced in spring and remained there
until August and another group of species surfaced at
spring, reburied again, but surfaced a second time and
remained there until August. Lewis & Riebel (1984)
compared the burrowing rates of three species
between different substrates, sand, clay, mud and
gravel. Sand seemed to be the easiest substrate to
burrow in, but there were also differences in burrow-
ing rates between species. Balfour & Smock (1995)
studied the species Elliptio complanata, Lightfoot,
1786, and found that all young mussels were burrowed
into the sediment, whereas older individuals occurred
both at bed surface and within the sediment surface,
depending on time of year. Allen & Vaughn (2009)
observed burrowing behaviour of different mussel
species in experimentally manipulated communities.
They found that burrowing behaviour differed depend-
ing on community structure.

Based on the life history of unionids, juveniles and
adults are also expected to have different spatial
horizontal distributions. Firstly, referred to the hypoth-
esis that predominately young fish host juvenile
mussels, it could be predicted that younger mussels
will occur in shallower water because the fish hosts of
the mussels mostly occur in shallow water. Secondly,
juvenile mussels may have other habitat preferences

than adults, as is indicated by Hastie et al. (2000a, b).
They investigated spatial distribution of adult and
juveniles of the mussel species Margaritifera mar-
garitifera in correlation to a number of physical
parameters. They concluded that adults and juveniles
generally had the same preferences. However, juve-
niles were never found in silty or muddy conditions,
which adults could tolerate. Thus, our hypothesis is
that we will not find adults and juvenile mussels
occurring simultaneously in the same spots. Thirdly,
adults may be more aggregated than juveniles since
adults probably aggregate for reproductive purposes
(Amyot & Downing, 1998; Watters et al., 2001). Some
evidence of differences in spatial distribution of
juvenile and adult freshwater mussels can be found
in the literature. A Norwegian study in the early 1960s
(Okland, 1963) shows a tendency of juveniles to
inhabit shallower water than larger individuals of
A. anatina. Similar evidence can be found in a Finnish
study by Haukioja & Hakala (1974). They could show
that small individuals of the four freshwater unionid
mussel species A. anatina, U. tumidus, P. complanata
and Unio pictorum, Linnaeus, 1758, (painter’s mussel)
had a tendency to occur in shallower water and the
larger individuals in deeper water. Miiller & Patzner
(1996) examined individual growth and age structure
for the species A. cygnea in Austria at different water
depths. They found juveniles at all depths; however,
there was a larger percentage of juveniles in shallow
waters (defined as 1-2 m). They could also see a
higher growth rate of individuals in shallower than
deeper water (04 m vs 6-7 m). In addition to
differences in mussel distribution with respect to
water depth, Neves & Widlak (1987) showed that
density among juvenile mussels was higher behind
large stones and in faster water flows but they also
concluded that older juveniles (ages 2—3 years) inhab-
ited the same habitats as adults. From these studies, we
conclude that knowledge about spatial distribution
(vertical and horizontal) of juvenile and adult mussels
in specific species is still uncertain. Thus, we have in
this study explicitly analysed four questions:

e Are younger individuals found more frequently in
shallow waters, less than 1-m depth?

e Are younger individuals more frequently bur-
rowed in the sediments?

e Are younger and older individuals spatially sepa-
rated from each other or do they mix together?
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e Are older individuals more aggregated than
younger ones?

We discuss the implications of our results in the
light of mussel population surveys and environmental
monitoring.

Methods
Anodonta anatina and Unio tumidus

A. anatina is the most pervasive unionid species in
Sweden (von Proschwitz et al., 2006). It is found in all
kinds of water with the exception of the very nutrient
poor. Substrates can vary from coarse grained to fine
grained. The reproductive season (occurrence of
mature eggs found) in Anodonta species lasts from
August to October and glochidia release occurs from
February (sometimes from November) to April
(Nagel, 1985; Aldridge, 1999; Blazek & Gelnar,
2006; Wengstrom, 2010). U. tumidus has a more
restricted distribution, but is still quite common in
Sweden, found in both lakes and low flowing rivers
(von Proschwitz et al., 2006). The preferred substrate
is a finely grained clay material. The reproductive
season of Unio species lasts from May to June/July
and glochidia release occurs from June to July/August
(Nagel, 1985; Aldridge, 1999; Blazek & Gelnar, 2006;
Wengstrom, 2010).

