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ABSTRACT ConradÕs false mussel (Mytilopsis leucophaeata) is an invasive alien bivalve species causing severe biofouling problems in
cooling water systems of power and industrial plants. Settlement, seasonal shell size distribution, and growth of this bivalve species were
analyzed in relation to relevant environmental factors, using monitoring data from a brackish canal over a period of 4 y. Salinity at the
sampling site ranged from 3.2 to 9.2, water temperature from 4.5°C to 23.9°C, and chlorophyll a content from 2 to 56 mg l–1. Once a month
one short-term exposed panel (1 mo exposed) and one long-term exposed panel (exposed from February 1989 to the month of sampling)
were collected. Settled spat and attached mussels were collected monthly from these polyvinylchloride panels and from stones in the littoral
zone. The short-term exposed panels were used to determine the period of spat fall. The long-term panels were used to study growth, shell
length-frequency distribution, and densities of the mussel population after settlement. To study maximum age, M. leucophaeata were kept
in cages in the canal. The highest recorded settlement was 204,000 individuals/m2. The largest mussel had a shell length of 24.0 mm. Three
cohorts of shell length (1–5 mm, 5–15 mm and 15–24 mm) could be distinguished. Data on survival of individual mussel size groups in
cages indicated a maximum age of 4.5 y. Shell growth was very low in winter time (average growth less than 1 mm/day in the period of
November to April). The average growth rate on the stones during the summer periods (3–4 mo) was 89 mm/day. On the panels, a rapid
shell growth to an average shell length of 4 mm was recorded in the period of July until November in their first year, followed by a period of
hardly any shell growth from December until May, and a subsequently rapid shell growth to an average shell length of 13 mm during the
period of May until August in the second year. Individual mussels grew up to 20.9 mm during a 13-mo period. Growth of shells was
significantly correlated with water temperature. The minimum threshold temperature for shell growth stops was 9.1°C (9.1°C–10.1°
C) based on monthly measurements. Growth started at a minimum temperature of 9.1°C (9.1°C–14.2°C).
KEY WORDS: Mytilopsis leucophaeata, brackish water mussel, dark false mussel, population composition, settlement, shell
length growth, shell length-frequency distribution

INTRODUCTION

ConradÕs false mussel or dark false mussel Mytilopsis leucophaeata (Conrad, 1831) is a dreissenid bivalve species native to the
Gulf of Mexico and the southern Atlantic coast of North America
(Van der Velde et al. 2010, Kennedy 2011a, 2011b). Its permanent
occurrence is restricted to brackish waters. In the period 1800 to 1835,
a few records of this species were made in Western Europe (Kickx in
Nyst 1835, Oliver 2015). Since then and also recently, M. leucophaeata has dispersed over brackish waters in coastal areas along the
European coasts and is nowadays widely spread (Zhulidov et al. 2015
and literature therein; Forstr€
om et al. 2016). In The Netherlands, M.
leucophaeata was first recorded near the port of Amsterdam (Amstel)
in 1895 (Maitland 1897, Scholten 1919, Van Benthem Jutting 1943
and literature therein). In Belgium, in the harbors of Antwerp, where
the species was recorded since 1835, M. leucophaeata was studied by
Verween et al. (2005, 2006, 2007a, 2007b).
The species was most likely introduced by ship transport
(Kennedy 2011a). Dry ballast was replaced by ballast water
from the late 1870s onward (Carlton 1985). Ballast water,
water tanks, and cooling water systems for ship engines and ship
cleaning equipment likely play a role in the dispersal of Mytilopsis leucophaeata (Mackie & Claudi 2010, Van der Gaag et al.
2016). At a local scale, the species can spread through the
*Corresponding author. E-mail: g.vandervelde@science.ru.nl
DOI: 10.2983/035.036.0214

attachment of adults to boat hulls using byssus threads, transport
in live wells or bilge systems, or by transport of water containing
their larvae. Adults are more tolerant of fresh water than of sea
water (Verhofstad et al. 2013, Van der Gaag et al. 2016). Larvae
seem to be only tolerant for brackish conditions (Salinity 3–22)
(Verween et al. 2007b).This invasive alien bivalve can cause
severe biofouling problems in cooling water systems of power
and industrial plants (Mackie & Claudi 2010).
The goal of the present study was to obtain insights into the
life history of Mytilopsis leucophaeata in relation to key environmental factors for their growth and survival. This paper analyses
the settlement, shell length-frequency distribution, shell growth
rate, and survival of this invasive species by using data from
individuals attached to stones, settled on polyvinylchloride
(PVC) panels (short- and long-term exposure), and kept in cages
(long-term exposure) in the littoral zone of a large brackish canal.
MATERIAL AND METHODS
Study Area

