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Voorwoord 
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Hugo Coops, Egbert van Nes en Joan van der Velden hebben allen vanuit hun eigen 
invalshoek een zeer waardevolle bijdrage aan het onderzoek geleverd Dankzij de goede 
teamgeest die we hadden en het voortdurende streven naar kwaliteitsverbetering heeft 
het proefschrift zijn huidige gedaante kunnen krijgen Esti heeft bovendien in de afronden
de fase de nodige hulp geboden en tijdens het schrijven menig kritische kanttekening 
geplaatst Dankzij Saskia werden de determinaties en metingen In hele periode conse
quent, en met grote degelijkheid en precisie uitgevoerd Ze werd hlenn geholpen door 
ondermeer Rob Hoekstra, Marlon Heibeek, Frank Hosman en Henriette Korpershoek 
Vanuit RIZA Lelystad hebben met name Geert van Urk (die helaas veel te vroeg overleden 
is), Bram bij de Vaate en Frans Kerk um veel bijgedragen aan de opzet en uitvoering van 
het onderzoek 
Onderdelen van het onderzoek werden gefinancierd door de Directie Zuid-Holland van 
Rijkswaterstaat Met Jos Kuljpers, Rob Smits en Jan-Willem van Berghem had Ik menig 
boeiend geprek over de vraagstelling en opzet van diverse onderzoeken De (veld)meet-
dlenst van deze directie heeft erg veel praktisch werk verzet Voor Ad Schipperen, Cees 
Steijn, Piet Blok, Charles Hay, Jaap Louwerens, Machlel van Wouwe, Mike Davis, Joop 
Tempelaars, Jaap Pronk, Nico Antens, Gerard Treub, Gerrit van Noord en Luit Timmer was 
geen weer te slecht, geen campagne te groot, geen vogel te ver en geen beest te klein 

Sjoerd Dlrksen (Büro Ecoland, later Bureau Waardenburg), Ronald Bijkerk (Koeman en 
Bijkerk bv), Floor Heinis (Aquasense bv) en Alexander Klink (Hydrobiologisch Adviesburo 
Klink bv) brachten met groot enthousiasme hun specialisme in en hebben naast de zakelij
ke overeenkomsten een grote eigen bijdrage geleverd Henk Moller Plllot gaf me vele 
waardevolle adviezen op taxonomisch en ecologisch gebied 
I thank dr W F Warwick for Improving the manuscript of the chironomia study in Lake 
Vossemeer/Ketelmeer (chapter 7), and dr Thomas F Nalepa and dr Donald W 
Schloesser for their contribution to the manuscript on the ecology of the Zebra mussel In 
The Netherlands (chapter 6) 
Drs Jan Klerckx corrigeerde nauwgezet de meeste Engelse teksten en Hans Hartsuiker 
zorgde ervoor dat de Nederlandse samenvatting een stuk leesbaarder werd 
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Chapter 1 

Introduction 





Background 

Coastal engineering 
During the 20 th century coastal engineering projects have dramatically changed the 
shape of The Netherlands The most important were the Zuiderzee and Delta projects 
(e g Saeijs, 1982, De Jong & Roelofs, 1983) The main purpose of these large projects 
was to safeguard the low lying parts of The Netherlands against flooding by the sea 
(Deltacommissie, 1960) To this end the Zuiderzee (now Usselmeer) was closed off 
from the sea in 1932 and the Rhine-Meuse estuary was enclosed in 1970 
The second main purpose of these projects was to favour agriculture Land reclama
tion played an important role in the Zuiderzee project, where about 1700 km2 of coas
tal wetlands have been embanked and reclaimed (Wolff, 1992), mainly for agricultural 
purposes From the 1960's on, the reclaimed land was also used for other purposes, 
such as housing, recreation and to obtain new nature areas 
When not embanked, the enclosed coastal wetlands have in most cases been conver
ted into shallow freshwater lakes The freshwater is used to supply the surrounding 
areas with freshwater in periods of drought, to produce drinking water and to reduce 
salt Intrusion (Ministry of Transport and Public Works, 1968) In total about 2200 km2 

of freshwater basins have been created (Fig 1 ) 

Pollution 
The rivers Rhine and Meuse have known a long history of water pollution During the 
1960's and early 1970's organic pollution, resulting in low oxygen concentrations, was 
considered the mam water quality problem This resulted in 1971 in the Pollution of 
Surface Water Act ( W V O ) This act forbidded the discharge of polluting substances 
without a permit and imposed a levy on the discharge of oxygen consuming substan
ces As a consequence, the act was very effective in tackling the oxygen problem In 
1970, when the Haringvliet was enclosed, much less attention was given to the pollu
tion with heavy metals and organic micropollutants, which has caused many problems 
in the enclosed Rhine-Meuse Delta In the River Rhine, the severest pollution with 
these substances has occurred in the last 40 years The highest pollution levels occur
red In the late 1960's or early 1970's (eg Beurskens et al, 1993, Stigliarti et a/, 
1993) The River Meuse was less polluted in the early 1970's, but its water quality has 
not improved much since The pollution with heavy metals and organic micropollu
tants has had a very negative impact on the sediment quality of the enclosed Rhine-
Meuse Delta, since these substances are for the greater part bound to silt and organic 
matter, of which large quantities have been deposited in the area after the enclosure 

The role of ecology In water management 
Until the mid 1970's, environmental considerations played no role in decision making 
on the coastal engineering projects (Ferguson & Wolff, 1983) This gradually changed 
during the Delta project, when resistance from society against the huge loss of natural 
values grew As a result, Lake Grevehngen, already embanked and expected to be 
transformed eventually into a freshwater lake, is now managed as a salt water lake, it 
has high natural values (Saeijs, 1992) The Oosterschelde even kept its tidal characte-
nstics by designing the Oosterschelde dam only as a storm surge barrier 
The Delta project has greatly enhanced the awareness in society, that water bodies are 
ecosystems and that they have to be managed as such This approach was first 
announced by the Ministry of Transport and Public Works (1985) and was given the 
name 'Integrated Water Management' This meant that all functions, thus also the 
ecological function should be included In water management (Grijns & Wisserhof, 
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1992) Four years later, this was formalized in the third national policy document on 
water management (Ministry of Transport and Public Works, 1989) This document 
advocates the restoration of aquatic ecosystems through 
1) protection against pollution, 
2) the physical restoration and hydraulic (re)design of water systems, 
3) a guided use (sustainable development) of water systems and 
4) a proper organization of water management 

The insight had grown that solving the water pollution problem alone was insufficient 
to restore aquatic ecosystems For this purpose, protection or restoration of the physi
cal structure was also necessary During the last years, this is indeed gradually being 
put into the practise of water management (e g Smit & Van Urk, 1987, De Haas, 
1991, Idemaef a/, 1992, Pleters e ia / , 1992, Van Dljk & Marteljn, 1993, CUR, 1994) 
Recently, even direct attempts to restore biological equilibria have been taken (Meijer 
eta/ , 1994) 
Since the (new) freshwater basins forni a very important part of the Netherlands aqua
tic ecosystems, the consideration of their ecological properties and potentials played 
an Important role In the national policy document Most of them had changed into 
turbid eutrophic waters with low natural value (e g Hosper, 1984, Hosper & Jagtman, 
1990) Following the new concept of water management, a lack of knowledge be
came apparent on the ecology of the enclosed and freshened coastal wetlands and 
shallow lakes However, dunng the 1980's, several ecological research programmes 
were started or intensified (e g Buljse et al, 1990, Hooghart & Posthumus, 1992, 
Jagtman ef al, 1992) One of these was an ecological research programme in the 
enclosed Rhine-Meuse Delta, of which this thesis reports results of studies on macro-
zoobenthos 

The main research area: the enclosed Rhine-Meuse Delta 

The research aimed at extending the knowledge of the ecology of the enclosed Rhine-
Meuse Delta the Haringvliet, Hollandsen Diep, Biesbosch, Amer and Nieuwe 
Merwede (Fig 1) 
First of all, there was a general lack of knowledge about the aquatic ecosystem after 
enclosure, since the attention of ecological research had mainly been focussed on the 
southern Delta, where the Delta works were still to be finished 
Secondly, several large scale environmental problems related to the enclosure arose in 
the enclosed Rhine-Meuse Delta The most important were the ongoing bank erosion 
and the accumulation of large amounts of polluted sediments 
Ongoing bank erosion led to a considerable loss of valuable natural areas, both the 
small remaining intertidal areas and the (semi)terrestnal areas A proper management 
of the littoral zone required a better understanding of the main processes 
Between 1970 and 1989, 90 million m3 of sediments accumulated in the enclosed 
Rhine-Meuse Delta Most of these were heavily polluted (Van Otterloo et al, 1987) 
From the second half of the 1980's on, sediment contamination was considered a 
serious problem and was anticipated to have heavy negative impacts on the aquatic 
ecosystem 
Therefore, the research presented In this thesis had been focussed on 
1) Increasing the general knowledge of the aquatic ecosystem, 
2) the ecological properties of the remaining Intertidal areas, and 
3) the impact of sediment contamination on the biota, In particular macrozoobenthos 

Macrozoobenthos 

The research focussed on macrozoobenthos, which was considered a suitable animal 
group to study the above mentioned research items, since 
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a) Macrozoobenthos forms an important trophic link between primary producers 
(algae) and decomposers (bacteria) on the one hand, and higher trophic levels 
(fish and bird fauna) on the other 

b) macrozoobenthos has a sedentary life style and may be expected to respond to 
(changing) local environmental conditions, 

e) macroinvertebrate species composition and their abundances are known as good 
indicators of at least organic pollution 

The research was further restricted to the macrozoobenthos of soft sediments Other 
substrates, such as aquatic and riparian vegetation and stones were not Included This 
restriction was made, since soft sediments form the main habitat In the area 
Furthermore, soft sediments are the substrate where the relevant littoral processes in 
the area occur and where contaminants accumulate 

A further analysis of the three research Items 

General knowledge 
Understanding the ecosystem of a recently enclosed estuary is a difficult task, since its 
components adapt with different time scales to the new situation The succession from 
estuanne to freshwater phytoplankton In the enclosed Rhine-Meuse Delta lasted only 
a few weeks, while the succession of the terrestrial vegetation to alluvial hard-wood 
forest will take more than a century Consequently, incidental biological data are not 
always suitable for the understanding of a developing ecosystem After the enclosure 
of the Rhine-Meuse Delta, some biological groups have been studied Incidentally 
(plankton, aquatic vegetation, macrozoobenthos) while others have been studied on a 
more regular basis (fish fauna, water birds) Plankton was studied by Peelen (1974), 
Klink (unpublished) and De Ruytervan Stevemnck et al (1990a, 1990b), aquatic 
vegetation by Smlt & Coops (1988), nparlan vegetation by Coops (1992), terrestrial 
vegetation by De Boois (1982), Hermellnk et al (1987) and Van Schalk et al (1989), 
fish fauna by Steinmetz (1974) and Wlegerinck & Heesen (1988), water birds by the 
Province of Zuid-Holland (reported by Boudewijn & Mes, 1986), mammals by 
Reinhold (1992) Knowledge of the occurrence of macrozoobenthos was restricted to 
oligochaetes (Verdonschot, 1981) and macrozoobenthos groups at the family level 
(Fortuin, 1985) No overall description of the macrozoobenthic species composition 
and densities was available A descnption of the succession from estuarlne to freshwa
ter macrozoobenthos was also lacking Moreover, the above mentioned studies have 
never been Integrated to an overall analysis of the ecosystem developments after 
enclosure 

In the second half of the 1980's, water managers and researchers were convinced that 
a general (deterministic) ecosystem model would be a useful tool to solve most ecolo
gical problems In water management To this end, there was a need of detailed field 
information including macrozoobenthos biomass and species distribution In recent 
years, however, scientific Ideas about ecological models have changed (Scheffer, 
1990) and up to 1994 the high hopes have not become reality only one simple model 
(MC2), calculating carbon fluxes from annual average biomasses, has been developed 
for the enclosed Rhine-Meuse Delta (Mooy & De Vries, 1990) 

Ecological properties of remaining Intertldal areas 
At the beginning of the 1980's, bank erosion was recognized as an important issue of 
water management This led to a protection programme of the remaining unem-
banked areas with wave breaks (e g Ministry of Transport and Public Works, 1991) 

However, most of the valuable intertldal zone that had remained directly after the en
closure (some tidal movement is still present), had disappeared by then because of 
erosion by wind Induced waves Therefore, it was uncertain to what extent these mea
sures would lead to restoration of natural values of the littoral habitats There was a 
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lack of knowledge of the ecology of the freshwater intertidal habitats in the enclosed 
Rhlne-Meuse Delta For example, it was unknown whether this small zone still had 
natural potentials similar to those of the former much broader intertidal zones This 
Insight was needed to design the restoration measures of intertidal areas 

The aim of the research In the littoral area presented here was to understand the eco
logical patterns and processes in the (small) intertidal zone of the enclosed Rhine-
Meuse Delta After a preliminary research (Smlt & Snoek, 1989), the Ventjagers flats 
were selected for a detailed study of the macrozoobenthos This area harbours most of 
the remaining freshwater Intertidal areas and its intertidal surface still amounts to 
several hundreds of hectares Furthermore, the environmental conditions in this area 
are representative of those in the western Hollandsen Diep and the Haringvliet, where 
most possibilities exist for restoration and further development of the intertidal zone 

Impact of sediment contamination 
The extent and possible Impacts of sediment pollution were fully recognized by the 
Zuld-Holland Directorate of Rijkswaterstaat (the responsible authority) after an exten
sive survey in 1985 (Van Otterloo et al, 1987) However, proving the impact of sedi
ment contamination on the aquatic ecosystem of the area was not easy Experiments 
with Tufted ducks (Aythya fuligula) fed with Zebra mussels (Dreissena polymorpha) 
from the area In the early 1980's had shown that these ducks did not reproduce, while 
Tufted ducks fed with Zebra mussels from an unpolluted site reproduced normally (De 
Koek & Bowmer, 1992) However, Tufted ducks breed elsewhere, either In- or outside 
The Netherlands, and only hibernate in the enclosed Rhlne-Meuse Delta Strong indi
cations of the Impact of contaminated sediments on the aquatic ecosystem were 
obtained from field research on Cormorants (Phalaaocorax carbo sinensis) Those 
breeding in the Rhlne-Meuse Delta (Dordtse Biesbosch) showed a very low offspring 
per individual (Dirksen et al, In press) Later laboratory research showed that especial
ly mono ortho chlorinated PCB's, having properties resembling those of dioxine, were 
responsible for this (Van den Berg et al, 1994) An overview of possible impacts of 
sediment contamination on the aquatic ecosystem of the Biesbosch is given by 
Gleichman-Verheijen & Ma (1989) 

There was not only a need for evidence that sediment contamination was affecting 
the aquatic ecosystem There was also a need for biological indicators of sediment 
quality This type of knowledge would be useful to support the formulation of policies 
and the execution of measures Macrolnvertebrates are known as suitable indicators of 
organic pollution (eg Moller Pillot, 1971, Tolkamp & Cardeniers, 1977, De Pauw & 
Vanhooren, 1983, Lafont, 1984, 1985) Several researchers were convinced that 
macrolnvertebrates would also be useful Indicators of 'chemical pollution' (e g Slooff, 
1983, Smit & Gardeniers, 1986) However, only few researchers succeeded in demon
strating a relationship between concentrations of contaminants and the occurrence of 
macrolnvertebrates One of these few examples Is the work by Van Urk in the River 
Ussel (Van Urk, 1981, Van Urk & Bij de Vaate, 1990, Van der Velde ei al, 1991, Van 
Urk et al, 1993) 

Yet there was no evidence that the macrozoobenthos living in the soft sediments of 
the Haringvliet, Hollandsen Diep and Ketelmeer was seriously affected by contami
nants It was again Van Urk, who related the occurrence of malformations and low 
densities of Chironomus sp to sediment contamination (Van Urk & Kerkum, 1986) 
The gradient study In Vossemeer/Ketelmeer, earned out by Van Urk during 1987-
1988 and published by the coauthors after his sudden death in 1990 (Van Urk et al, 
1992, this thesis), further substantiates the evidence of the existence of a relationship 
between macroinvertebrate parameters and sediment contamination This study has 
enabled the use of biological field parameters for the evaluation of sediment quality 
This was further worked out In the so called TRIADE approach (Van de Guchte, 1992), 
which Is now used In operational research programmes for the cleaning up of water 
bottoms in the enclosed Rhlne-Meuse Delta <e g Den Besten, 1993) Therefore, the 
research presented here also adresses the question to what extent the macrozooben
thos of the enclosed Rhlne-Meuse Delta is influenced by sediment contamination 
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Aims of the research 

The aims of the research were 
- to describe the response of macrozoobenthic species to enclosure and freshening of 

an estuary and to analyze the controlling processes, 
- to know the macrozoobenthic species and their densities in littoral sediments and to 

understand the controlling processes, 
- to gain more Insight Into the ecological relationships between key-stone species and 

the environment, 
- to know the macrozoobenthic species and their densities and biomasses In contami

nated sediments and to gain more insight into their relationship with sediment con
tamination, and 

- to assess alternative management strategies of the Haringvliet sluices from an ecolo
gical point of view, based on long term ecosystem developments after enclosure 

Set up of the research 

- The response of macrozoobenthos to enclosure and freshening of the Rhine-Meuse 
Delta had not been studied Fortunately, the enclosure of the neighbouring Volkerak 
estuary provided the opportunity to study the impact of such a drastic measure on 
the macrozoobenthos The study was done in the Volkerak-Zoommeer shortly 
before and during one year after the enclosure In Apnl 1987 (chapter 2) 

- The macrozoobenthos of littoral sediments and Its controlling processes were stu
died first In general by surveying the macrozoobenthos in the area and in several 
other river branches In the Northern Delta area (chapter 3 1) Littoral macrozooben
thos was studied in more detail on the Ventjagers flats (Haringvliet) The study 
focussed on distribution patterns of chironomid larvae and their controlling proces
ses, since chironomlds appeared to be the most important species group In this habi
tat (Smit & Snoek, 1989) (chapter 3 2) Further insight into the ecology of the littoral 
sediment inhabitants was derived from two autecological studies on the larvae of 
Lipimella arenicola (Chironomidae) The larvae of this species appeared to 
be very abundant and sometimes dominant in the littoral zone of the Haringvliet, 
among which the Ventjagers flats (Smit & Snoek, 1989) and showed a very pro
nounced preference for specific substrates (chapter 4) 

- Practical methods for biomass determination were developed for studying biomass 
of single species without destroying the samples The first biomass determination 
study was carried out with common oligochaete and chironomid species living in the 
enclosed Rhine-Meuse Delta (chapter 5 1) The aim was to determine biomass by 
doing only one measurement during the identification This would enable 
researchers to know the biomass of single species and even single animals with little 
additional work The second study deals with Zebra mussels, which occur highly 
aggregated on soft sediments, being attached to the scarce solid structures A large 
number of samples Is often needed for the calculation of averages with acceptable 
confidence limits The aim here was to find a simple method of biomass determina
tion to be used In the field, which would also reduce the amounts of drying and 
ashing (chapter 5 2) The aim was also to evaluate under what conditions existing 
shell length-weight equations from other water bodies can be used for mussels in 
the area 

- The ecology of the Zebra mussel Dreissena polymorpha was studied to gain more 
Insight into ecological relationships in the enclosed Rhine-Meuse Delta The Zebra 
mussel is very abundant in some parts of this area and is the dominant species in 
terms of biomass (Fortuin, 1985), and it is therefore considered to be a key-stone 
species The assumption was made that knowledge of the ecology of a key-stone 
species also provides much relevant information on the ecosystem level The 
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mussel mainly lives attached to the scarce solid substrates on the soft sediments of 
the river bed and feeds by filtering small suspended particles from the water The 
mussel is also very common in other enclosed estuaries (e g BIJ de Vaate, 1991) The 
first objective was to have a general overview of the species ecology This included a 
description of its colonization patterns in two other enclosed estuaries, the Usselmeer 
and the Volkerak-Zoommeer, and aspects of population dynamics in the enclosed 
Rhine-Meuse Delta (chapter 6 1) Afterwards, shell growth was chosen as a biologi
cal parameter to be studied in more detail In relationship with environmental para
meters (chapter 6 2), since this parameter was thought to respond rather directly to 
environmental conditions 

- The macrozoobenthos of contaminated sediments and the relationship with sedi
ment contamination was studied in the Vossemeer/Ketelmeer, the outflow of the 
River Ussel, another branch of the River Rhine Life cycle patterns, density, and fre
quency of deformities in Chironomus larvae were investigated over a contaminated 
sediment gradient In this lake system, the contamination gradient offered suitable 
circumstances to test the hypothesis that sediment contamination Is responsible for 
the high frequency of mentum deformities observed in Chironomus larvae living 

in Rhine sediments (Van Urk & Kerkum, 1986) (chapter 7 1) 
In the enclosed Rhine-Meuse Delta, the first aim was to have a description of the 
assemblages, densities and biomasses of the macrozoobenthos in the contaminated 
sediments of this area The second aim was to analyze their relationship with se
diment contamination by taking into account the possible influence of all relevant 
factors (chapter 7 2) 

- Long term ecosystem changes and future management strategies of the Haringvliet 
sluices were studied to have an overall review and prospect of the Rhine-Meuse 
Delta During the period of investigation (1986-1992), a shift in the scope of inte
grated water management was noticeable The operation of the sluices was still con
sidered a boundary condition in 1986, but had become a management tool by 1992 
(Rijkswaterstaat, 1994) Therefore, the main long term ecosystem changes since the 
enclosure in 1970 are summarized and related to the sluice management A general 
conceptual model of the effect of enclosure and freshening on the macrozoobenthos 
and fish fauna is presented Furthermore, the ecological impacts of the sluice mana
gement inside and outside the basin are summarized Finally, three sluice manage
ment alternatives are compared and evaluated from an ecological point of view 
(chapter 8) 
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Multivariate analysis of macrozoobenthos in Lake Volkerak-Zoommeer 
(The Netherlands): changes in an estuary before and after closure 