Study sites

Four sites (from previous 33 inventoried localities)
were included in the field study; two lakes, Fegen and
Kolungen and two rivers, Gullspang and Mariedal
(Fig. 1). These were chosen to include sites that
previously had shown signs of high as well as low
recruitment for the two species A. anatina and
U. tumidus. Lake Fegen is an oligotrophic lake with
clear water. The substrate at this site was predomi-
nantly composed of fine-grained sediments and shore
vegetation from the riparian deciduous forest. Lake
Kolungen is an eutrophic lake with turbid water and
fine-grained clay sediment. The riparian vegetation is
grazed meadow. The River Gullspang is 60-70-m
wide with a large section of fast running water. The
annual average discharge is 61.9 m?/s. The water is
clear and the riparian vegetation grazed meadow and
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deciduous forest. The substrate at the site is dominated
by boulders with sand and gravel. The River Mariedal
is much smaller, about 4-8-m wide. The water is clear
and slow running, the average annual discharge is
0.38 m?/s, with riparian vegetation consisting of
meadow and deciduous forest. The predominant substrate
is coarse grained sediments.

Sampling and analyses

The field survey was performed during July to August
2009. At each locality, transects were laid every
second metre along a section of 100-m perpendicular
to the shoreline (except at Lake Kolungen, where the
section was halved to 50 m, due to the high abundance
of mussel individuals). Along each transect, 3 squares
with an area of 1 m? each were laid out in the
appropriate depths 0.2, 0.6 and 1.0 m, respectively,
and surveyed using a water scope or free diving where
the water was too deep (e.g. >1 m) or very muddy. All
mussel individuals at the bed surface were collected,
measured and then released.

When the surface was freed from visible mussel
individuals, sediment samples were taken with a
specially constructed sediment sampler which sam-
pled a volume of 2.51 (10 x 12.5 x 20 cm, surface
area of 0.025 m?). Sediment samples were sieved
(mesh size of 1 mmz) to locate any small mussels in
the sediment. On harder beds or between stones where
it was impossible to use the sediment sampler, samples
of an area of 0.025 m” were taken using a spade. All
mussel individuals were measured by length to the
nearest mm, and age was estimated in the field by
counting the number of external annual winter rings
(Wiberg-Larsen & Larsen, 2006; Haag & Commens-
Carson, 2008). Owing to the lack of more specific data
for our Swedish populations, we defined juveniles as
5 years or younger, according to a Danish study by
Wiberg-Larsen & Larsen (2006), where the unionid
species Unio crassus, Philipson, 1788, was considered
to mature at an age between 4 and 6 years.

In figures and analyses, data on mussel abundances
were normalised to individuals/m?. Local mussel
density is calculated for each sampled square. Regres-
sion tree analysis was used to sort out the importance
of different explanatory factors (site, water depth,
burrowed or not and local mussel density) for variation
in mussel age in general. Differences in age and
distribution of juveniles between localities, bottom
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surface and sediment and depths were analysed by
Fisher’s exact test, Student’s 7 test, one-way ANOVA
and G-test of independence. Morisita’s index of
dispersion was calculated as a measure of aggregation.
A positive value indicates that individuals are aggre-
gated. The significance of aggregation was tested by
Chi square analysis. Regression tree analysis was
performed in Matlab and the other statistical analyses
in Excel.