The study on the population structure of Mytilopsis leucophaeata was carried out in the Noordzeekanaal (translated:
North Sea canal) at 3 km from the sluices indicated along the
canal (coordinates 52° 27ʹ 57ʺ N, 4° 37ʹ 56ʺ E) near Velsen in The
Netherlands. This canal connects the fresh and brackish water
harbors of the Port of Amsterdam with the North Sea (Fig. 1).
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Therefore, a brackish water gradient is present in the North Sea
canal extending from high salinities locations near the sluices at
IJmuiden to fresh water locations in harbors near the City of
Amsterdam.
Sampling of Water Quality Parameters

Physicochemical properties of the surface water of the canal
were measured monthly, viz. water temperature (°C) with
a mercury thermometer, and salinity with an YSI model 33
S-C-T meter. Water samples were collected for measuring
chlorophyll a (mg l–1) at the laboratory with a Vitatron MCP
spectrophotometer.
Collecting Mussels from the Stones for Determination of the Population
Structure

Two to five stones were collected monthly from the
littoral zone of the North Sea canal near the ferry of Velsen
(Fig. 1) at depths of 40–80 cm during the period 1989 to 1992.
Care was taken that sufficient mussels were attached to
stones, allowing population structure analysis based on shell
length-frequency distributions. All stones were transported
to the laboratory. Subsequently, all mussels were removed,
counted, and their shell lengths were measured using a Vernier
caliper with an accuracy of 0.05 mm. The stones were measured
on all colonized sides to enable sampled surface area calculations.

Sampling of Mussels from PVC Panels

Polyvinylchloride panels (32.0 3 14.2 3 0.2 cm) were used
to study the settlement of spat, density, and growth of the
mussels. The panels were stuck directly into PVC tubes
(length 71.0 cm, inside diameter 14.3 cm). The PVC tubes
were used to protect the panels against water turbulence,
waves by passing ships, and storms that may have caused
damage through scouring by the stones. This mimics the
settlement and growth of mussels in littoral habitats with low
exposure to turbulence and in the pipes of cooling water
systems. Crabs and fish could freely enter the tubes so
predation was not prevented. Both sides of the panels within
the tube could be colonized (total surface area: 900 cm2). In
total, 29 clean tubes each containing two panels for colonization were placed at the stony bottom at a depth of about
75 cm and fixed with stainless steel cables to the jetty near the
ferry on February 22, 1989. Subsequently, once a month one
short-term exposed panel (1 mo exposed) and one long-term
exposed panel (exposed from February 1989 to the month of
sampling) were collected. This experiment from February
22, 1989 lasted until August 23, 1990. A second series of 14
clean tubes with the same design were laid out at April 5,
1990. This experiment lasted until August 28, 1991. After
each sampling event, the two panels harvested were replaced
by new ones.
The collected panels were transported to the laboratory and
subsequently examined visually and by a stereomicroscope.

Figure 1. Location of the North Sea canal in The Netherlands with the sampling site at Velsen (at 3 km from the sluices indicated along the canal;
this study) and at Amsterdam used by Vorstman (both indicated by an arrow). Insert: black dots indicate the sampling sites in the North Sea canal and
Antwerp (Belgium).
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The spat and the mussels were counted and their shell length
was measured. Depending on the density of mussels and spat,
48–900 cm2 of the panel area was inspected. If high densities of
mussels were observed, three areas of 16 cm2 were inspected
(front, middle, and rear of the side with the highest density).
When the density was low, the entire panel was inspected
(900 cm2). The shell length along with the anterior–posterior
axis of each mussel was measured to an accuracy of 0.05 mm.
Densities of spat and mussels were expressed as numbers per
square meter. The short-term exposed panels were used to
determine the period of spat fall (Van der Gaag et al. 2014).
The long-term panels were used to study growth, shell lengthfrequency distribution, and densities of the mussel population
after settlement.
Age Determination of Mussels in Cages

Two perforated stainless steel cages (40 3 40 cm, height
15 cm, mesh size 2 mm [all mesh 30% of the surface]) made
heavier by a tile at the bottom, with nine perforated compartments measuring 13 3 13 cm were each filled with 280 individuals (35 individuals per compartment) and were placed at
the sampling site in the North Sea canal at a depth of about
75 cm on August 18, 1992. Every month the mussels in these
cages were checked and dead mussels removed. After cleaning
the cages and returning the living mussels, the cages were
returned to the canal. The results of this cage experiment were
used to determine the maximum age of these mussels.
Statistics

All samples have to be treated as independent as individuals were only measured once. Therefore, growth was
estimated by comparing the average and maximum shell
lengths of samples of the population. Pearson product
moment correlations, significance testing, and Kruskal–
Wallis one way analysis of variance on ranks were carried
out by means of SigmaPlot for Windows version 11.0. The
Kruskal–Wallis variance test was used because all number–
shell length distributions did not show a normal distribution.
Mean, standard deviation, and standard error were calculated using Excel for Windows.
RESULTS
Environmental Factors