Abstract 

Changes In the estuatine benthic community during the first year of the freshening of 
Lake Volkerak-Zoommeer are described The lake was freshened from estuarlne condi
tions within nine months Most bracklsh-water species gradually disappeared within 
one year, but densities of opportunistic euryhalme species such as Nereis divers/color 
and Corophium volutator Increased The first and most successful new colonizer was 
Chironomus muratensis Due to the absence of predators and the highly synchronised 
emergence of this species, a plague of midges developed The relations between abio
tic variables and the species composition of the macrozoobenthlc assemblages were 
quantified using Detrended Correspondence Analysis (DCA) Approximate significance 
levels were computed by a Monte Carlo permutation test The macrozoobenthlc 
assemblages were naturally most significantly related with the time after closure or the 
correlated chloride concentration (p 0 Ot* eigenvalue 0 60) Furthermore, three 
different habitats could be distinguished on the basis of the macrozoobenthlc species 
combinations former tidal flat areas, deeper zones and an azoic zone below the halo-
chne 

Introduction 

During the last century many estuaries have been changed for human purposes 
Closure and subsequent freshening is probably the most far-reaching intervention, 
since it means a complete change In the aquatic ecosystem Many abiotic changes 
contribute to this 
(1) Large parts of the tidal flats emerge immediately after the closure while others 

become permanently submerged, because of the cessation of vertical and hon-
zontal tidal movements 

(2) Tidal currents disappear, which means a considerable change in sediment trans
port processes and eventually In lake morphology Other physico-chemical con
ditions, such as light regime, temperature and oxygen concentration, are also 
affected by the disappearance of tidal currents 

(3) The intrusion of freshwater causes not only a salinity decrease, but probably also 
a change in trophic and pollution conditions Local haloclines may develop, 
which cause oxygen depletion of the sediment 

Although many estuaries have been embanked and freshened during this century, the 
effects on macroinvertebrate communities have rarely been described, and most 
descriptions have been qualitative (eg Lake Takehoko, Japan (Yamamoto, 1977) and 
Lake Ussel, The Netherlands (de Beaufort, 1954)) or have concentrated only on selec
ted taxonomie groups (e g ollgochaetes in the Haringvliet, The Netherlands 
(Verdonschot, 1981)) 

In some cases closure has taken place without complete freshening The Impact on 
macroinvertebrate communities has been described for the Dutch lakes Marklezaat 
(Hummel et a/, 1987) and Grevelmgen (Bogaards et al, 1980 Nlenhuls & Huis in 't 
Veld, 1984) The freshening of lagoons has been studied by Stora & Arnoux (1983) 
and Ceddes (1986) 

The disappearance of marine organisms Is accompanied or followed by Initial coloniza-



14 

tion with freshwater organisms and then by a succession among these freshwater 
organisms A number of studies have dealt with the succession phase of freshened 
systems (Lmdegaard & Jónsson, 1983, 1987, Lenz, 1933, Leentvaar, 1955, Râsânen & 
Tolonen, 1983) or embanked systems (Wolff et al, 1977) 
This paper discusses the initial colonization and early succession of the zoobenthic 
community both in terms of species composition and of total macrozoobenthic densi
ties and biomass It was investigated whether this rapid freshening caused a gap be
tween the marine and freshwater communities or higher macrozoobenthic biomasses 
due to temporarily elevated levels of food sources such as degrading organic matter 

Few data on the benthic fauna before closure of the study area are available (Coosen 
& Van den Dool, 1983, Coosen & Leewis, 1984, Wolff & de Wolf, 1976) We used 
data provided by Coosen & Van den Dool (1983) as an additional reference 

Macrozoobenthic response to environmental changes can be analyzed with Detrended 
Correspondence Analysis (DCA) or related multivariate techniques, which are usually 
applied In relating environmental variables to spatial heterogeneity of ecological com
munities (eg Ter Braak, 1986, Verdonschot & Higler, 1990) or succession data (eg 
Cramer & Hytteborn, 1987) We applied different multivariate techniques to correlate 
both spatial and temporal heterogeneity to environmental variables, including time 
which was treated as an environmental factor Although the significance of the effect 
of freshening on benthic Invertebrates is obvious, we used these statistical techniques 
to compare it with effects of other abiotic variables We also wished to demonstrate 
more subtle differences In colonization patterns by treating the distances to water inlet 
points as abiotic variables 

Materials and methods 

Study area 
Originally Lake Volkerak-Zoommeer was part of the Rhlne-Meuse Estuary (Fig 1 ) The 
creation of Lake Volkerak-Zoommeer was the last part of the Delta Works, which 
aimed at safeguarding the SW part of The Netherlands from the sea (Knoester et al, 
1984) Lake Volkerak-Zoommeer was separated from the Eastern Scheldt to create a 
tideless freshwater lake for the navigation purpose (Rhine-Scheldt connection), for 
agriculture purposes and to keep the tidal range of the Eastern Scheldt intact as much 
as possible after the completion of the storm surge barrier (Knoester et al, 1984) 
From 1969 on, the Eastern Scheldt Estuary, including the later Lake Volkerak-Zoom
meer, was already separated from the Lower Rhine-Meuse by the Volkerakdam On 
April 16, 1987 the lake was closed off from the Eastern Scheldt by the Philips dam and 
the freshening started 

Lake Volkerak-Zoommeer has a surface of 61 km2 and a mean depth of 5 2 m 
Maximum depth is about 25 m In 1988, the annual total water budget amounted to 
37 m3 s-1,12 m3 s-1 originated from the Lower Rhine-Meuse (the Hollandsch Diep), 
of which 3 m3 s_1 was needed for freshening purposes, 21 m3 s-1 from the rivers 
Dintel and Vllet and the remaining 4 m3 s-1 was accounted for by precipitation and 
local sources (Rijkswaterstaat, 1989) Mean residence time was about 100 days 

Physico-chemical parameters 
During the study period, temperature, oxygen concentrations and conductivity were 
measured weekly to monthly at the water surface near all macrozoobenthic sampling 
sites (Fig 1), the maximum distance not exceeding 1 km The measurements were 
done in situ with NSW probes Conductivity data were converted to chloride concen
trations with a regression equation In addition, these parameters were measured at 
site 1 near the water bottom (depth 12 m) Water samples were taken weekly to fort
nightly at the sites 1 and 36 for the determination of total-phosphorus, nitrate + nitrite 
and chlorophyll-a Total phosphorus was determined according to Gales et al (1966), 
and nitrate + nitrite and the chlorophyll-a concentrations in accordance with the Dutch 
Standard Methods (NEN 6652 and 6520 respectively) 
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Sampling and analysis 
In November 1986, macrozoobenthos samples were taken at 11 sites by way of refe
rence In the period from May 1987 to April 1988, samples of benthic Invertebrates 
were taken monthly at 9-18 sites (Fig 1), to a total of 163 samples The sites differed 
in water depth and distance to the water inflow locations and habitat characteristics 
(Table 1) Some were situated in clay-rich creeks in the former tidal flat areas, other 
sites were directly exposed to wave action All sites deeper than 1 m were sampled 
using a Van Veen grab (surface 0 02 m2) Five grab samples were combined and sie
ved through a sieve with 0 5 mm mesh The samples from the former tidal flat areas 
were obtained by means of a hand corer (diameter = 11 cm) Each sample consisted of 
five cores of the upper 20 cm of the sediment 

Table 1 Sampling schedule and characteristics of sites 

Substrate classes 1 = sand 2 = grey silt 3 = black silt, h = hand corer (0 039 m2) ν = Van Veen grab (0 098 m2), 

b = box corer (0 071 m2), * = another sample taken for biomass determination 
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All organisms were sorted on a bottom-lighted tray without use of magnification The 
residue of most samples and most sorted specimens were preserved in 70% ethanol 
Identification occurred to the species level, except for Cirnpedia and Diptera other 
than Chironomidae, which were identified to the level of class or order Some of the 
chironomids and polychaetes were Identified to the genus or species-cluster level At 
four permuting sites the samples taken were used for the determination of the benthic 
biomass Organisms from these samples were fixed In 5% formaldehyde Ash-free dry 
weights (AFDW) of the abundant taxa were obtained by subtracting the ash weight 
(two hours at 520 "C) from the dry weight (three days at 70 "C) The biomass of the 
remaining samples stored in ethanol was estimated by Interpolation Only abundant or 
large sized species (together 82% of all collected individuals) were used, causing a 
slight underestimation of the total bio m ass 

The fauna was classified into estuanne and freshwater species, according to Wolff 
(1973) Only the data of nine sites which were sampled each month were used to 
analyze the replacement of the estuanne fauna by a freshwater fauna, to exclude dif
ferences caused by differences In sampled sites among the months 
Abiotic variables that might have a direct or indirect influence on the fauna were de
fined and quantified for each sample The mean water depth was measured at each 
site Distances to the three main water Inflow points (Volkerak sluices, Rivers Dintel 
and Vliet) were used to detect colonization patterns Substrate was defined as a nomi
nal environmental variable, and divided into three visual classes sand, grey silt and 
black silt Chloride concentrations (mg I"1) of the nearest sampling site of the routine 
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Rijkswaterstaat measurements were used to describe the freshening 
In addition, the time after closure (months) was treated as an environmental variable 
A nominal vanable was defined to discriminate samples of tidal flat areas from those 
of deeper sites Another nominal variable was defined to label samples taken before 
closure 

Multivariate analyses 
We used Detrended Correspondence Analysis (DCA) and Canonical Correspondence 
Analysis (CCA) to correlate the benthic community with abiotic variables Approximate 
significance levels of the correlations were computed by a Monte Carlo permutation 
test (Ter Braak, 1988) which was modified to allow processing of our data set with 
both spatial and temporal environmental variables 

Logarithmic transformed community data were ordinated by Detrended Corespon-
dence Analysis (DCA), an option of the computer programme CANOCO (Ter Braak, 
1986,1988) The downweightmg option for rare species was used, since the DCA 
ordination is sensitive to species that occur only m a few species-poor samples 
(Jongman et al, 1987) After ordination of the biotic data, correlations between ordi
nation axes and environmental variables were calculated and blplots were made Each 
class or category of the nominal variables was defined as a binary dummy variable, 
that could take two values 1 (true) or 0 (false) Although DCA Is less powerful than a 
direct ordination method, Insignificant or erroneous environmental factors do not in
fluence the result and no prior hypothesis is needed (Ter Braak, 1987) 

Significances of correlations between separate abiotic variables and the composition of 
the benthic community were tested by a Monte Carlo permutation test Under the null 
hypothesis the correlation between species composition and an environmental variable 
was equal to the correlation between the species composition and random values for 
this variable The correlation between abiotic and biotic parameters was defined as the 
eigenvalue of the ordination constrained by each abiotic vanable The ordination tech
nique of Canonical Correspondence Analysis (CCA) (Ter Braak, 1986,1988) was used 
Significance levels were obtained by computer simulations Random data sets were 
generated by permuting environmental variables at random In this way, it is ensured 
that the random data sets can adopt the same number of values as the environmental 
variables In our study we made repeated measurements by measuring monthly at the 
same site For spatial variables the sites were the elementary units If random data sets 
were produced by mixing both sampling dates and sampling sites, the significance of 
the correlation between the fauna and a spatial variable would probably be overesti
mated, since the samples taken at different times at one station are not statistically 
independent For spatial variables, the number of possible permutations was restricted 
by permuting sites in the same way at each sampling date 

The Monte Carlo significance value ρ is given by (Ter Braak, 1988) 

p = (n+1)/(Np e m i+1) 

where N p e r m Is the number of random permutations (we used 99 permutations) and η 
the number of ordinations constrained by random data sets that had an eigenvalue 
larger or equal to that of ordinations constrained by the abiotic variable measured The 
null-hypothesis was rejected when ρ ¿_0 05 

Results 

Physico-chemical conditions 
During the first nine months after closure, the lake was flushed by a flux of 70 m3 s_1 

from the Hollandsen Diep, resulting In a rapid freshening (fig 2A) In this period the 
residence time was about 40 days In the deeper areas (more than 10 m) a temporary 
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halocline was formed, which caused considerable vertical differences in temperature, 
chloride and oxygen concentrations (Figs 2A, В С) After one year the haloclme only 
persisted at locations deeper than 15m Although rapid freshening took place during 
summer, accelerated breakdown processes did not result in a noticeable oxygen deple
tion in shallower water (Fig 2B) After the closure nutrient contents increased (Fig 2D, 
E) The high phosphorus concentrations may have resulted in high phytoplankton con
centrations in the summer of 1987 (Fig 2F) 
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Figure 2 Some chemical and physical characteristics of Lake Volkerak-Zoommeer during the freshening process A chloride concen
trations (mg 11), В oxygen concentrations (mg 11) С temperature (°C) D total phosphorus (mg Ρ M) E nitrate and nitrite 
(mg N H1) and F chlorophyll-a (pg M) Samples have been taken at water surface m Lake Volkerak near the Volkerak 
Sluices (site 1 triangles) and in Lake Zoommeer (site 36 circles) A temporal haloclme is shown by chloride temperature 
and oxygen at a depth of about 12 m at a sampling station near the Volkerak Sluices (squares) 

Macrozoobenthlc species richness, density and blomass 
The total number of species at the nine sites sampled every month remained more or 
less constant between May 1987 and April 1988 (Fig ЗА) Data from deeper sites 
showed a clear decline in species richness even between 1980 and 1986 (Fig 3D) 
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Figure 3 Classification of taxa into those originating from estuanes and those from fresh waters The 
'unknown' group consists of unidentified Oligochaeta and Gammarus sp A number of taxa 
in the three groups θ average density (Ν m 2 ) of the groups С average biomass 
(g AFDW m J) of freshwater and estuanne taxa at nine deep and shallow sites Average num
ber of estuanne taxa (D) and density (N m 2 ) (E) before closure (data Coosen & Van den Dool 
1983) and just after closure at deeper sites (d>1m) 

The lowest densities and biomasses were recorded from May to July 1987, shortly 
after the closure (Fig 3B, C) Before closure, in November 1986, the density of estu
anne species at deeper sites was much higher than two weeks after closure (Fig 3E), 
which may indicate a dramatic die-off shortly after the closure Data from Coosen & 
Van den Dool (1983) indicate that the total biomass in the period between 1978 and 
1980 may have been much higher (on average 20g AFDW rrr2) compared to the 
values observed in November 1986 and May and June 1987 

Density and biomass showed an increase from July to September 1987, but decreased 
at the same rate in October and November This temporal biomass peak can be attri
buted to Nereis (¡/versicolor, Mya arenaria and Corophium volutator Young individu
als of Mya arenana and С volutator showed a very high abundance in August and 
September Mya arenaria had almost disappeared in October, when the chloride con-
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centration had dropped below 500 mg M The abundance of С volutator gradually 
decreased between October and April Large Individuals of N divers/color persisted In 
high densities during the entire study period As a result, the mean individual biomass 
of this worm species was higher in April 1988 than in May 1987, shortly after closure 

Temporal patterns of estuarlne and freshwater taxa 
The number of estuanne taxa gradually decreased from 25 to 10 during the first year 
after the closure (Fig ЗА) Freshwater taxa started to colonize the lake from August 
on The main colonizing species in August were Dreissena polymorpha, Chironomia 
muratensis and Gammarus tigrmus From October to January a temporary decrease of 
the number of freshwater species took place Several early colonizers disappeared, 
such as Dicrotendipes gr nervosus, G tigrmus, Tanytarsus sp and Chironomus gr 
reductus These species were found again from February through April 

Blomass and density of freshwater species remained low during the study period In 
April 1988 freshwater species contributed only 28% to the total macrozoobenthic bio-
mass 

Ordination of the taxa by Detrended Correspondence Analysis 
In the biplot of the first two DCA ordination axes, correlations between axes and real 
abiotic variables are represented by arrows (Fig 4) The length of each arrow is a rela
tive measure of correlation Binary abiotic variables are represented by centroids The 
centroid is the mean of the sample scores of samples in which the binary variable 
equals 1 Eigenvalues and correlations between the axes and abiotic variables are sum
marized in Tables 2 and 3 

The macrozoobenthic species composition was most significantly correlated with the 
time after closure and the chloride concentration axis The eigenvalue of this ordina
tion was high (0 68), Indicating the strength of the gradient The length of the gra
dient was 3 5 standard deviation units, which means an almost complete species turn
over (Jongman et al, 1987) 

Apart from the abiotic factors time and chloride concentration, water depth was the 
most important explaining variable The species turnover was about 1 7 times 

Table 2 DCA ordination characteristics for the first four axes N = 213 

Eigenvalue 

Cum pere of variance accounted for 

Length gradient (SD units) 

Species turnover (SD/4) 

Axis 1 

0 675 

41 5 

3 54 

0 89 

Axis 2 

0 251 

54 5 

6 91 

1 73 

Axis 3 

0 157 

56 7 

9 0 6 

2 27 

Axis 4 

0 120 

59 0 

5 33 

1 33 

The third and fourth axes were not very strongly correlated to any of the environmen
tal variables measured The low eigenvalues indicate that these ordinations were not 
significant 

Trajectories of some characteristic sites (Fig 5) revealed several successional pathways 
The species composition of the site with black silt (site 2) changed dramatically (Fig 
5A) Before and just after the closure Tharyx marioni and also Hydrobia ulvae domi
nated Site 2 was largely azoic from July 1987 to February 1988 During this period a 
complete depletion of oxygen was caused by a stable halocllne (Fig 2A) From March 
1988 on, the first new species were found, viz Chironomus muratensis and Nereis 
diversicolor In the biplot (Figs 4, 5) site 2 was now located between shallow sites and 
moderately deep sites 
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Figure 4. Ordination of taxa by DCA The first two axes are shown (1) = Bathyporeiasarsi, Diadumene cincta, Jaeraalbifrons, 
Microphthalmos aberrarti, Molgula manhattensis and Nassarius reticulata, (2) = Autolytus sp , Carcinus maenas, 
Cerastoderma glaucum, Ensis ensis, Cammarus salmus, Melitta palmata, Myblus eduhs, Petricola pholaditormis, 
Polydora sp Schistomysis kervillei and Streblospio shrubsolli, (3) = Angulus tenuis, Cerastoderma edule Crepidula 
fornicata, Uttorina littorea, Mya arenaria and Platynereis dumerilu, (4) = Cirnpedia indet and Polychaeta indet, 
(5) = Chironomus acutiventris, Ch gr halophilus, Ch indet, Ch nudiventris, Ch pupae, Ch gr plumosus, 
Cryptochironomus sp , Dicrotendipes gr nervosus, Diptera indet, Lipmiella arenicola. Nais elinguis and Pararíais 
litoralis, (6) = Chironomus salmarius and Oligochaeta indet, (7) = Corophium insidiosum and Saccuhna carcini, 
(8) = Cammarus locusta, Hydrobia ulvae, Macoma balthica and Saobiculana plana 

Table Э. Weighted correlation coefficients between the first four axes and the environmental variables 

Month 
Depth 
Distance Volkerak 
Distance Vliet 
Distance Dintel 
Sand 
Grey sift 
Black sift 
Tidal flat area 
Chlonde 
Tide 
Maximum correlation 

Axis 1 

-0 908 
-0 089 
-0 083 
- 0 1 5 4 
-0 106 
-0 018 
-0 017 
-0 123 
-0 398 
-0 833 
-0 657 
0 934 

Axis 2 

-0 093 
0 651 
0 097 
0 097 
0 100 

-0183 
0 1 5 6 
0 1 6 2 

-0 767 
-0 015 
-0 053 
0 858 

Axrs3 

0 039 
-0 075 
-0 263 
-0 250 
-0 271 
0 198 

- 0 1 6 8 
-0144 
0 027 
0 011 

-0119 
0 444 

Axis 4 

0 056 
0 200 
0 276 
0 345 
0 303 

-0 410 
0 262 
0 355 

-0 044 
-0 070 
-0104 
0 525 
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At a shallower lake bottom site (site 9), other colonization patterns were observed 
(Fig 5B) A gradual change took place from a Heteromastus-dominated community to 
a community dominated by Chironomus muratensis 

Both in sheltered and exposed littoral sites (sites 14 and 15) changes were relatively 
small (Fig 5C, D) The number of species declined considerably One year after the 
closure the community consisted almost exclusively of Nereis ¿¡¡versicolor 

Five ordinations constructed by separate abiotic variables had a significant relation 
with the species composition (Table 4) As could be expected from Fig 4, the ordina
tions constructed by the variables time, chloride concentration and tidal flat and depth 
were highly significant It is remarkable that the correlation with the time after closure 
seemed to be more significant than the chloride concentration Furthermore, the 
zoobenthlc species composition was significantly correlated with the distance to the 
water Inlets of the nvers Vliet and Dintel (ρ < 0 05) 

Some of the environmental variables were highly correlated, three groups could be 
distinguished (1) time and chloride concentration, (2) distances to Dintel and Vliet 
and (3) tidal flat areas and depth These clusters formed the main abiotic factors 
extracted by the ordination techniques 
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Figure 5 Trajectories of sample scores In the ordinations ЫрЫ. A site 2 (deep (13 6 m), Ыаск silt), 

В site 9 (sandy, moderately deep (2 β m)), С site 14 (shallow clay-rich creek) D site 15 

(shallow, wind-exposed) 
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Figure 6. Mean densities (N rrr2) of a number of taxa in the bdal flat areas (left, solid dots) and the deeper areas (right, 
open dots) A Arenicola marma, В Тлагух marlon!, С Heteromastus filiformis, D Mya arenaria, E Corophium volutator, 
f Nereis diversicolor, G. Gammarus tignnus, H Chironomia muratensis 