Results

In total, 1197 individuals were found at the four
localities (Table 1). About 80% of these were found in
Lake Kolungen. A. anatina was represented by 351
individuals (37 juveniles) and was found in all four
sites, U. tumidus was represented by 846 individuals
(15 juveniles), and found in two of the sites, River
Gullspang and Lake Kolungen. Figure 2 shows the
age distribution of the two species at the four sites.
Lake Fegen (Fig. 2a) and River Gullspang (Fig. 2¢
and e) populations had proportionally more individ-
uals of younger ages and significantly lower mean
ages (ANOVA, P < 0.001) compared to River Marie-
dal (Fig. 2b) and Lake Kolungen (Fig. 2d, f). There
was a large difference in burrowing frequency
between the two species. Overall, 61% of A. anatina
individuals were found burrowed in the sediment,
compared to 24% of U. tumidus. Juveniles were
significantly more frequently burrowed in the bottom
sediments (Fisher’s exact test, P < 0.001). Of all
A. anatina and U. tumidus mussel juvenile individuals
(5 years and less), 92 and 91%, respectively, were
burrowed compared to adults with 44 and 16%
burrowing frequency, respectively (Fig. 3a). This

indicates that A. anatina has a significant higher
burrowing frequency than U. tumidus among adults
(Fisher’s exact test, P < 0.001). Complementary cal-
culations of the mean age between sediment dwellers
and surface inhabitants show that sediment dwellers
differed significantly from surface inhabitants, for
A. anatina (Fig. 3b) 6.2 years in sediments compared
to 8.6 years on surface and for U. tumidus (Fig. 3c)
7.9 years in sediments compared to 9.2 years on
surface (Student’s 7 test, P < 0.001). Additionally, we
also found that A. anatina had a higher borrowing
frequency in running waters, 77% of all individuals
were burrowed in the rivers compared to 44% in the
lakes (Fisher’s exact test, P < 0.001). The species
U. tumidus was not found in running waters since the
individuals of U. tumidus in River Gullspang inhabited
more or less stagnant water located in a small bay. In
River Gullspang, 22% of all individuals of U. tumidus
were burrowed compared to 24% in Lake Kolungen.

The distribution of juveniles and adults at different
water depths showed significant differences (G-test of
independence, P < 0.001). The general trend was a
preference for the depth of 0.6 m for juveniles and adults
in both species (Fig. 4a,b). There was no significance of
a higher frequency of juveniles at the most shallow
water depth 0.2 m. The mean age at the deepest depth of
1.0 m was significantly higher than the mean age at 0.2
and 0.6 m for both species (Student’s ¢ test, P < 0.001).
But, there was no significant difference between 0.2 and
0.6 m (Fig. 4c, d).

The order of importance of factors influencing
differences in age distribution was examined with
regression tree analysis (Fig. 5). For A. anodonta, the
most important predictor for age distribution is site,
followed by the factors burrowed and depth ruled by
the site (Fig. 5a). Two sites have lower mean age,

Table 1 Number of adult and juvenile individuals per square metre of A. anatina and U. tumidus as well as mean age sampled at 2

lakes and 2 river sites. In total, 1197 individuals were measured

Anodonta anatina

Unio tumidus

No. of adults No. of juveniles Mean age No. of adults No. of juveniles Mean age
Lake Fegen 35 6 6.2 - - -
Lake Kolungen 191 8 9.4 761 12 9.5
River Gullspang 55 23 72 70 3 8.2
River Mariedal 33 - 9.7 - - -