Water temperature varied with seasons and years (Fig. 2A).
Minimum and maximum temperature over the years 1989 to
1992 were 4.5°C and 23.9°C, respectively. Lowest temperatures
were measured in the periods December to February. Water
temperature increased from February to July, was highest
during July and August, and decreased afterward. Salinity
fluctuated between 3.2 and 9.0 (mean 5.4, SD 1.7) during the
period 1989 to 1992. Salinity was not significantly correlated
with day length and water temperature. Chlorophyll a, mean
shell length, maximum shell length, and mean shell growth did
not correlate with salinity (Pearson product moment correlation P > 0.1). Chlorophyll a showed high values before the
temperature peak in 1989 and 1992 and during or after the
temperature peak in 1990 and 1991; the water temperature, day
length, and chlorophyll a showed significantly positive Pearson

Figure 2. (A) Water temperature, chlorophyll a, and shell growth of
Mytilopsis leucophaeata in the North Sea canal (at 3 km). (B) Mean shell
lengths of six generations of Mytilopsis leucophaeata harvested monthly
from the stones of the North Sea canal.

product moment correlations. Lowest concentrations were
observed during 1991 (Fig. 2A).
The high chlorophyll a peaks in the North Sea canal
occurred in 1989, 1990, and 1992, before rapid growth of the
mussels on the stones. In 1991, the chlorophyll a peak occurred
after the growth period of Mytilopsis leucophaeata (Fig. 2A, B).
Shell Length Growth on the Stones

Shell growth was highest in the summer months (end of April
to September) (Table 1). For the summer period 1989 to 1992
(100 days), the mean shell growth was 8.5 mm (SD 1.5 mm)
resulting in a mean growth rate of 88.9 mm/day (SD 24.5 mm/day)
based on 4,659 individuals.
The relationship between the mean shell length of the 2nd y
class of the mussels on the stones and the water temperature was
positive, demonstrated by a significant Pearson product moment
correlation coefficient (0.381, P ¼ 0.0076, n ¼ 48; Fig. 2A, B).
Over the sampling period of four years, mean shell growth was
significantly correlated with day length (correlation coefficient
0.465, P ¼ 0.0009, n ¼ 48).
No significant correlation was found between the mean shell
growth and the chlorophyll a concentration (Pearson product
moment correlation coefficient 0.0874, P ¼ 0.555, n ¼ 48).
Spat Fall, Settlement, and Shell Length Growth on the Panels

Spat fall on the panels in 1989 and 1990 started in both the
study periods in June and ended in November with high
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TABLE 1.

Average shell growth of the second year class during the fast
growing season of Mytilopsis leucophaeata on the stones in the
littoral zone of the North Sea canal.

Growth rate
(mm/day)

Number of
mussels
measured

Period

Days

Growth
(mm)

May 22–September
11, 1989
April 23–July 16, 1990
April 22–August 12, 1991
April 21–July 14, 1992

112

8.0

71.4

1,196

84
112
84

10.5
8.5
7.0

125.0
75.9
83.3

1,062
1,302
1,099

numbers in the period July to September. On the shortly
exposed panels, newly settled spat in the months August to
September resulted in high mean densities of mussels (highest
mean ± SD: 171,000 ± 17,000 individuals/m2; n ¼ 3). This spat
fall occurred after the high chlorophyll a peak in 1989, 1990,
and 1992; in 1991 an early summer chlorophyll a peak did not
occur (Fig. 2A). The highest mean density (114,000 individuals/m2,
SD 34,000, n ¼ 3) of Mytilopsis leucophaeata on long-term
panels placed in February 1989 was observed in August 1989
after the first spat fall. After this event, the density decreased
significantly during the next 3 y (Fig. 3). The settlement and
growth of M. leucophaeata on the long-term panels starting in
1989 and 1990 showed that the mean shell length increased from
July to November in 1989 (July until October in 1990), followed
by a pause extending from November 1989 to April 1990
(October 1990 until May 1991) followed by a further growth
period from April 1990 to July 1990 (May 1991 until July 1991).
The individuals on the long-term panels showed rapid growth
from spat (0.3–1.3 mm) to an average 5-mm shell length during
July to November (Fig. 5A–E). Hardly any growth occurred
from December to May (Fig. 5F–K) followed by renewed
rapid growth from May to July (Fig. 5K–M) in the next year

Figure 3. Mean densities of Mytilopsis leucophaeata in relation to
exposure time of panels that were placed in the littoral zone of the North
Sea canal. A linear regression line (Y$ 100.4 103 – 74.8 X; R2 $ 0.476;
P < 0.001; n $ 18) with 95% confidence level lines is outlined.

(Table 2). The percentage frequencies of the summation of
shell-length frequency percentages for 1989 and 1990 were not
significantly different (Kruskal–Wallace test) (Fig. 5N). There
was also no statistically significant difference between the
shell-length frequencies measured in the same months during
these two years (Kruskal–Wallace test). No statistically significant difference was found between the frequencies of all
subsequent months in each experiment (Kruskal–Wallace
test). In July 1990 and 1991, the mean shell length reached
was 13.5 mm (SD 2.56 mm) (1990) and 11.4 mm (SD 2.31 mm)
(1991), respectively. During a 13-mo period, the fastest
growing mussels reached a maximum shell length of 20.9 mm
in 1990 and 20.8 mm in 1991. Shell length of the small-sized
mussels increased in the same period from 0.5 to 3.9 mm in
1990 and from 0.5 to 4.1 mm in 1991 (Fig. 4). There was
a significant linear correlation between maximum and mean
shell length (mm) of individuals on the long-term exposed
panels (Fig. 6).

