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ABSTRACT: The numbers of exotic species introduced into brackish waters (5-20 psu) and high-
salinity waters (> 20 psu) in the Netherlands are hypothesized to reflect species richness in such
waters elsewhere in the world. Notwithstanding the fact that species numbers in brackish waters
all gver the world are lower than in high-salinity waters, the numbers of introduced species in
these waters in the Netherlands are about equal. Alternative hypotheses to explain this phenome-
non are: (1) because most ports are situated in brackish regions, brackish-water species stand a
better chance of being transported; (2) because brackish-water species are more tolerant of condi-
tions in ballast water tanks, these species have a better chance of being transported alive than
high-salinity species; and (3) because brackish waters have few species, it is easier for an intro-
duced species to establish itself in brackish waters. None of the latter three hypotheses can be re-
jected and probably they all play a part in explaining the phenomenon. The third hypothesis, how-
ever, seems most likely.

INTRODUCTION

The well-known relationship between salinity and species numbers was first
demonstrated by Remane (1934, 1971). High species numbers occur both in freshwater
and seawater, whereas brackish waters are characterized by a low number of species,
some of which are characteristic of brackish waters. Although originally the relationship
shown by Remane was based on data from the Baltic and other regions of northern Eu-
rope, the relationship alsc appears to hold for many other parts of the world, e.g. the
Black Sea (Remane, 1971), the Atlantic coast of North America (Boesch, 1972}, and
South Africa (Day, 1981). I assume that low species numbers are a feature of brackish
waters all over the world.

In relation to the introduction of exotic species to other parts of the world it might
be assumed as a first approximation that brackish-water species have the same chance
of being transported as have high-salinity species or freshwater species. Hence, I for-
mulate as an hypothesis to be tested that the number of exotic species introduced into
brackish waters is considerably less than the number of such species introduced into
high-salinity coastal waters.

As brackish-water species I consider those inhabiting parts of estuaries and lagoons
with a salinity normally between about 5 and 20 psu. High-salinity species are defined
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as species living in the parts of estuaries with a salinity between about 20 psu and that
of full-strength seawater.

MATERIALS AND METHODS

This study has been based on existing data on benthic macrofauna (> 1 mm) from
three estuarine and lagoonal areas in the Netherlands. Included in this survey are
species from the Cnidaria, Mollusca, Polychaeta, Oligochaeta, Decapoda, Isopoda, Am-
phipoda and Cirripedia.

The first of the areas investigated is the estuarine area of the rivers Rhine, Meuse
and Scheldt in the southwestern part of the Netherlands, collectively known as the
Delta area. Until 1970 this area was characterized by a number of well-developed
macro- to mesotidal estuaries with large brackish-water and high-salinity zones as well
as a large number of non-tidal brackish water ponds and pools. The benthic macro-
fauna of this area was described in considerable detail by Wolff (1973, and references
therein) with the exception of the Oligochaeta. The latter group was described by Ver-
donschot (1981) and Verdonschot et al. {1982). Additional data were derived from
Braber & Borghouts (1977) (sea anemones), Heerebout (1970} and Jebram (1968} (Bry-
ozoa), and Swennen (1961} {(Nudibranchia).

The second area is the former Zuiderzee. This was a large (about 4000 km?) brack-
ish-water area in the centre of the Netherlands with a transition to the Wadden Sea in
the northern part of the Netherlands which had and has a higher salinity. The Zuiderzee
was dammed and turned into a freshwater lake in 1932, but before a detailed examina-
tion of its flora and fauna had been made. This has resulted in two Dutch-language
books (Redeke, 1922, 1936). Later, a third book (De Beaufort, 1954) was published on
the process of change towards a freshwater lake; this book also contains information on
the situation before the dam was built in 1932. The Zuiderzee formed a transition be-
tween a meso- to microtidal estuary in the north and a more lagoon-like water body
with a very limited tidal range in the south. After its freshening in 1932 the Noord-
zeekanaal between Amsterdam and the North Sea remained a brackish-water habitat.

The third area is the Ems estuary with the Dollard embayment in the northeastern
part of the Netherlands. This is a macro- to mesotidal estuary with extended high-salin-
ity and brackish-water areas. Dittmer (1981) and Michaelis (1981) summarized the oc-
currence and distribution of the benthic fauna in this estuary based on earlier publica-
tions as well as unpublished data. Since these two authors also describe the benthic
fauna of the nearby Weser estuary in Germany in their publications, this estuary is in-
cluded in this paper as well.

In addition to the reviews on the benthic fauna of the three estuarine areas men-
tioned above, [ have collected all published data (many in Dutch-language periodicals)
on introductions of exotic species into high-salinity and brackish waters in the Nether-
lands. Exotic species have been defined as species originally not occurring along the
Atlantic coasts of Europe (Gibraltar to North Cape), brought into the area through some
sort of human activity, and having established reproducing populations. Hence, Medi-
terranean and Ponto-Caspian species have been considered as exotics. Those species
occurring between Gibraltar and the North Cape are assumed to be able to arrive in
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Dutch coastal waters by natural processes (mainly transport by currents); if they do not
occur there, some other environmental factor apparently restricts their distribution.

