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Abstract

The invasive alien false mussels Mytilopsis leucophaeata cochleata and Dreissena polymor-
pha (Dreissenidae) have established populations in the North Sea canal in the Neth-
erlands that connects the harbours of Amsterdam with the North Sea. The favourable 
and unfavourable salinity ranges of both species were earlier studied in long-term out-
door mesocosm experiments. Their occurrence in salinity gradients in estuaries or ca-
nals connecting seaways to freshwater harbours provides information on their salinity 
tolerance under field conditions. By the combination of laboratory experiments and 
field data using the same source population a high predictability can be expected for 
establishment of the gradients facilitated by constructions. The reliability of experi-
mentally derived salinity-tolerance limits for both dreissenid species was tested using 
data on their distribution in a salinity gradient of the littoral zone along the North Sea 
canal. The mussels used for the survival experiments in mesocosms were also collected 
from this canal. Favourable salinity ranges for adult survival in the mesocosms were 
0.2 – 17.5 for M. leucophaeata cochleata and 0.2 – 6.0 for D. polymorpha. Unfavour-
able salinities were outside these ranges and led to high and fast mortality of these 
species. Mytilopsis leucophaeata cochleata was present over nearly the whole length of 
the North Sea canal with the highest densities close to the sea sluices where also the 
highest salinities and water temperatures were measured. Their densities in the canal 
decreased gradually at larger distances from the sea. Dreissena polymorpha co-exists 
with M. leucophaeata cochleata at the east end of the canal with low salinity due to 
the influence of freshwater of the river Rhine. The occurrence of D. polymorpha was 
restricted to a salinity below 4 and M. leucophaeata cochleata only occurred at a salin-
ity above 1.5 (maximum value measured in the canal 9.2). Shorter salinity gradients 
with lower salinity ranges provided additional information on the co-existence of both 
species. Co-existence was observed at a salinity range of 1.5–3.3 (own data), 1.0–3.5 
(Van Couwelaar and Van Dijk 1989), both in the North Sea canal, and 0.2–2.8, in the 
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Canal through Voorne (Janssen and Janssen-Kruit 1967). These data correspond with 
studies of both species by Walton (1996) in the Hudson River (salinity range 0–3). 
Found salinity ranges in the North Sea canal for both species match with the tolerance 
results obtained by mesocosm experiments. A new invading dreissenid mussel Dreisse-
na rostriformis bugensis and a mytilid Ischadium recurvum occur in the North Sea canal 
since 2006 and 2012, respectively. Competition between recent and earlier invaders is 
likely when salinity tolerances are similar. It has already been observed that D. rostri-
formis bugensis outcompetes D. polymorpha under freshwater conditions (Bij de Vaate 
et al. 2014; Matthews et al. 2014). Ischadium recurvum has the potential to colonize 
large parts of the canal and to be a strong competitor of M. leucophaeata cochleata 
(Goud et al. 2019). Since January 2022, the new ‘Zeesluis IJmuiden’ with the biggest 
locks in the world is in use, affecting the probability of population establishment of 
new introduced and invasive alien mussel species.

Key words: co-existence, dark false mussel, densities, distribution, Dreissenidae, North 
Sea canal, salinity, water temperature

Introduction

Bivalve species belonging to the Dreissenidae and Mytilidae are highly invasive 
and are famous as bioengineers. They colonize freshwater and brackish water bod-
ies and coastal areas worldwide and transform ecosystems by their activities and 
high densities (Karatayev et al. 2002; Borthagaray and Carranza 2007; Sousa et 
al. 2009; Kelly et al. 2010; Van Leeuwen et al. 2010; Kennedy 2011) (Fig. 1). 
Although Mytilidae and Dreissenidae are not closely related with each other, they 
possess similar adaptations and life strategies due to evolutionary convergence. 
Their appearance shows at first glance a strong similarity, which is the reason that 
we call them all mussels. As they also occupy similar niches, e.g. by attachment 
with byssus threads to hard substrate, various species have the potential to out-
compete each other or find a way of co-existence leading to sympatric populations. 
Differential tolerance to physicochemical conditions can prevent competition be-
tween various species leading to co-existence in sympatry.

The invasive freshwater zebra mussel Dreissena polymorpha (Pallas, 1771) orig-
inates from the Ponto-Caspian area. This species occurs nowadays widespread in 
Europe and North America (Van der Velde et al. 2010a, b; Matthews et al. 2014). 
Globally, D. polymorpha can potentially even spread further (Pollux et al. 2010). 
According to Van Benthem Jutting (1943) the oldest record in the Netherlands of 
D. polymorpha, under the name Mytilus lineatus Lamarck, was made by Waarden-
burg (1827) who found the species in fresh water on stones and shells in the Haar-
lemmermeer, in the rivers Rhine and Lee near Leiden. As the thesis of Waarden-
burg appeared in February 1827, D. polymorpha must have been already present 
there in 1826 or earlier. The species was probably introduced with the transport of 
timber from the Baltic area (Kerney and Morton 1970; Van der Velde et al. 2010a, 
b). Dreissena polymorpha is nowadays widespread in the Netherlands.

Mytilopsis leucophaeata (Conrad, 1831) is an invasive brackish water species 
originating from North America. The native distribution range of this species is the 
Atlantic coast of the United States of America and the Gulf of Mexico up to Brazil 
(Marelli and Gray 1983; Mackie and Claudi 2010; Kennedy 2011; Fernandes 
et al. 2018). Invasions of this species occurred in Europe, Asia Minor and South 
America (Souza et al. 2005; Fernandes et al. 2018; Lodeiros et al. 2019). In Europe 
its distribution is still expanding (Zhulidov et al. 2015) (Table 1).
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Figure 1. Scheme of environmental needs (rectangles) and activities (in italics) of mussels for the metabolism and growth (left column) 
during their life cycle (central columns), and factors influencing their densities (right column). (Adapted from Van der Gaag 2021).

Table 1. First records of Mytilopsis leucophaeata cochleata in countries of Europe and Asia Minor.

No. Country Water system/site Year Reference

1 Great Britain* Wales, Tenby 1800? Oliver (2015)

2 Belgium Harbour of Antwerp 1835 Kickx in Nyst (1835)

3 France Canal of Bergues 1872 De Guerne (1873)

4 The Netherlands River Amstel, Amsterdam 1895 Maitland (1897)

5 Germany Kiel Canal 1928 Boettger (1932)

6 Kaliningrad 
(Russia)

Baltiejsk (Pillau) <1939 Steussloff (1939)

7 Lithuania Klaipeda (Memel) <1939 Jaeckel (1962)

8 Spain Guadalquivir 1993 Escot et al. (2003)

9 Great Britain Wales, Cardiff 1996 Oliver et al. (1998)

10 Finland Loviisa archipelago 2003 Laine et al. (2006)

11 Ukraine Dniester, liman 2004 Therriault et al. (2004)

12 Iran Caspian Sea 2009 Heiler et al. (2010)

13 Poland Gulf of Gdansk 2010 Dziubińska (2011)

14 Georgia Black Sea 2010 Mumladze et al. (2019)

15 Sweden Bay of Asphällafjärden 2011 Florin et al. (2013)

16 Russia Caspian Sea 2014 Zhulidov et al. (2018)

17 Italy Lagune of Venice** 2018 Zulian and Quaggiotto (2020)

*Museum collection;
** Earlier recorded in Italy at the beach of Cervia (Ravenna) as Mytilopsis spec. (Camerani 2009).
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The first record of Conrad’s false mussel Mytilopsis leucophaeata cochleata (Kickx 
in Nyst, 1835) (Dreissenidae) in the Netherlands was in the River Amstel in Am-
sterdam by R.T. Maitland in 1895 (Table 1). Maitland found this false mussel spe-
cies on floating wooden piles (Secretaris Nederlandsche Dierkundige Vereeniging 
1897). The species was identified as Dreissena cochleata.

The massive occurrence of dreissenid mussels in the Netherlands, a sedimentary 
area with soft substrate, is highly facilitated by the use of imported stones instead 
of wood as protection against bank erosion of the large water bodies such as rivers 
and canals since the arrival of the shipworm centuries ago (Paalvast and Van der 
Velde 2014). Differential tolerance to physico-chemical conditions can prevent 
competition between various species leading to co-existence in sympatry.

Salinity tolerance

The benthic mussel stages can be dispersed over long distances, while attached to 
ship hulls or floating substrata. Alternatively, larvae can be transported by water 
currents and in the ballast and bilge water of ships and vessels. To gain insight 
into dispersal potential and habitat suitability, survival of the benthic stages of two 
invasive dreissenid species (chosen based on their occurrence in salinity gradients) 
were tested for their tolerance to salinity. They were exposed to various salinities 
in outdoor mesocosms during three long-term experiments (Van der Gaag et al. 
2016, 2017, 2018). Mussel survival was studied without prior acclimation, re-
flecting conditions they experienced when they are attached to ship hulls while 
travelling along a salinity gradient from fresh or brackish water to seawater, or vice 
versa. Initially, mussels react to salinity shock by temporarily closing their valves, 
suspending ventilation and feeding. This cannot be maintained for long periods 
and adaptation to higher salinity must eventually occur. In our tests, bivalve sur-
vival was monitored till the last specimen of a test cohort died. The survival periods 
were compared with the duration of actual ship voyages to estimate the real-world 
survival potentials of species dependent of salinity changes, travel distances and 
durations. Salinity shocks during the trip will be survived within the favourable sa-
linity range but these species tolerate only for a few weeks the unfavourable salinity 
range. Variability in salinity of dispersal corridors may function as a barrier for the 
spread of species. At faster and more frequent shipping in the future, salinity can 
become less important as a dispersal barrier (Van der Gaag et al. 2016).