Figure 4. Box plots of shell length distributions (A: 1989 to 1990; B: 1990
to 1991) of Mytilopsis leucophaeata on the panels in the North Sea canal.
Boxes showing the 25 and 75 percentile lines and the median line together
with whiskers extending to the 10 and 90 percentile lines are shown,
outliers are presented as dots. The spat fall per month is presented as an
insert expressed as the number of individuals per square meter.
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Figure 5. (A–M) Monthly shell length frequency distribution of Mytilopsis leucophaeata on panels in the North Sea canal. (N) Summation of
frequencies of all shell lengths of (A)–(M) on these panels.

Mean shell length and mean shell length growth on the
panels were both significantly correlated with each other and
with maximum shell length growth. Mean shell growth on the
stones was significantly correlated with the day length (Pearson
product moment correlation 0.465; P < 0.001; n ¼ 48) and mean
shell growth on the panels with water temperature. Other

correlations were not significant (Table 3). We observed
a minimum threshold temperature for growth of 9.1°C (Table 4).
Growth started in spring at a temperature of 11.2°C (SD 1.94°C)
and stopped on both stones and panels in autumn when
temperatures fell to 9.4°C (SD 0.39°C) (Figs. 2A and 4). During
the winter time and early spring, a period of eight months, there
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TABLE 2.

Average shell growth of the first year class of Mytilopsis leucophaeata on the long-term panels in the littoral zone of the North
Sea canal.

Period 1
July 20 to November 23, 1989
November 23, 1989 to March 22, 1990
March 22 to July 25, 1990
Period 2
July 25 to November 22, 1990
November 22, 1990 to May 25, 1991
May 25 to July 17, 1991

Exposure time (days)

Growth (mm)

Growth rate (mm/day)

Number of mussels measured

126
119
125

5.2
0.4
8.2

41
3
66

1,832
1,492
1,302

120
185
51

5.5
–0.5*
6.4

46
0
125

1,459
2,449
247

* Negative length growth value is caused by cohort sampling approach.

was no significant shell growth (Figs. 2A and 4). In spring,
water temperature can rise so fast that monthly temperature
measurements result in overestimations of the threshold water
temperature.
Size Cohorts on the Stones

In most cases, two size cohorts and sometimes one or three
cohorts in the population on the stones could be distinguished
(Fig. 7). Next generations of mussels indicated by length class
0–5 mm always appeared in July or August. This size class could
be easily followed until July next year by the presence of two
cohorts. The average shell length of various generations observed over time showed rapid growth (Fig. 2B). Mussels with
an average shell length below 5 mm, the first cohort, grew in the
second year from April/May in 3 mo by 7–10.5 mm (Table 1) to
10–15 mm. This rapidly growing cohort contributed most to the
population until the next cohort was settling in August/
September (Fig. 7). A third cohort of a few individuals was
also determined with shell lengths of 15–23 mm. Analysis of all
individuals collected from the stones (12,556 individuals)
showed two bends at 4 and 12 mm, respectively indicating the
presence of two cohorts (Fig. 8). A possible third cohort

Figure 6. The relation between maximum and mean shell length (mm) on
the panels in the North Sea canal. The linear regression line with 95%
confidence level line is displayed (Y $ 5.8023 + 0.8946X; R2 $ 0.6884;
P < 0.0001; n $ 26).

(expected to be approximately 20 mm in shell length) is hardly
visible because of very low numbers (Fig. 7).
Age Determination in the Cages

At least two mussels in the cages belonging to the shell length
class 16–18 mm and 8–10 mm (already at least 1 y old) at the
start of the experiment survived 3 and 3.5 y, indicating
a maximum age of 4–4.5 y. Their shell lengths at mortality
were 18.9 and 17.3 mm, respectively.
DISCUSSION
Settlement, Shell Length, and Age