Discussion 

Effects of embanking on the estuatine Invertebrates 
The most serious die-off probably took place during the first weeks after the closure 
In Lake Grevelmgen, also a closed-off estuary all emerged mussels died within one 
week Many species in deeper water died as well (Bogaards et al 1980) The drop in 
mean density in Lake Volkerak-Zoommeer between November 1986 and two weeks 
after the closure confirmed the importance of the short term effects of the closure 
apart from freshening 

After this first catastrophe, the total benthic blomass increased again, which indicates 
the flexibility of a few estuarne species to survive and reproduce over a large chloride 
concentration range This adaptation means that the change from an estuanne to a 
freshwater ecosystem proceeded gradually and no density or biomass gap occurred 

During the freshening, the abundance of the benthic Invertebrates was most signifi
cantly correlated with time and chloride concentration Most Individuals of formerly 
dominant species such as Arenicola marma, Mytilus edulis and Heteromastus filifor-
mis disappeared within a few months (Figs 6A, C) 

Table 4 Eigenvalues of ordinations constructed by CCA using 

the abiotic variables separately and the Monte Carlo 

significance level (p) 

Variables Eigenvalue ρ 

Spatial variables 

Depth 

Distance Volkerak 

Distance Dintel 

Distance Vliet 

Sand 

Grey silt 

Black silt 

Tidal flat 

Temporal variables 

Month 

Chlonde 

Tide 

0 20 

0 1 2 

0 1 3 

0 1 7 

0 0 8 

0 1 1 

0 0 8 

0 32 

0 6 0 

0 5β 

0 41 

0 0 1 " 

0 09 

0 07 

0 0 1 " 

0 41 

0 13 

0 36 

0 0 1 " 

0 0 1 " 

0 0 1 " 

0 07 

However, some euryhalme taxa persisted at a chloride concentration of only 400 mg M 
(eg Cirripedia, Polydora sp , Pygospio elegans, Corophium volutator and Cyathura 
cannata) or even increased in density (Nereis diversicolor and Neomysis integer) 
Some species, such as Mya arenaria could probably profit temporarily from the large 
amounts of food present, since chlorophyll concentrations were high (200 mg chloro-
phyll-a m - 3 In July) From November on, this bivalve species was no longer found The 
lower chloride limits, where marine species survived, were usually lower in Lake 
Volkerak-Zoommeer than those found in the literature (eg Wolff, 1973 and Remane 
cV Schheper, 1971) The literature values, however, were from tidal systems with fluc
tuating chloride concentrations, whereas Lake Volkerak-Zoommeer was a standing 
water with gradually decreasing chloride concentrations 

After the closure of Lake Markiezaat (Fig 1), Hummel et al (1986) observed signifi
cant effects on the permanent submerged benthic community Although changes in 
chloride concentrations were negligible, most species died within six months, Nereis 
diversicolor and Tharyx manom excepted A similar phenomenon was observed In 
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Lake Grevelingen (Bogaards et al, 1980) In this lake a chain reaction may have taken 
place after closure, the most sensitive species died, which lowered the oxygen con
centration, which probably caused more species to die (Bogaards et al 1980) In addi
tion, under these anoxic conditions sulphide may be formed, which is very toxic to 
most invertebrates Changes in food supply, caused by the greatly decreased water 
movements were also proposed to have caused the decline However, Wolff et al 
(1977) reported that many estuanne species recolonized Lake Grevelingen, which 
makes this explanation unlikely In Lake Volkerak-Zoommeer, Tharyx marioni already 
disappeared after three months (Fig 6B) as a result of its sensitivity to lower chloride 
concentrations (Wolff, 1973) 

Macrozoobenthos was completely absent at locations where a halocline was formed 
It was only a species-poor nematode community, consisting of Terschelhngia sp and 
Sabati era sp (W de Winter pers comm ) which survived the anoxic conditions These 
anoxic sediments were restricted to areas deeper than 10 m, which cover 10% of the 
lake area If freshening proceeds slowly, the formation of a halocline can be a more 
serious problem (Stora & Arnoux, 1983, Bogaards et al 1980) 

Different habitats 
The second important abiotic factor was related to water depth Analysis of trajectories 
in the blplot (Fig 5) showed different successional patterns 
It has already been mentioned that in areas deeper than 10 m macrozoobenthos was 
completely absent due to oxygen depletion The differences in the zoobenthic fauna 
of deeper water and that of the former tidal flat areas were also significant The for
mer tidal flat areas (now shallow water areas) were dominated by Nereis diversicolor 
and Corophium volutator, while the deeper areas (d > 2 m) were dominated by chiro-
nomids (in particular Chironomus muratensis), Heteromastus fihformis, Cirnpedia, 
Mya arenaria, sometimes accompanied by Corophium volutator 

The most striking difference was the much slower colonization of the littoral zone The 
only colonizer here was Cammarus tignnus (Fig 6C) A possible explanation might be 
the higher chloride content of the water of the former tidal flat areas, due to seepage 
of saline ground water (Smit & Van Nes, 1989) Chironomus muratensis, however, Is 
known to be tolerant to oligohalme conditions In The Netherlands this species has 
been found in waters with chloride concentrations up to 3100 mg I"1 (pers obs Η 
Smit) 

Rönn eí al (1988) showed that the presence of Nereis diversicolor can have a negati
ve impact on chironomlds They demonstrated prédation of chironomids by Nereis In 
addition, they suggest that the bioturbating behaviour of Nereis might have a distur
bing effect on the tube-building chironomids It is also possible that the presence of 
Nereis obstructed colonization of the formal tidal flats of Lake Volkerak-Zoommeer by 
chironomids 
Finally, the different methods used in this study may have Introduced an artificial dif
ference Deep burrowing species such as Nereis diversicolor or fast moving and largely 
pelagic species such as Neomysis integer will be sampled more efficiently with a hand 
corer (used in the littoral zone) than with a Van Veen grab (used at deeper sites) (Lie 
& Pamatmat, 1965, Wolff, 1973) Chironomids, on the other hand, are sampled effi
ciently by both methods 

Colonization by freshwater taxa 
Colonization by freshwater species started in August 1987, four months after the clo
sure (Fig 6H) At that time, chloride concentrations had dropped to 800 mg I-1 Some 
months later, chironomid larvae had dispersed all over the lake The distances to the 
water Inlet points were of minor importance The dominant species, Chironomus 
muratensis, belongs to the plumosus species group, which is known to consist of early 
colonizers of new habitats (McLachlan & Cantrell, 1976, Lindegaard & Jónsson, 1983) 
The emergence of chironomids, which had colonized new lakes, has often caused pia-
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gues of midges (Crodhaus, 1975) In Lake Volkerak-Zoommeer the first highly syn
chronized emergence has also caused a considerable nuisance during April and May 
1988 Mean pupal density at six deeper sites in April 1988 amounted to 251 pupae 
nr2, whereas Seattle (1981) found only 75 pupae m 2 during a plague of midges in 
Lake Wolderwijd Although several serious plagues of midges in freshening systems 
have been reported (Kruseman, 1935, Parma, 1972, Lindegaard & Jónsson, 1987), 
chironomids do not always cause a nuisance during the freshening process In the 
nearby Haringvliet and Lake Bnelse Maas no midge plagues were observed 
(Leentvaar, 1955. Verdonschot, 1981) Leentvaar (1955) attributed the absence of 
nuisance to prédation by Bream (Abramis brama), which could easily enter this water 
body The developed fish population in the Haringvliet was dominated by Roach 
(Rutilus rutilus) (Steinmetz, 1974), which is also a predator of benthic invertebrates 
Pike-perch (Stizostedion lucioperca) was the first fish species colonizing Lake 
Volkerak-Zoommeer and Lake Ussel (De Beaufort, 1954), which might explain the low 
Impact on the chironomia population Food competition by the rich oligochaete popu
lation in the Haringvliet (Verdonschot, 1981) might have obstructed a rapid coloniza
tion by chironomids as well In this part of the delta area A possible role of sediment 
contamination in the exclusion of Chironomus In the polluted Haringvliet should, 
however, not be excluded Van Urk et al (1992) found a negative relation between 
Chironomus densities and sediment contamination 

Another early colonizer of Lake Volkerak was the bivalve mollusc Dreissena poly
morphe This species is also known to be a rapid colonizer of freshened systems (De 
Beaufort, 1954) By January 1988 it was found all over Lake Volkerak and the 
Eendracht Canal, but it could not establish itself In Lake Zoommeer In Lake 
Zoommeer the chlonde concentration was probably too high (2000 mg M) for coloni
zation in August, / e , during the settlement of the pelagic larvae 

From February 1988 on, Gammarus tignnus colonized the former tidal flat areas It is 
remarkable that the Increase in G tignnus coincided with the decrease in Corophium 
volutator 

The significant correlation between the distance to the water inlet points (distance 
Vliet) and the species composition is probably attributable to slow colonizers like 
Oligochaeta and Gammarus tignnus, which were more abundant in Lake Volkerak 
(small distance to the Inlet points), and to estuanne species like Mya arenaria, which 
died later in the more saline Zoommeer (large distance to the inlet points) 

In conclusion, the first phase of the freshening of Lake Volkerak-Zoommeer was cha
racterized by a replacement of most of the brackish Invertebrates by freshwater taxa 
The first colonizers, such as Chironomus muratensis and Dreissena polymorpha, were 
able to disperse over the deeper parts of the lake within a few months No coloniza
tion by freshwater species was recorded on the banks Common freshwater taxa such 
as Umo, Anodonta, Pisidium, Sphaenum and most oligochaete species were not yet 
observed in the new habitats during the first year after closure 
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Macrozoobenthic assemblages in littoral sediments in the enclosed Rhine-

Meuse Delta 

Abstract 

Littoral macrozoobenthos In the enclosed Rhine-Meuse Delta was Investigated by 
taking 95 sediment samples from 17 sites between 1984 and 1990 In addition, a set 
of environmental parameters was determined The aim was to Identify the main 
assemblages and the environmental conditions under which they occur By the use of 
TWINSPAN, three mam littoral zoobenthic assemblages were distinguished, which 
were related to geographical zones and differences in sediment grain size distribution 
1) The 'littoral river sand' assemblage was found In the most upstream part, it mainly 

consisted of 'interstitial' invertebrates, including the indicator species Ve/dovskyella 
cornata, Propappus sp and Kloosia pusilla 

2) The 'littoral sedimentation area silt' assemblage was dominated by Gammarus tigri-
nus, Emfeldia dissidens and Pisidium sp It was found In several river sections and 
contained the indicator species Emfeldia dissidens, Potamopyrgus antipodarum and 
Valvata piscinal is 

3) The 'littoral sandy basin' assemblage was concentrated in the littoral fine sands of 
the Haringvliet and contained the indicator species Pisidium henslowanum, Ρ moi-
tessienanum, Cladotanytarsus sp and Lipmiella arenicola 

The three assemblages are the reflection of an interaction between habitat, food and 
disturbance 
Palaeoecological analysis of insect remains revealed that 14 out of the 24 insect taxa, 
that were formerly common In the river sand habitat, are now extinct from the Rhine 
The riversili habitat seems less Impoverished two out of the 19 Insect taxa found in 
palaeoecological analysis are now extinct from the Rhine and seven are rare Exotic 
species (Corbicula flummea, С flummalis and Corophium curvispmum) have recently 
colonized the Rhine-Meuse Delta, but their impact on the macrozoobenthos seems 
limited Corbicula spp have become abundant In the 'littoral river sand' assemblage 
only 

Introduction 

During the last decades, environmental characteristics of the Rhine-Meuse Delta 
changed drastically (Ferguson & Wolff, 1983, Van Nes & Smit, 1993) The closure of 
the main outlet of the Rhine-Meuse river system, the Haringvliet, In 1970 caused a 
complete alteration of the hydromorphology and current and sedimentation patterns 
completely changed Today, the Delta shows characteristics of a river, of a lake and 
some freshwater tidal characteristics During the 20 t h century, water quality of the 
Rivers Rhine and Meuse deteriorated (Table 1) After 1970, water quality of the Rhine 
Improved due to management measures In the Rhine-Meuse Delta, similar trends 
could be observed, but differences were less pronounced Before the enclosure of the 
Haringvliet (1970), water quality conditions In the Delta were generally better than in 
upstream sections, due to dilution with sea water and self-purification Afterwards, the 
water quality of the Rhine-Meuse Delta became totally dependent on that of these 
nvers Due to the lower current velocities, large amounts of polluted sediments were 
deposited In the Delta and caused a serious environmental problem (Van Otterloo et 
al, 1987, Van Urk & Smit, 1989) 

The former littoral macrozoobenthos was characterized by high densities of a few 
characteristic brackish water species (Wolff, 1973) It was a vital component of the 
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estuarine ecosystem, being an important food source for fish and waterfowl Recent 
studies show that macrozoobenthos, particularly Chironomldae, occur in high densities 
and biomass on freshwater tidal sandy flats in the Haringvliet (Smit eí al, 1991) for
ming an important food source for waders (Dirksen et al 1992) These studies pro
vide no general insight into the present littoral macrozoobenthos in soft sediments in 
the enclosed Rhine-Meuse Delta This insight is highly desirable, both to have baseline 
knowledge and to provide a framework for possible future management measures 

Recently, the Rhine is being (re)colonized by both indigenous and immigrant macro-
invertebrate species, partly as a result of improving water quality conditions (Van den 
Brink et a/, 1989, Bij de Vaate e ta / , 1992, Den Hartogeta/, 1992) This might also 
influence the littoral macrozoobenthos composition in the Rhine-Meuse Delta 

The present study addresses the following questions 
1) what are the main littoral macrozoobenthic assemblages in the Rhine-Meuse Delta 

15-20 years after closure and under Improved river water quality conditions' 
2) under which environmental conditions do these assemblages exist? 
3) to what extent are the habitats of the mam assemblages subject to recent coloniza

tion by immigrant species? 
4) what can be concluded about the present species nchness of the insect fauna of the 

main littoral habitats, when compared with palaeoecologlcal data from the River 
Rhine? 

Table 1 The water quality of the River Rhine at the German-Dutch border (Lobith) of the River Meuse at the Belgian-Dutch bor
der (Eijsden) and of the Haringvliet near the Haringvliet dam Values are annual averages 

Temperature 
BOD5 
Suspended solids 
Secchi depth 

Nutrients 
(N03 + N02J-N 
NH4-N 
P04-P 
total Ρ 

Macro-ions 

CI 

S04 

Micro-pollutants 

total Cd 

Cd dissolved 

total Hg 

H g dissolved 

PAH sût bound 

ГС) 
(mg 11) 

(mg 11) 
(dm) 

(mg 11) 
( m g M ) 
( m g M ) 
(mg 11) 

( m g H ) 
( m g H ) 

(MgM) 
( p g l 1 ) 
(ugM) 

(MgM) 
(mg kg-1) 

Rhine at Lobith 
±1900' 

1 0 9 
2 

-
-

0 34 
0 1 5 
0 05 
0 1 5 

13 
35 

-
-
-
-
0 

1972 

1 3 0 
9 

48 
4 8 

2 64 
3 22 
0 36 
0 90 

236 

92 

3 7 

1 8 
2 3 
0 4 

-

1982 

1 3 4 
3 

32 
4 6 

3 56 
0 55 
0 35 
0 56 

151 
68 

0 9 
0 3 
0 12 
0 02 

-

1992 

13 7 

2 
29 
4 9 

3 71 
0 30 
0 10 
0 24 

163 

-

0 07 
<0 02 

0 05 
<0 02 

4 0 4 

Meuse at Eijsder 
1972 

12 4 
4 
38 
9 6 

2 26 
1 23 
0 43 
0 63 

40 
57 

6 1 
2 3 
0 3 
0 1 

-

1982 

1 4 3 
3 

29 
9 6 

2 59 
0 59 
0 32 
0 51 

45 
48 

0 86 
0 15 
0 0 9 

0 02 

-

1 

1992 

14 8 
4 

19 

-

3 21 
0 4 6 
0 24 
0 42 

43 
40 

0 33 
<0O5 

0 0 6 
<0 02 

9 22 

Haringvliet 
1972 

1 0 6 

-
11 3 
14 2 

3 1 
2 2 
0 1 9 
0 27 

262 

-

-
-
-
-
-

1982 

12 4 

-
7 3 
1 1 6 

3 3 
0 4 
0 26 
0 34 

143 
65 

0 422 

-
0 087» 

-
-

1992 

12 4 

-
7 5 
13 9 

3 6 
<0 2 
0 1 1 
0 1 8 

144 
65 

0 0832 

-
0 0283 

-
-

1 ) data 1900 from DEN HARTOC et al (1992) all other data from Rijkswaterstaat DONAR database 
2) silt bound 

Study area 
The present state of the Rhine-Meuse Delta is strongly Influenced by man Large scale 
river canalization started in the second half of the 19 t h century, when the Nieuwe 
Waterweg and Nieuwe Merwede were dug The 'Delta project' (1953-1987) drastical
ly changed the ecological properties of the Delta by closing off the Haringvliet in 1970 
(Ferguson «.Wolff, 1983) 
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Today, the Rhine-Meuse Delta (Fig 1) consists of two main longitudinal gradients 
The first gradient runs from the River Waal (the main Rhine branch) along the Boven 
Merwede, with the sedimentation area of sand in the upper Nieuwe Merwede and silt 
in the lower Nieuwe Merwede and eastern Hollandsch Diep, to the freshwater basin 
of the Hanngvliet with low current velocities and higher transparencies (Secchi depth 
1-2 m) The second gradient runs from the River Waal to the North Sea along the 
Boven Merwede, the Beneden Merwede, the tidal River Oude Maas with sedimenta
tion of sand and transport of silt, and the brackish Nieuwe Waterweg In the Oude 
Maas where the vertical tidal range is still 0 8-1 4 m, freshwater tidal characteristics 
have remained (Admiraal et al, 1993) Similar characteristics are present in the down
stream part of the River Lek, an impounded Rhine branch 

The present littoral habitats are the result of historical and recent erosion and sedimen
tation processes In the littoral zone, erosion now prevails over sedimentation This Is 
due to the reduction of the tidal influence and the increased erosive power of waves 
generated by ships At the study sites in the Rivers Waal, Boven Merwede and Bene
den Merwede, sedimentation of silt was negligible The top layers only consisted of a 
few centimetres of coarse river sand In these river parts, intensive shipping greatly 
contributes to the littoral sediment texture Ship induced waves cause a high turbulen
ce washing out all fine particles In areas with net sedimentation, sediment structure is 
highly variable, due to local differences In sedimentation processes occurring at diffe
rent river discharges Local variations in wind exposure may further generate these dif
ferences In the Haringvliet, the most important former silt flats like the Slijkplaat 
(Dutch for 'mud flat') have now become sand flats wind induced waves have washed 
out the fine sediment fractions Yet the Haringvliet still has some silt flats like the 
Beninger Slikken (site BS), where breakwaters have been constructed to prevent 
ongoing erosion 

Volterai! dam 

Figure 1 An overview of the study area including the most important nver branches, water bodies and all sampling stations The 
sampling stations are shown by a two-letter code indicating the locality AV Avelinge Diep, BL Buitenlanden BP 
Boerenplaat, BS Beninger Slikken, DB Dordtse Biesbosch at the Dam van Engeland, GH Cat van de Hengst (Sliedrechtse 
Biesbosch), HP Hooiplaat, KO Kop van 't Oude Wiel KS Korendljkse Slikken LG Lepelaarsgat, LO Loevestein, NH off 
Neder-Hardinxveld, SA Sasseplaat, SL Sleewljk, SP Slijkplaat VP Ventjagers platen, ZP Zeehondenplaat 



Materials and methods 

From 1984 to 1990, macrozoobenthos was sampled by taking 95 sediment samples 
(Table 2) from 17 sites (Fig 1) in the littoral zone (mean depth 0-1 2 m) The benthos 
was collected by taking sediment samples of the upper 10 cm using a hand corer with 
an inner diameter of 11 0 cm (one sample, 1984,1986) or 5 9 cm (three samples, 
1987, 1989,1990) with surface areas of 95 or 82 cm2 respectively All samples were 
sieved using a mesh size of 250 pm, sorted under a stereo-microscope (magnification 
7 5x) and preserved in 70% ethanol until identification In addition, one or more core 
samples were collected for physico-chemical analysis of the sediment Besides grain 
size distribution, dry matter, calcite, particulate organic carbon and pH, a standard 
series of heavy metals (As, Hg, Cd, Cr, Cu, Ni, Pb and Zn) and organic micropollu-
tants, Including 7 PCB's, the most common benzene compounds, pesticides and poly-
cyclic aromatic hydrocarbons were analyzed (Smlt et al, 1994) 

Tibie 2 Periods of sampling and sample numbers at the 17 sites (see Fig 1) 

Site Period(s) of sampling (month/year) total number of samples 

1 
6 
9 
10 
2 
2 
6 
4 
12 
3 
4 
5 
3 
3 
10 
12 
3 

Chemical analyses were not carried out at all sites and values of many parameters 
were below the detection limit Principal Component Analysis showed collineanty 
between most contaminants and the gram size fraction < 63 pm Therefore, contami
nants were not included In the ordination (see below) 

In 1992, an additional macrozoobenthic survey was undertaken at all sites to assess 
new immigrant species Five cores (diameter 5 9 cm) per site were taken and mixed to 
one sample, sieved using a mesh size of 500 pm and sorted In a bottom-lighted tray 

Palaeoecological samples were taken between 1983 and 1988 in two different ways 
Floodplaln deposits in the Rhine (Schenkenschans near German-Dutch border), Waal 
(Ochten), and Boven Merwede (Woudnchem between sites LO and SL) were samp
led using hand auger equipment for soil research This was drilled into the sediment up 
to a coarse sand layer, Indicating the former river bed Samples were taken from the 
silt layer directly on the top of the sand The river bed was sampled in the Nieuwe 
Merwede near site DB and in the Ussel near Kampen (the sedimentation area of anot
her Rhine branch), using a mud corer In total, 7 cores were taken from which 50 
samples were derived Chitinous parts formed the most important remains of macro-
Invertebrates In the deposits The following selected parts of insect groups were consi
dered and identified mandibles (Ephemeroptera), frontoclypeus (Tnchoptera) and 
head capsule (Chironomldae) Taxa assumed to have lived in former sand and silt 
habitats were selected and classified The frequency of occurrence was calculated per 
river branch For more details see Klink (1989) 