RESULTS

Table 1 lists the introduced species occurring in brackish waters in the Netherlands.
Table 2 lists the introduced species occurring in the high-salinity parts of the estuaries
studied. Note that some species are normal inhabitants of both types of waters. For the
time being I estimate that 16 exotic species have established themselves permanently
or at least for several years in the brackish waters of the Netherlands, whereas 14 exotic
species are known to have established themselves in the waters with a higher salinity.

The total number of species of the taxonomic groups considered in the brackish wa-
ters is about 80 (Verdonschot, 1981; Verdonschot et al., 1982; Woiff, 1973 and unpub-
lished work), whereas the total number in the higher-salinity waters is about 250 (Ver-
donschot, 1981; Wolff, 1973 and unpublished work). Hence, the percentage of exotic
species in Dutch brackish waters is about 20%, whereas the percentage in high-salinity
waters is nearly 6%.

Table 1. Species known or suspected of having been introduced into brackish waters of the

Netherlands. T = occurs in tidal waters; S = occurs in stagnant waters; E = established; E? = estab-

lishment uncertain. Note that the former Zuiderzee ceased to exist in 1932; hence, any species in-

troduced later cannot have occurred in this water body. (E) = introductions after 1932 in the brack-

ish Noordzeekanaal. References denote major publications in which introduction of a species into
the Netherlands is documented

Species Type Delta Zuider- Ems/ References
zee  Weser
Cordylophora caspia TS E E E Vervoort, 1964
Bimeria franciscana T E E E Vervoort, 1964
Haliplanella lineata S E - - Braber & Borghouts, 1977
Faasse, 1997
Potamopyrgus antipodarum T S E E E Jutting, 1933
Corambe obscura T S - E - Swennen & Dekker, 1995
Mytilopsis leucophaeta S E E - Jutting, 1943
Mya arenaria T E E E Hessland, 1945
Marenzelleria cf. wireni T E - E Essink & Kleef, 1988;
Bick & Zettler, 1997
Ficopomatus enigmaticus S E (E) E Wolff, 1969; Van der Velde
et al., 1993
Rhithropanopeus harrisii TS E E - Buitendijk & Holthuis, 1949
Eriocheir sinensis T E - E Kamps, 1937
Callinectes sapidus T S E? (E) - Timmermans & Melchers,
1992
Gammarus tigrinus T E - E Nijssen & Stock, 1966
Balanus amphitrite S E? Borghouts-Biersteker, 1969;
Vaas, 1975; Faasse, 1996
Balanus eburneus T2S E? E? Siock, 1995
Balanus improvisus T E E E Barnes, 1994
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Table 2. Species known or suspected of having been introduced into high-salinity waters of the

Netherlands. T = occurs in tidal waters; L = occurs in stagnant waters; E = established; E? = estab-

lishment doubtful; NE = not established. References denote publications in which introduction of
a species into the Netherlands is documented

Species Type Delta Zuider- Ems/ References
zee  Weser
Halipianella lineata TS E E - Faasse, 1997
Crepidula fornicata T E E E Jutting, 1933
Crassostrea gigas T E E - Drinkwaard, 1999
Mercenaria mercenaria T NE - - Personal observations (1961)
Petricola pholadiformis T E E E Jutting, 1943
Teredo navalis T E E Jutting, 1943
Ensis directus T E E E Essink, 1985
(E. americanus)
Mya arenaria T E E E Hessland, 1945
Polydora hoplura T NE - - Korringa, 1951
Hydroides elegans S NE - - Ten Hove, 1974;
Ten Hove & Lucas, 1996
Janua brasiliensis S E? Critchley & Thorp, 1985
Caprella macho T E? Platvoet et al., 1995
Callinectes sapidus T E? Craeymeersch &
Kamermans, 1996
Eriocheir sinensis T E E E Kamps, 1937
Elminius modestus T E E E Den Hartog, 1953
Balanus amphitrite S E? - - Borghouts-Biersteker, 1969;
Vaas, 1975; Faasse, 1996

DISCUSSION AND CONCLUSIONS

The hypothesis that the number of introduced species in brackish waters will be
lower than that in high-salinity waters because the latter type of waters has more
species available for transport can be rejected. Before I try to find alternative explana-
tions I will consider the quality of my data.