Spat fall was very high in the North Sea canal resulting in
densities of up to 204,000 individuals/m2. These high densities
in the canal produce many larvae resulting in densities of up to
142,500 larvae/m3 (Van der Gaag et al. 2014), causing severe
biofouling problems in cooling water circuits of power stations
and industries in the area (Rajagopal et al. 1997, 2002, 2005a,
2005b, 2010a, 2010b, Jenner et al. 1998).
A maximum shell length of 24.0 mm was found in the North
Sea canal. Large mussels were rare. Of 12,556 individuals
collected in the littoral zone, only 25 individuals (0.2%)
potentially belong to a third size cohort with shell lengths
varying from 17.5 to 22.5 mm, indicating high mortality after
the second cohort. Verween et al. (2006) recorded a maximum
shell length of 17–22 mm in the Scheldt (Belgium). For The
Netherlands, Gittenberger et al. (1998) reported a maximum
shell length, height, and width of 23, 11, and 9 mm, respectively.
On occasion, shell lengths of up to 27.0 mm have been recorded
(Gittenberger et al. 1998, Kennedy 2011a).
Two cohorts based on shell length measurements with high
numbers and a third one with very low numbers could be
distinguished on stones from the North Sea canal. Results show
that prudence is called for when interpreting cohorts to define
year classes or different generations. In cages, a maximum age
of 4.5 y was recorded indicating the existence of 5 y classes.
Verween et al. (2006) made a hypothetical calculated graphical
presentation of 5 y classes with the Von Bertalanffy growth
function using data from experiments carried out in the harbor
of Antwerp and concluded that Mytilopsis leucophaeata could
become older than 5 y (lengths). Exceptionally large specimens
with shell lengths of 23–24 mm were observed by Vorstman
(1933b) in November to December. According to her observations,
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TABLE 3.

Pearson product moment correlation of day length, mean shell length, mean shell growth, maximum shell growth, chlorophyll a, and
water temperature for the long term panel field experiments 1989 to 1990 (A) and 1990 to 1991 (B).
Mean shell length

Mean shell growth

Maximum shell growth

A

B

A

B

A

B

Mean shell length

0.387
0.191
13
–

0.164
0.593
13
–

Mean shell growth

–

–

0.739
0.006
12
0.742
0.006
12
–

0.483
0.111
12
0.716
0.009
12
–

Maximum shell growth

–

–

–

–

0.0691
0.823
13
0.918
<0.001
13
0.654
0.021
12
–

–0.0678
0.826
13
0.908
<0.001
13
0.641
0.025
12
–

Chlorophyll a

–

–

–

–

–

–

Day length

Water temperature
A

B
0.750
<0.001
48
–0.0562
0.855
13
0.608
0.036
12
–0.180
0.557
13

0.0618
0.841
13
0.586
0.045
12
–0.136
0.659
13
0.329
0.0224
48

Day length, chlorophyll a, and water temperature values are used from the years 1989 to 1992. The correlation is regarded as significant at P value < 0.05
(indicated in bold figures). The cell contents include, in order of appearance, the correlation coefficient, P value, and number of samples.

these individuals had died and were never older than 1 y and a few
months (Vorstman 1933a, 1933b).
Settlement, Shell Length Growth, and Reproduction

Vorstman (1933a, 1933b, 1934) used glass slides as settlement plates and collected spat replacing the glass slides
fortnightly during the period 1932 to 1934 at Oosterdock in
the Mesohaline harbor of Amsterdam (Fig. 1). These publications did not contain quantitative data, graphs, and statistics.
Only a general description of the results by Vorstman was
presented. These results can be confirmed by the present
quantitative study. Fourteen-day-old spat had a shell length
of 0.85 mm and a shell height of 0.70 mm. A new generation
settled in July to October and grew until the month November.
Growth began again in May the next year. During winter time,
the shell length of the young generation varied between circa 2
and 10 mm. The winter pause was visible as a clear mark on the
shell followed by further growth. The fully grown shells were
TABLE 4.

Threshold values of water temperature for shell growth of
Mytilopsis leucophaeata on panels and stones in the North
Sea canal.
Shell growth
Substrate

Year

Start (°C)

Halted (°C)

Panels

1989
1990
1991
1989
1990
1991
1992

n.d.
10.0
9.1
10.0
12.8
11.0
14.2

9.1
9.2
n.d.
9.1
9.2
10.1
9.5

Stones

n.d., not determined.

circa 19–20 mm long, a length reached by the next autumn. This
fully grown generation started to die off in November. In the
subsequent months, this generation decreased in numbers until
the generation was extinct by April the next year. Therefore, the
maximum age at this site was 18 mo.
Vorstman (1933b) observed no large living specimens in April
and May, recording only specimens ranging from 1 to 9 mm.
According to Vorstman (1933b), specimens were on an average
4 mm in length in winter time. At the end of July and at an average
shell length of 8 mm, a resting period of about 14 days occurred
followed by recommencement of shell growth. In July mussels were
on average 11 mm long, by the end of August 15 mm long and half
way through September 17 mm long including a resting period of
a few weeks, reaching by the end of October 19 mm in length.
Kennedy (2011a) noted that the sizes recorded by Vorstman (1933b)
may not be typical of first year maximum sizes as sizes of 10–15 mm
have also been reported. Sch€
utz (1969) compared VorstmanÕs
results with those she obtained from the Nordostseekanal in
Germany and found similar results with respect to the life cycle.
According to Rajagopal et al. (1995), the sexes of Mytilopsis
leucophaeata in the North Sea canal could be distinguished from
a shell size of 2.4 mm and reproductive maturity was reached at
about 7 mm. Spawning took place from July–September based
on the reproductive tissue cycle and gonad index leading to
a lower tissue dry weight in the period July–October. Vorstman
(1933b) observed reproductively mature specimens (from 10
mm) in midJuly and observed young mussels occurring from the
end of July until November.
According to Verween et al. (2006), Mytilopsis leucophaeata
shell growth rate was most rapid in June to July, decreasing in
September and further decreasing in October to November with
no growth occurring in winter time.
Relation of Shell Length Growth and Environmental Factors