AV 
BL 
BP 
BS 
DB 
GH 
HP 
KO 
KS 
LG 
LO 
NH 
SA 
SL 
SP 
VP 
ZP 

3/90 
9/89 11/90 
8/86 9/87 
7/84 9/86 
9/89 
11/86 
9/89 9/90 
9/89 
7/84 8/84 8/86 
9/86 
3/90 
9/89 Э/90 
10/86 
11/90 
9/86, 9/87 
8/86, 9/87 
9/89 
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Clustering and ordination of the sediment samples were performed using the compu
ter programmes TWINSPAN (Hill, 1979) and CANOCO 3 1 (Ter Braak. 1991) respecti
vely In TWINSPAN, default options were used, whereas species densities were divided 
into five cut levels (0, 150, 2000, 5000 and 10000 nr2) Animals were included in the 
input file, when found in at least three samples and identified to the species level or 
aggregate level for chironomids, or to the genus level when further identification was 
not possible This was done to reduce the influence of differences in taxonomie levels 
and rare species Samples only containing taxa that could not be identified to that 
level were omitted In total, 46 out of 98 identified taxa and 89 samples were inclu
ded Site SP (Sasseplaat) was left out, since it was a man made habitat 

Default (standard) options were used in the Canonical Correspondence Analysis 
(CCA), except that densities were logarithmically (Ln) transformed 

Results 

Multivariate analysis 
The classification of the 89 samples with the aid of TWINSPAN (Fig 2) resulted in 
three assemblages A group of 13 samples separated (eigenvalue 0 729) at level 1 
with Kloosia pusilla, Propappus sp and Vejdovskyella cornata as indicators Since this 
assemblage was found in the upstream river parts, it is referred to as the 'littoral river 
sand' assemblage 
Division two (eigenvalue 0 379) separated a group of 22 samples with the indicators 
Emfeldia dissidens, Potamopyrgus antipodarum and Valvata piscinahs It included 
sites in the sedimentation area The fauna was characterized as the 'littoral sedimenta
tion area silt' assemblage 
Division three (eigenvalue 0 355) divided the 54 samples of the positive group further 
into a negative group of 49 samples, mainly from the Haringvliet sites It included the 
indicators Cladotanytarsus sp , Lipimella arenicola, Pisidium henslowanum and 
Pisidium moitessienanum The fauna was characterized as the 'littoral sandy basin' 
assemblage 
The group of five remaining samples contained the positive indicators Corbicula spp 
and Polypedilum scalaenum The samples originated from river sections, where silt is 
present This group Is, however, not presented here as a fourth assemblage, since only 
five samples are included 

CANOCO showed a clear relation between grain size distribution and the Indicator 
species of the three assemblages The grain size >210 pm vector pointed In the direc
tion of the indicator taxa of the 'littoral river sand' assemblage, the gram size <63 pm 
vector pointed In the direction of the indicator species of the 'littoral sedimentation 
area silt' assemblage, the grain size 63-210 pm vector pointed in the direction of the 
indicator species of the 'littoral sandy basin' assemblage 

Assemblages 
TWINSPAN indicator taxa, accompanying taxa and dominant taxa of the three assem
blages are summarized In Table 3 Associated river stretches and sites and values of 
some environmental parameters are given as well Accompanying taxa have a lower 
presence (fraction of samples) than Indicator taxa They were absent from or occurred 
in very low densities (n < 20 m-2) in other assemblages The three taxa with the hig
hest relative abundance, each amounting to at least 10%, were indicated as domi
nant 
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DIVISION 1 
η = 89 

(+) 
ι 

Vejdovskyella cornata 
Propappus sp 
Kloosia pusilla 

(-) 

Umnodnlus hoffmeisten 
Cladotanytarsus sp. 

DIVISION 2 
η = 76 

(-) (+) 

Potamopyrgus antipodarum 
Valvata piscinalis 
Emfeldia dissidens 

Cryptochironomus sp. 
Upimella arenicola 

Littoral nver sand 
assemblage 

n = 1 3 

Corbicula spp Pisidium henslowanum 
„ , ,, , Pisidium moitessienanum 
Polypedilum scalaenum c¡adotanytarsus sp . 

I Lipiniella arenicola 

Littoral sedimentation area 
silt assemblage 

n = 22 

[Littoral nver-] 
silty sand J 

n = 5 

I 
Littoral sandy basin 

assemblage 
η = 49 

Figure 2 Classification of 89 samples from 17 sites with the aid of TWINSPAN to level 3 Positive and negative indicators 

are given for all divisions 

Densities 
An overview of the presence and average density (± S E ) of the various taxa In these 
assemblages is given in Table 4 The highest macroinvertebrate densities were obser
ved in the 'littoral river sand' assemblage, where the small Naididae and Enchytraeidae 
dominated In the 'littoral sedimentation area silt' and 'littoral sandy basin' assembla
ges, tubificlds were numerically dominant In the latter assemblage they did not have 
the main share in the blomass, since the individual weight of chironomlds was higher 
(Smit & Snoek, 1989) Most of the tubificlds were juvenile and could therefore not be 
Identied to the species level High densities of Pisidium sp and Emfeldia dissidens 
were characteristic of the 'littoral sedimentation area silt' assemblage The 'tidal sandy 
flat' assemblage showed high densities of chironomlds (Cladotanytarsus sp and 
Lipiniella arenicola) 
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Table 3. The main characteristics of the three main littoral macrozoobenthk assemblages In the enclosed Rhine-Meuse Delta 
The terms 'accompanying* and 'dominant' are defined in the text 

name of assemblage 'littoral river sand' 'littoral sed area silt' littoral sandy basin' 

TWINSPAN 
Indicator taxa 

Veidovskyella cornata 
Propappussp 
Kloosta pusilla 

Potamopyrgus antìpodarum 
Valvata piscmahs 
Elnfeldla dissldens 

Pisidium henslowanum 
Pisidlum moitessienanum 
Cladotanytarsus sp 
Llplmella arenicola 

accompanying 
species 

dominant taxa (max 
numbers m 2 ) 

Veidovskyella Intermedia 
Ampfnchaeta leydigi 
Paranais ITICI 

Polypedilum scalaenum 

Pisidium supinum 
Mlcrochironomus tener 
Paracladius conversus 

Limnodnlus profundicola 
Chlronomus nudivenbis 
SVctochironomus histrio 

Propappus sp (23% 39000) Tubificidae (44% 7200) Tubificidae (52% 72000) 
Ve/dovskyella cornata (22% 23000) Emfeldia dissldens (15% 6000) Cladotanytarsus sp (22% 27000) 
Veidovskyella Intermedia (15% 20000) Pisidium so (12% 3500) 

recent colonuers Corbicula flumlnea 
Corbicula fluminalls 

Corbicula flummea 
Corbicula flummalis 
Corophium curvispmum 

Corbicula flummea 

associated sites LO AV NH BL HP DB LC ZP VP KS BS SP 

associated 
п ег stretches 

physic-chemical 
parameters 

Waal 
Beneden Merwede 

mean ± S D (n) range 

Lek 
Oude Maas 
Nieuwe Merwede 
Hollandsen Diep 

mean ± S D (n) range 

Haringvliet 

mean ± S D (n) range 

grain size distribution 
% > 210 pm 55 ± 17(8) 33-79 
% 63-210 pm 34 ± 1 9 ( 8 ) 10-64 
% < 6 3 p m 10 ± 1 6 ( 8 ) 0-76 

Cadmium (mg kg-1) 
Mercury (mg kg·1) 
total PAH (mg kg-1) 

20 ± 2 9 (22) 1-91 
23 ± 2 7 (22) 1-85 
57 ± 3 0 (22) 8-98 

3 5 ± 4 0 (12) 0-14 
1 4 ± 2 2 (12) 0 - 8 
8 ± 1 4 (5) 1-37 

5 ± 10 (48) 0 67 
72 ± 1 7 (48) 30-97 
23 ± 1 6 (48) 2-63 

0 9 ± 0 4 ( 1 5 ) 0 2 
0 3 ± 0 2 ( 1 5 ) 0- 1 
2 ± 5 (15) 0 23 

Table 4 Frequencies of occurrence and average density (±S E ) of macrozoobenthos in three assemblages * taxon found in 
1-25% of the samples "* 26-50% of samples * " 51-100% of samples + taxon present in assemblage but frequency 
not calculated - density < 0 5 m 2 η d not determined 

OLIOOCHAETA 
Lumbriculidae 
Tubificidae 
Tubificidae with setae 
Tubificidae without setae 
Aulodnlus sp 

Aulodrllus limnobius Bretscher 
Limnodnlus claparedeanus Ratzel 
Limnodnlus hoffmeisten Claparede 
Limnodnlus profundicola (VerriH) 
Limnodnlus udekemianus Claparede 
Potamothrix moldavlensls 

(Vejdovsky & Mrizek) 
Quistadrllus multlsetosus (Keilty) 
Tubifex tubifex (Müller) 
Amphichaeta leydlgl Tauber 
Chaetogaster limnaei Von Baer 
Nais barbata Müller 
Nais communis Piguet 
Nais elinguls Müller 

PRESENCE 
littoral littoral sed littoral 
river sand area silt sandy basin 

* 
· * · · * * * * · 

» · · * 
· · · · * 

• * 

* » · * · 

· # « ** f l 

DENSITY 
littoral 
nver sand 

461 ±306 
1315 ±1061 

-

4053 ± 2393 

786 ± 465 

littoral sed 
area sift 

5417 ±3414 
104 ± 33 

1525 ±522 

94 ±94 
266 ±178 

17 ± 1 2 

369 ± 341 
9 ± 9 

94 ±62 
9 ± 9 

69 ± 4 5 

littoral 
sandy basin 

4066 ±1249 
6629 ± 2569 

46 ± 2 8 

125 ± 3 5 
789 ±263 

34 ± 1 7 
18 ± 9 
53 ± 2 0 

66 ± 3 0 
12 ± 1 2 

1185 ±906 
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Table 4. continued 

Nais pardalis Piguet 
Nais simplex Piguet 
Ophidonais serpentina (Muller) 
Paranais ITICI Hrabe 
Paianais litoralis (Muller) 
Stylana lacustris (L ) 
Veidovskyella cornata (Vejdovsky) 
Veidovskyella intermedia Bretscher 
Enchytraeidae 
Propappus sp. 

MOLLUSCA 
Anodonta anatina (L ) 
Unio pictorum (L ) 
Corbicula flummalis (Müller) 
Corbicula flummea (Müller) 
Dreissena polymorpha (Pallas) 
Pisidium sp indet. 
Pisidium casertanum Malm 
Pisidium henslowanum (Sheppard) 
Pisidium moltessienanum Paladilhe 
Pisidium supinum Schmidt 
Pisidium subtruncatum Malm 
Sphaerium corneum (L ) 
Sphaerium solidum Normand 
Valvata piscinal is (Müller) 
Potamopyrgus antipodarum (Cray) 

CRUSTACEA 
Neomysis integer (Leach) 
Corophium sp. 
Corophium curvlspmum Sars 
Corophium multisetosum Stock 
Gammarus tigrinus Sexton 

DIPTERA 
Ceratopogonklae 
Chironomidae indet 
Chironomus sp 
Chironomus aeubventris 

Wülker. Ryser & Scholl 
Chironomus bernensis 

Wülker & Klötzli 
Chironomus muratensis 

Ryser. Scholl & Wülker 
Chironomus nudiventris 

Ryser. Scholl & Wülker 
Chironomus plumosus (L.) 
Cladotanytarsus sp. 
Cncotopus sp 
Cncotopus gr sylvestris 
Cryptochironomus sp 
Dicrotendipes nervosus (Staeger) 
Emfeldia dissidens (Walker) 
Harnischia sp. 
Kloosla pusilla (L ) 
Lipmiella arenicola Shllova 
Miaochironomus tener (Kleffer) 
Paracladius conversus (Walker) 
Parachironomus arcuatus agg. 
Paratendipes albimanus agg 
Polypedilum scalaenum Schrank 
Polypedilum nubeculosum agg 
Procladius sp 

Prodiamesa olivácea Meigen 
Psectrocladius sp 
Sbctochironomus histrio (Fabridus) 
Tanytarsus sp. 
Tanypus kraatii (Kieffer) 
Tanypus punebpennis Meigen 
Tanypus vilipennis (Kieffer) 

PRESENCE DENSITY 
Moral littoral sed Uttoral littoral littoral sed littoral 
river sand area silt sandy basin river sand area silt sandy basin 

2386 11583 

7293 ± 3231 
5043 ±2711 
2020 ±872 
7835 ±4185 

nd 
nd 

nd. 

68 ±30 

14 ± 14 

41 ±41 

1613 ±405 

27 ±27 
474 ± 262 

70 ±54 
14 ±14 

43 ±24 
9 ± 9 

17 ±17 

17 ±12 
35 ±27 

9 ± 9 
nd. 
nd 

1282 ± 397 

651 ± 429 
120 ±96 
26 ±14 

17 ± 17 

614 ±293 
764 ± 240 

279 ± 244 
nd 
nd 
1908 ±1274 

305 ±142 
214 ±214 

34 ±20 
51 ±51 

9 ± 9 

9 ± 9 

17 ±17 

545 ± 305 
9 ± 9 

52 ±30 
9 ± 9 

2617 ± 1251 
9 ± 9 

148 ±139 
17 ±+12 

17 ± 1 2 
9 ± 9 

55 ±35 
112 ±46 

9 ± 9 
9 ± 9 

9 ± 9 
9 ± 9 
9 ± 9 

356 ±215 

4 ± 4 
470 ± 319 

2 ± 2 

46 ±36 

1 ±1 

nd 

39 ±32 
12 ±9 

156 ± 42 
160 ± 47 

3 ± 3 
4 ± 4 

3 ± 3 
4 ± 4 

33 ±19 

523 ± 221 
465 ±129 
109 ± 49 

131 ±76 

245 ± 83 

5069 ± 1394 
4 ± 4 

22 ± 1 8 
186 ± 62 

3 ± 2 
8 ± 5 

1 2 ± 9 

1451 ±298 
5 ± 4 

4 ± 4 

98 ±34 

11 ± 6 
138 ±42 
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Table 5. Frequencies (%) of occurrence In palaeoecological samples from several river branches of the Rhine and comparison with 
results of this study and present abundance in the Rhine and study area R/W Rhine and Waal BM Boven Merwede 
NM Nieuwe Merwede, IJ River Ussel near Kampen Habitat types R= nver sand, S= silt E= eurytope 

Number of cores 
Total number of samples 

Ephemeroptera 
Ephemera sp 
Ephoron virgo (Olivier) 
Palingema longicauda Olivier 

Tnch optera 
Psychomyia pusilla (Fabnaus) 
Sencostomatldae 
Molanna sp 
Л/lyjtacidej longicornls (L ) 

Chiron omidae 
Beckidia zabolotzkyi (Coetghebuer) 
Chernovskna macmcera (Tshemovski)) 
Demicryptochironomus vulneratili (Zetterstedt) 
Heterotrissocladius marctdus (Walker) 
Kloosla pusilla (L ) 
Monodiamesa bathyphila Kieffer 
Paracladopelma sp 
Parametrocnemius stylatus (Kieffer) 
Paratendipes connecteras 3 Lipina 
Paratendipes albimanus agg 
Paratendipes mtermedius Tshemovski) 
Polypedilum scalaenum Schrank 
Potthasba gaedu (Melgen) 
Pseudochironomus sp 
Pseudochironomus praslnatus (Staeger) 
Stempellina sp 
Tanytarsus brundml agg 

Cladotanytarsus mancus agg 
Lipimella arenicola Shilova 
Sttctochironomus sp 

Chironomus plumosus agg 
Chmnomus uliginosus agg 
Cladopelma laccophila (Kieffer) 
Cryptotendipes holsatus agg 
Emfeldia dissidens (Walker) 
Endochironomus albipenms (Meigen) 
Endochironomus tendens Fabncius 
Clyptotendipes pallens agg 
Harmschia sp 
Microchtronomus tener (Kieffer) 
Miaotendipes chlons agg 
Paracladius conversus agg 
Phaenopsectra sp 
Polypedilum nubeculosum (Meigen) 
Prodiamesa olivácea Meigen 
Robackia demei/erei (Kruseman) 
Tanypus sp 
Zavrelia pentatoma Kieffer 
Cryptochironomus sp 
Nanocladius sp 
Procladius sp 

nver stretch 
R/W 

2 
4 

50 
75 

-

100 
25 

. 
25 

-
-
-
-
-
25 

-
-
-
25 

-
100 

-
. 
-
-
25 

-
50 
75 

100 

-
50 

-
-
50 
25 
75 
50 
50 
100 
50 
25 
100 
75 

-
-
-
100 

-
100 

BM 

1 
4 

25 

-
50 

50 

-
. 
25 

25 
25 
25 

-
-
-
-
25 
25 
100 
25 
50 
25 

-
-
-
50 

. 
50 
50 

100 

-
-
-
-
50 

. 
75 
25 
25 
50 
25 
25 
50 
75 

-
-
-
50 
50 
100 

NM 

2 
20 

10 
10 

-

44 
20 

. 
-

-
5 
5 
5 

-
-
10 
45 
5 
65 
5 
75 
30 

-
5 
30 
55 

35 
15 
25 

85 
100 
45 
20 

-
10 
10 
85 
40 
30 
100 

-
65 
45 
40 
30 

-
15 
65 
70 
50 

U 

2 
22 

5 

-
18 

60 
5 
5 
10 

18 

-
-
-
5 

-
-
-
-
23 

-
82 
14 
5 

-
9 
23 

86 
41 
59 

100 
59 
55 
5 
9 
73 
5 
100 
64 
41 
64 
9 
36 
95 
36 
14 
9 

-
95 
14 
100 

Habitat 
type 

R 
R 
S 

R 
R 
R 
R 

R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 

R 
R 

R 
R 
R 

S 
S 
S 
S 
S 
S 

s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
E 
E 
E 

Characteristic 
for assemblage 

. 
-
-

-
. 
. 
-

. 
-
-
-
nvei 

-
-
-
-

sand 

river sand 

-
nvei 

-

-
-

sand 

sandy basin 
sandy basin 
sandy basin 

, 
. 
-
• 
sed 

-
-
-
-
sed 

-
sed 

-
-
-
-
-
-
-
-
-

area silt 

area silt 

area silt 

Present 
abundance 

exbnct 
recovering 
extinct 

extinct 
extinct 
extinct 
rare 

extinct 
extinct 
extinct 
extinct 
common 
extinct 
exbnct 
extinct 
extinct 
rare 
extinct 
abundant 
extinct 

rare 
rare 

abundant 
common 
common 

common 
common 
rare 
very rare 
locally abundant 
common 
rare 
common 

common 
common 
very rare 
locally common 
very rare 
common 
rare 
extinct 
rare 
flood plain 
common 
abundant 
common 



Recent colonizers 
During the period of investigation, several invertebrate species (re)colonized the Dutch 
part of the River Rhine (Den Hartog ei al, 1992) Corbicula flummalis and С flumi
nea (BIJ de Vaate & Greijdanus-Klaas, 1990), Corophium curvispmum (Van den Brink 
ei al, 1989) and Ephoron virgo (BIJ de Vaate ei al, 1992) 
The survey in 1992 showed that both Corbicula species occur in the larger part of the 
area investigated С flummalis was only absent from the Haringvliet and River Lek, 
while С fluminea was absent from the Nieuwe Merwede С flummalis was most 
abundant in the littoral river sand habitat, with a density ranging from 800 to 3070 rrr2 

(n=4) The highest density was found In the River Waal within a Potamogetón pedi-
natus L stand Low densities of this species were found in the lower Nieuwe 
Merwede, the Beneden Merwede and the Oude Maas С fluminea was most abun
dant in the Lek and occurred in low densities In the Boven Merwede, Beneden 
Merwede, Oude Maas, Hollandsen Diep and Haringvliet near the mouth of the Spui 
Corbicula species were not found at the other sites in the Haringvliet Both Corbicula 
species occurred together between the sites LO and HP, a stretch of 46 km (Fig 1) 
Corophium curvispmum, which can occur in very high densities on stones in the River 
Rhine (Van den Brink et al, 1991), was found in low densities (n < 250 nv2) at sam
pling sites in the Waal, Nieuwe Merwede and Hollandsch Diep One specimen of the 
mayfly Ephoron virgo was found in the Boven Merwede Several emerging specimens 
of Caenis luctuosa were found in the Oude Maas, suggesting that their larvae had 
lived in the sediments of this river section Both indigenous species have recently reco-
lonized this section of the River Rhine (Bij de Vaate ei al, 1992) 

Palaeoecologlcal analysis 
Twenty-four taxa were assigned to former littoral sand habitats of the Lower Rhine 
(Table 5) One of these (Kloosia pusilla) is nowadays an indicator species and one 
(Polypedilum scalaenum agg ) is an accompanying taxon of the 'littoral nver sand' 
assemblage The other taxa of the former river sand have become rare (three taxa) or 
extinct (fourteen taxa) from the Dutch part of the Rhine and Meuse 
Nineteen taxa were assigned to the former silt habitat One of these (Emfeldia dis-
sidens) is an Indicator species and two (Microchironomus tener and Paracladius con
versus agg ) are accompanying species of the 'littoral sedimentation area silt' assem
blage From the other taxa, seven are still common, seven have become rare or very 
rare and two (Palmgema longicauda and Robackia demei/erei) have become extinct 

Discussion 

Present state of littoral zoobenthos 
The present macrozoobentic species composition of the enclosed Rhlne-Meuse Delta 
area has little in common with the former brackish communities of the Haringvliet 
(Wolff, 1973), and those of other estuaries, such as the Scheldt (Ysebaert ei a/, 1993) 
and those present In the German Bight (Michaelis etat, 1992) No brackish fauna was 
found, while the most abundant taxa found are absent from or scarce under estuanne 
conditions The differences are attnbutable to the completely different hydrodynami-
cal, salinity and morphological conditions created by enclosing the Rhlne-Meuse 
estuary 