. T 2
Data on mussel abundances were normalised to individuals/m
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Fig. 2 Age structure of the 50% 1
six surveyed mussel
populations of the two
species Anodonta anatina
(two first rows; a—d) and
Unio tumidus (last row; e—f)
at the four sites Lake Fegen
(a), River Gullspang (c, e),
River Mariedal (b) and Lake 0% |
Kolungen (d, f). Data on 1 3
mussel abundances
were normalised to
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Lake Fegen and River Gullspang, as we also have seen
in the frequency distribution of ages (Fig. 3a, c). At
these two sites the next split is explained by the factor
burrowed or not. Mussels that are found burrowed
within the sediment have a lower mean age than
mussels on the surface bed. At the two sites with few
young mussels, Lake Kolungen and River Mariedal,
water depth explains the next split with younger
mussels at the more shallow depths 0.2 and 0.6 metre.
For U. tumidus (Fig. 5b) the first split is explained by
the factor burrowed or not. As with A. anatina mussels
that are found burrowed within the sediment have a
lower mean age than mussels on the surface bed. The
second split is explained by local density for burrowed
individuals with a lower mean age at lower densities
(below 37 individuals in a spot), and on depth for
individuals on the surface bed with younger individ-
uals at lower depths (0.2 and 0.6 m).

We did not find a clear pattern of spatial separation
between adults and juveniles. Among the samples
containing mussel individuals, 48% of sample squares
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with A. anatina showed cohabitation with adults and
juveniles and 67% with U. tumidus. Calculations of
Morisita’s index of dispersion (id) show significantly
(Chi square, P > 0.001) that adult and juvenile
mussels aggregated on the bottom surface (A. anatina:
adults id = 3, juveniles id =2 and U. tumidus:
juveniles id = 35 and adults id = 4). The Morisitas
index for sediment dwelling individuals could not be
calculated due to the low number of individuals.

Discussion

To evaluate the status of a mussel population, it is
crucial to include indicators for successful reproduc-
tion. However, as demonstrated by many reports, this
is a problematic task due to the difficulty of finding
juveniles. This was also true in our study. Disregard-
ing the possibility that the population is declining with
the poor recruitment, rareness of juveniles in field
studies have been discussed and are thought to be
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Fig. 3 a Burrowing frequency of juvenile and adults of the two
species Anodonta anatina (white) and Unio tumidus (grey). The
frequency of burrowing juveniles is significantly higher than
adults (Fisher’s exact test, P < 0.001). Also, note that A. anatina
have a significant higher burrowing frequency than U. tumidus
among adults (Fisher’s exact test, P < 0.001). b Mean age of
individuals in sediment and on bed surface of the two species
Anodonta anatina (white) and Unio tumidus (grey) with 95%
confidence interval added. Mean age of sediment dwellers is
significantly lower than surface bed inhabitants for both species
(Student’s test, P < 0.001). Capital letters above bars indicate
where there are significant differences and not. Data on mussel
abundances were normalised to individuals/m?

caused by irregularities in reproduction and unique-
ness of juvenile habitat (Payne & Miller, 1989, 2000;
Hastie et al., 2000a, b; Aldridge et al., 2007). Our
results, however, do not lend support to the sugges-
tions that younger mussel individuals occupy different
habitats than older individuals. Younger individuals,
however, showed a preference to be burrowed in the
sediment and there was a slight indication that younger
mussels do not reach as deep as older ones by the result

of a higher mean age at the depth of 1 m. This finding
is in accordance with the research in western Virginia
by Neves and Widlak (1987) that concluded that older
juveniles of age 2 and 3 years occupy similar habitats
as adults. However, for newly released, age zero
unionids, they found a higher abundance behind
boulders in riffles compared to other sites. This result
in combination with our finding of lower mean
age at depth below 1 m can support the hypothesis
that movement pattern or preferred habitats of host
fish influences the distribution of the youngest mussel
individuals.