We found that salinity had no significant correlation with
day length, chlorophyll a, water temperature, mean shell length,
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Figure 7. Monthly shell length-frequency distribution of Mytilopsis leucophaeata on stones in the littoral zone of the North Sea canal.

maximum shell length, and mean shell length growth; however,
water temperature, day length, and chlorophyll a showed
a significantly positive correlation with each other. No significant correlation was found between the mean shell length and
the chlorophyll a concentration. The relationship between the

mean shell length of the second year class of mussels on the
stones and the water temperature was positive. During a 4-y
period, mean shell length growth was significantly correlated
with day length. Mean shell length and mean shell length
growth on the panels were both significantly correlated with
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MYTILOPSIS: SETTLEMENT AND GROWTH

Figure 8. Summation frequency of all shell lengths of each size class of the
measured individuals of Mytilopsis leucophaeata on the stones in the
littoral zone of the North Sea canal (1989 to 1992).

maximum shell length growth and with each other. Mean shell
growth on the stones was significantly correlated with the day
length, and mean growth on the panels was significantly
correlated with water temperature. Other correlations were
not significant.
Similarly, Verween et al. (2006) found that shell growth was
correlated positively with temperature but not with chlorophyll
a concentration. They found that chlorophyll a was only weakly
correlated with temperature.
The shell growth on the panels in the North Sea canal was
rapid during July to November, followed by a period of almost no
growth from December to May, and again rapid shell growth
from May to July. Maximum and minimum shell lengths and
growth of Mytilopsis leucophaeata on the panels followed a typical
pattern. Growth was observed to start and stop at a threshold
temperature of 9.1°C. Fast growth of some individuals and slow
growth of others may be caused by different settling times of
larval cohorts. It is unknown whether an individual can spawn
only once or several times during a spawning season.
Verween et al. (2005, 2007a) found a series of peaks in larval
density during the spawning season by sampling on a weekly
basis. Dreissenidae should be sequential spawners, and seasonal
flexibility in larval production should indicate that adults can
carry gametes for a long time (Verween et al. 2005).
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phase differed strongly in their growth rate. Within three
months after settlement, the fastest growers could reach
a shell length of about 12 mm, and after a growth pause
during winter and spring, individuals could grow further to
a size of over 20 mm within 2 mo. At the same time, other
individuals would grow very slowly. This means that shell size
of Mytilopsis leucophaeata is not a direct reflection of age, but
that mussels of the same size should be ascribed to a range of
possible ages. Over a period of 13 mo after settlement,
animals with shell lengths smaller than 1 mm could be 3–4
mo old; of 1.0–1.5 mm shell length 4–11 mo old; and above
2–4 mm shell length 9–12 mo old. For the most rapidly growing
mussels during that period: 2 mm shell length could indicate
a mussel is 1 mo old, 3 mm could indicate 2 mo old, 8 mm
could indicate 2–3 mo old, 10–12 mm could indicate 3–11 mo
old, 14–17 mm could indicate 12 mo old and 20.8–20.9 mm
could indicate 13 mo old (Figs. 4 and 5). This may be caused
by sequential settlement whereby some early settled individuals experience better conditions for growth than later
settlers; however, other factors may also play a role in growth
regulation such as genetic differences, food availability,
density, and position with respect to other individuals.
CONCLUSION

The present study reports new data on settlement, shell
length distribution, and growth of Mytilopsis leucophaeata in
relation to key environmental factors in the littoral zone of
a brackish water canal. At locations where salinity conditions
were suitable, settlement and shell length growth, day length, and
water temperature showed a positive correlation. The minimum threshold temperature for shell length growth stops was
9.1°C (9.1°C–10.1°C) based on monthly measurements.
Growth started at a minimum temperature of 9.1°C (9.1°C–
14.2°C). These threshold temperatures are similar with those
for the related Dreissena polymorpha (Pallas, 1771) (Mackie
1991, Jantz & Neumann 1998). The general pattern of shell
growth after settlement was a strong growth to an average shell
length of 4 mm by Autumn followed by a growth pause in
winter and start of growth in May the next year. Individual
shell growth showed a high degree of variation. The cage data
proved that a few individuals of M. leucophaeata can reach up
to 4.5 y old.
ACKNOWLEDGMENTS

Differential Growth of Individuals

Shell size is often used to estimate the age of a newly
discovered colonization (Willing 2015). Individuals settled
on the plates in the North Sea canal after the planktonic

The authors thank Martin Versteeg for his help during the
field collecting, Henk Jenner (KEMA, Arnhem) and the
Beijerinck-Popping Foundation for financial support, and Jon
Matthews for improving the English text.