Genetics

Genetic information should be considered with respect to environmental toler-
ances such as salinity. Recently, it became clear that with respect to the COI gene 
of the invasive populations of M. leucophaeata in Europe, only one haplotype was 
involved. This haplotype is the same for the populations along the temperate east 
Atlantic coast of North America (Heiler et al. 2010; Fernandes et al. 2018, 2022). 
This relatively cold-tolerant lineage may be presenting a distinct species that orig-
inated in the mid-eastern or north-eastern USA and deviating because of past gla-
ciations or the formation of the Labrador Current. This haplotype has colonised 
Eurasia via harbours by the shipping trade, which function as the hubs for further 
dispersal (Fernandes et al. 2018). The haplotype can be considered a subspecies or 
a species separate from M. leucophaeata for which in both cases the name cochleata 
is available as described by Kickx in Nyst (1835). So, we established the salini-
ty-temperature tolerance of this (sub) species.
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Populations of D. polymorpha in the Netherlands resembled genetically most 
those of invasive populations in other Eurasian countries such as Poland, Spain, 
and Russia (Volga River). Its sister group consists of populations from the Danube 
River, Hudson River, and the Erie Canal (Stepien et al. 2014).

Salinity limits and gradients

Mytilopsis leucophaeata cochleata and D. polymorpha show a different occurrence 
with respect to salinity. To understand and predict their colonization, dispersal, 
population development and survival, it is important to know their salinity tol-
erances. To get information about their salinity limits in the field in relation to 
other environmental factors several approaches can be used varying from short to 
long-term observations and measurements in the field, transplants in cages and 
settlement plates at various locations. To get a better understanding controlled out-
door and indoor mesocosms and aquarium experiments were carried out at varying 
combinations of conditions (Van der Gaag et al. 2016 and literature therein).

Data on species occurrence in salinity gradients in estuaries or canals connecting 
seaways to freshwater harbours can also provide valuable information on their sa-
linity tolerance (Wolff 1969; Strayer and Smith 1993). Therefore, the distribution 
of two invasive dreissenids (M. leucophaeata cochleata and D. polymorpha) has been 
studied in a salinity gradient within the North Sea canal (Noordzeekanaal, the 
Netherlands).

The present study aims to test the reliability of the experimentally derived salini-
ty-tolerance limits for these species (Van der Gaag et al. 2016), using available data 
on their distribution in the salinity gradients of the North Sea canal and elsewhere 
in the Netherlands to get insight in the environmental conditions for co-existence 
and sympatry, niche segregation and invasiveness of these mussels and to predict 
their occurrence (Van der Velde et al. 1998).

Materials and methods

Study area

The distribution related to salinity of M. leucophaeata cochleata and D. poly-
morpha was studied in the North Sea canal (Province of North-Holland) in the 
Netherlands. This canal connects the Amsterdam harbours with the North Sea 
(Figs 2, 3).

The North Sea canal opened in 1876 for shipping after 11 years of implemen-
tation. The construction of this waterway started with 7 km digging through the 
coastal dunes near Velsen. At the east end the Oranjesluizen (Oranje sluices) were 
built in 1872 and 17 km of dykes constructed in the lakes ‘Wyker meer’ and ‘IJ 
meer’. This resulted in several land reclaims and a canal with a depth of 7.5 m 
and a bottom width of 27 m (Van Haaren and Tempelman 2006). After several 
enlarging and deepening works, the North Sea canal is today 15–18 m deep and 
170 m wide (Zindler et al. 2004). The distance along the canal from the sluices 
at IJmuiden to the city of Amsterdam is indicated as kilometres (km). The 21 km 
western part of the canal (km 0–21) is called the North Sea canal and the 7 km 
eastern part (km 21–28) is the river IJ. The IJ in Amsterdam is 10–12 m deep and 
about 100 m wide (Van Haaren and Tempelman 2006). The banks along the canal 
mainly consist of Belgian and German rock armour, sheet piles (harbours) and 
reed beds (some side canals).
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The main function of the canal is transport by shipping from the harbours of 
Amsterdam to the North Sea and vice versa. Large seagoing ships can use all har-
bours along the canal up to the Mercurius harbour that is located at 21.5 km from 
the sea and 3 km from the city centre of Amsterdam. In the canal yearly 45,000 
ship movements were recorded (Rijkswaterstaat 2023 https://www.rijkswaterstaat.
nl/water/waterbeheer/bescherming-tegen-het-water/waterkeringen/dammen-slui-
zen-en-stuwen/sluizencomplex-ijmuiden#feiten-en-cijfers). Other functions of the 
canal are the discharge of water and sediment and use of cooling water by power 
stations and industries. The yearly water discharge through the sluices is 4.6 bil-
lion m3 (Rijkswaterstaat 2023 https://www.rijkswaterstaat.nl/water/waterbeheer/
bescherming-tegen-het-water/waterkeringen/dammen-sluizen-en-stuwen/sluizen-
complex-ijmuiden#feiten-en-cijfers).

The sampling sites of M. leucophaeata cochleata and D. polymorpha in the North Sea 
canal, the river IJ and the harbour of IJmuiden are situated in the littoral zones along 
the main channel of the canal (Fig. 3, Table 2). Sampling sites 1 and 2 are situated 

Figure 2. Map of the Netherlands showing areas and locations (sea areas, main lakes, rivers (R.), canals and harbours) mentioned in the text.

https://www.rijkswaterstaat.nl/water/waterbeheer/bescherming-tegen-het-water/waterkeringen/dammen-sluizen-en-stuwen/sluizencomplex-ijmuiden#feiten-en-cijfers
https://www.rijkswaterstaat.nl/water/waterbeheer/bescherming-tegen-het-water/waterkeringen/dammen-sluizen-en-stuwen/sluizencomplex-ijmuiden#feiten-en-cijfers
https://www.rijkswaterstaat.nl/water/waterbeheer/bescherming-tegen-het-water/waterkeringen/dammen-sluizen-en-stuwen/sluizencomplex-ijmuiden#feiten-en-cijfers
https://www.rijkswaterstaat.nl/water/waterbeheer/bescherming-tegen-het-water/waterkeringen/dammen-sluizen-en-stuwen/sluizencomplex-ijmuiden#feiten-en-cijfers
https://www.rijkswaterstaat.nl/water/waterbeheer/bescherming-tegen-het-water/waterkeringen/dammen-sluizen-en-stuwen/sluizencomplex-ijmuiden#feiten-en-cijfers
https://www.rijkswaterstaat.nl/water/waterbeheer/bescherming-tegen-het-water/waterkeringen/dammen-sluizen-en-stuwen/sluizencomplex-ijmuiden#feiten-en-cijfers
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outside the sluices (seawater) and, sampling sites 10 and 11 are in the IJ (Amsterdam). 
All the other sampling sites are situated along the borders of the North Sea canal.

Hydrology and salinity

The harbour of IJmuiden is located West of the sea sluices, where seawater (nor-
mally with a salinity of 30–35) is mixed with brackish water from the canal result-
ing in a salinity of 17 measured at low tide. The freshwater lake IJmeer is situated 
east of the Oranje sluices (Fig. 3). The North Sea canal receives freshwater from the 
River Rhine through the Amsterdam-Rhine canal. The surface water of the North 
Sea canal is clearly a mixture of seawater from the North Sea and discharged fresh-
water originating from the River Rhine and surrounding polder areas.

The North Sea canal is a water system with salt stratification. When ships pass 
the sluices, seawater penetrates the canal. This results in a salt wedge, which moves 
over the bottom in an eastern direction. The water with a lower salinity (brackish 
water) and lower density flows over the salt wedge in the direction of the sea. The 
salt wedge reaches until the threshold of the emergency barrier separating the Am-
sterdam-Rijnkanaal from Het IJ/North Sea canal. Both water layers poorly mix so 
that a salt jump develops at a certain depth.

By maintaining a minimal flow rate of 10 m3.s-1 in the Amsterdam-Rijnkanaal the 
salt wedge of the Amsterdam-Rijnkanaal is banned. The result of the combination of 
a salt wedge flowing to the east and the brackish upper layer flowing to the west is a 
salt gradient in horizontal as well as vertical direction. The mean residence time of the 
salt wedge is 40 days and for the freshwater layer 20 days. The flow rate is < 0.2 m.s-1 

Figure 3. Sampling sites in the North Sea canal between the sea sluices in IJmuiden and the IJmeer, indicated by arrows with km. The 
square in the inserted figure indicates the geographical location of the North Sea canal area and the black arrow points the location of the 
canal through Voorne in the Netherlands.
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and the mean water drainage 85 m3.s-1 (Van Beersum et al. 1993). Water from the 
Amsterdam-Rijnkanaal, lake IJmeer and the polder waters are directed towards the 
North Sea. By these flow rates a relatively brackish, well mixed upper layer (epilimni-
on) develops with a thickness of 5–6 m with a decreasing thickness from west to east. 
An intermediary layer with a thickness of 8 m develops, with a linearly increasing 
salinity (metalimnion) and a basic layer of 1–2 m with a constant salinity, of which 
the thickness increases and the salinity decreases from west to east (hypolimnion) 
(Karelse and Van Gils 1991). At each lock sea water enters the canal reinforcing the 
salt wedge (ten times per day for the Noordersluis). Now and then the salt wedge 
enters the Amsterdam-Rijnkanaal under the influence of water flow and wind.