Only the former freshwater sections showed some similarity with the present macro-
zoobenthos For example, most Ohgochaeta (Verdonschot, 1981) and Pisidndae 
(Kuiper & Wolff, 1970) of the former freshwater section were found in this study as 
well 

Most species found occur In large rivers and/or lakes Propappus sp , an indicator of 
the 'littoral river sand' assemblage, was abundant in medium grained sands (mean dia
meter 355-500 pm) In the main stream of the lower Meuse (Peeters, 1988) 
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Propappus sp , was also very abundant In the River Dnieper (Ukrain), where very high 
densities were found in pure sands in the middle of the main channel In this basin, 
Veidovskyella intermedia and Amphichaeta leydigi were found in slightly or modera
tely muddy sands (Fomenko, 1980) The indicator species of the 'littoral nver sand' 
assemblage were also found in the profundal muddy sediments of the eastern 
Hollandsen Diep, (Klink & Dudok van Heel, 1993) These animals, however, probably 
originated from upstream parts of the River Rhine, since densities were especially high 
in penods of high Rhine discharges Amphichaeta leydigi and Veidovskyella cornata, 
the indicator species of the 'littoral river sand' assemblage may have been overlooked 
in many studies because of their small size Perhaps the high densities of these oligo-
chaetes are characteristic for sandy habitats in (large) rivers Kloosia pusilla, another 
indicator of the 'littoral river sand' assemblage, lives in shifting sands (Pagast, 1936) 
and is known from several large rivers, e g the Volga, the Danube and the Po (Reiss, 
1988) 

The recent colonization by С flummea and С flummalis, both preferring lotlc water 
systems (Belanger ef al, 1985), may have caused a change in the ecological state of 
the littoral river sand, since these species now have a great share in the total inverte
brate biomass 

Emfeldia dissidens, an Indicator of the 'littoral sediment area silt' assemblage, is 
known to prefer shallow silty habitats with a low rate of disturbance (unpublished data 
AC Klink) Ρ supinum, an accompanying species of this assemblage, prefers slight 
water movement (Kuiper & Wolff, 1970) Before 1970, this species was also common 
m the River Meuse and Its branches The low average density (26 m-2) is normal, 
Kuiper & Wolff (1970) never found more than 13 individuals rrr2 

Of course, the indicators of the 'littoral sandy basin' assemblage are new in this former 
brackish area Before 1970, the pisidlid Indicators of this assemblage (P henslowanum 
and Ρ moitessienanum) occurred in the freshwater tidal parts of the Delta They lived 
in mud or fine sands and preferred the quiet parts of rivers (Kuiper & Wolff, 1970) 
The chironomid indicators of this assemblage are common in several Dutch water 
bodies Lipmiella arenicola is common In sands of alkaline lakes (Smiteta/, 1993), 
the indicators Cladotanytarsus sp and Stictochironomus sp coexist In several water 
bodies, such as eutrophlc Lake Maarsseveen (Heims, 1993), well oxygenated clear, 
vegetated standing or slowly flowing waters in the province of Overijssel 
(Verdonschot, 1992) and poorly buffered lentie waters (Leuven et al, 1987) 

Relation with environmental processes 
'Riversane!' assemblage. In the littoral zone of the river, the high turbulence almost 
continuously washes out the fine particles Therefore, the interstitial spaces in the 
coarse sediment are not silted Since algal food is amply present in the water column 
(Admiraal et a/, 1993), the interstitial spaces are an excellent habitat for zoobenthos 
both shelter and food are present The 'littoral river sand' assemblage consists mainly 
of 'interstitial' zoobenthos The small size of the Naididae (Amphichaeta leydigi, 
Veidovskyella cornata, V intermedia and Paranais bici) and Enchytraeidae (eg 
Propappus sp ) leaves no doubt about this Kloosia pusilla, the most abundant chiro
nomid, also inhabits the Interstitial spaces only third Instar larvae were found, with a 
head capsule width of 68-84 pm (mean 77 \im, n=8) They seem small enough to live 
between the coarse sand grains with mean diameters exceeding 500 μ m (pers obs H 
Smit) Corbicula spp are the only abundant species in this habitat which do not 
belong to the interstitial fauna Their thick and heavy shells and their capability to bur
row partly into the sediment obviously enable these molluscs to survive in this physi
cally stressed habitat 

'Littoral sedimentation area silt' assemblage. When turbulence diminishes, sedimen
tation of finer particles becomes more apparent These particles are a suitable food 
source for deposit-feeders On quiet shallow sediments microphytobenthos may de-
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velop The 'littoral sedimentation area silt' assemblage is characterized by invertebrates 
inhabiting both silty sand and silt The key species of this assemblage are collectors-
gatherers, grazers or filterfeeders Bijkerk (1993) showed that the larvae of the chiro-
nomid f dissidens feed by grazing and Haynes & Taylor (1984) showed that the gast
ropod Ρ anttpodarum feeds both by collecting and grazing The lower sediment dis
turbance allows the light-weight Pisidium species, which can easily be swept away by 
waves, to survive in the sedimentation area This is in contrast with the littoral river 
sand habitat, where they were found only occasionally 

'Littoral sandy basin' assemblage. The higher transparency in the Haringvliet enables 
a high autotrophic microphytobenthos production (mainly diatoms and green algae) in 
the littoral zone (Bijkerk, 1993) Fine sand prevails over silty sediments Wind exposure 
and to a lesser extent geomorphological history determine local differences in the 
area The chironomid indicators live in fine sand and silty sand sediments and feed by 
grazing the sediment surface Lipmiella arenicola is restricted to sands with low silt 
contents (Smit ei a/, 1993), whereas Cladotanytarsus sp is also abundant at sites with 
a higher silt content In sheltered places rich in silt (like site BS), the assemblage shows 
some overlap with that in the sedimentation area In very exposed areas, the sand is 
mobile throughout the year In those habitats Í. arenicola thrives, partly because of Its 
capability to construct strong tubes and to burrow deep in the sediment (Smit et al, 
1991) 

There are obvious differences with the littoral river sand First, the littoral river sand is 
very tightly packed, whereas the exposed Haringvliet sand is not Secondly, the mean 
gram size of the sand in the Haringvliet is smaller This may be a reason why the indi
cators of the 'littoral river sand' assemblage are scarce or lacking in the Haringvliet 

Interstitial fauna 
In this study, we found an interstitial invertebrate assemblage, occurnng in high densi
ties between the sand grains in the littoral zone of the nver bed This was possible, 
since we used sieves with a small mesh size (250 pm) So far, the river sand communi
ty has been regarded as extremely poor (Van Urk & Smit, 1989) It is beyond doubt 
that the interstitial fauna has simply been overlooked This is attributable to the larger 
mesh size of the sieves used by earlier Investigators (Wolff, 1973 1 mm, Van Urk & 
Smlt, 1989 0 5 mm) In this study, a high number of larvae of the chironomid Kloosia 
pusilla was found Adults of this species have been recorded in the 1930's several 
times from the Nieuwe Merwede and Beneden Merwede (Kruseman, 1933) Outside 
the River Rhine, however, this species has not been observed It is possible that 
К pusilla has recently recolonized the Netherlands part of the Rhine In May 1993, 
larvae of this species were observed for the first time and in high numbers in the lit
toral sands of the Nedernjn (a River Rhine branch) near Opheusden, a site which had 
been sampled during 20 consecutive years (pers comm J J Ρ Cardeniers) 

Species richness compared with palaeoecologlcal data 
Palaeoecological analysis has shown that the littoral river sand habitat has become 
strongly impoverished in the last century The impovenshment in this habitat was 
much greater, than in the silt habitat, from where only two taxa have become extinct 
Apparently, environmental conditions changed more drastically in the littoral river 
sand habitat three formerly common taxa (Lipmiella arenicola, Stictochironomus 
histrio and Cladotanytarsus sp ) are now absent from the littoral river sand, but are 
indicator or accompanying taxa of the 'littoral sandy basin' assemblage Since these 
three species mainly feed on microphytobenthos, this food source was probably vital 
in the former littoral river sand habitat Lauterborn (1918) observed a microbenthic 
algae cover of the shallow bottom of the Lower Rhine Water transparency must have 
been higher, and the mean depth much lower than today A few centuries ago the 
Waal was a 500-800 m wide braiding river The present width of the regulated Waal 
is only about 260 m and the depths have increased to several metres Today, light can 
no longer penetrate to the bottom, the light extinction coefficient being about 2 nr 1 

(Van Urk & Smit, 1989) Moreover, the present river banks -the last remaining shallow 
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zones- experience too much turbulence due to the wave action caused by passing 
ships, to be a suitable substrate for microphytobenthos production 
Changes in the silt-inhabiting fauna were less dramatic than those in the littoral river 
sand habitat Both habitat conditions and sediment contamination have contributed to 
these changes Microtendipes gr chlons, the most common chlronomid in the palae-
oecological samples, is still common in flood plain waters connected to the Rhine (Van 
den Brink & Van der Velde, 1991) It is, however, rare in the main channel and was 
not found in the areas investigated The scarcity of the genus Chironomus, however, 
Is probably related to the high contamination levels in sediments This relation was 
shown by Van Urk ef a/ (1992) for Ch cf plumosus, in the outlet of the River Ussel, 
another Rhine branch Ch plumosus lives in habitats similar to that of the 'littoral sedi
mentation area silt' assemblage 

Influence of sampling strategy 
The samples In this study were taken over a period of 6 years and in different seasons 
One could argue whether assemblages can be derived from such a dataset Of course, 
macrozoobenthic species composition and densities are generally variable in space and 
time and no doubt this is also the case in this study In spite of this, three assemblages 
could be distinguished, which were mainly related to large scale differences in hydrau
lics and geomorphology Since geomorphological processes proceed only slowly, a 
maximum difference in sampling date of six years is unlikely to have seriously affected 
the composition of the three assemblages Moreover, no sudden morphological chan
ges have occurred in this period 

The influence of the season of sampling on the composition of the assemblages is pro
bably restricted, since sampling occurred in different months and the chlronomid and 
pisidiid indicator species are known to occur In all seasons in the area (Smit, Van der 
Velde & Dirksen, this thesis, Klink & Dudok van Heel, 1993) Seasonality may, howe
ver, have influenced the oligochaete indicator and accompanying taxa of the 'littoral 
nver sand' assemblage Most samples from the littoral river sand were taken in spring, 
when the Naididae are most numerous 

Conclusions 

1 Three main assemblages were distinguished 1) a 'littoral river sand' assemblage, 
2) a 'littoral sedimentation area silt' assemblage and 3) a 'littoral sandy basin' 
assemblage 

2 From the River Waal to the Haringvliet dam, the fauna gradually changed under 
the influence of a series of factors These included decreasing current velocities, 
decreasing erosive power of ship-generated waves, a sedimentation peak and 
higher water transparencies in the Haringvliet 

3 The littoral river sand, generally considered a very poor habitat, contained high 
densities of interstitially living worms (Naididae and Enchytraeldae) and of the 
chlronomid Kloosia pusilla 

4 Immigrant species contributed little to the macrozoobenthic densities Only In the 
'littoral river sand' assemblage, Corbicula sp sometimes reached high densities 

5 The nver sand Insect fauna is strongly impoverished compared with palaeoecologi-
cal samples from Rhine deposits The river silt fauna is less Impoverished, in spite of 
the high contamination levels 
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Chironomia larval assemblages and their controlling factors in an 
exposure gradient on a tidal sandy flat in the enclosed Rhine-Meuse Delta 

Abstract 

Chironomia species composition and distribution in relation to exposure were studied 
on a tidal sandy flat at seven sites (average depth 0 - 50 cm), differing in the duration 
and frequency of the exposure periods The chironomid assemblages can be divided 
into a 'littoral' one, consisting of Chironomus acutiventris, Ch muratensis, Einfelda 
dissidens, Stictochironomus histno, Cryptochironomus sp and Cladotanytarsus sp , 
and a 'subllttoral' one consisting of Lipmiella arenicola, Ch nudiventns and 
Procladius sp Small S histno, L arenicola and E dissidens larvae appeared first on 
frequently exposed sediments and dispersed later over the entire gradient Small Ch 
nudiventns larvae appeared first at submerged sediments The high microphytobent-
hos biomasses observed (chlorophyll-a > 150 mg nrr2) are probably responsible for the 
high chironomid densities and biomasses Prédation by waders has an important 
impact on chironomid densities and species composition at exposed sites Sediment 
texture, temperature stress, habitat selection of migrating early instar larvae, chirono
mid predator-prey interactions and competition for space between large and small chi-
ronomids are involved in establishing a zonation pattern 

Introduction 

Before regulation activities started in the 19th century, sand flats were important habi
tats for macroinvertebrates in the River Rhine (cf Van Urk & Smit, 1989) In the sedi
ments of these sand flats, chironomid larvae were probably among the most abundant 
macroinvertebrates (Klink, 1989) Although little is known so far about the chironomid 
species composition and dynamics of the original sand flat habitats in the River Rhine, 
the scarce data available (Klink, 1989, Van Urk & Smit, 1989, Smiteta/, 1994) indica
te that the present sand flats harbour greatly impoverished macrozoobenthic commu
nities The general impovenshment of the invertebrate fauna in the River Rhine during 
the 19 th and 20 th century has been attnbuted to a combination of pollution and habi
tat destruction (e g Klink, 1989, Van Urk & Smlt, 1989, van den Brink et al, 1990, 
Den Hartog étal, 1992, Admiraal étal, 1993) Improvements in water quality from 
the late 1970's onwards have created opportunities for recolonlzation of invertebrates, 
provided the suitable habitats were still available 

Due to the enclosure of the Rhlne-Meuse estuary, most tidal flats disappeared 
However, a large sand flat, the Ventjagers flats, subsisted and was included In the river 
system, providing the opportunity to study the chironomid larval assemblages in this 
habitat in more detail Earlier studies have shown, that chironomid larvae have the lar
gest contribution to the total macrozoobenthic biomass (Smit & Snoek, 1989) on this 
flat and that the most abundant chironomids (Lipiniella arenicola and Cladotanytarsus 
sp ) are indicator taxa of the 'littoral sandy basin' assemblage, dominant in the littoral 
habitats of the Haringvliet (Smlt et a/ , 1994) 

The objective of this study was to obtain a better understanding of 
1) the chironomid assemblages of periodically exposed sand flats 
2) temporal and spatial distribution patterns of the most abundant chironomids over 

an exposure gradient, and 
3) the nature of the processes controlling the chironomid abundance patterns 
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Study area and methods 

Study area. 
The Ventjagers flats (51°42"I3"N, 4°2'57"E) are situated in the Haringvliet (Fig. 1), 
the former main estuary of the rivers Rhine and Meuse. The Haringvliet was closed off 
from the sea in 1970. After enclosure, the tidal range was reduced from 2 m to ca. 0.3 
m, since the basin is nowadays only connected to the sea by two small river branches. 
Mean high and low water levels In the investigation period (24/III/88-09/III/89) were 
72.3 cm and 37.9 cm above sea level, respectively. Irregular larger water level fluctu
ations also occur, depending on sea water levels and river discharge. Average values 
(± S.D.) of some important physico-chemical parameters in 1987-1988 were: Cl-
(mmol 1-1): 3.24 ± 0.93; total P04-P (μιτιοΙ I"1): 2.8 ± 0.5; ( N 0 3 + N02)-N (mmol M): 
0.061 ± 0.01; chlorophyll-a (pg I"1): 13.1 ± 12.1; suspended solids (mg M) 10; Secchi 
disc depth (m): 0.86 ± 0.19. 

Figure 1. Position of the Ventjagers flats with sampling sites In the enclosed Rhine-Meuse Delta and the situation of the 
Delta within The Netherlands. 

The Ventjagers flats -remnants of a former brackish tidal area- at present form the lar
gest freshwater Intertldal area in the enclosed Rhine-Meuse Delta. Under average con
ditions several hundreds of hectares are exposed twice a day. Several breakwaters -
legacies of land reclamation attempts during the 1940's- shelter the area from the 
severest wind attacks. 
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Sampling sites. 
Seven sites were chosen at regular depth intervals of 10 cm, the highest being positio
ned at 55 cm above sea level (a s I ) and the lowest at -5 cm above sea level The sedi
ment mainly consisted of fine sand (d = 100-200 μπι), with a silt fraction of 3 1-15 8 
% and an organic matter content of <0 5 - 2 2 % (Table 1) The sites were named 
according to their altitude Each site was marked by two wooden piles, which were 
placed at 50 m from each other, except at site +55, where the distance was only 15 
m Hydrological characteristics of the study sites were derived by taking one value 
every 10 minutes from nearby continuous water level registrations during the entire 
investigation period The relative exposure time (RET) of the sites varied during the 
study period (Table 1, Fig 2) Sites +15 and +5 were occasionally exposed in March 
and April of 1988 only, during a period of high Rhine discharges In these periods, a 
surplus of water was discharged through the sluices during low tide on the sea side 
causing a larger tidal range The relative exposure time at all sites diminished in July 
and in the autumn (Fig 2) 
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Figure 2. Relative exposure times (RET) for the seven study sites Data are averages over Intervals between 
two sampling dates X-axis units represent intervals between two consecutive sampling dates 

Table 1. Hydrological and sediment characteristics of seven study sites at the Ventjagers flats 

parameter 

elevation 

mean depth 
RET 
MET 

particles 
< 2 μπι 

< 16 pm 
< 6 3 μπι 
< 2 1 0 pm 

> 210 pm 
organic matter 

unit 

c m a s l 
cm 

% 
hours 

% dry 
matter 

% 

+55 

55 

-
58 2 
111 

2 2 
4 3 
10 1 

9 6 5 
2 3 
1 3 

+45 

45 

-
37 0 
59 

3 4 
6 5 
1 4 4 

96 2 
1 6 

2 2 

site 
+35 

35 
3 
1 9 2 
35 

1 8 
3 4 
8 7 

97 5 
1 9 
0 6 

+25 

25 
13 
7 2 
10 

1 2 
2 3 
3 1 

98 4 
1 1 
<0 5 

+15 

15 
23 
2 3 
8 

1 6 
3 0 
4 3 

9 9 2 
< 0 5 
0 5 

+5 

5 
33 
0 4 
5 

1 4 
2 6 
9 6 

98 4 
0 7 
0 8 

•5 

-5 
43 

0 
1 

3 5 
6 7 

15 8 
97 1 
0 9 
2 0 

RET relative exposure time, MET maximum time of continuous exposure in the Investigation period (March 
2 4 , 1 9 8 8 - M a r c h 9,1989) 
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Chironomia sampling and computations. 
The benthos was sampled 26 times from March 24,1988 through March 9, 1989, 
weekly from May through August, fortnightly in April and September, and monthly in 
March 1988, and from October to March 1989 At each date, six random samples 
were taken between each pair of piles, using a perspex sediment core sampler (d = 5 9 
cm) and combined to one sample Only the upper 10 cm of the sediment were sam
pled, since a pilot study had demonstrated that more than 95% of the chironomids 
occurred in this top layer The sediment was put in polyethylene bottles and sieved in 
the laboratory (mesh size 500 μιη) Sorting was done on a bottom lighted tray with
out magnification Lengths of the larvae were measured to the nearest 1 mm (length > 
5 mm) or 0 5 mm (length < 5 mm) Chlronomid biomass was calculated using taxon 
specific length-biovolume-weight relationships derived from Individuals from the same 
site (Smit eta/, 1993a) Taxon specific preference for specific sites was considered for 
the nine most abundant taxa (abundance > 1 % of the total number of chironomids 
found) The significance of differences in abundance between the sites was tested 
using the Wilcoxon matched-pairs signed ranks test and the time series of each pair of 
sites Similarities in spatial and temporal patterns were calculated as follows total 
numbers per taxon for all sites or dates were set at one Relative abundances per site 
or date were compared between each pair of taxa and the lowest values were sum
med Similarities between groups of taxa were calculated by averaging the similarities 
of all pairs included Total numbers at all sites per sampling occasion for each taxon 
were used for the pairwlse comparison of temporal patterns For the comparison of 
the temporal abundance of nine and the mean length patterns of six abundant taxa, 
data of several sites have been lumped for each date into three categories frequently 
exposed (sites +55, +45 and +35), occasionally exposed (sites +25 and +15) and per
manently submerged (sites +5 and -5) For the comparison of the length patterns, the 
data of site +35 have been left out to make the difference between frequently and 
occasionally exposed sites clearer 

Estimation of consumption by water birds 
Bird observations were done shortly (0-3 days) before each macrozoobenthos sam
pling between March and November 1988 Observations started at high tide and 
finished at low tide The study area was divided into plots with a more or less uniform 
height level (variation < 10 cm) Each pair of piles, forming one chironomid sampling 
station, was the boundary between two plots The surface of the plots, however, was 
extended sidewards by placing extra piles at the same height to have more observa
tion data From a hide, placed on an observation platform in the vegetation border, 
numbers per plot and the fraction of foraging individuals of all bird species were 
observed every 15 or 30 minutes This period was taken to be representative for the 
second half of the tidal cycle as well in calculations Average densities (D) and energy 
requirements of foraging birds were used to calculate chironomid biomass consump
tion rates Daily energy expenditure (DEE, KJ day1) was assumed to be three times 
the basic metabolic rate (BMR, KJ day1) (Kersten & Piersma, 1987) No difference was 
made between species and season BMR was calculated as 