LITERATURE CITED
Carlton, J. T. 1985. Transoceanic and interoceanic dispersal of coastal
marine organisms: the biology of ballast water. Oceanogr. Mar. Biol.
Annu. Rev. 23:313–371.
Forstr€
om, T., A. E. Fowler, M. Lindqvist & O. Vesakoski. 2016. The
introduced dark false mussel, Mytilopsis leucophaeata (Conrad,
1831) has spread in the northern Baltic Sea. BioInvasions Rec.
5:81–84.
Gittenberger, E., A. W. Janssen, W. J. Kuijper, J. G. J. Kuiper, T.
Meijer, G. Van der Velde, J. N. De Vries & G. A. Peeters. 1998. De

Nederlandse zoetwatermollusken; recente en fossiele weekdieren uit
zoet en brak water. Nederlandse fauna 2. Leiden: National Natuurhistorisch Museum Naturalis, KNNV uitgeverij & European Invertebrate Survey Nederland. 288 pp.
Jantz, B. & D. Neumann. 1998. Growth and reproduction cycle of the
zebra mussel in the river Rhine as studied in a river bypass.
Oecologia 114:213–225.
Jenner, H. A., J. W. Whitehouse, C. J. L. Taylor & M. Khalanski. 1998.
Cooling water management in European power stations: biology

Downloaded From: https://bioone.org/journals/Journal-of-Shellfish-Research on 05 Apr 2019
Terms of Use: https://bioone.org/terms-of-use
Access provided by Radboud Universiteit Nijmegen

426

VAN DER GAAG ET AL.

and control. In: Hydroecologie Appliquee 1–2. Chatou, France:
Electricite de France. pp. 1–225.
Kennedy, V. S. 2011a. The invasive dark false mussel Mytilopsis
leucophaeata (Bivalvia: Dreissenidae): a literature review. Aquat.
Ecol. 45:163–183.
Kennedy, V. S. 2011b. Biology of the uncommon dreissenid bivalve
Mytilopsis leucophaeata (Conrad, 1831) in central Chesapeake Bay.
J. Molluscan Stud. 77:154–164.
Mackie, G. L. 1991. Biology of the exotic zebra mussel, Dreissena
polymorpha, in relation to native bivalves and its potential impact in
Lake St. Clair. In: Munawar, M. & T. Edsall, editors. Environmental assessment and habitat evaluation of the Upper Great Lakes
connecting channels. Dordrecht, The Netherlands: Springer. pp.
251–268 (Hydrobiologia 219).
Mackie, G. L. & R. Claudi. 2010. Monitoring and control of macrofouling mollusks in fresh water systems, 2nd edition. Boca Raton,
FL: CRC Press. 508 pp.
Maitland, R. T. 1897. Dreissensia cochleata in den Amstel. T. Ned.
Dierkundige Ver. (2)5:LXXXV.
Nyst, P. H. 1835. Mollusques. Bull. Acad. Roy. Sci. Belles-Lettres
Bruxelles 2:235–236.
Oliver, P. G. 2015. Old shell collection casts new light on an alien
species. The dark false mussel (Mytilopsis leucophaeata) may have
been in Britain as early as 1800! J. Conchol. 45:1–4.
Rajagopal, S., G. Van der Velde & H. A. Jenner. 1997. Shell valve
movement response of dark false mussel, Mytilopsis leucophaeta, to
chlorination. Water Res. 31:3187–3190.
Rajagopal, S., M. Van der Gaag, G. Van der Velde & H. A. Jenner.
2002. Control of brackish water fouling mussel, Mytilopsis leucophaeata (Conrad) with sodium hypochlorite. Arch. Environ. Contam.
Toxicol. 43:296–300.
Rajagopal, S., M. Van der Gaag, G. Van der Velde & H. A. Jenner.
2005a. Upper temperature tolerances of exotic brackish-water
mussel, Mytilopsis leucophaeata (Conrad): an experimental study.
Mar. Environ. Res. 60:512–530.
Rajagopal, S., G. Van der Velde, M. Van der Gaag & H. A. Jenner.
2005b. Factors influencing the upper temperature tolerances of three
mussel species in a brackish water canal: size, season and laboratory
protocols. Biofouling 21:87–97.
Rajagopal, S., G. Van der Velde & H. A. Jenner. 1995. Aangroeibestrijding van de brakwatermossel Mytilopsis leucophaeta bij de
centrales Hemweg en Velsen. Deel I: Biologie en klepbewegingsgedrag
met behulp van de Mosselmonitor. KEMA Milieu Services. Report
64211-KES 95-3109. Produktnummer 83399.KP.19 95P90. 56 pp.
Rajagopal, S., G. Van der Velde & H. A. Jenner. 2010a. Turning the
heat on zebra mussels: temperature as a control option. In: Van der
Velde, G., S. Rajagopal & A. Bij de Vaate, editors. The zebra mussel in
Europe. Leiden, The Netherlands: Backhuys Publishers/Weikersheim,
Germany: Margraf Publishers. pp. 363–370.
Rajagopal, S., G. Van der Velde & H. A. Jenner. 2010b. Chlorination
for Dreissena polymorpha control: old war-horse for the new pest?
In: Van der Velde G., S. Rajagopal & A. Bij de Vaate, editors. The
zebra mussel in Europe. Leiden, The Netherlands: Backhuys
Publishers/Weikersheim, Germany: Margraf Publishers. pp. 383–392.
Scholten, J. 1919. Eenige aanteekeningen over de land- en zoetwatermolluskenfauna van Nederland. Bijdr. Dierkd. 21:67–71.