Table 2. Overview of data for the North Sea canal (own data, data Van Couwelaar and Van Dijk 
1989) and data canal through Voorne (Janssen and Janssen-Kruit 1967. All data : x = present, xx = 
numerous, M.l. = Mytilopsis leucophaeata cochleata, D.p. = Dreissena polymorpha, M.e. = Mytilus edulis, 
Temp. = water temperature. Own data and data Couwelaar and Van Dijk : number per square metre.

North Sea canal

Own data (collected October 1989)

Distance from sea M.l. D.p. M.e. M.l./D.p. Temp.⁰C Salinity

Km -1.5 0 0 xx 16.0 16.2

Km -0.1 0 0 xx 17.4 13.0

Km 0.4 16800 0 0 18.9 8.0

Km 2.5 14600 0 0 18.8 7.9

Km 4.5 2800 0 0 15.5 7.5

Km 6.5 8700 0 0 17.0 6.5

Km 10 11000 0 0 15.2 5.1

Km 15 8600 0 0 17.2 4.3

Km19.5 5700 50 0 114 15.6 3.3

Km 24 9200 2800 0 3.29 15.6 3.0

Km 28 0 xx 0 15.1 1.7

Data Van Couwelaar & Van Dijk (collected September 1988)

Km 5 1462 0 17 4.0

Km 7.5 1406 20 70.3 16 3.5

Km 13 811 23 35.5 17 3.0

Km 18.5 1740 1480 1.2 19 2.7

Km 22 283 998 0.28 16 1.8

Km 25 578 1277 0.45 17 1.0

Km 28 11 945 0.01 17 2.5

Canal through Voorne

Data Janssen & Janssen-Kruit (collected September 1965)

Distance from 
Brielse Maas

M.l. D.p. M.e. M.l./D.p. Salinity 
high

Salinity 
Low

Salinity 
Mean

Km -0 0 xx 0.5 0.2 0.4

Km 0 2 x 0.9 0.2 0.4

Km 1 4 x 1.1 0.2 0.5

Km 3 60 90 0.67 1.6 0.3 0.6

Km 6 70 20 3.5 2.1 0.4 0.9

Km 7.5 xx 14 2.5 0.5 1.1

Km 9 xx 1 2.8 0.6 1.3



Matching brackish water ranges with salinity tolerances

177Marinus van der Gaag et al. (2024), Aquatic Invasions 19(2): 169–190, 10.3391/ai.2024.19.2.124566

Collection and measurements of mussels

In October 1989, we collected one to three basalt stones in the littoral zones of 
the North Sea canal at seven sampling sites (km 0.4, 2.5, 6.5, 10, 15, 19.5, 24) 
alongside the canal for the sampling of M. leucophaeata cochleata and D. polymor-
pha (Fig. 3). Mytilus edulis could be collected only from the basalt stones at the 
seaside of the sluices in IJmuiden at low tide (Van der Velde et al. 1998). In April, 
June and September 1990, four to five sampling sites alongside the canal have 
been sampled and in June 1991 only km 24. All sampled stones were transported 
to the laboratory in plastic bags, provided with the number of the sampling loca-
tion and were stored at 4 ⁰C until analyses. Subsequently, all mussels present on 
the stones were removed and counted. The sampling area was measured in cm2. 
The shell length and height of each individual of M. leucophaeata cochleata and 
D. polymorpha were measured with an accuracy of 0.05 mm. For practical reasons 
the minimum length of the specimens used for size measurements was 1 mm. The 
density of each species and the ratio between the numbers of individuals of both 
species were calculated.

Collection of physico-chemical data

Salinity of the upper water layer was measured with an YSI salinity meter in the 
North Sea canal and water temperature was measured with a mercury thermome-
ter at each sampling date and site. To study the seasonal variability of salinity and 
water temperature of the North Sea canal, monthly measurements were carried out 
near the Municipality of Velsen (km 2.5) for four years. All other salinity values of 
the North Sea canal used were derived from chloride data of Van Couwelaar and 
Van Dijk (1989). Salinity data of the canal through Voorne data were derived from 
chloride values mentioned in Janssen and Janssen-Kruit (1967). Salinity was cal-
culated by multiplication of chloride content values (g.l-1) with 1.80655 (Salinity 
= 1.80655 * Cl) (Wooster et al. 1969).

Statistics and graphs

SigmaPlot for Windows (Version 11.0 (Build 11.0.0.77) Copyright © 2008. Sys-
tat Software Inc., 1735 Technology Drive Suite 430 San José, CA95110, U.S.A.) 
was used for statistical analyses and graphical representation of data.

Results

Current species occurrence

A large population of M. leucophaeata cochleata is still present in the North 
Sea canal and the connected river IJ (Figs 3, 4). The ships in the canal produce 
waves and currents resulting in a supply of suspended organic matter to mus-
sels in the littoral zone. Power plants and other industries use water of the ca-
nal for cooling purposes and discharge cooling water with temperatures above 
ambient conditions. The higher water temperatures in mixing zones of these 
thermal discharges are beneficial for the reproduction and growth of mussels. 
In cooling water systems with water intake from the canal, the higher tem-
perature and the continuous flow of food stimulate the growth of the mussels 
that settled in the condenser tubes causing blockage of the water flow (Jenner 
et al. 1998).
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At km 0.4, 2.5, 4.5, 6.5, 10, 15, 19.5, and 24 M. leucophaeata cochleata was 
found and, at km 19.5 and km 24 this species was found to co-exist with D poly-
morpha (Tables 2, 3). At km 19.5 one specimen of D. polymorpha was found 
in October 1989 but none in 1990. At km 28 only D. polymorpha was found. 

Figure 4. Distribution of Mytilopsis leucophaeata cochleata (A, B), Dreissena polymorpha (C, D) in the Netherlands (Source NDFF service 
team, Nijmegen). A, C. All records in the period 1800–2024 are indicated with blue squares. B, D. All records in the period 1990–2024 
are indicated with red dots; atlas blocks without records in this period but with records before 1990 are indicated with blue squares. A small 
atlas block measures 5 × 5 km, a large atlas block 10 × 5 km covering two topographical map sheets (east and west). Soil type is indicated 
by different colours: orange: loess, yellow: sand, purple: peat, green: clay (Vogelbescherming Nederland 2007).
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Dreissena polymorpha co-existed with M. leucophaeata cochleata at the farthest end 
of the canal with most Rhine water influence (Fig. 5). The occurrence of D. poly-
morpha was restricted to a salinity below 4 (Fig. 6). At km -1.5 and km -0.1, out-
side of the sea sluices, no dreissenid mussels were observed (see below Discussion 
Salinity tolerance).

Physico-chemical data

The salinity measurements in the North Sea canal showed a gradual decrease from 
km 0–km 25 (Fig. 5). Table 4 summarizes the yearly mean, maximum, minimum 
and median water temperature of sampling site km 2.5 (municipality of Velsen).

Monthly, salinity and water temperature in the period 1989–1992 were mea-
sured in the North Sea canal at km 2.5 (Velsen). Salinity fluctuated between 3.0 
and 9.5 (Fig. 7), while the temperature course is predictable with a maximum in 
June–October (20–24 ⁰C) and a minimum in December–February (4–8 ⁰C).

Densities and co-existence

Mytilopsis leucophaeata cochleata was present over nearly the whole length of the 
North Sea canal with the highest densities close to the sea sluices where also the 
highest salinities and water temperatures were measured. The densities in the canal 
decreased gradually at larger distances from the sea (Fig. 5) where salinity was 
lower (Fig. 6).

Table 3. Overview of data for the North Sea canal . Own data and data Van Couwelaar en Van 
Dijk: number per square metre; M.l. = Mytilopsis leucophaeata cochleata, D.p. = Dreissena polymorpha, 
Temp. = Water temperature ⁰C, n.d. = not measured.

North Sea canal. Own data 1989/1990
Distance M.l. M.l. M.l. M.l. Salinity Salinity Salinity Temp 
from sea Oct.89 Apr.90 Jun.90 Sep.90 Apr.90 Jun.90 Sep.90 Oct. 89
Km -0.1 0 17.4
Km 0.4 16800 10800 22500 11800 7.4 n.d. 9.2 18.9
Km 2.5 14600 5600 8000 12000 5.9 n.d. 8.5 18.8
Km 4.5 2800 15.5
Km 6.5 8700 8000 6600 1600 4.3 n.d. 6.1 17.0
Km 10 11000 15.2
Km 15 8600 1600 3800 3.1 4 17.2
Km19.5 5700 15.6
Km 24 9200 3900 4500 3800 1.5 n.d. 2.2 15.6
Km 28 0 15.1
North Sea canal. Data Van Couwelaar & Van Dijk, 1989 
Distance M.l. D.p. M.l. D.p. M.l./

D.p.
M.l./
D.p.