BMR = 437*w° 7 2 9 for waders (Kersten & Piersma, 1987) 
or 

BMR = 3 0 8 * w ° 7 3 4 for ducks (Aschhoff & Pohl, 1970), 

W (kg) was derived from Cramp & Simmons (1977,1979,1982) In this way total 
daily energy consumption was calculated for the four plot groups Total daily energy 
consumption of all species (Ce) In one plot group was calculated with 

l=n 
C e = Σ {D|*DEE,} 

1=1 

where 
D, = average density of foraging species i (η m"2) 
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Assuming that invertebrates other than chironomia* constituted only a minor fraction 
of the diet, the energy consumption was converted Into a chlronomid biomass con
sumption (CQ with 

Cb= Ce/AE*EC, 

where 

AE = Assimilation efficiency for invertebrates (KJ KJ-1) 

EC = energy contents of chironomids (KJ g AFDW"1) 

We used AE = 0 739 (Castro ef al, 1989) and EC = 23,355 KJ g"1 (average of 8 
values, derived from Cummins & Wuycheck (1971) and Ryan (1982)) Values of Cb 

were averaged for each month and multiplied by the number of days in that month to 
give average chlronomid biomass consumption rates per month (Cm) 

In addition, Intake rates of several larger waders species were studied by observing the 
number of swallowing movements per unit of time This was especially possible for 
Black-tailed Godwit (Limosa limosa), Bar-tailed Godwit (Limosa iappomca), Avocet 
(Recurvirostra avocetta) and Oystercatcher (Haematopus ostralegus), since these spe
cies typically lift up their heads before swallowing a prey Each swallowing movement 
was assumed to be equal to one chlronomid eaten Next, prédation pressure was cal
culated using the observed wader densités and foraging fractions, assuming that fora
ging intensities during day and night were similar This seems justified for waders fee
ding by touch (Zwarts eí al, 1990) Prédation pressure was compared with average 
densities of chironomids with a length of 5 mm or more Smaller individuals were 
assumed to be energetically unattractive since the number of swallowing movements 
per unit of time is limited, each swallow needs to contain a minimum caloric value to 
be of any interest for waders This was confirmed by energetic calculations for Black-
tailed and Bar-tailed Godwits (Dlrksen et al, 1992) 

Sediment chlorophyll-a analysis 
Between September 1988 and April 1990, sediment samples were taken on ten occa
sions for analysis of chlorophyll-a contents At the sites +55, +35, +15 and -5, the 
upper 0 5 cm of sediment was sampled in five fold with an acrylate core (id =24 
mm) The replicates of each site were mixed to one sample Samples were stored at 
-18°C within 4 h after sampling Before extraction, samples were freeze-dned for at 
least 48 h After adding 10-15 ml acetone 90%, the samples were stirred, shaken and 
centrlfuged Subsequently, the supernatant was diluted 1-1 Ox with acetone 90% and 
brought into a reverse-phase HPLC [Spectro-flow model 400, detector spectroflow 
type 783, column LIChrosorb RP-18, 250x4 (diameter) mm, grain size 5 pm (Knauer 
KG), sample volume 20 μΙ, running liquids (A) methanol/H2CVI Ρ (80/18 75/1 25), 
(В) methanol/ethylacetate (80/20)] Chlorophyll-a concentrations were determined 
from the calculated peak surfaces 

Results and discussion 

Species composition at the seven sites 
Cladotanytarsus sp , Lipimella arenicola, Chironomus nudiventns, Ch acutiventris 
Stidochironomus histrio, Procladius sp and Emfeldia dissidens were the most abun
dant taxa found In this study (Table 2) Only Ch acutiventris, Ch nudiventns and 
Procladius sp have also been found recently in upstream sections of the Lower Rhine 
In The Netherlands L arenicola, Stidochironomus sp and Cladotanytarsus sp have 
so far only been found in palaeoecological samples from the Dutch upstream sections 
of this river (Smit et al, 1994) These three taxa are usually found in sandy habitats 
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This is also the case for Harnischia sp., which is at present very rare in the Rhine. 

Paraphaenodadius impensus was the only species found in this study, which Is com
mon in semiterrestrial habitats. 

The nine most abundant taxa were found at all sites. Cladotanytarsus sp. dominated 
the frequently exposed sites, L. arenicola was the most important species at the occa
sionally exposed sites +25 and +15 and Ch. nudiventris predominated at the two 
lowest sites. From the highest to the lowest site the chlronomid assemblages were less 
dominated by Cladotanytarsus sp. and the other abundant species had a more even 
contribution to the total chironomid abundance. This is illustrated in Fig. 3. 

Figure 3. Total share of chironomid larval taxa for seven sites on the Ventjagers flats. Total abundance for ай sampling 
dates has been set at one. 
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Table 2 Chironomia composition at seven sites on the Ventjagers flats during March 1988 - March 1989 
Numbers are fractions (%) of total numbers of larvae found on all sampling dates per site Taxa 
of which only one specimen was found have been left out 

Site 

Cladotanytarsus sp 
Lipmiella arenicola Shibva 
Chironomus nudiventns 

Ryser Scholl et Wulker 
Süctochironomus histrio (Fab ) 
Chironomus acutiventris 

Wullcer Ryser et Scholl 
Procladius sp 
Einfeldia dissidens (Walker) 
Cryptochironomus sp 
Chironomus sp 
Chironomus muratensis 

Ryser Scholl et Wulker 
Mlcropseclra sp 
Psectrocladius sordllimb agg 
Polypedilum cf nubeculosum 
Harmschia sp 
Tanyiarsus sp 
Paradadius conversus agg 
Cncotopus sylvestris agg 
Crlcotopus bicinctus agg 
Dlcrotendipes nervosus agg 
Paraphaenocladius impensus 

(Walker) 
Clyptotendipes sp 
Microchironomus tener (Kleffer) 

Total number of larvae 

+55 

57 6 
5 4 
1 1 

4 8 
13 9 

3 7 
4 3 
4 6 
1 6 
1 1 

0 3 
0 5 
0 2 
0 2 
0 1 
0 5 
0 1 

-
0 2 

-

-
-
1281 

+45 

54 9 
2 5 
1 1 

15 8 
6 4 

1 7 
8 3 
2 7 
1 1 
3 3 

0 7 
0 6 
0 6 
0 1 
0 3 
0 2 

-
-
-
0 0 

0 0 
0 0 

3083 

+35 

70 9 
7 5 
15 

6 7 
3 3 

0 9 
2 5 
2 5 
0 7 
1 5 

0 5 
0 4 
0 5 
0 3 
0 1 
0 1 
0 1 

-
-
0 0 

0 0 
0 0 

3759 

+25 

32 1 
33 5 
11 0 

5 9 
6 2 

1 0 
2 0 
2 5 
2 8 
0 8 

0 7 
1 1 
0 2 
0 0 
0 0 
0 0 

-
-
0 0 

-
0 0 

-
3025 

+15 

27 5 
34 6 
14 5 

6 2 
6 4 

3 0 
1 4 
1 4 
2 5 
0 6 

0 6 
0 5 
0 5 
0 2 
0 0 
0 1 
0 1 

-
0 0 

-
0 0 

-
2841 

+5 

13 7 
177 
27 6 

3 6 
12 9 

105 
2 3 
15 
3 7 
3 7 

0 8 
0 7 
0 5 
0 7 

-
0 1 

-
0 1 
0 0 

-

-
-
1660 

-5 

9 5 
10 8 
34 0 

4 2 
13 5 

14 8 
1 9 
1 7 
3 3 
2 5 

1 1 
0 6 
0 7 
1 2 
0 1 

-
-
0 1 

-
-

-
-
1358 

Spatial distribution patterns 
Nearly all of the nine most abundant taxa showed significant differences (p<0 05) In 
abundance between specific sites Fig 4 shows the distribution of these species over 
the gradient On the basis of similarities (Fig 5), two main distribution patterns were 
distinguished, using the 50% phenon line 
I) a 'littoral' pattern shown by Ch acutiventris, Ch muratensis, E dissidens, S histrio, 

Cryptochironomus sp and Cladotanytarsus sp and 
II) a 'sublittoral' pattern shown by L arenicola, Ch nudiventns and Procladius sp 

Within the 'littoral' pattern two subpattems could be distinguished, using the 75% 
phenon line (Fig 5) 
la) a subpattern with Ch acutiventris, which was more or less evenly distributed 

over the study sites, Ch acutiventris was the only species whose abundance at site 
+55 was similar to that at the other sites 

lb) a subpattern with E dissidens, S histrio, Cryptochironomus sp , Cladotanytarsus 
sp and Ch muratensis, having a significantly higher abundance at either site +45 
or site +35 than at most other sites 

Within the 'sublittoral' pattern II, two subtypes were distinguished using the 75% 
phenon line 
Ila) a subpattern with L arenicola, which was most abundant at the very sandy sites 

+25 and +15 and significantly less abundant at all other sites, and 
lib) a subpattern with Ch nudiventns and Procladius sp , which were significantly 

more abundant at the lower sites +5 and -5 than at sites +55, +45, +35 and +25 
Differences between these subpattems are probably related to differences in sediment 
texture L arenicola strongly prefers sediments with low silt contents (Smit et al, 
1993), whereas Ch nudiventns and Procladius sp occur in more silty sediments (Smit 
e ta / , 1994) 
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Figure 4 Abundance distribution of nine chironomia taxa over an exposure gradient at the Ventjagers flats (Haringvliet The 
Netherlands) Characters above the bars refer to differences tested with Wllcoxon matched-pairs slgned-ranks test The 
same character is given to any pair which Is not significantly different Different characters (a b etc ) indicate a significant 
difference (P<0 05) 

Temporal distribution patterns 
Similarities in temporal patterns of the species differed from the spatial patterns in 
most cases (Fig 5) The 50% phenon line placed the Chironomus species (temporal 
pattern I) apart from the other taxa (temporal pattern II) 

The abundance of the Chironomus species peaked In late May (Ch acutiventris and 
Ch muratensis) or early June (Ch nudiventns) and was much lower in summer and 
autumn (Fig 6) The temporal pattern of Ch nudiventns clearly differed from that of 
the other two Chironomus species maximum numbers occurred two weeks earlier 
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and abundances remained higher In summer Maximum abundances of the temporal 
pattern II taxa occurred in summer (Í arenicola, Cryptoehironomus sp , S histno and 
Cladotanytarsus sp ) or autumn and winter (Procladius sp and E dissidens (Fig 6) 

The distribution of invertebrate predator Cryptoehironomus sp showed a high spatial 
and temporal similarity with those of both S histno and the small Cladotanytarsus sp 
Cryptoehironomus sp was most abundant in summer, when the larvae of S histno 
were small Maybe Cryptoehironomus sp preyed on Cladotanytarsus sp and S his-
trio 
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Figure 5 Dendrogram of similarities between the normalised spatial (A) and temporal 
(B) distribution patterns of nine abundant taxa 
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Spatio-temporal abundance and mean length patterns of Individual taxa 
Comparing the temporal abundance and mean length patterns of the three 
Chironomus species (Fig 6), some interesting differences become apparent Most Ch 
acutiventns larvae occurred at +25/+15 and +5/-5 in the spring, but in the summer, 
when total numbers decreased, most larvae were found at +55/+45/+35 In May and 
June, mean larval length increased rapidly at +55/+45, followed by a sudden stabilisa
tion at only 9 mm At +25/+15 and +5/-5, mean larval length increased more gradu
ally, reaching maximum values of 11 mm in early July The first generation mainly 
reproduced in the first half of July, as can be concluded from the decrease in mean 
length and a peak in small larvae mid July (Fig 7) So the smaller mean length at 
+55/+4Б is not attributable to reproduction 

Ch muratensisshowed a low abundance at the sandy sites +25/+15, contrary to the 
other two Chironomus species Also, mean larval length increased more slowly at 
these sites in June, than at the sites +55/+45 and +5/-5, where the mean length in
creased from 6 to 17 mm within four weeks 

Abundances of Ch nudiventns at +55/+45/+35 were low throughout the year 
Moreover, the larvae were much smaller here than at the other sites, the mean larval 
length pattern at sites +55/+45 completely deviated from those at the lower sites 
remaining below 10 mm during the entire summer At the other sites, the first genera
tion larvae needed seven weeks (from mid May to early July) to reach the maximum 
mean length, nearly twice as long as Ch muratensis 

Maximum numbers of first generation L arenicola larvae were found at sites +25/+15 
in the first week of June, while maximum numbers at the other sites occurred some 
weeks later During the summer total numbers decreased but numbers decreased less 
at sites +25/+15 than at the other sites The increase In mean larval length in June and 
July was similar at +25/+15 and +5/-5, but at +55/+45 mean larval length already 
decreased in July, after attaining a maximum value of only 8 mm at the end of June 
This decrease Is not attnbutable to reproduction, since the first second generation lar
vae appeared only in August (Smit et al, 1991) 

Numbers of S histrio increased most at +55/+45/+35 in June and at +25/+15 in July 
Total numbers remained similar throughout the summer and autumn, except for peak 
values In July There were no important differences in mean length patterns between 
the sites, the small larvae hardly grew during the summer (from 4 mm In early June to 
7 mm in late September) 

Abundance patterns of £ dissidens differed from those of the other taxa by showing 
low numbers In summer and high numbers in the other seasons In spite of the few 
offspring appearing in summer (Fig 7), the summer generation successfully reprodu
ced This is shown by the decrease in larval length between late August and early 
September, followed by the appearance of numerous small larvae late September 
The spatial distribution of Cryptochtronomus sp did not vary much throughout the 
year Later inspection of emerged adults revealed that at least two species are involved 
(C obreptans Walker and С psittacinus (Meigen)) which makes further analysis of 
larval temporal patterns impossible The same holds for Cladotanytarsus sp , where 
later inspection of emerged adults revealed that Cladotanytarsus sp mainly consisted 
of C/ mancus (Walker) and CI wexionensis Brundln Larvae of Procladius sp could 
not be identified to the species level, since they did not emerge from sediment sam
ples transported to the laboratory 

Spatio-temporal selectivity of small larvae 
Spatial and temporal patterns of early instar larvae may yield useful information con
cerning the role of exposed sediments in the reproduction of chironomlds In spite of 
the large mesh size used (0 500 mm), enough small individuals were collected for 
some considerations It should be taken into account, that differential loss rates 
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through the sieve (larvae of two species having the same length may differ in width) 
make comparisons between absolute numbers of different species difficult Therefore, 
only abundances per species have been compared between sites 
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Figure 6. Temporal abundance and mean length patterns of nine abundant chironomld taxa at sites with different exposure rates 
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Figure 6 (continued) Temporal abundance and mean length patterns of nine abundant chironomia taxa at sites with different expo
sure rates Abundance data of adjacent sites were summed mean lengths were calculated after pooling the 
data of adjacent sites X-axis units are sampling dates 

After the emergence of the overwintering generation, small Ch acutiventns and Ch 
muratensis larvae appeared simultaneously at most sites (Fig 7) By contrast, small Ch 
nudiventris larvae appeared first at the lowest sites (+5/-5 on May 8), to appear one 
week later at the adjacent sites +25/+15, two weeks later at +35, and three weeks 
later at +45 A similar pattern was found for S histrio small larvae first appeared at 
site +35 (June 2), one week later at the adjacent sites +45 and +25, to reach the 
extreme sites +55 and +5/-5 three weeks later (June 23) The small L arenicola larvae 
exhibited a very similar pattern In May/June In the autumn, small E dissidens larvae 
first appeared at the highest site +55 (September 8) to appear gradually at lower sites 
in the course of time (at +45 and +35 on September 22 and at +25/+15 and +5/-5 on 
October 20) 

Zoobenthos consumption by water birds. 
The estimated total zoobenthos consumption by waders and other water birds was 
very high at the plot between the sites +55 and +45 and decreased with height (Fig 
8c) This is in accordance with field observations as soon as site +55 emerged with 
decreasing water levels, the waders arrived and started to forage on a small surface 
As the water levels fell with the tide, the waders spread over a larger area 
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Figure 7. Temporal abundance patterns of small larvae of six abundant chlronomid taxa at sites with different exposure 
rates. X-axis units are sampling dates. 

Prédation pressure also varied over time. Four large wader species, viz. Black-tailed 
Codwit (Limosa limosa), Bar-tailed Godwit (Limosa lapponica), Avocet (Recurvirostra 
avocetta) and Oystercatcher (Haematopus ostraiegus) almost certainly foraged on chi-
ronomids. When the observed uptake rates of these species are divided by the avera
ge densities of chironomids with lengths > 5 mm, a relative uptake rate U r of chirono-
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mids (month-1) is obtained, which Is an estimation of the fraction of chironomids 
eaten in a month (Fig 8d). The four wader species exerted a considerable prédation 
pressure on the macrozoobenthos in May and June (Fig. 8d). The highest values were 
observed at the highest plots, which Is directly related to the high RET values observed 
in these months (Fig. 2). From July on, few individuals of these wader species were 
observed, probably because the flats were not exposed long enough to have them 
meet their energetic requirements (Dirksen ef al., 1992). The extremely high relative 
uptake rates at plot +50 In May and June (1.12 and 0.72) respectively) indicate an 
overestimation. This may be attributable to an overestimation of the foraging intensi
ty, which was averaged over all plots but generally lower at the highest plots, because 
of the lower availability of prey. 
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Figure 8. Trophic relationships on the Ventjagers flats (a) Chlorophyll-a concentration in the upper 0.5 cm of the sediment (b) Chi
ronomie! biomass; average of samples (n=20) in the period April-September, (c) Chironomld consumption by water birds 
( Cm, g AFDW month1), estimated from bird numbers and foraging fractions, (d) Relative uptake rate ( U r month-1) of 
chironomids (length > 5 mm) by four large wader species, plotgroup +10 In Fig. 8d is the average of the plots +20, +10 
and 0. Different characters (a, b, etc.) Indicate a significant difference (Wikoxon 2-tailed p<0 05) 

Mlcrophytobenthos and sediment chlorophyll-a 
Microscopic examinations showed that mlcrophytobenthos was dominated by diatoms 
(mainly Navícula spp.). On average, chlorophyll-a contents were significantly higher at 
site +55, than at the sites +15 (Wllcoxon p<0.025) and -5 (p<0.05; Fig. 8a). These dif
ferences were most obvious in the period October - April, when the highest values 
were observed. 

In the period May - September, differences along the exposure gradient were small 
(Fig. 8a). Differences in light conditions may account for the observed patterns. In the 
winter period when irradiance levels are low, growth conditions of exposed sites are 
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more favourable than at the permanently submerged sites In the summer period, 
however, the irradiance levels at the submerged sediments are also high, because of 
the longer days, higher irradiance rates and more favourable light angles This may 
explain the small differences in chlorophyll-a content among the sites in summer The 
low values at site +15 in the winter period may be attributable to wave action Small 
sand ridges were frequently observed at the sites +15 and +25 

General discussion 

All abundant chironomid taxa of the Ventjagers flats have an aquatic life style, in spite 
of the often high exposure rates Six abundant species had their abundance optimum 
at a frequently exposed site, which indicates that they have found suitable environ
mental conditions here Hynes (1961) also found a positive influence of fluctuating 
water levels on chironomie! abundance in littoral sediments 

The discussion further focusses on the question which processes in relationship with 
periodical exposure may have caused the differences in chironomid abundance along 
the exposure gradient 

The following factors may have favoured the abundance of particular chironomid spe
cies in periodically exposed sediments 

1) Ovlposltlon and/or settlement The spatio-temporal patterns of the small larvae 
(Fig 7) suggest that oviposition or settlement of planctonic instar I larvae of E dis-
sidens, S histno and L arenicola has taken place at one of the exposed sites and that 
the larvae afterwards migrated to other areas Both site selection by ovipositing female 
adults and active dispersion of early instar larvae may have occurred Site selection in 
oviposition is known for species from several insect groups, like Ephemeroptera, 
Odonata and Díptera (Macan, 1963) Chironomidae, however, generally have poor 
powers of flight and oviposition site selection Instead first instar larvae are involved in 
dispersal and site selection (Davies, 1976) Even the oviposition of the marine chirono
mid Clunio marinus Hahday, living in the lower mtertidal zone, is essentially controlled 
by the timing of emergence, which takes place shortly before low water at spring tide 
(Neumann, 1976) The recolonization of site +55 with decreasing exposure rates was 
mainly effected by Ch acutiventris and shows similarities with the colonization pat
terns of Ch transvaalensis Kieffer in Lake Karlba observed by McLachlan (1968), with 
rising water levels Ch transvaalensis settled massively in recently submerged sedi
ments, the invasion of the new habitat being mainly effected by oviposition In fact, 
the genus Chironomus is generally known as a rapid colonizer of new aquatic habitats 
(Cantrell & McLachlan, 1977) 

Our results indicate that active dispersal of young sedentary larvae (instars II and III) 
significantly contributed to the eventual spatial distribution the sites where the small 
larvae were found first did not coincide with the sites where the highest densities were 
observed later Active dispersal of sedentary Chironominae in the River Chew (SW 
England) was also suggested by Williams (1969) 

2) Mlcrophytobenthos development Chlorophyll-a concentrations were high and 
similar to those found in highly productive marine and estuanne mtertidal areas in The 
Netherlands (Colijn & De Jonge, 1984 and references therein) This may explain the 
high chironomid density and biomass values observed L arenicola and Ch nudiven-
tris collect their food by selective and non selective grazing respectively (Smlt ef al, 
1993b) Cladotanytarsus sp may also be considered to be a grazer {ci Walshe, 1951) 
Ch acutiventris and Ch muratensis show a more opportunistic feeding behaviour 
(Smlt et al, 1993) f dissidens, a selective phytobenthos grazer (Bijkerk, 1994), may 
have taken advantage of the high mlcrophytobenthos biomass at exposed sites in the 
winter period, since it was most abundant there in this period 
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Microphytobenthos abundance patterns along the gradient, however, do not explain 
the observed lower densities of several chironomid species at frequently exposed sites 

The following factors may have caused the lower abundances at the most exposed 
sites 

1) Physical drought Long periods of drought are tolerated by only a very restricted 
number of chironomid species (e g Hinton, 1953), since most aquatic chironomid lar
vae have a permeable cuticle to enable cutaneous respiration According to Delettre 
(1989) chironomids may survive a period of drought by burrowing into the substrate, 
or by becoming inactive At the Ventjagers flats the interstitial water at site +55 was 
nearly always near the sediment surface, due to the gentle slope, so drought is proba
bly of minor importance here 