Wolff (1973), Vaas (1975), Den Hartog & Van der Velde (1987) and Wolff (1992) have
previously provided earlier lists of species introduced into the Netherlands. The differ-
ences between their lists and the lists in this paper are due to the exclusion in this pa-
per of (1) freshwater species, {(2) a number of taxonomic groups (e.g. Copepoda, Tuni-
cata, Pisces, Algae), (3) planktonic species, and (4) introduced species which are native
to other parts of the Atlantic coastline of Europe (e.g. Branchiomma bombyx, Cras-
sostrea angulata). I conclude that Dutch researchers agree on which exotic marine and
brackish-water species have been introduced into the Netherlands. The only exception
is Orchestia platensis, which Den Hartog & Van der Velde (1987) consider an intro-
duced brackish-water species. However, Den Hartog (1963) mentions O. platensis only
from a saltmarsh near Den Oever in the Dutch Wadden Sea, i.e. the marine part of the
former Zuiderzee system, and for that reason I doubt whether it should be considered a
brackish-water species. Hence, it has not been listed in Table 1 or 2.
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As well as the species listed in Tables 1 and 2, cryptogenic species might be pre-
sent. This category is not well researched so it is not possible to present lists at this mo-
ment. However, for brackish waters the bryozoans Bowerbankia gracilis, Victorella
pavida, and Valkeria uva as well as the mud snail Heleobia stagnorum might be con-
sidered as such. For the first three species this is concluded from their cosmopolitan
distribution, for the latter one from its occurrence in only one isolated locality in the
Netherlands (Bank et al., 1979).

Since our first hypothesis had to be rejected, alternative hypotheses can be looked
for. Three prime candidates are:

1. Because most ports are situated in brackish regions, brackish-water species stand a
better chance of being transported.

2. Because brackish-water species are more tolerant of conditions in ballast water
tanks, these species have a better chance of being transported alive than high-salin-
ity species.

3. Because brackish waters have few species, it is easier for an introduced species to
establish itself in brackish waters (Woltf, 1973).

[t seems a reasonable assumption that most ports situated on estuaries nowadays origi-
nated on the freshwater tidal reaches of these estuaries (e.g. London, Rotterdam,
Antwerp, Hamburg, Baltimore, Calcutta). Here, fresh water was available for consump-
tion by man and animals, whereas sea-going ships could still reach these locations with
the flood tide. In the course of their development these ports will have expanded on the
downstream side of their original location, whereas dredging activities will have deep-
ened the estuarine channels. Both activities will have resulted in promoting brackish
conditions in the ports. Indeed, many harbour basins nowadays contain brackish water.
This century the seaward movement of ports has resulted in the creation of a few deep-
water ports, which are usually situated in areas with full strength seawater. Thus, at first
sight the hypothesis that the high number of introduced brackish-water species reflects
the location of ports along estuarine gradients seems to be confirmed. [ do not see a pos-
sibility to test this hypothesis now, although in future the seaward movement of ports
might result in a relatively higher introduction rate of high-salinity species.

The second hypothesis, higher tolerance of brackish-water species for ballast-water
tank conditions, is supported by physiological data {Vernberg, 1983). Estuarine spectes
can be characterized broadly as being more euryhaline and more eurythermal than
open-ocean forms. Many have evolved considerable tolerance for oxygen deprivation.
As a group, these organisms have evolved a wide range of physiological adaptations
that permit them to utilize the fluctuations of the estuarine environment to their advan-
tage. There is no doubt that the same species will be better adapted to temporary life in
ballast water tanks than high-salinity species. However, how important have these
adaptations been in facilitating transport? Ballast water has been used since the 1880s
(Carlton & Geller, 1993). Of the species listed in Table 1, at least four species occurred
in Dutch waters before this date and, hence, were probably not transported in ballast
water - Mya arenaria, which was introduced many centuries ago (Hessland, 1945; Pe-
tersen et al., 1992); Rhithropanopeus harrisii, which was described as a new species
{Pilumnus tridentatus Maitland) from the former Zuiderzee in 1874; and Corambe ob-
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scura which was described as a new species (Corambe batava Kerbert) from the former
Zuiderzee in 1886, but the specimens were discovered as early as 1881. Also, Cordylo-
phora caspia occurred in Dutch waters as early as 1874 (Vervoort, 1946). In addition, spe-
cies like Haliplanella lineata, Ficopomatus enigmaticus and Balanus spp. may have been
transported on ship hulls. Although the hypothesis that brackish-water species are more
easily transported in ballast water because of their higher physiological tolerance can-
not be refuted, my data suggest that at least half and probably even more of the intro-
duced brackish-water species have been transported by means other than ballast water.

The third hypothesis states that brackish waters are easily invaded, because only
few species inhabit this habitat. Dutch (and NW European) brackish water, thus, should
have empty niches. The existence of empty niches can be assumed, based on the fol-
lowing exemplary observations. A few centuries ago, no species of crabs occurred in the
brackish waters in the Netherlands or elsewhere in Europe. Nowadays, at least three
different species (Callinectes, Eriocheir, Rhithropanopeus) occur. Similarly, filter-feed-
ing molluscs were absent from tidal brackish waters in NW Europe. In this case, only
one species (Mya) is present now. Another argument that can be raised is that no intro-
duction of exotic species has resulted in the extinction of native brackish-water species,
but this is also true for the high-salinity introductions (Wolff, to be published). Again, it
will be difficult to test this hypothesis, but on the other hand we have no arguments to
contradict it.

In conclusion, I believe that of the three hypotheses formulated above, all may have
played their part in enhancing the number of exotic brackish-water species in Dutch
(and NW European) brackish waters, but that the last one (empty niches) seems most
likely.
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