Burrowing behaviour in unionid mussels differs
between species and has also been shown to depend on
different factors such as substrate, season, reproduc-
tive cycle, parasitism and flow regime (Lewis &
Riebel, 1984; Balfour & Smock, 1995; Amyot &
Downing, 1997; Di Maio & Corkum, 1997a, b; Watters
et al., 2001; Taskinen & Saarinen, 2006; Allen &
Vaughn, 2009). The reason why mussels burrow
themselves in the sediment may be multiple. Burrowing
can protect the individuals from predators or parasites.
Interstitial feeding may supply the mussel with more or
essential nutrients. Moreover, burrowing may be a way
of anchoring in running water. Juvenile mussels are
smaller and more fragile. Thus, they may be of greater
benefit when burrowing since they have no need to
appear on the surface bed for reproduction or glochidia
release business as adults do (Amyot & Downing, 1998;
Bauer, 2001; Wichtler et al., 2001). Our finding of a
higher frequency of older mussels on the river and lake
bed surface is in accordance with the findings of
Schwalb & Pusch (2007). They noticed that more
individuals of Unio tumidus were found on the bed
surface during reproductive period in early summer
than in late summer and suggested that reproduction
activity may influence burrowing behaviour. In con-
trast, a study by Negishi & Kayaba (2010) showed that
juvenile individuals of the unionid species Pronodu-
laria japanensis, Lea, 1859, are more frequently found
on the surface than adults during growth season. These
contradictory results point out the importance of being
aware of potential differences between species or
habitats. Besides differences in burrowing behaviour
between young and old mussels in our study, we found
a large difference in burrowing frequency between
species with a higher frequency of burrowed adult
individuals of A. anatina than U. tumidus. This result
may be due to the timing of our field survey that

@ Springer



68

Hydrobiologia (2013) 711:61-70

- 80 12 -
801 b (o
BB B 10 4 B
60 - 60 - o A A BB
@
i i Q 84 AA AA
[} B [} Q
& 404 & 40 & 6
> A > A S
o 1<) o)
IC A IC s 44
20 AA 20{ AA AA
AA 2 7
A
0 T T 0 - 0 T T
0.2 0.6 1.0 0.2 0.6 1.0 0.2 0.6 1.0
Depth m Depth m Depth m

Fig. 4 Frequency of juveniles (white) and adults (grey),
respectively, at different water depths of Anodonta anatina
(a), Unio tumidus (b). A significant preference for the depth of
0.6 m in both species, adults and juveniles equally, can be
shown (G-test of independence, P < 0.001). Capital letters
above bars where there are significant differences and not, for
juveniles (double letter) and adults (single letter), respectively.

Fegen & Gullspang

5.8
Burrowed

Fig. 5 Regression tree showing the three most important
predictor variables explaining variation in mussel age for (a).
Anodonta anatina and (b). Unio tumidus. The following five
explanation factors were included in the analysis: site, water
depth, (m), vertical distribution, that is, burrowed yes or no and

coincided with the period of glochidia release for
U. tumidus, June to July, but not for A. anodonta,
February to April, (Nagel, 1985; Aldridge, 1999;
Blazek & Gelnar, 2006; Wengstrom, 2010). Since the
glochidia need a host fish, it is important for the
glochidia releasing mussel to appear on surface. Unio
tumidus releases glochidia on mucus threads (Aldridge
& Mclvor, 2002). Some of the mussel species do also
have different display behaviour to attract host fishes,
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Mean age at different depths (c) of the two species Anodonta
anatina (white) and Unio tumidus (grey) with 95% confidence
interval added. Mean age in 1.0-m depth is significantly higher
than at 0.2 m and 0.6 m for both species (ANOVA, Tukey—
Kramer minimum significant difference). Capital letters above
bars indicate where there are significant differences and not.
Data on mussel abundances were normalised to individuals/m?

8.8
Burrowed

8.9
Density

<37,

local mussel density (individual/m? in each sampled square) for
differences in the response variable age. Mean age is given in the
figure by the numbers denoted before split and at the end leaves.
Data on mussel abundances were normalised to individuals/m>

and for certain species even including modification of
the mantle as a host attracting lure (Bernard et al.,
2012).