2) Temperature stress Exposed sediments are subject to large temperature fluctua
tions, which may negatively affect growth and survival Temperatures exceeding 
30 °C were frequently recorded at the sediment surface during the summer (pers obs 
R Bijkerk) It is particularly the small larvae that live near the surface, like 
Cladotanytarsus sp , which may have been negatively affected Small S histrio larvae, 
abundant at site +45 from July on, showed a very slow length Increase in summer, in 
contrast to other water bodies, where this species showed a more rapid growth and 
had two generations (Beattie, 1981, Ten Winkel & Davids, 1987) However, if tempe
rature stress would have had an important influence, a more rapid increase in mean 
length of S histrio at the submerged sites should have been observed, which was not 
the case 

3) Prédation by birds Water birds exerted a considerable prédation pressure on the 
littoral chironomid assemblage Consumption rates were in the same order of magni
tude as the chironomid biomasses (Figs 8c and 8b, respectively) Moreover, chirono
mid biomass and water bird consumption rates show an inverse relationship in the 
upper part of the gradient The observations of foraging activities of four large wader 
species confirm that prédation was successful (swallowing behaviour) and that they 
most probably selected chironomids as a food source (energetic calculations) The size 
selection of chironomids by waders, assumed in this study, is in agreement with the 
smaller mean length of Chironomus spp and L arenicola at the frequently exposed 
sites +55/+45 compared to the less exposed and submerged sites in a period in sum
mer without important reproduction The average length of these species remained 
below 10 mm in this period (Figs 6a, b), from which It can be concluded that the 
waders may have selected larvae above this length 

Water bird observations together with chironomid abundance and length patterns 
stress the probability that prédation by water birds was a controlling factor at the sites 
+55, +45 and +35 

The heavy prédation pressure by waders may also have influenced the interspecific 
competition between chironomids The small (length 2-5 mm) Cladotanytarsus sp 
was dominant at the most exposed sites, where the prédation pressure of waders was 
considerable Its share in the total chironomid abundance was remarkably lower at the 
lower sites, where the prédation pressure of waders was much lower or absent At 
these sites the much larger Í. arenicola or Ch nudiventns were dominant 
Cladotanytarsus sp may have profited from wader prédation, which particularly redu
ced the abundance of large chironomids such as L arenicola This inverse relationship 
between the densities of the small and large larvae was also reported by Beattie 
(1981)andHeinlseta/ (1993) 
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Conclusions 

1 The chironomia assemblages of the shallow sandy Ventjagers flats can be divided 
into a 'littoral' one, consisting of Chironomus acutiventris, Ch muratensis, E dis-
sidens, S histrio, Cryptochironomus sp and Cladotanytarsus sp , and a 'subht-
toral' one consisting of L arenicola, Ch nudiventns and Procladius sp 

2 The small differences in water depth and exposure to wind-induced waves are 
responsible for differences in sediment silt content, which may have influenced the 
species composition at the lower part of the gradient 

3 Most chlronomids of the Ventjagers flats, present In high densities and biomasses, 
used the mlcrophytobenthos, also present in high biomasses, as a food source 

4 Prédation by water birds (mainly waders) has probably caused the low chironomia 
abundance at the most exposed site +55, the low chironomia biomasses at the 
exposed sites +55, +45 and +35 and differences in chlronomld species composition 
between more and less exposed sites 

5 Other biotlc processes, viz migration of early Instar larvae, Invertebrate predator-
prey interactions and competition between large and small chlronomids, may also 
have had an important influence on densities and species composition 
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Lipiniella arenicola Shilova (Diptera: Chironomidae) on a sandy flat in the 
Rhine-Meuse estuary: Distribution, population structure, biomass and pro
duction of larvae in relation to periodical drainage 

Introduction 

During a preliminary research (Smit & Snoek, 1989) in the shallows of the Rhine-Meuse 
estuary, L arenicola turned out to be an abundant and sometimes a dominant species on 
sandy flats in the westernmost part, the Haringvliet The species belongs to the subfamily 
of the Chironominae First described by Shilova, (1963), L arenicola was sofar only found 
in the former Soviet Union (Shilova, 1976), Canada (Wiederholm, 1983) and in some lakes 
In The Netherlands (eg Lake Amstel and Zwarte Meer pers comm Dr H К M Moller 
Pillot) Shilova (1963) mentioned a bivoltine life cycle 
Little is known of the ecology of this species This was the main reason to investigate the 
chironomid assemblages In which L arenicola occurs, and the ecology of the larvae in 
relation to periodical drainage (exposure) 

Study site 

The Haringvliet is situated In the westernmost part of the Rhine-Meuse estuary (Fig 1) It 
has been closed off from the sea in 1970 Some water quality data are given in Table 1 
The River Waal (a Rhine branch) adducts large quantities of suspended solids that settle 
East of the Haringvliet 
The basin Is still influenced by the tidal movements of the North Sea plus larger fluctu
ations related to river discharges and wind forces In the sampling period (24/111/1988-
9/III/1989) Mean High Water (MHW) level was 72 3 cm + Ν Α Ρ (Ν A Ρ = reference level 
In The Netherlands) and Mean Low Water (MLW) level was 37 9 cm + Ν A Ρ Studies 
were carried out on the Ventjagers flats, an intertidal area of several hundreds of hectares 
characterized by gentle slopes (Fig 1) 

Figure 1 The Ventjagers flats In the enclosed Rhine-Meuse Delta in The Netherlands and the position of the 

sampling stations 
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Table 1 Some water quality data of three stations in the River Rhine and the enclosed Rhine-Meuse Delta, 
means (m) and standard deviations (s d ) of fortnightly or monthly measurements during 1987 and 
1988 

unit 

Suspended solids (mg 11) 

Secchi disc depth (m) 

Chlorophyll-a (pgM) 

NO3 + N 0 2 (mmol N 11) 

Total PO4 (μηιοΙΡΜ) 

Chlonnrty (mmol I 1 ) 

1 ' range 2 ' mean 

Waal 
(Vuren) 
m ± s d 

20-60Ό 
0 47 ± 

15 6 ± 
0 0 6 5 ± 

3 6 ± 

3 6 6 ± 

0 22 
1 7 8 

0 01 

0 6 

0 90 

Haringvliet 
East (H9) 
m ± s d 

102) 
0 86 ± 0 19 

13 1 ± 1 2 1 

0 061 ± 0 01 

2 8 ± 0 5 

3 24 ± 0 93 

Hanngvliet 
West (H12) 
m ± s d 

102) 
1 04 ± 0 62 

11 4 ± 1 2 1 

0 0 6 0 ± 0 01 

2 6 ± 0 4 

4 06 ± 5 44 

Materials and methods 

Seven stations were selected differing each 10 cm in height above N A P and so also 
in relative immersion time (RIT) Water level data were obtained from a nearby conti
nuously registratlng station Every 10 minutes one registration was taken to calculate 
the RIT Sediment samples were taken in September 1988 Grain size distribution and 
organic carbon content were determined according to Vierveijzer ef al (1979) Sam
pling was done 27 times from 24 March 1988 through 9 March 1989 The benthos 
was sampled weekly between May and August, fortnightly in March, April and Sep
tember 1988 and monthly from October through March 1989 On each station 6 re
plicate samples were taken with a perspex sediment core (d=5 9 cm) The upper 10 cm 
layer was put in polyethylene bottles and sieved in the laboratory (mesh size 500 μπι) 
Sorting was done without magnification on a bottom-lighted tray All samples inclu
ding those for the determination of the length-biomass regression equation were fixed 
in 4% formalin and kept at 4 °C 
Lengths of all larvae were measured to the nearest 1 mm Vertical distribution of lar
vae was determined on 25 April 1989 Sampling was done to a depth of 20 cm taking 
6 cores at each station and at an auxiliary station (W1), which is more exposed to the 
predominating western winds The sediment was cut in the field immediately after 
sampling into strata of 2 cm 
The Ash Free Dry-Weight (AFDW) was determined by subtracting the ash weight 
from the dry weight Samples containing various specimens of a size class were 
oven-dried in a crucible for 48 h at 70 °C, weighted on a Mettier AE 200 balance, and 
furthermore ashed for 2 h at 520 °C, and weighted again AFDW data were used to 
compute a length-biomass regression equation for which the regression 

Ln AFDW = a + b (Ln size class) 

was used Net larval production was calculated by means of the Ricker method 
(Wmberg, 1971) The mean growth rate (C) in the interval t->t+1 was calculated first 
with 

G t.> t +i=(Ln W t + 1- Ln Wt)/((t+1)-t), 

in which Wj is the mean larval weight on time t (day) Then the production of each 
sampling interval was calculated with 

Pt.>t+i=Ct->t+i*0 5(Bt+i+Bt)*((t+1)-t), 

in which Bt, Is the total larval biomass on time t The partial non-negative productions 
were summed to calculate the net annual production (P) Mean biomass (B) was cal
culated by averaging the monthly averaged biomass data For the calculation of mean 
total chironomia densities and relative abundances of the most abundant taxa one 
monthly sample was selected, as close as possible to the 20 t h day of each month 
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Immersion and sediment characteristics of the stations are summarized In Table 2 
Chironomid assemblages on the studied localities are summarized in Table 3 Vertical 
distribution of the 4 t h Instar larvae and sediment characteristics are presented in Fig 2 

10 
_ i _ 

4,5 

10 
_ l _ 

Щ Black 

| | Yellow 

~ 1 

Ξ 
W1 

Figure 2 Sediment characteristics and vertical distribution of L arenicola at stations 1+2+3 (total 18 
cores) 4+5 (total 12 cores) 6+7 (total 12 cores) and W1 (6 cores) 

L arenicola was most abundant at a depth between 5 and 10 cm, but was restricted 
to the upper 6 cm in the periodically drained localities (1, 2 and 3) The black sediment 
in localities 1-3 and 6-7 was H2S smelling, indicating a low redox potential The pre
sence of yellow sand in the upper 10 cm coincided with the highest densities 
Tube-building behaviour was always observed, both in the field and under laboratory 
conditions Most tubes remained intact even after intensive sieving, which indicates 
their strength The firmness of the tubes probably enables the larvae to live in unstable 
sandy sediments Length frequency distributions and densities of the summed data of 
stations 4 and 5 illustrate the temporal development in population structure (Table 4) 

The body length-AFDW least squares regression equation accounted for 78% of the 
variance The equation 

In AFDW (mg) = 2 102 (± 0 212) * Ln (length (mm)) - 5 244 (± 0 525) 

was used to calculate the mean size-class weight Mean biomass and net annual pro
duction were highest at stations 4-5, and were lower with decreasing immersion rates 
(Fig 3) The permanently submerged stations 6-7 showed also a much lower mean 
biomass (B) and production (P) than the stations 4-5 P/B ratios varied between 1 76 
and 3 08 at stations 3-7 At the stations 1 -2 both biomass and production were very 
low 
Fig 4 shows that the highest biomasses occurred in summer The development in 
abundance of the young larvae showed similar patterns at the periodically drained sta
tions (1 - 3) as at the stations 4-5 Fullgrown first generation larvae appeared on 28 
June at both stations 1 -3 and stations 4-5 From 28 June to 4 August the abundance 
of these larvae decreased at stations 1 -3 and increased at stations 4-5 At stations 6-7 
a low number of young larvae was found, the second generation of 5 mm larvae was 
almost absent 
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Table 2 Immersion and sediment characteristics of the sampling stations 

1 

Height 
(cm + Ν A Ρ ) 55 
Relative Immersion 

2 

45 

T i m e ( R I T ) ( % ) 4 1 8 63 0 

Station 
Sediment 

% organic carbon 
% < 16 pm 
% < 63 μπι 

% < 2 1 0 μ ι η 
% > 210 μπι 

1&2 

OB 
3 3 

1 7 5 

96 0 
4 0 

3 

35 

80 8 

3 

OB 
1 7 
4 1 

97 3 
2 0 

Station 
4 

25 

92 8 

5 

15 

97 7 

445 

0 3 
2 3 
2 9 

98 7 
0 6 

6 

5 

99 5 

7 

-5 

100 

6Í.7 

1 2 
3 0 

183 
94 4 

4 3 

W1 

15 

97 7 

W1 

0 5 
1 9 
143 
76 8 
22 7 

Table 3 Mean total chironomid densities and relative abundance of the most abundant taxa on the 
Ventjagers flats in the period 24/III/88-9/III/89 

1+2+3 
Station 
4+5 6+7 

mean density (n m 2) 
relative abundance (%) 
Cladotanytarsus sp 
Chironomus nudiventris Wulker Ryser & Scholl 
Chironomus acutiventris Wülker Ryser & Scholl 
Cryptochironomus sp 
linfeldia dissidens (Walker) 
Lipiniella arenicola Shilova 
Procladius sp 
Sùctochironomus histrio (Fabncius) 

5450 6240 3300 

56 
1 
6 
3 
9 
5 
1 
12 

32 
10 
6 
3 
2 
30 
2 
7 

10 
22 
13 
2 
3 
12 
20 
5 

10 30 50 

height (cm a s I ) 

+ immersion 
7 0 • annual production 

D biomass 

Figure Э Mean biomass and annual net production of L arenicola and Relative Immersion Time ( R I T ) 
related to elevation above Ν A Ρ (= New Amsterdam Level) The numbers refer to the stations 
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Table 4. Distribution of total numbers of L arenicola over the length classes and total densities at station 4-5 

Date 

24/03/88 
02/05/88 
25/05/88 
08/06/88 
23/06/88 
14/07/88 
04/08/88 
08/09/88 
20/10/88 
15/12/88 
08/02/89 
09/03/89 

3 

0 
0 
0 

25 
0 
0 
0 
0 
0 
0 
0 
0 

4 

0 
0 
0 

70 
0 
0 
0 
0 
0 
0 
0 
0 

5 

2 
0 
0 

15 
28 

0 
0 
9 
4 
1 
4 
2 

6 

6 
6 
0 
4 

40 
2 
0 

10 
3 
1 
0 
5 

7 

1 
0 
1 
9 

53 
2 
1 

20 
2 
1 
1 
1 

Length (mm) 

8 

7 
0 
0 
1 

32 
5 
0 

14 
1 
1 
4 
8 

9 

2 
1 
0 
0 

40 
6 
1 

10 
8 
2 
6 
4 

10 

7 
2 
3 
3 
8 

36 
5 

12 
13 
14 

9 
11 

11 

13 
5 
3 
0 
2 

47 
21 
22 
11 

8 
5 
6 

12 

5 
10 

2 
3 
0 

26 
29 
14 

3 
7 
1 
1 

13 

0 
6 
0 
0 
0 
1 

35 
10 

0 
4 
0 
0 

14 

0 
1 
0 
1 
0 
2 

11 
0 
0 
3 
0 
0 

>15 

0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 

Total 
density 

(n · m-2) 

1311 
945 
274 

3993 
6371 
3871 
3201 
3688 
1372 
1280 
915 

1158 

Discussion 

In the Haringvliet no important sediment deposition takes place (Table 1) so that yel
low sand substrates are more common here than in the parts to the East. This may 
explain why L. arenicola Is restricted to the Haringvliet part of the Rhlne-Meuse estu
ary. The disappearance of fully developed larvae in May and August and the ap
pearance of second (length 3-5 mm) and third (length 5-9 mm) instar larvae in early 
June and September indicate a bivoltme life cycle for L. arenicola in the Haringvliet. 
This is in accordance with the observations of Shilova (1963). Some additional emer
gence took place during winter. 
Net annual production estimates ranged from 64 to 2900 mg AFDW nr2 Factors 
explaining this large variation seem to be related to the rate of periodical drainage and 
sediment structure or chemistry. 
Periodical drainage may influence productivity in various ways. The benthos is subject 
to prédation by wading birds at low water levels. At the same time the drained sedi
ment may prevent the larvae from feeding on the surface Drained shallows are expo
sed to large temperature fluctuations; higher temperatures increase respiration and 
when larval growth is already limited by a restricted food uptake, drainage stress may 
lead to growth reduction or mortality. In this study indications of both limited food 
availability and prédation have been found. Vertical distribution of the larvae at sta
tions 1-3 differed from those at the stations 4-5, 6-7 and W1 (Fig. 2). The larvae of 
stations 1-3 did not show their normal behaviour of hiding themselves in the sediment 
and occurred more near the surface. Preliminary observations of the oesophagus and 
hindgut of L. arenicola showed that diatoms are an important food source. Provided 
that they mainly feed on benthlc algae, their occurrence near the surface may indicate 
that they need more time to forage. 
The development of the abundance of the first generation larvae (Fig. 4) indicated 
that especially the larger larvae (L=12 mm) tended to disappear at stations 1-3 before 
emergence was supposed to begin. Especially when the larger larvae occur near the 
surface they may be very susceptible to prédation by wading birds that will prefer the 
larger preys to the smaller ones. Since the larvae had been able to develop normally to 
a length of 12 mm, their decrease between 28 June and 4 August at the stations 1-3 is 
an indication of loss by prédation by waders. 
Soil chemistry or structure appeared to be an important limiting factor for density, bio-
mass and production. There is no other explanation for the large differences between 
the stations 4-5 and 6-7. Anaerobic conditions seemed to be unfavourable to L. areni
cola at stations 6-7. 
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Figure 4. Total numbers in 6 core samples (surface 0 0164 m 2 of second instar (L=5 mm) and nearly fullgrown fourbVinstar larvae 
(L= 12 mm) and of btomass (AFDW m - 2) of L arenicola Numbers are summed for the mentioned stations stations 1+2+3 

total 18 cores, stations 4+5 and 6+7 total 12 cores 

Conclusions 

L. arenicola had a bivoltme life cycle in the Haringvliet (The Netherlands) emer
ging in May and August and showed some additional emergence during the 
warm winter of 1989 
The larvae prefer aerated yellow-sand substrates The firmness of their tubes pro
bably enables them to live In loosely packed (unstable) sand, where they are the 
dominant chlronomld species 
Mean annual biomass and net production are negatively related to periodical 
drainage It is probable that prédation by waders and limited food availability 
contnbute to the decline 
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Lipiniella arenicola (Chironomidae) compared with Chironomus muraten-
sis and Ch. nudiventris: distribution patterns related to depth and sedi
ment characteristics, diet, and behavioural response te reduced oxygen 
concentrations 

Abstract 

Density patterns of Upmiella arenicola and Chironomus muratensis were studied in 
Lake Wolderwijd (The Netherlands) using geostatistics, and compared with patterns of 
depth and silt contents of the sediment L arenicola was restricted to shallow (depth < 
1 m), sandy silt (silt content < 5%), wind-exposed sediments Ch muratensis occurred 
all over the lake, but the highest densities were found in the sheltered silty North-West 
corner Gut analysis of fourth instar larvae from the Ventjagers flats (Haringvliet, Lower 
Rhine-Meuse) showed that L arenicola fed by selectively grazing on benthic algae, 
Ch muratensis by filtering and non-selective grazing, and Ch nudiventris by non-se
lective grazing In the laboratory, behavioural responses to reduced oxygen concentra
tions were tested with the impedance conversion technique L arenicola was more 
sensitive to low oxygen concentrations (<3 mg Γ ) than both Chironomus species It is 
argued that the differences in resistance to hypoxia and feeding behaviour are in ac
cordance with the differences in distribution patterns The restriction of L arenicola to 
the pure sand habitats is not attributable to an especially high sensitivity to low dissol
ved oxygen concentrations alone Several behavioural adaptations enable L arenicola 
larvae to live in the shallow, wind-exposed pure-sand habitats the ability to select 
food items, tube strength, and site selection of ovipositing females or planktonic larvae 

Introduction 

Of the genus Lipiniella three species are known, which have been described in the last 
decades, viz L arenicola Shilova (Shilova, 1961), L moderata Kalugma (Kalugina, 
1970) and L prima Shilova, Kerkis et Kiknadze (Shilova et al, 1992) Very few studies 
have dealt with their ecology (Shilova, 1976, Smiteta/, 1991) L arenicola is the 
most common species in Russia, where it is widespread in rivers and the littoral zone 
of lakes (Shilova, 1976, Kiknadze et al, 1989, pers comm , Η Κ M Moller Pillot), 
living In tubes in sandy sediments 
Í. arenicola was found for the first time in The Netherlands in 1979 (Leg J Tessei, 
Det F Reiss) A palaeoecological study showed, however, that before 1914 it was an 
indigenous species of the River Rhine for at least 5000 years (Klink, 1989) The species 
has probably become extinct from the Rhine due to severe water pollution and mor-
phometric alterations In the course of the 20 century new freshwater littoral sand 
habitats came into being after the completion of hydrotechnical works along the 
Dutch coast The Zuiderzee was closed off from the sea in 1932, and within the new 
Lake Usselmeer polder construction led to the creation of several shallow border lakes 
(e g L Wolderwijd) The transformation of the Rhine-Meuse estuary as a part of the 
Delta works led to permanent freshwater in the river mouth Haringvliet and Lake 
Volkerakmeer In the northern part of The Netherlands, the Lakes Lauwersmeer and 
Amstelmeer were created as a consequence of dike construction During the last deca
de L arenicola has been found in all of the above-mentioned water bodies, in sandy 
sediments at depths < 2 m (Moller Pillot & Buskens, 1990, Verdonschot, 1990, Smit et 
al, 1991, Smit étal, unpublished data) These alkaline waters have high dissolved 
oxygen and low ammonium contents (Verdonschot, 1990, Rijkswaterstaat, unpublis
hed data) The distribution pattern of L arenicola within such waters has so far not 
yet been systematically related to environmental parameters 
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Several sediment dwelling species of the subfamily Chironominae, are known to be 
most numerous or restricted to specific depth ranges and sediment types within one 
water body (Heims, 1991) The controlling factors may include differences in resistan
ce to hypoxia or anoxia (e g Heims & Crommentuijn, 1992) as well as differences in 
feeding behaviour (Walshe, 1951, Johnson 1986) food quantity and quality 
(Johnson, 1985, 1987) and sediment characteristics (eg Johnson, 1984) 
The restriction of L arenicola to shallow zones, may be related to food Benthic algae 
may be abundant in this zone A second reason may be its sensitivity to reduced oxy
gen concentrations Silty sediments consume more oxygen than sandy sediments 
(Sweerts, 1990), which may result in reduced oxygen concentrations in the larval tube 
Filter-feeding larvae automatically compensate for reduced oxygen concentrations in 
their tube by filtering oxygen-rich water and subsequently pumping it into the sedi
ment Deposit-feeding larvae, however, make undulating movements and ventilate 
their burrows to counteract oxygen depletion The more time and energy the larvae of 
a particular species spend with this activity, the less is left for other activities, and the 
less suitable the sediment habitat may considered to be for the larvae 