€
€ber die Benthosfauna
Sch€
utz, L. 1969. Okologische
Untersuchungen u
im Nordostseekanal III. Aut€
okologie der vagilen und hemisessilen
Arten im Bewuchs der Pf€ahle: Makrofauna. Int. Rev. Gesamten
Hydrobiol. 54:553–592.
Systat Software Inc. SigmaPlot for Windows Version 11.0 (Build
11.0.0.77) Copyright Ó 2008. Systat Software Inc., San Jose, CA.
Van Benthem Jutting, T. 1943. Congeria Partsch (1836). In: Fauna van
Nederland. Afl XII. Mollusca C11 Lamellibranchiata. Leiden, The
Netherlands: Sijthoff. pp. 210–214.
Van der Gaag, M., G. Van der Velde, S. Wijnhoven & S. Rajagopal.
2014. Temperature dependent larval occurrence and spat settlement
of the invasive brackish water bivalve Mytilopsis leucophaeata
(Conrad, 1831) (Dreissenidae). J. Sea Res. 87:30–34.
Van der Gaag, M., G. Van der Velde, S. Wijnhoven & R. S. E. W.
Leuven. 2016. Salinity as a barrier for ship hull-related dispersal and
invasiveness of dreissenid and mytilid bivalves. Mar. Biol. 163:147
(article number 147).
Van der Velde, G., S. Rajagopal & A. Bij de Vaate. 2010. From zebra
mussels to quagga mussels: an introduction to the Dreissenidae. In:
Van der Velde G., S. Rajagopal & A. Bij de Vaate, editors. The zebra
mussel in Europe. Leiden, The Netherlands: Backhuys Publishers/
Weikersheim, Germany: Margraf Publishers. pp. 1–10.
Verhofstad, M. J. J. M., B. M. C. Grutters, G. Van der Velde &
R. S. E. W. Leuven. 2013. Effects of water depth on survival,
condition and stable isotope values of three invasive dreissenid
species in a deep freshwater lake. Aquat. Invasions 8:157–169.
Verween, A. M., F. Hendrickx, M. Vincx & S. Degraer. 2007a. Larval
presence prediction through logistic regression an early warning system
against Mytilopsis leucophaeata biofouling. Biofouling 23:25–35.
Verween, A., M. Vincx & S. Degraer. 2006. Growth patterns of
Mytilopsis leucophaeata, an invasive biofouling bivalve in Europe.
Biofouling 22:221–232.
Verween, A., M. Vincx & S. Degraer. 2007b. The effect of temperature
and salinity on the survival of Mytilopsis leucophaeata larvae
(Mollusca, Bivalvia): the search for environmental limits. J. Exp.
Mar. Biol. Ecol. 348:111–120.
Verween, A., M. Vincx, J. Mees & S. Degraer. 2005. Seasonal variability
of Mytilopsis leucophaeata larvae in the harbour of Antwerp:
implications for ecologically and economically sound biofouling
control. Belg. J. Zool. 135:91–93.
€
Vorstman, A. G. 1933a. Uber
die Biologie von Congeria cochleata Nyst.
Zool. Anz. 102:240–242.
Vorstman, A. G. 1933b. Zur Biologie der Brackwassermuschel Congeria cochleata (Nyst). Verh. Internat. Verein. Limnol. VI:182–
186.
Vorstman, A. G. 1934. Biologische Notizen betreffs der sessilen Fauna
im Hafen der Stadt Amsterdam. Zool. Anz. 109:76–80.
Willing, M. J. 2015. Two invasive bivalves, Rangia cuneata (G. B.
Sowerbyi, 1831) and Mytilopsis leucophaeata (Conrad, 1831) living
in freshwater in Lincolnshire, eastern England. J. Conchol. 42:189–
192.
Zhulidov, A. V., A. V. Kozhara, G. Van der Velde, R. S. E. W. Leuven,
D. A. Zhulidov, T. Y. Gurtovaya, T. F. Nalepa & V. J. R. SantiagoFandino. 2015. New records from the Ponto-Azov region demonstrate the invasion potential of Mytilopsis leucophaeata (Conrad,
1831) (Bivalvia: Dreissenidae). J. Molluscan Stud. 81:412–416.

Downloaded From: https://bioone.org/journals/Journal-of-Shellfish-Research on 05 Apr 2019
Terms of Use: https://bioone.org/terms-of-use
Access provided by Radboud Universiteit Nijmegen