Temp Salinity

from sea May.88 May.88 Sep.88 Sep.88 May.88 Sep.88 Sep.88 Sep.88
Km 5 906 0 1462 0 17 4.0
Km 7.5 1406 20 70.3 16 3.5
Km 13 977 9 811 23 108.6 35.5 17 3.0
Km 18.5 387 30 1740 1480 12.9 1.2 19 2.7
Km 22 0 273 283 998 0.28 16 1.8
Km 25 578 1277 0.45 17 1.0
Km 28 11 945 0.01 17 2.5
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The occurrence of co-existing D. polymorpha and M. leucophaeata cochleata was 
studied at km 24 in the period October 1989–June 1991. The density of M. leu-
cophaeata cochleata was on average 2.4 times higher than that of D. polymorpha 
(Table 5). Further eastward at ‘freshwater’ sites only D. polymorpha was found.

Figure 5. Densities of Mytilopsis leucophaeata cochleata and Dreissena polymorpha in relation to the salinity gradient in the North Sea canal 
(Fig. 2, Table 3). At every distance from sea, the order is October 1989, April 1990, June 1990 and September 1990.

Figure 6. Population density in relation to salinity for Mytilopsis leucophaeata cochleata (regression line: Y = 3373.3 + 12.5X + 134.2X2 ; 
p=0.012) and Dreissena polymorpha (regression line Y = -9729.7 + 9330.4X – 1854.1X2 ; p=0.494) in the North Sea canal, together with 
the observations of Van Couwelaar and Van Dijk (1989), M. l. cochleata (regression line: Y = 69.8 + 483.3X + 52.8X2 ; p=0.467) and 
D. polymorpha (regression line: Y = 1221.3 – 15.2X – 81.1X2 ; p=0.283).
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Discussion

Population establishment and decline in the Netherlands

From 1895 until 1932, M. leucophaeata cochleata expanded its range in the Neth-
erlands through the brackish water systems in the province of North-Holland and 
from the coastal areas near Hellevoetsluis to Groningen (Van der Gaag 2021). 
Most of the populations in the province of North-Holland disappeared due to a 
decline in water salinity after the closure of the Zuiderzee, leading to the develop-
ment of the freshwater lake IJsselmeer in 1932. In 1932, in the Oosterdock (part 
of the harbour of Amsterdam) Vorstman performed a study with slide glasses, to 
get insight in the life cycle of M. leucophaeata cochleata (Vorstman 1933a, b, 1934) 
demonstrating that this area was still a brackish water system.

The delta works in the south-western part of the Netherlands resulted in the clo-
sure of estuaries by dams and other storm surge barriers. These flood defence struc-
tures changed brackish estuaries into freshwater lakes causing the local extinction 
of several populations of M. leucophaeata cochleata in the province of Zuid-Holland 
(e.g., the population in the canal through Voorne by the closure of the Haringvliet 

Table 5. Number of individuals and ratio of Dreissena polymorpha (Dp) and Mytilopsis leucophaeata 
cochleata (Mlc) collected from stones in the North Sea canal in the IJ opposite of the central railway 
station of Amsterdam (km 24).

Date Salinity Dreissena 
polymorpha

Mytilopsis 
leucophaeata cochleata

Mlc./Dp

October 1989 3.0 55 184 3.3

April 1990 1.5 87 168 1.9

June 1990 n.d. 98 227 2.3

September 1990 2.2 65 209 3.2

June 1991 n.d. 84 161 1.9

Average number and ratio with 
standard deviation

77 (±17) 190 (±28) 2.4 (±0.7)

Table 4. Water temperature (°C) and salinity with mean value, date of maximum, date of minimum 
and median value in the years 1989–1992 in the North Sea canal at km 2.5 (near the municipality 
of Velsen).

Year(s) Mean Maximum (date) Minimum (date) Median

Water 
temperature °C

1989–1992 13.5 23.9 (24/08/1989) 4.5 (16/01/1991) 13.6

1989 14.2 23.9 (24/08/1989) 6.5 (26/01/1989) 10.6

1990 13.5 19.4 (21/06/1990) 4.7 (19/12/1990) 12.8

1991 12.1 20.4 (28/08/1991) 4.5 (16/01/1991) 11.0

1992 14.3 23.2 (30/06/1992) 5.0 (22/01/1992) 14.2

Salinity 1989–1992 5.5 9.2 (18/01/1990) 3.2 (16/12/1992) 5.2

1989 6.2 7.9 (23/11/1989) 4.3 (18/05/1989) 5.5

1990 6.2 9.2 (18/01/1990) 3.5 (22/11/1990) 5.8

1991 5.0 7.2 (30/09/1991) 3.2 (16/01/1991) 4.5

1992 4.6 5.5 (30/06/1992) 3.2 (16/12/1992) 5.0
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estuary in 1971) (Fig. 4). Most of the populations in the provinces of Friesland and 
Groningen also disappeared before the 21th century due to a strong decline of the 
brackish water systems by increased inlet of fresh water for agricultural purposes. 
Although considered an alien species the high local extinction rate led to putting 
M. leucophaeata cochleata on the red list of vulnerable species (Gmelig Meyling and 
De Bruyne 2022).

An established population of M. leucophaeata cochleata is still present in the 
canal from Ghent to Terneuzen in the south of the Netherlands (Kuijper 2000). A 
small population occurs in the Eems canal and the Oosterhornhaven in Weiwerd 
near Delfzijl (Kuijper 2002) in Groningen. The species also occurs in the Van Har-
inxma canal at Harlingen in the north, in the eastern part of the Western Scheldt 
near Rilland in the south and in a water body near Den Helder in North-Holland 
(De Bruyne et al. 2013) (Figs 2–4).

Gradient study in the canal through Voorne

Janssen and Janssen-Kruit (1967) qualitatively collected dreissenid mussels at seven 
locations with different salinities in the littoral zone of the canal through Voorne.

The canal through Voorne between the river Brielse Maas and Haringvliet estuary 
was digged out by hand and finished in 1829 (Figs 2, 3). The Haringvliet was at that 
time in open connection with the North Sea. The canal has a width of 30 m, a sluice 
width of 10 m and a depth of 5.3–5.6 m, which was large enough for most ships 
at that time (Benschop 2023). The canal through Voorne had connections by the 
sluice with the Brielse Maas and with the Haringvliet via a sluice at Hellevoetsluis. 
By the construction of this canal the sailing time for ships from the North Sea to the 
Rotterdam harbour was since 1829 shortened half a day. The canal lost its function 
after the construction of the Nieuwe Waterweg between the North Sea and the Port 
of Rotterdam in 1872. The Haringvliet was at that time in open connection with 

Figure 7. Monthly salinity in the period 1989–1992 in the North Sea canal at km 2.5 (municipality of Velsen). At this locality only 
Mytilopsis leucophaeata cochleata was found.



Matching brackish water ranges with salinity tolerances

183Marinus van der Gaag et al. (2024), Aquatic Invasions 19(2): 169–190, 10.3391/ai.2024.19.2.124566

the North Sea. In 1960 the canal through Voorne was dammed of in the north 
(Wikipedia 2022). The Haringvlietdam was finished in 1971 changing the Har-
ingvliet into a freshwater body. The desalination of the canal through Voorne result-
ed in the disappearance of M. leucophaeata cochleata after 1971 (Fig. 4). A salinity 
gradient was present from the northern sluice (km 0), which connected the canal to 
the freshwater of the Brielse Maas, and the southern sluice (km 9), which connected 
the canal to the seawater of the Haringvliet. Salinity data of the first nine months of 
1965 were delivered as chloride content by Rijkswaterstaat. Their qualitative sam-
pling approach allowed to calculate the ratio between the number of individuals of 
both species. In the low salinity part of the canal, a few M. leucophaeata cochleata 
were found and many D. polymorpha. In the high salinity part of the canal the 
opposite was found. In the middle of the canal both species were present in equal 
amounts as salinity values of the canal through Voorne were low (Table 2).