Due to the differences in burrowing behaviour
between younger and older mussel individuals and
between species, a monitoring program for freshwater
mussels needs to be carefully planned. A survey on
river and lake bed surfaces without sediment sampling
would give very different results depending on in
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which season the survey is done and which species are
included. Time of the year may also be very important
since the density of adult mussels on the bed surface is
likely to vary greatly between seasons during a year. A
survey such as ours, carried out in July which only
focused on the surface would have favoured higher
density values of U. tumidus before A. anatina since
a higher frequency of adult A. anatina are likely to
be burrowed into the sediment compared to adult
U. tumidus. Assuming a constant fraction of individ-
uals on the bed surface and using percentage of
juveniles to estimate recruitment in the population will
also lead to an unreasonably high recruitment value for
A. anatina. Burrowing behaviour may also vary by
some factors for example flow velocity in rivers
(Schwalb & Pusch 2007) as indicated by our results
with a higher frequency of A. anatina burrowed in the
rivers where water flows compared to the lakes. The
burrowing behaviour can act as an anchor to the
substrate to avoid excessive drag at high or increased
flows (Di Maio & Corkum, 1995, 1997a, b). Burrowing
may also increase survival during low velocity with a
high risk of desiccation. Drought due to low velocity
may cause severe reduction in mussel population
densities (Haag & Warren, 2008).

From our results, we can conclude that adult mussel
individuals from two different species have altered
their burrowing behaviour, probably due to differ-
ences in the timing of their lifecycle stages. Juveniles,
however, had a high and similar burrowing frequency
in both species. To be able to compare abundances or
recruitment between localities or years, it seems that
sediment sampling is necessary to achieve reliable
measurements. These results are likely transferable to
other more rare species, in similar habitats, that, to a
higher extent are endangered. Therefore, correct
calculation of abundance and recruitment are espe-
cially important for these species. However, sediment
sampling is time consuming and may damage the
sediment environment. Finding efficient sampling
designs such as suggested by Smith et al. (2001) is
consequently very important. They used a statistical
sampling technique called double sampling design.
Finally, it is important to remember that burrowing
behaviour is population or site specific, i.e. you need
knowledge of local conditions. Since juveniles may be
very sparse in abundance or very difficult to find, an
alternative to sediment sampling would be to measure
the age or size structure of the population as a

historical measure of changes in population recruit-
ment status where it might be possible to discover for
example a trend of decrease of younger age classes.

Acknowledgments This research was financially supported
by Swedish Environmental Protection Agency. We are grateful
to the landowners at Lake Kolungen allowing us to drive
through their field to reach the study site. Thank you to Matthew
Fielding and Lars Mobeg for reviewing the English.

References

Aldridge, D. C., 1999. The morphology, growth and reproduc-
tion of Unionidae (Bivalvia) in a fenland waterway. Journal
of Molluscan Studies 65(1): 47-60.

Aldridge, D. C. & A. L. Mclvor, 2002. Gill evacuation and
release of glochidia by Unio pictorum and Unio tumidus
(Bivalvia: Unionidae) under thermal and hypoxic stress.
Journal of Molluscan Studies 69(1): 55-59.

Aldridge, D. C., T. M. Fayle & N. Jackson, 2007. Freshwater
mussel abundance predicts biodiversity in UK lowland
rivers. Aquatic Conservation: Marine and Freshwater
Ecosystems 17(6): 554-564.

Allen, D. C. & C. C. Vaughn, 2009. Burrowing behaviour of
freshwater mussels in experimentally manipulated com-
munities. Journal of the North American Benthological
Society 28(1): 93-100.

Amyot, J.-P. & J. Downing, 1997. Seasonal variation in vertical
and horizontal movement of the freshwater bivalve Elliptio
complanata (Mollusca: Unionidae). Freshwater Biology
37(2): 345-354.

Amyot, J. P. & J. A. Downing, 1998. Locomotion in Elliptio
complanata (Mollusca: Unionidae): a reproductive
function? Freshwater Biology 39: 351-358.

Balfour, D. L. & L. A. Smock, 1995. Distribution, age structure,
and movements of the freshwater Mussel Elliptio com-
planata (Mollusca: Unionidae) in a headwater stream.
Journal of Freshwater Ecology 10(3): 255-268.