Gradient studies in North Sea canal

In 1988, Stichting Ecotest commissioned by the department Water Management 
of Rijkswaterstaat Directorate Noord-Holland investigated the littoral fauna of the 
North Sea canal, side channels and harbours (Van Couwelaar and Van Dijk 1989). 
They found populations with a density higher than 200 mussels.m-2 for M. leuco-
phaeata cochleata between km 5–km 25. For D. polymorpha they found a density 
of more than 200 mussels.m-2 at km 25–km 28, low numbers at km 22 and very 
low numbers from km 7.5–km 13.5 (Tables 2, 3). In the side channel C, near the 
municipality of Spaarndam (Fig. 3), D. polymorpha had high numbers too, because 
of fresh water discharged by the sluice of the Spaarne (Tables 2, 3). In the period 
1989–1990, we found high numbers for M. leucophaeata cochleata from km 0–km 
25, high numbers for D. polymorpha at km 25 – km 28 and low numbers at km 
19.5 (Table 3). In the western part of the North Sea canal (the deep part with the 
big harbours) the salinity (3–8) is too high for the settlement of a permanent D. 
polymorpha population with high density. Mytilopsis leucophaeata cochleata is more 
tolerant to salinity (2–8) and showed high densities from km 0–km 25. In the most 
eastern part of the canal, near the Oranje sluices, the salinity (1–2) is too low for a 
viable population of M. leucophaeata cochleata. In 1989 and in 1990, both species 
had well established populations. They co-existed at km 25 at the north side of 
the canal just opposite of the central station of Amsterdam as also found by Van 
Couwelaar and Van Dijk (1989). De Bruyne and Neckheim (2001) mentioned a 
record of co-existence of both species near the quay De Ruyterkade in Amsterdam 
in 1951 at a salinity of 2.4. Walton (1996) mentioned coexistence of both species 
in the Hudson River, New York where D. polymorpha occurs at salinities of 0–3 
(none found at salinities of 5–9). All these data are in agreement with each other 
and fall within the favourable ranges found by our mesocosms study (look under 
the heading Salinity tolerance below).

Mytilopsis leucophaeata cochleata was also found in fresh water outside the brack-
ish water areas in the large rivers Rhine, Meuse and Scheldt (Fig. 4). Jaeckel (1962) 
mentioned it even stream upwards, from the inner Rhine-Ruhr harbour of Duis-
burg (Germany). Because their shells often carry growth of brackish water species 
such as bryozoans and tube worms which live in the North Sea canal area but lack in 
fresh water, they must have been transported by ships most likely through the Am-
sterdam-Rhine canal to the Rhine and there became detached from the ship hulls. 
Adult M. leucophaeata cochleata can survive in fresh water for a long time (120–150 
days in mesocosm and transplantation experiments), but reproduction was not ob-
served under such conditions (Verhofstad et al. 2013; Van der Gaag et al. 2016).
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Salinity and hydrology

In the past, M. leucophaeata cochleata occurred on piles and wooden and stony 
bank protection in the docks of Amsterdam, as these harbour areas were still con-
nected with the Zuyder Sea (Zuiderzee) and sea water penetrated into the canals 
of Amsterdam and other waters around Amsterdam. In 1932 the Zuiderzee was 
closed by a dam, and changed very soon in a freshwater lake, called lake IJsselmeer. 
This led to the disappearance of M. leucophaeata cochleata in the period 1935–
1940 by freshening of the water in the canals of Amsterdam, except the IJ. In the 
Zuiderzee, M. leucophaeata cochleata was lacking and this species did not invade 
the newly created lake IJsselmeer in spite of a short brackish phase after the closing. 
Dreissena polymorpha invaded the whole lake (Van Benthem Jutting 1943) profit-
ing from freshening of the IJsselmeer and availability of shells as a substrate due to 
mass mortality of marine bivalves such as Mya arenaria L., 1758 (Smit et al. 1993) 
(Figs 2, 4). Elsewhere, freshening of the water caused by dams in river estuaries by 
the Delta works and the influence of the enclosed freshwater IJsselmeer on salinity 
of surrounding water bodies led to the disappearance of M. leucophaeata cochleata 
at many localities where it was recorded before (Fig. 4, blue squares) in contrast to 
D. polymorpha. Mytilopsis leucophaeata cochleata was found in the Netherlands in 
brackish water but not in the so-called shock habitats where the salinity changes 
from sea to fresh water and daily fluctuates with the tidal regime (Wolff 1969). 
This species occurs where seasonal fluctuation of salinity is predictable allowing to 
fulfil its life cycle. Therefore, it favours brackish canals and harbours.

Salinity tolerance of Mytilopsis leucophaeata cochleata and D. polymorpha was 
studied in long-term studies in outdoor mesocosms during 1992 – 1995 by which 
favourable and unfavourable salinity ranges for the survival of full-grown mussels 
could be distinguished for the mussel species occurring in the North Sea canal 
(Van der Gaag et al. 2016). The results of the outdoor salinity tolerance experi-
ments allowed us to distinguish favourable (f.: high tolerance) and unfavourable 
(u.: no or low tolerance) salinity ranges for each species, viz. for D. polymorpha 
0.2–6.0 (f.), 7.0–30.0 (u.), for M. leucophaeata cochleata 0.2–17.5 (f.), 20.0–30.0 
(u.). At the unfavourable salinities, those mussels died within 14 days of initial 
exposure. The maximum duration of survival of single specimens of D. polymorpha 
was 318 days at a salinity of 3.2, and 781 days for M. leucophaeata cochleata at a 
salinity of 15.0 (Van der Gaag et al. 2016).

Favourable salinity ranges measured by adult survival time in the mesocosms, 
appeared to be 0.2–17.5 for M. leucophaeata cochleata, and 0.2–6.0 for D. poly-
morpha (Van der Gaag et al. 2016). The salinity range based on the distribution of 
M. leucophaeata cochleata in the North Sea canal was 1.5–9.2, 1.5–3.3 for D. poly-
morpha, and 13.0–16.2 for Mytilus edulis. Van Couwelaar and Van Dijk (1989) 
found in the North Sea canal for M. leucophaeata cochleata 1.0–4.2 and D. polymor-
pha 1.0–3.5. Janssen and Janssen-Kruit (1967) found for M. leucophaeata cochleata 
in Canal through Voorne 0.2–2.8, and for D. polymorpha 0.2–2.8. Van Couwelaar 
and Van Dijk (1989) found this sympatric occurrence in the North Sea canal at a 
salinity of 1.0–3.5. In our study this was recorded for a salinity range of 1.5–3.3 
(Tables 2, 3). All these salinity values are within the favourable ranges of both spe-
cies, such as determined in the long-term survival experiments in the mesocosms.

Recent developments and new invaders

New invading mussels in the North Sea canal and the Netherlands are the brack-
ish water Hooked mussel or Bent mussel Ischadium recurvum (Rafinesque, 1820) 
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(Mytilidae) since 2012 (first record in Europe), originating from the Gulf of 
Mexico (Goud et al. 2019) and the freshwater Quagga mussel (Dreissena rostri-
formis bugensis (Andrusov, 1897) (Dreissenidae) since 2006, originating from the 
Ponto-Caspian area (Bij de Vaate 2006).

Ischadium recurvum shows increased mortality below a salinity of 6 and needs a 
minimum salinity of 4.5 (Allen 1960). The species tolerates a maximum salinity of 
36 (Gulf of Mexico salinity) (Goud et al. 2019). Maximum salinity for occurrence 
of Dreissena rostriformis bugensis is 4 (Mills et al. 1996). Maximum salinity for 
reproduction is 2 (Wright et al. 1996).

The occurrence of these newcomers means that competition between four mussel 
species is likely when salinity tolerances are similar but excluded when salinity tol-
erances are different. It is already observed that D. rostriformis bugensis outcompetes 
D. polymorpha under freshwater conditions (Bij de Vaate et al. 2014; Matthews et 
al. 2014; D’Hont et al. 2018). Besides new species in the North Sea canal also new 
constructions were made leading to opportunities for alien and native species. In 
1993–1994 the Seaport Marina of IJmuiden was constructed and is with the har-
bour of Scheveningen nowadays one of the few seawater harbours along the Dutch 
coast. The Seaport Marina is constructed at the southern part of the old inner pier 
of IJmuiden outside the sluices. Other opportunities for marine species are provid-
ed by the harbour near the steel fabric Tata Steel at the northern side of the canal. 
Both can act as a hub for the dispersal of newly introduced species. Since January 
2022, at opening of the new lock (Zeesluis IJmuiden), the biggest lock in the world, 
each time 10,000 ton sea water is entering the North Sea canal unlike the old lock 
(Noordersluis) with 6,000 ton sea water. Construction of a dam (2022–2024) with 
at the bottom a gate in the inner blow down channel (Binnenspuikanaal) will made 
it possible to drain the salt sea water to the North Sea. In the case that the salinity 
is rising too high when the salt wedge is moving too far inland, and salt water is en-
tering the Amsterdam-Rhine canal the old lock will be used (Rijkswaterstaat 2023). 
The biological consequences of these hydrological changes have to be studied as this 
situation creates opportunities for establishment of new alien mussel species and 
other biofouling species. Studies on the interactions between these new invaders and 
existing populations in the North Sea canal are urgent.

Conclusions

Besides the recent introductions of new alien species in the North Sea canal also 
new constructions were made leading to new opportunities for new and earlier 
invaders and native species. Hydraulic engineering works such as sluices control 
the salinity of the canal and provide a stable environment for these species. In 
the Netherlands, these habitats were created by digging canals, construction of 
harbours and sluices so that sudden salinity changes remained small. The North 
Sea canal harbours the largest population of M. leucophaeata cochleata in the Neth-
erlands and is in this way a source for further dispersal by shipping. The highest 
densities occur in the western part of the canal with relatively high salinity. The 
species coexists with D. polymorpha at salinities below 4. Outdoor mesocosm ex-
periments provided useful information about the limits of salinity tolerance of 
species but their limits found in gradients in the field can be restricted by other 
factors resulting in a smaller tolerance range than found by experiments.
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Matching brackish water ranges with salinity tolerances

186Marinus van der Gaag et al. (2024), Aquatic Invasions 19(2): 169–190, 10.3391/ai.2024.19.2.124566

Author’s contributions

MvdG, GvdV and RSEWL conceived the study and carried out the field work. All 
authors contributed to the analysis of the data and were involved in the writing of 
the paper. All authors have given approval for publication.