Bauer, G., 2001. Framework and driving forces for the evolution
of naiad life histories. In Bauer, G. & K. Wichtler (eds),
Ecology and evolution of the freshwater mussels Unionida.
Springer, Berlin: 233-244.

Bernard, E. S., J. M. Davis & M. C. Hove, 2012. Mantle Display
and Glochidia Release Behaviors of Five Quadruline
Freshwater Mussel Species (Bivalvia: Unionidae). Amer-
ican Malacological Bulletin 30(1): 39-46.

Blazek, R. & M. Gelnar, 2006. Temporal and spatial distribution
of glochidial larval stages of European unionid mussels
(Mollusca:Unionidae) on host fishes. Folia Parasitologica
53: 98-106.

Di Maio, J. & L. D. Corkum, 1995. Relationship between the
spatial distribution of freshwater mussels (Bivalvia:
Unionidae) and the hydrological variability of rivers.
Canadian Journal of Zoology 73: 663-671.

Di Maio, J. & L. D. Corkum, 1997a. Patterns of orientation in
unionids as a function of rivers with differing hydrological
variability. Journal of Molluscan studies 63: 531-539.

@ Springer



70

Hydrobiologia (2013) 711:61-70

Di Maio, J. & L. D. Corkum, 1997b. Patterns of orientation in
unionids as a function of rivers with differing hydrological
variability. Journal of Molluscan Studies 63(4): 531-539.

Grabarkiewicz, J. & W. Davis, 2008. An introduction to fresh-
water mussels as biological indicators. Environmental
Protection Agency, Office of environmental Information,
Wasington, DC.

Gustavsson, A., 2007. Foryngring hos stormusslor i olika vat-
tensystem i Vistra Gotalands lan 2007. Report 2007:88.
County Administrative Board of Vistra Gotaland.

Haag, W. R. & A. M. Commens-Carson, 2008. Testing the
assumption of annual shell ring deposition in freshwater
mussels. Canadian Journal of Fisheries and Aquatic
Sciences 65: 493-508.

Haag, W.R. & M. L. Warren Jr., 2008. Effects of severe drought
on freshwater mussel assemblages. Transactions of the
American Fisheries Society 137: 1165-1178.

Hastie, L. C., P. J. Boon & M. R. Young, 2000a. Physical
microhabitat requirements of freshwater pearl mussels,
Margaritifera margaritifera (L.). Hydrobiologia 429(1):
59-71.

Hastie, L. C., M. R. Young, P. J. Boon, P. J. Cosgrove &
B. Henninger, 2000b. Sizes, densities and age structures of
Scottish Margaritifera margaritifera (L.) populations.
Aquatic conservations: Marine and Freshwater Ecosystems
10: 229-247.

Haukioja, E. & T. Hakala, 1974. Vertical distribution of fresh-
water mussels (Pelecypoda, Unionidae) in southwestern
Finland. Annales Zoologici Fennici 11: 127-130.

Ingvarsson, P., M. Rydgard & A. Jonsson, 2009. Foryngring hos
stormusslor i olika vattensystem i Vistra Gotalands ldn
2008. Report 2009:01. County Administrative Board of
Viistra Gotaland.

Lewis, J. B. & P. N. Riebel, 1984. The effect of substrate on
burrowing in freshwater mussels (Unionidae). Canadian
Journal of Zoology 62(10): 2023-2025.

Miiller, D. & R. A. Patzner, 1996. Growth and age structure of
the swan mussel; Anodonta cygnea (L.) at different depths
in Lake Mattsee (Salzburg, Austria). Hydrobiologia
341(1): 65-70.

Nagel, K.-O., 1985. Glochidien und Fortpflanzungsbiologie von
Najaden des Rheines (Bivalvia, Unionidae, Anodontinae).
In: Kinzelbach, R. (ed) Die Tierwelt des Rheins einst und
jetzt Symposium zum Jubildum der Rheinischen Naturf-
orschenden Gesellschaft und des Naturhistorischen
Museums Mainz am 9 November 1984. Mainzer Natur-
wissenschaftliches Archiv: 163-174 + Taf. 1-3.