Acknowledgements

We thank Martin G. Versteeg for assistance during the field work and transport 
and three anonymous reviewers for constructive remarks.

References

Allen JF (1960) Effect of low salinity on survival of the curved mussel, Brachidontes recurvus. The 
Nautilus 74: 1–8.

Benschop B (2023) Kanaal door Voorne: met de hand gegraven (1827–1830). https://www.stadsmu-
seum-hellevoetsluis.nl/tijd-lijn/kanaal-door-voorne-met-de-hand-gegraven

Boettger CR (1932) Über die Ausbreitung der Muschel Congeria cochleata Nyst in europäischen 
Gewässern und ihr Auftreten im Nordostseekanal. Zoologischer Anzeiger 101: 43–47.

Borthagaray A, Carranza A (2007) Mussels as ecosystem engineers. Their contribution to species rich-
ness in a rocky littoral community. Acta Oecologica 31(3): 243–250. https://doi.org/10.1016/j.
actao.2006.10.008

Bij de Vaate A (2006) De quaggamossel, Dreissena rostriformis bugensis (Andrusov, 1897), een nieuwe 
zoetwater mosselsoort voor Nederland. Spirula 353: 143–144.

Bij de Vaate A, Van der Velde G, Leuven RSEW, Heiler KCM (2014) Spread of the quagga mussel, 
Dreissena rostriformis bugensis, in Western Europe. Chapter 6, p. 83–92. In: Nalepa T, Schloesser 
DW (Eds) Quagga and Zebra mussels: Biology, impacts and control. CRC Press, Boca Raton, FL. 
2nd edn., 815 pp.

Camerani P (2009) Una numerosa popolazione di bivalvi esotici Mytilopsis (Conrad, 1858), sul lito-
rale romagnolo (Mollusca: Bivalvia: Dreissenidae). Quaderno di Studi e Notizie di Storia Naturale 
della Romagna 28: 17–20.

De Bruyne RH, Neckheim CM [Red.] (2001) Van Nonnetje tot Tonnetje. De recente en fossiele 
weekdieren (slakken en schelpen) van Amsterdam. Schuyt & Co, 207 pp.

De Bruyne RH, Van Leeuwen S, Gmelig Meyling AG, Daan R [Eds] (2013) Schelpdieren van het 
Nederlandse Noordzeegebied. Ecologische atlas van de mariene weekdieren (Mollusca). Tirion 
Natuur, Stichting Anemoon, 414 pp.

De Guerne J (1873) Dreissena cochleata. Bulletin Scientifique Historique et Littéraire du Départe-
ment du Nord et des pays voisins (Pas-de Calais, Somme, Aisne, Ardennes, Belgique). Tome V,  
154–156.

D’Hont A, Gittenberger A, Hendriks AJ, Leuven RSEW (2018) Drivers of dominance shifts be-
tween invasive Ponto-Caspian dreissenids Dreissena polymorpha (Pallas, 1771) and Dreissena ros-
triformis bugensis (Andrusov, 1897). Aquatic Invasions 13(4): 449–462. https://doi.org/10.3391/
ai.2018.13.4.03

Dziubińska A (2011) Mytilopsis leucophaeata, an alien dreissenid bivalve discovered in the Gulf of 
Gdańsk (southern Baltic Sea). Oceanologia 53: 651–655. https://doi.org/10.5697/oc.53-2.651

Escot C, Basanta F, Cobo F, González MA (2003) Notas. Sobre la presencia de Mytilopsis leucophaeata 
(Conrad, 1831) (Bivalvia, Dreissenacea, Dreissenidae) een el río Guadalquivir (sur de la Península 
Ibérica). Graellsia 59(1): 91–94. https://doi.org/10.3989/graellsia.2003.v59.i1.227

Fernandes MR, Salguiero F, Miyahira IC, Henrique C, Caetano S (2018) mtDNA analysis of Mytilo-
psis (Bivalvia, Dreissenidae) invasion in Brazil reveals the existence of two species. Hydrobiologia 
817: 97–110. https://doi.org/10.1007/s10750-018-3602-3

https://www.stadsmuseum-hellevoetsluis.nl/tijd-lijn/kanaal-door-voorne-met-de-hand-gegraven
https://www.stadsmuseum-hellevoetsluis.nl/tijd-lijn/kanaal-door-voorne-met-de-hand-gegraven
https://doi.org/10.1016/j.actao.2006.10.008
https://doi.org/10.1016/j.actao.2006.10.008
https://doi.org/10.3391/ai.2018.13.4.03
https://doi.org/10.3391/ai.2018.13.4.03
https://doi.org/10.5697/oc.53-2.651
https://doi.org/10.3989/graellsia.2003.v59.i1.227
https://doi.org/10.1007/s10750-018-3602-3


Matching brackish water ranges with salinity tolerances

187Marinus van der Gaag et al. (2024), Aquatic Invasions 19(2): 169–190, 10.3391/ai.2024.19.2.124566

Fernandes MR, Salguiero F, Miyahira IC (2022) A global invader is possibly two: First genetic in-
vestigation of native populations of the estuarine bivalve Mytilopsis leucophaeata (Dreissenidae). 
Estuaries and Coasts 45: 812–826. https://doi.org/10.1007/s12237-021-01007-z

Florin A-B, Mo K, Svensson F, Schagerström E, Kautsky L, Bergström L (2013) First record of Con-
rad’s false mussel, Mytilopsis leucophaeata in the southern Bothnian Sea, Sweden, near a nuclear 
power plant. Bioinvasion Records 2(4): 303–309. https://doi.org/10.3391/bir.2013.2.4.07

Gmelig Meyling AW, De Bruyne RH (2022) De brakwatermossel, een bedreigde indicator. Kijk op 
Exoten 11(2): 2–3.

Goud J, De Bruyne R, Offermans R, Melchers M, Nijland R (2019) Gebogen traliemossel Ischadium 
recurvum (Rafinesque, 1820) leeft mogelijk al sinds 2012 in het Noordzeekanaal. Spirula 418: 
17–21.

Heiler KCM, Nahavandi N, Albrecht C (2010) A new invasion into an ancient lake – the invasion 
history of the dreissenid mussel Mytilopsis leucophaeata (Conrad, 1831) and its first record in the 
Caspian Sea. Malacologia 53: 185–192. https://doi.org/10.4002/040.053.0112

Jaeckel SGH (1962) 2. Ergänzungen und Berichtungen zum rezenten und quartären Vorkommen 
der mitteleuropäischen Mollusken. p. 25–260, plus I–IX Tafeln. In: Brohmer P, Ehrmann P, Ul-
mer G. Die Tierwelt Mitteleuropas. Weichtiere. Band II, Ergänzung, Lief. 1. Verlag von Quelle 
& Meyer, Leipzig.

Janssen AW, Janssen-Kruit E (1967) De molluskenfauna van het kanaal door Voorne in verband 
met het zoutgehalte. Correspondentieblad van de Nederlandse Malacologische Vereniging 122: 
1296–1298.

Jenner HA, Whitehouse JW, Taylor CJL, Khalanski M [Eds] (1998) Cooling water management in 
European power stations. Biology and control of fouling Biologie et controle des salissures dans 
les circuits de refroidissement des centrales thermiques europeennes. Hydrologie Appliqué 10: 
1–225. https://doi.org/10.1051/hydro:1989101

Karatayev AY, Burlakova LE, Padilla DK (2002) Impact of zebra mussels on aquatic communities 
and their role as ecosystem engineers. In: Leppäkoski E, Gollasch S, Olenin S (Eds) Invasive 
aquatic species of Europe: distribution, impacts and management. Monographiae Biologicae 
Series. Kluwer Scientific Publishers, Dordrecht, 433–446. https://doi.org/10.1007/978-94-
015-9956-6_43

Karelse M, Van Gils JAG (1991) Noordzeekanaal, Amsterdam-Rijnkanaal waterbeweging en zouthu-
ishouding. Voorstudie t.b.v. modellering, Rijkswaterstaat Directie Noord-Holland. Nota ANW 
91.11., 61 pp.

Kelly DW, Herborg L-M, MacIsaac HJ (2010) Ecosystem changes associated with Dreissena inva-
sions: recent developments and emerging issues. Chapter 20. In: Van der Velde G, Rajagopal S, 
Bij de Vaate A (Eds) The Zebra mussel in Europe. Backhuys Publishers, Leiden/ Margraf Publish-
ers, Weikersheim, 199–209.

Kennedy VS (2011) The invasive dark false mussel Mytilopsis leucophaeata (Bivalvia: Dreissenidae): 
A literature review. Aquatic Ecology 45: 163–183. https://doi.org/10.1007/s10452-010-9344-6

Kerney MP, Morton BS (1970) The distribution of Dreissena polymorpha (Pallas) in Britain. Journal 
of Conchology 27: 97–100.

Kuijper WJ (2000) De weekdieren van de Nederlandse brakwatergebieden (Mollusca). Nederlandse 
Faunistische Mededelingen 12: 41–120.

Kuijper WJ (2002) Vondsten van Brakwatermossels (Mytilopsis leucophaeata) in Noord Groningen. 
Spirula 328: 91–92.

Laine AO, Mattila J, Lehikoinen A (2006) First record of the brackish water dreissenid Mytilopsis 
leucophaeata in the northern Baltic Sea. Aquatic Invasions 1: 38–41. https://doi.org/10.3391/
ai.2006.1.1.9

Lodeiros C, Nieves G-H, Jorge C-A, Dailos H-R, Carolina M-A, Javier Q, Manuel R-M (2019) 
Invasion of the dark false mussel in shrimp farms in Venezuela: species identification and genetic 
analysis. BioInvasions Records 8(4): 838–847. https://doi.org/10.3391/bir.2019.8.4.12

https://doi.org/10.1007/s12237-021-01007-z
https://doi.org/10.3391/bir.2013.2.4.07
https://doi.org/10.4002/040.053.0112
https://doi.org/10.1051/hydro:1989101
https://doi.org/10.1007/978-94-015-9956-6_43
https://doi.org/10.1007/978-94-015-9956-6_43
https://doi.org/10.1007/s10452-010-9344-6
https://doi.org/10.3391/ai.2006.1.1.9
https://doi.org/10.3391/ai.2006.1.1.9
https://doi.org/10.3391/bir.2019.8.4.12


Matching brackish water ranges with salinity tolerances

188Marinus van der Gaag et al. (2024), Aquatic Invasions 19(2): 169–190, 10.3391/ai.2024.19.2.124566

Mackie GL, Claudi R (2010) Monitoring and control of macrofouling mollusks in fresh water sys-
tems. 2nd edn. CRC Press, Boca Raton, 508 pp. https://doi.org/10.1201/9781439804414

Marelli D, Gray S (1983) Conchological redescriptions of Mytilopsis sallei and Mytilopsis leucophaeta 
of the brackish western Atlantic (Bivalvia: Dreissenidae). The Veliger 25: 185–193.

Matthews J, Van der Velde G, Bij de Vaate A, Collas FPL, Koopman KR, Leuven RSEW (2014) 
Rapid range extension of the invasive quagga mussel in relation to zebra mussel presence in The 
Netherlands and Western Europe. Biological Invasions 16: 23–42. https://doi.org/10.1007/
s10530-013-0498-8

McMahon RF (1996) The physiological ecology of the zebra mussel, Dreissena polymorpha, in North 
America and Europe. American Zoologist 36: 339–363. https://doi.org/10.1093/icb/36.3.339

Mills EL, Rosenberg G, Spidle AP, Ludyanskiy M, Pligin Y, May B (1996) A review of the biology 
and ecology of the Quagga mussel (Dreissena bugensis), a second species of freshwater dreisse-
nid introduced to North America. American Zoologist 36: 271–286. https://doi.org/10.1093/
icb/36.3.271

Mumladze L, Bikashvili A, Japoshvili B, Anistratenko VV (2019) New alien species Mytilopsis leu-
cophaeata and Corbicula fluminalis (Mollusca, Bivalvia) recorded in Georgia and notes on other 
non-indigenous molluscs invaded the south Caucasus. Vestnik Zoologii 53(3): 187–194. https://
doi.org/10.2478/vzoo-2019-0019

Nyst PH (1835) Mollusques. Bulletins de l’Académie Royale des Sciences et belles-lettres de Brux-
elles II: 235–237.

Oliver PG, Holmes AM, Mettam C (1998) Mytilopsis leucophaeta (Conrad, 1831) [Bivalvia: Dreisse-
noidea]. A species new to the British fauna. Journal of Conchology 36: 13–18.

Oliver PG (2015) Old Shell collection casts new light on an alien species. The dark false mussel (My-
tilopsis leucophaeata) may have been in Britain as early as 1800! Journal of Conchology 45: 1–4.

Paalvast P, Van der Velde G (2014) Long term anthropogenic changes and ecosystem service conse-
quences in the northern part of the complex Rhine-Meuse estuarine system. Ocean & Coastal 
Management 92: 50–64. https://doi.org/10.1016/j.ocecoaman.2014.02.005

Pollux BJA, Van der Velde G, Bij de Vaate A (2010) A perspective on global spread of Dreissena poly-
morpha: a review on possibilities and limitations. Chapter 4. In: Van der Velde G, Rajagopal S, Bij 
de Vaate A (Eds) The Zebra mussel in Europe. Backhuys Publishers, Leiden/ Margraf Publishers, 
Weikersheim, 45–58.

Secretaris Nederlandsche Dierkundige Vereeniging (1897) Verslag Wetenschappelijke Vergadering. 
Amsterdam, Zoölogisch Laboratorium, Tijdschrift van de Nederlandsche Dierkundige Verenig-
ing 2(5): 85–86.

Smit H, Bij de Vaate A, Reeders HH, Van Nes EH, Noordhuis R (1993) Colonization, ecology, and 
positive aspects of Zebra mussels (Dreissena polymorpha) in the Netherlands. Chapter 3, 55–77. 
In: Nalepa TF, Schloesser DW (Eds) Zebra mussels biology, impacts and control. Lewis Publish-
ers, Boca Raton, Ann Arbor, London, Tokyo, 810 pp.

Sousa R, Gutiérrez JL, Aldridge DC (2009) Non-indigenous invasive bivalves as ecosystem engi-
neers. Biological Invasions 11: 2367–2385. https://doi.org/10.1007/s10530-009-9422-7

Souza JRB, Rocha CMC, Lima MPR (2005) Ocorrência do bivalve exótico Mytilopsis leucophaeta 
(Conrad) (Mollusca, Bivalvia), no Brasil. Revista Brasileira de Zoologia 22: 1204–1206. 
https://doi.org/10.1590/S0101-81752005000400057

Spidle AP, Mills EL, May B (1995) Limits to tolerance of temperature and salinity in the quagga 
mussel (Dreissena bugensis) and the zebra mussel (Dreissena polymorpha). Canadian Journal of 
Fisheries and Aquatic Sciences 52: 2108–2119. https://doi.org/10.1139/f95-804

Stepien CA, Grigorovich IA, Gray MA, Sullivan TJ, Yerga-Woolwine S, Kalayci G (2014) Evolu-
tionary, biogeographic and population genetic relationships of dreissenid mussels, with revision 
of component taxa. Chapter 26. In: Nalepa TF, Schloesser (Eds) Quagga and Zebra Mussels. 
Biology, impacts, and control. CRC Press Taylor & Francis Group, Boca Raton, London, New 
York, 403–444.

https://doi.org/10.1201/9781439804414
https://doi.org/10.1007/s10530-013-0498-8
https://doi.org/10.1007/s10530-013-0498-8
https://doi.org/10.1093/icb/36.3.339
https://doi.org/10.1093/icb/36.3.271
https://doi.org/10.1093/icb/36.3.271
https://doi.org/10.2478/vzoo-2019-0019
https://doi.org/10.2478/vzoo-2019-0019
https://doi.org/10.1016/j.ocecoaman.2014.02.005
https://doi.org/10.1007/s10530-009-9422-7
https://doi.org/10.1590/S0101-81752005000400057
https://doi.org/10.1139/f95-804


Matching brackish water ranges with salinity tolerances

189Marinus van der Gaag et al. (2024), Aquatic Invasions 19(2): 169–190, 10.3391/ai.2024.19.2.124566

Steussloff U (1939) Beachtenswerte Funde am Niederrhein und im Sauerlande (4. Congeria cochleata 
Nyst an einem Rhein-See-Dampfer). Archiv für Molluskenkunde 71: 201–209.

Strayer DL, Smith LC (1993) Distribution of the Zebra Mussel (Dreissena polymorpha) in estuaries 
and brackish waters. Chapter 43. In: Nalepa TF, Schloesser DW (Eds) Zebra mussels. Biology, 
impacts and control. Lewis Publishers, Boca Raton, Ann Arbor, London, Tokyo, 715–725.

Therriault TW, Docker MF, Orlova MI, Heath DD, MacIsaac HJ (2004) Molecular resolution of the 
family Dreissenidae (Mollusca: Bivalvia) with emphasis on Ponto-Caspian species, including first 
report of Mytilopsis leucophaeata in the Black Sea basin. Molecular Phylogenetics and Evolution 
30: 479–489. https://doi.org/10.1016/S1055-7903(03)00240-9

Van Beersum C, Schäfer AJ, Schreur J, Jagtman E, De Vries DJ, Van Haren JCM, De Boer BM 
(1993) Het Noordzeekanaal. Beschrijving, toestand en ontwikkelingen 1976–1991. Notanr. 
93.017. Directoraat Generaal Rijkswaterstaat, Lelystad, 75 pp.