Negishi, J. & Y. Kayaba, 2010. Size-specific growth patterns
and estimated longevity of the unionid mussel (Pronodu-
laria japanensis). Ecological Research 25(2): 403—411.

Neves, R. J. & J. C. Widlak, 1987. Habitat ecology of juvenile
freshwater mussels (Bivalvia: Unionidae) in a headwater
stream in Virginia. American Malacological Bulletin 5: 1-7.

@ Springer

Okland, J., 1963. Notes on population density, age distribution,
growth, and habitat of Anodonta piscinalis Nilss. (Moll.,
lamellibr.) in eutrophic Norwegian lake. Nytt Magasin for
Zoologi 11: 19-43.

Payne, B. S. & A. C. Miller, 1989. Growth and survival of recent
recruits to a population of Fusconaia ebena (Bivalvia:
Unionidae) in the Lower Ohio River. American Midland
Naturalist 121(1): 99-104.

Payne, B. S. & A. C. Miller, 2000. Recruitment of Fusconaia
ebena (Bivalvia: Unionidae) in relation to discharge of the
Lower Ohio River. The American Midland Naturalist
144(2): 328-341.

Schwalb, A. N. & M. T. Pusch, 2007. Horizontal and vertical
movements of unionid mussels in alowland river. Journal of
the North American Benthological Society 26(2): 261-272.

Smith, D. R., R. F. Villella & D. P. Lemarie, 2001. Survey
protocol for assessment of endangered freshwater mussels
in the Allegheny River, Pennsylvania. Journal of the North
Benthologcial Society 20(1): 118-132.

Strayer, D. L., 2008. Freshwater mussel ecology. A multifactor
approach to distribution and abundance. Freshwater
Ecological Series. University of California Press, Berkely.

Taskinen, J. & T. Saarinen, 2006. Burrowing behaviour affects
Paraergasilus rylovi abundance in Anodonta piscinalis.
Parasitology 133: 623-629.

Vaughn, C. C. & C. C. Hakenkamp, 2001. The functional role of
burrowing bivalves in freshwater ecosystems. Freshwater
Biology 46: 1431-1446.

von Proschwitz, T., S. Lundberg & J. Bergengren, 2006. Guide
till sveriges stormusslor. Linsstyrelsen i Jonkopings ldn,
Naturhistoriska riksmuseet och Goteborgs Naturhistoriska
museum.

Waichtler, K., M.C. Dreher-Mansur & T. Richter, 2001. Larval
types and early postlarval biology in naiads (Unionida). In
Bauer, G. & K. Wichtler (eds). Ecology and evolution of
the freshwater mussels Unionida, Springer, Gerlin: 93—125.

Watters, G. T., 1996. Small dams as barriers to freshwater
mussels (Bivalvia, Unionoida) and their hosts. Biological
Conservation 75(1): 79-85.

Watters, G. T., S. H. O’Dee & S. Chordas, 2001. Patterns of
vertical migration in freshwater mussels (Bivalvia:
Unionoida). Journal of Freshwater Ecology 16(4): 541-549.

Wengstrom, N., 2010. Samspelet mellan fiskar och stormusslor.
Vilka vérdfiskar utnyttjas av den tjockskaliga malarmus-
slan Unio crassus? Master thesis, Gothenburg University.

Wiberg-Larsen, P. & F. G. Larsen, 2006. Udbredelse og hyp-
pighed af Tykskallet Malermusling (Unio crassus Philipson,
1788) i Odense A—systemet. Flora & Fauna 112: 89-98.



	Spatial distribution and age structure of the freshwater unionid mussels Anodonta anatina and Unio tumidus: implications for environmental monitoring
	Abstract
	Introduction
	Methods
	Anodonta anatina and Unio tumidus
	Study sites
	Sampling and analyses

	Results
	Discussion
	Acknowledgments
	References