Van Benthem Jutting T (1943) Fauna van Nederland Aflevering XII Mollusca (I) C. Lamellibran-
chia. A.W. Sijthoff’s Uitgeverijmaatschappij N.V., Leiden, 475 pp.

Van Couwelaar M, Van Dijk J (1989) Onderzoek oeverfauna Noordzeekanaal, zijkanalen en havens 
– 1988. Stichting Ecotest, Amsterdam. Rijkswaterstaat Directie Noord-Holland afd. Waterhu-
ishouding (ANW), Haarlem. Nota ANW 89.17, 50 pp.

Van der Gaag M (2021) Conrad’s false mussel (Mytilopsis leucophaeata (Conrad, 1831)) Biology of 
an early invader in the Netherlands. PhD-dissertation Radboud University, Nijmegen, 136 pp.

Van der Gaag M, Van der Velde G, Wijnhoven S, Leuven RSEW (2016) Salinity as a barrier for ship 
hull-related dispersal and invasiveness of dreissenid and mytilid bivalves. Marine Biology 163: 
147. https://doi.org/10.1007/s00227-016-2926-7

Van der Gaag M, Van der Velde G, Leuven RSEW (2017) Settlement, seasonal size distribution 
and growth of the invasive bivalve Mytilopsis leucophaeata (Conrad, 1831) (Dreissenidae) in 
relation to environmental factors. Journal of Shellfish Research 36(2): 417–426. https://doi.
org/10.2983/035.036.0214

Van der Gaag M, Van der Velde G, Collas FPL, Leuven RSEW (2018) Growth, survival and mortal-
ity of juvenile and adult alien Conrad’s false mussel Mytilopsis leucophaeata (Conrad, 1831) (Mol-
lusca, Bivalvia, Dreissenidae) in a brackish canal. Journal of Shellfish Research 37(1): 139–147. 
https://doi.org/10.2983/035.037.0112

Van der Velde G, Van der Gaag M, Rajagopal S, Jenner HA (1998) Where exotic mussels, Dreissena 
polymorpha and Mytilopsis leucophaeta meet in the brackish Noordzeekanaal, The Netherlands. 
Proceedings Eighth International Zebra Mussel and Aquatic Nuisance Species Conference, Sacra-
mento March 16 to 19, 1998: 54.

Van der Velde G, Rajagopal S, Bij de Vaate A [Eds] (2010a) The Zebra mussel in Europe. Backhuys 
Publishers, Leiden/ Margraf Publishers, Weikersheim, 489 pp.

Van der Velde G, Rajagopal S, Bij de Vaate A (2010b) From zebra mussels to quagga mussels, an 
introduction to the Dreissenidae. Chapter 1. In: van der Velde G, Rajagopal S, bij de Vaate A 
(Eds) The Zebra Mussel in Europe. Backhuys Publishers, Leiden/Margraf Publishers, Weiker-
sheim, 1–10.

Van Haaren T, Tempelman D (2006) De tweekleppigen van het Noordzeekanaal (Mollusca: Bival-
via). Nederlandse Faunistische Mededelingen 24: 89–115.

Van Leeuwen B, Augustijn DCM, Van Wesenbeeck BK, Hulscher SJMH, De Vries MB (2010) 
Modeling the influence of a young mussel bed on fine sediment dynamics on an intertidal 
flat in the Wadden Sea. Ecological Engineering 36: 145–153. https://doi.org/10.1016/j.eco-
leng.2009.01.002

Verhofstad MJJM, Grutters BMC, Van der Velde G, Leuven RSEW (2013) Effects of water depth on 
survival, condition and stable isotope values of three invasive dreissenid species in a deep freshwa-
ter lake. Aquatic Invasions 8: 157–169. https://doi.org/10.3391/ai.2013.8.2.04

Vogelbescherming Nederland (2007) Topografische inventarisatieatlas voor flora and fauna van 
Nederland, 185 pp.

https://doi.org/10.1016/S1055-7903(03)00240-9
https://doi.org/10.1007/s00227-016-2926-7
https://doi.org/10.2983/035.036.0214
https://doi.org/10.2983/035.036.0214
https://doi.org/10.2983/035.037.0112
https://doi.org/10.1016/j.ecoleng.2009.01.002
https://doi.org/10.1016/j.ecoleng.2009.01.002
https://doi.org/10.3391/ai.2013.8.2.04


Matching brackish water ranges with salinity tolerances

190Marinus van der Gaag et al. (2024), Aquatic Invasions 19(2): 169–190, 10.3391/ai.2024.19.2.124566

Vorstman AG (1933a) Über die Biologie von Congeria cochleata Nyst. Zoologischer Anzeiger 102: 
240–242.

Vorstman AG (1933b) Zur Biologie der Brackwassermuschel Congeria cochleata Nyst. Verhandlun-
gen der Internationalen Vereinigung für theoretische und angewandte Limnologie 6: 182–186. 
https://doi.org/10.1080/03680770.1933.11898531

Vorstman AG (1934) Biologische Notizen betreffs der sessilen Fauna im Hafen der Stadt Amsterdam. 
Zoologischer Anzeiger 109(3/4): 76–80.

Waardenburg HG (1827) Commentatio ad questionem propositam: Historia naturalis animalium 
molluscorum regno Belgico indigenorum. PhD-Dissertation. University of Leiden, Leiden, 59 pp.

Walton WC (1996) Occurrence of zebra mussel (Dreissena polymorpha) in the oligohaline Hudson 
River, New York. Estuaries 19: 612–618. https://doi.org/10.2307/1352521

Wikipedia (2022) Kanaal door Voorne. https://nl.wikipedia.org/wiki/Kanaal_door_Voorne
Wolff WJ (1969) The Mollusca of the estuarine region of the river Rhine, Meuse and Scheldt in 

relation to the hydrography of the area. II. The Dreissenidae. Basteria 33(5–6): 93–103.
Wooster WS, Lee AJ, Dietrich G (1969) Redefinition of salinity. Notes and comment. Limnology 

and Oceanography 14(3): 437–438. https://doi.org/10.4319/lo.1969.14.3.0437
Wright DA, Selzer-Hamilton EM, Magee JA, Kennedy VS, McIninch SP (1996) Effect of salinity 

and temperature on survival and development of young zebra (Dreissena polymorpha) and quagga 
(Dreissena bugensis) mussels. Estuaries and Coasts 19: 619–628. https://doi.org/10.2307/1352522

Zhulidov AV, Kozhara A, Van der Velde G, Leuven RSEW, Zhulidov DA, Gurtovaya TYu, Nalepa 
TF, Santiago-Fandino VJR (2015) New records from the Ponto-Azov region demonstrate the 
invasion potential of Mytilopsis leucophaeata (Conrad, 1831) (Bivalvia: Dreissenidae). Journal of 
Molluscan Studies 81(3): 412–416. https://doi.org/10.1093/mollus/eyv005

Zhulidov AV, Kozhara A, Van der Velde G, Leuven RSEW, Son MO, Gurtovaya TY, Zhulidov DA, 
Nalepa TF, Santiago-Fandino VJR, Chuikov YS (2018) Status of the invasive brackish water bi-
valve Mytilopsis leucophaeata (Conrad, 1831) (Dreissenidae) in the Ponto-Caspian region. BioIn-
vasions Records 7(2): 111–120. https://doi.org/10.3391/bir.2018.7.2.02

Zindler JA, Brouwer MT, Hartgers EM, Van Klaveren A, Schobben JHM, Serné MC, Stoppelen-
burg DA (2004) Het Noordzeekanaal in cijfers anno 2004. Een kwantitatieve beschrijving van 
de historie en huidige eigenschappen van het kanaal, zijkanalen, havens en kunstwerken. Rapport 
ANW-04-04. Ministerie van Verkeer en Waterstaat. Directoraat-Generaal Rijkswaterstaat Direc-
tie Noord-Holland, 138 pp.

Zulian E, Quaggiotto E (2020) First report of Mytilopsis leucophaeata (Conrad, 1831) (Bivalvia: 
Dreissenidae) from the coasts of Italy. Bollettino Malacologico 56(2): 176–180.

https://doi.org/10.1080/03680770.1933.11898531
https://doi.org/10.2307/1352521
https://nl.wikipedia.org/wiki/Kanaal_door_Voorne
https://doi.org/10.4319/lo.1969.14.3.0437
https://doi.org/10.2307/1352522
https://doi.org/10.1093/mollus/eyv005
https://doi.org/10.3391/bir.2018.7.2.02

	Matching field-based ranges in brackish water gradients with experimentally derived salinity tolerances of Conrad’s false mussel (Mytilopsis leucophaeata cochleata) and zebra mussel (Dreissena polymorpha)
	Abstract
	Introduction
	Salinity tolerance
	Genetics
	Salinity limits and gradients

	Materials and methods
	Study area
	Hydrology and salinity
	Collection and measurements of mussels
	Collection of physico-chemical data
	Statistics and graphs

	Results
	Current species occurrence
	Physico-chemical data
	Densities and co-existence

	Discussion
	Population establishment and decline in the Netherlands
	Gradient study in the canal through Voorne
	Gradient studies in North Sea canal
	Salinity and hydrology
	Recent developments and new invaders

	Conclusions
	Data sharing
	Author’s contributions
	Acknowledgements
	References