In several waters in The Netherlands, L arenicola was found to occur abundantly 
together with Chironomus spp , and both distribution patterns were often sympatric 
(Smitef al, 1991) Therefore, the distribution patterns of L arenicola and Chironomus 
are compared In this study On the Ventjagers flats in the Haringvliet, Í. arenicola pre
dominates with Chironomus nudiventns Ryser, Scholl ef Wulker (Ryser ef al, 1983) 
(Smit et al, 1991) and in Lake Wolderwijd L arenicola larvae are found together with 
Ch muratensis Ryser, Scholl ef Wulker Ch muratensis larvae are commonly found in 
the sediments of lakes in The Netherlands (Van Nes & Smit, 1993, Dudok van Heel et 
al, 1992, Van Urk étal, 1992) The larvae of Ch nudiventns are found in silty sedi
ments of large and small rivers and desalinated estuaries (Moller Pillot & Buskens, 
1990) 
The questions addressed in this study are 
1) what Is the difference between the distribution patterns of L arenicola and 

coexisting Chironomus species, 
2) what is the relation between the distribution patterns of these species and the 

distribution of sediment silt content and water depth, 
3) do diet and feeding behaviour of these species differ, and if so, can observed dis

tribution patterns be related to these differences, 
4) do the behavioural responses to lowered oxygen concentrations differ, and if so, 

do they explain the restriction of L arenicola to sand habitats, 
5) how well do the investigated parameters explain the observed species-specific 

distribution patterns' 

Materials and methods 

Distribution patterns 
The distribution of fourth-instar Chironomidae was studied in L Wolderwijd (52°20'N, 
5°35'E) one of the lakes between the former Zuiderzee coast and the Flevoland pol
ders The lake (surface 2700 ha, mean depth 1 6 m) is mainly fed by a local stream 
and polder discharges, and is eutrophic, in 1989, the average chlorophyll a content 
during summer was 75 pg Γ On 3 November 1989, 73 sites were sampled in a rec
tangular grid of 500x500 m At each of the intersections of the lines forming the grid 
cells, one sample was taken with an Ekman sampler (surface area = 0 0225 m ) The 
sampling distance for Ch muratensis (500 m) was derived from a preliminary survey, 
in which the semivanance (Davis, 1986) approached the sill (=vanance independent of 
sampling distance) at 500 m After sieving (mesh size 0 5 mm) and sorting, all fourth-
instar chironomids were preserved in 70% ethanol Ch muratensis was the only 
Chironomus species found The sampling efficiency for fourth instar L arenicola and 
Ch muratensis larvae may be considered to be 100% Sediment water content was 
determined according to Hàkanson & Jansson (1983) by drying 3-5 g of sediment for 
12 h at 80 °C Silt content of the dried sediment was determined by sieving (mesh size 
63 pm) 
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Species-specific density distribution-maps were made with the programme UNIMAP 
3 1 (Uniras, Denmark), choosing a grid of 50x50 m 2 Densities in each grid cell were 
estimated with the so called 'knging' method This is an option of the PC-CEOSTAT 
programme (Burrough et al, 1988) In this case a spherical model was used to descri
be the weight of the samples for density calculations in each grid cell the further a 
sample lies away from a grid cell, the smaller its weight in the interpolation Beyond a 
distance of 400 m the weight was set to zero The same method was used to map the 
water depth and the silt fraction of the sediment 

Correlations between density values for L arenicola and Ch muratensis and depth 
and silt fraction were calculated using the original dataset 

Algal composition of sediment and chironomia guts 
Diets were studied In larvae from the Ventjagers flats (51°41'19"N, 4°21 '39"E) The 
flats are part of the enclosed Rhine-Meuse Delta and consist of a freshwater mtertidal 
area of several km , characterised by gentle slopes In this area L arenicola, Ch 
muratensis and Ch nudiventns were found in close proximity, so that differences in 
gut contents could be attributed to differences in food selection rather than food 
availability It has been assumed that feeding behaviour is species- rather than 
site-specific This seems to be justified at least for L arenicola, because of its restriction 
to a shallow sand habitat 

Chironomidae were sampled on 21 October 1988 and 17 October 1989 at four sites, 
using a perspex core sampler (ι d 5 9 cm) After sieving (mesh size 0 5 mm) the chiro-
nomid larvae were preserved in 70% ethanol (1988) or 10% formaldehyde (1989) 
and stored in the dark at 4 °C Larvae with at least partially filled guts were selected 
for gut analysis After removing the entire gut from the larva, homogenized suspen
sions were made of the contents of the fore-, middle- and hind-sections The entire 
contents of the guts of L arenicola and Ch nudiventns were analyzed, whereas for 
Ch muratensis a subsample was taken from the three suspensions Several hundreds 
(range 189-4847) of algal specimens were identified to the genus or species level 
using a light microscope with magnification factor 40-400 Both intact and empty cells 
were counted At the same sites two replicate samples of the sediment top layer 
(upper 0 5 cm) were taken with a core sampler (ι d 2 4 cm), mixed and preserved in a 
0 5% formaldehyde solution buffered with hexamethylene tetramine The samples 
were stored in the dark at 4 °C In the laboratory at least 1000 algal specimens per 
subsample were identified Algal taxa were divided into four ecological groups phyto-
plankton, tychoplankton, epipsammon and epipelon The term tychoplankton was 
used for the taxa Scenedesmus spp and Pediastrum spp (mainly Ρ boryanum (Turp ) 
Menegh ), these taxa are commonly represented in the phytoplankton but are also 
commonly found in sediment surface samples Araphid diatom species, which adhere 
to sand particles by means of mucllageous stalks, were classified as epipsammon 
Benthic algae, which are able to move freely over the substratum (e g naviculoid dia
toms and Clostenum acerosum (Schrank) Ehrenb ) were classified ás epipelon A full 
account of the methods is given in Bijkerk (1994) 

Behavlourial response to reduced oxygen concentrations 
Behavioural responses of the species investigated to different oxygen concentrations 
were studied in the laboratory with the impedance-conversion technique A compre
hensive description of the principles of this technique is given in Heinis & Swam 
(1986) Fourth-instar larvae of L arenicola were collected on the Ventjagers flats, of 
Ch muratensis in the Haringvliet (51°49'N, 4°10'E) and of Ch nudiventns m the 
Hollandsch Diep (51°24' 30" N, 4°34'E) After sorting, the larvae were kept in their 
original sediment at 12-15 °C and were fed twice a week with a suspension of 10 g 
Trouvit and 0 5 g Tetraphyll in 300 ml distilled water The overlying water, collected 
on the Ventjagers flats, was aerated, keeping the oxygen concentration near satura
tion values 

After at least two weeks of acclimation to laboratory conditions, the larvae, which 
were still situated in their natural tubes, were placed in a measuring chamber provided 
with stainless steel electrodes embedded in the chamber walls Prior to exposing the 



larvae to different experimental conditions, they were allowed to acclimatize for 1-1 5 
d by flushing the chamber with air-saturated water Subsequently, the exposure 
chambers were connected to the impedance-conversion testing system The system 
consisted of a water reservoir containing water at the desired dissolved oxygen 
concentration level and oxygen probes at both inlet and outlet of the chamber (see 
Heinis & Crommentuijn (1992) for a detailed description) Briefly, a constant 
flow-through of 20-50 ml h - 1 was maintained Changes in impedance were measured 
by connecting the electrodes to an impedance converter This set-up converts locomo-
tory behaviour of the larvae into electrical signals Signals derived from the impedance 
converter were digitally transformed and stored on floppy disks or recorded on paper 
Recording started approximately 20 mm after the chambers were connected to the 
system Larvae of L arenicola and Ch muratensis were exposed to air-saturated 
water and a series of reduced oxygen concentration levels (5, 3, 2,1 and ca 0 mg M), 
while Ch nudiventris was exposed to air-saturated water and an oxygen concentra
tion of 3 mg I - 1 For each oxygen concentration, an impedance recording of 1-1 5 h 
was made for 6 larvae 

The impedance recordings showed three different, easily discernible signal types, / e 
pumping (dorsoventral movements of the body), other active behaviour, and inacti
vity For each signal type, the percentage of time spent on that activity was calculated 
In contrast to Ch nudiventris, some of the L arenicola and Ch muratensis larvae 
showed no activity at all during the experiments The fraction of inactive larvae was 
not related to the oxygen concentration These results were, therefore, excluded from 
the calculations 

Results 

Distribution patterns 
L arenicola and Ch muratensis showed different patterns of distribution in L 
Wolderwijd L arenicola was confined to the SE part of the lake, while Ch muraten
sis was most abundant in the NW part (Fig 1) The population density of L arenicola 
was negatively correlated with water depth (Pearson product-moment correlations, ρ 
< 0 01, Table 1) Density and depth patterns showed some remarkable similarities in 
the southern part of the lake the 1 5 larva-per-sample line and the 1-m depth line fol
lowed about the same pattern here However, L arenicola was absent from the shal
low, sandy, sheltered SW corner, but abundant in the slightly deeper, sandy wind-
exposed NE corner In this part of the lake, L arenicola occurred also deeper than in 
the more sheltered SE corner The rate of wave exposure seems to have a positive in
fluence on the depth range of this psecies 

The area with L arenicola densities over 1 5 individuals per sample was completely 
within the near-shore sandy area with less than 5% silt 
The density of Ch muratensis was positively correlated with both depth and the silt 
fraction (Table 1) However, distribution patterns of Ch muratensis did not show any 
evident similarity with the distribution patterns of these parameters Present all over 
the lake, this species was most abundant in the NW corner, which is relatively shelte
red from the prevailing SW winds Although the North side of the lake did not show 
important differences in either depth or silt fraction, densities of the species were 
much higher in the relatively sheltered NW corner compared to the very exposed NE 
corner Its lower abundance In the SW corner coincided with the local presence of 
sandy sediments There was very little overlap between the sandy areas (silt fraction 

< 5%) and the areas with higher abundance of Ch muratensis 
Depth and silt fraction showed a highly significant positive correlation (r=0 65, 
p<0 001), whereas the water content also showed a strong positive correlation with 
the silt fraction (Table 1) 
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Figure 1. Distribution of Ch. muratensis, L. arenicoli, water depth (m) and silt fraction (%<63 μιη) in Lake Wolderwijd 

(The Netherlands). Numbers of L. arenicola and Ch. muratensis refer to a sample surface area = 0.0225 m3. 
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Table 1. Pearson product-moment correlation matrix of data from a grid sampling in Lake Wolderwijd (The 

Netherlands); η = 73, 2-tailed significance: · < = 0.01, " < 0.001) 

Ch. muratensis L arenicola Depth Silt fraction Water content 

(ind. m 2 ) (ind. nr 2 ) (m) (% <63pm) (%) 

СЛ. muratensis 

L. arenicola 

Depth 

Sift fraction 

Water content 

1.0000 -0.2430 

1.0000 

0 3247* 

-0.3552' 

1 0000 

0 4 9 8 4 " 

-0.2958 

0 6 4 6 7 " 

1.0000 

0.4348· 

-0 2867 

0.7126' 

0 9306· 

10000 

Algal composition of gut content and sediment 
The gut of L. arenicola contained a much larger proportion of epipelic algae than the 
sediment, whereas planktonic and tychoplanktonic algae were underrepresented (Fig 
2). In addition, It was observed that the gut of L. arenicola apparently contained fewer 
sand particles than that of Ch. nudiventris and Ch. muratensis (R. Bijkerk, unpublished 
observations). The gut of Ch. muratensis contained a larger proportion of tycho-
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plankton than present in the sediment, whereas epipelic taxa were underrepresented. 
Algal composition of the gut of Ch. nudiventris was more or less similar to that of the 
sediment 
Both in the sediment and gut samples, the tychoplankton consisted mainly (85% on 
average) of Scenedesmus spp., which may be considered to be of planktonic origin 
The most important epipelic species were the large diatoms Navícula cuspidata 
(Kutzing) Kutzing and N. cuspidata var. ambigua (Ehrenberg) Cleve, in terms of num
bers as well as biomass. Melosira granulata (Ehr.) Ralfs was the most abundant 
representative of the planktonic algae, but ca. 50% of the frustules In the samples 
were empty 

Ерір іоп 

Epipsammon 

Tychoplankton 

Plankton 
Sediment L arenicola Ch muratensis Ch. nudiventris 

Figure 2. Relative abundance (%) of different algal groups in sediment and in the guts of three chirono-

mid speaes collected on the Ventjagers flats, October 1988/1989 Sampling date, number of 

replicates and larval length (range, mm) L arenicola- 21-X-1988, 6, 5-12; Ch nudiventris 

21-X-1988, 4, 13- 17, Ch muratensis 17-X-1989, 3. 18-19, and sediment- 17-X-1989, 4 

Behavlourlal response to reduced oxygen concentrations 
For L arenicola the percentage of time spent ventilating increased with decreasing 
dissolved oxygen concentrations The observed increase in ventilation effort coincided 
with a decrease in inactivity over an approximate range of 2-9 mg I·1 oxygen and with 
both Inactivity and other active behaviour at lower oxygen concentrations (Fig 3) In 
anoxic conditions L. arenicola spent about 85% of the time ventilating, and the time 
spent in inactivity approached zero. For Ch. muratensis the percentage of time spent 
in pumping was more or less constant over a range of 1 -9 mg M, but in anoxic 
conditions Ch muratensis became completely inactive. Ch. nudiventris did not show 
any increased pumping activity at 3 mg I"1 compared to its activity at 9 mg I"1 of oxy
gen. However, larvae that were kept in a closed chamber for 16 h showed a strong 
ventilatory response, indicating that they can increase their ventilation effort if the 
oxygen conditions are unfavourable over a prolonged period. The pumping activity 
consists of both filter-feeding and ventilation activities, which cannot be separated 
The pumping activities of Ch. nudiventris, a non-selective deposit-feeder, only consist 
of ventilation behaviour. Ch. muratensis spent much more time pumping than Ch. 
nudiventris at both 3 and 9 mg M oxygen. A full account of the results is given in 
Anonymous (1991). 
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L. arenicola 

ventilation 

] pumping 

other active behaviour 

inactivity 

1 2 3 5 9 0 1 2 3 5 

oxygen concentration (mg I ') oxygen concentration (mg 11) 

Percentage of time spent (mean ± 1 S D )on different behavioural types by L arenicola Ch muratensis and Ch 

nudiventris as measured with the impedance-conversion technique (see text) 

Discussion 

Distribution patterns 
Geostatistics has proven to be a very useful tool in mapping chironomia density pat
terns To our knowledge this is the first time that geostatistics has been employed for 
this purpose The population density maps clearly provide additional information, 
when compared to the original data For example, the relation between the wind 
exposure and distribution patterns of both L arenicola and Ch muratensis was dedu
ced a posteriori using the geostatistical maps 
The restriction of L arenicola to the wind-exposed SE and NE corners of the lake may 
be related to the ability of the larvae to cope with the physical stress induced by these 
forces The sand tubes built in unstable sand sediments were very strong compared to 
those of Chironomus sp and often remained intact even after intensive sieving (Smit 
etal, 1991) In the most exposed NE corner, the Influence of wind-induced waves 
presumably affected sediment stability over the largest depth range L arenicola 
occurred abundantly here, at depths >1 m, whereas it was absent or much less abun
dant at these depths in other lake parts 
There are at least two plausible explanations for the abundance optimum of Ch mura
tensis In the sheltered lake part The larvae may be susceptible to slltation of the tube 
opening, which will mainly occur in wave-exposed habitats with intensive sediment 
movement The other possibility Is, that the larvae find the best feeding conditions in 
the sheltered NW corner, because the prevailing SW winds initiate an anticlockwise 
circulation current by elevating the water levels in the NE corner Since a sand barrier is 



present along the SE coast, the water along the North coast will tend to flow in a wes
tern direction and encounter suitable sedimentation conditions in the NW corner In L 
Erken, the distribution of Ch plumosus L also seemed to be restricted to the depths 
offering the best feeding conditions (Johnson, 1984) The importance of recently 
deposited phytoplankton for growth of Chironomus sp has been described by various 
authors (eg Kajak 1977, Lindegaard & Jónasson, 1979, Johnson & Pejler, 1987, 
Johnson e i a / , 1989) 

Feeding behaviour 
The results show that L arenicola is able to graze on epipelic algae To do so, the lar
vae will have to reject large sand particles with low nutritional value Food selection is 
probably an adaptation to meet the energy requirements at sites at which food is 
scarce In eutrophic lakes such as L Wolderwijd, these sites are found in wind-expo
sed, pure sand habitats The depencency of L arenicola on benthic algae is in accor
dance with the observed negative correlation between abundance and water depth 
and with the similarity in patterns between the '1 5-indlvldual-per-sample' and the 
'1 m depth' lines (Fig 1) In L Wolderwijd, the mean Secchi-disk depth did not exceed 
40 cm Hence, benthic primary production will have been restricted to depths <1 m, 
/ с the lower limit of the euphotic zone (e g Weinberg, 1976, Moss, 1980) 
There is no Indication, that the two Chironomus species are able to select benthic food 
items Our results show that Ch muratensis is able to feed by both grazing and filte
ring It showed a filter-feeding behaviour in the laboratory impedance-measuring 
chambers On the Ventjagers flats, however, benthic algae contributed to more than 
30% of the total number of algae found in the gut of this species 

Tolerance to reduced oxygen concentrations 
L arenicola appeared to be less tolerant to mild hypoxia than both Chironomus spe
cies This observation is in good accordance with the differences in distribution pat
terns between L arenicola and Ch muratensis in L Wolderwijd Areas rich In silt will 
be characterized by higher oxygen consumption rates than sandy areas The apparent 
avoidance of sandy sediments with slightly higher silt contents (>5%) by L arenicola 
cannot be explained by its response to oxygen dynamics The species did not appear 
to be particularity sensitive to mild hypoxia, since it effectively increased its ventilation 
activity without depressing the level of feeding activities L arenicola seemed even 
better adapted to mild hypoxia than the sand dwelling Stirtochironomus histno 
(Fabncius) larvae (Heims & Crommentuijn, 1992) S histno is a common species in 
The Netherlands and occurs in sediments with higher silt contents than L arenicola 

Habitat selection 
The anatomy of L arenicola reveals an adaptation to unstable sandy environments its 
ventromental plates, which serve for tube building by producing threads, are extreme
ly broad (F Reiss, pers comm ) This feature may explain the strength of the tubes 
It remains unexplained, however, why L arenicola was nearly completely absent at 
sandy habitats with a somewhat higher silt content (5-10%), where S histno still 
occurs Sediments with higher silt contents indicate increased sedimentation rates In 
eutrophic lakes the average food content per unit of sediment volume will be higher, 
which may render the environment suitable for non-selective deposit feeders like Ch 
nudiventns These sediments are also characterized by relatively high oxygen 
consumption rates (Hargrave, 1972) 
It is possible that L arenicola is locally outcompeted by faster growing species For 
example, L arenicola may not be able to maintain a sufficiently high growth rate 
when frequently exposed to low oxygen concentrations Alternatively, competition 
may be avoided If the ovipositing females or the planktonic first-instar larvae actively 
select the pure sand sediments, where chances of survival for the larvae are the high
est Data from the Ventjagers flats (Smit et al, 1991) indicate, that this may be the 
case Small larvae (5 mm) only occurred at two sites with very low silt content (avera
ge 2 9%), whereas two months later, large fourth-instar larvae (12 mm) were also 
found at two adjacent sites with much higher silt content (<18 3%) where Ch nudi-



83 

ventris was very abundant Since all sites were sampled weekly, a possible initial settle
ment of small larvae followed by disappearance would have been noticed, and may 
thus be excluded It is not clear how the process of site selection works Would the 
adult females be able to recognize the yellow patches of the pure sand habitat, there
by automatically choosing the shallow habitats? Ch muratensis will undoubtedly 
encounter great difficulties In the exposed littoral sand habitat The tubes of this spe
cies are not as strong (F Heinis, pers obs ) as those of L arenicola, without the ability 
to select food items, the species feeds non-discriminate on the sandy top layer, which 
will have a low energetic content per unit of volume compared to sediments of the 
sheltered NW corner of L Wolderwijd 

Conclusions 

1 L arenicola and Ch muratensis have contrasting ecological properties with respect 
to all aspects dealt with in this paper (Table 2) 

2 In L Wolderwijd, L arenicola was restricted to shallow (depth <1 m) sandy (silt 
content < 5%) wind exposed sediments Ch muratensis occurs all over the lake, 
but the highest densities have been found in the sheltered silty NW corner 

3 On the Ventjagers flats, L arenicola feeds by selectively grazing on epipelic algae, 
Ch muratensis by filtering and non-selective grazing on tychoplankton, phyto-
plankton and epipsammon, and Ch nudiventris by non-selective grazing on all 
algal groups present on the sediment 

4 L arenicola is less tolerant to mild hypoxia than both Chironomus species, but 
seems more tolerant than S histno that occurs In littoral sediments with higher silt 
contents Consequently, L aremcola's tolerance to mild hypoxia does not explain 
Its restriction to the pure sand habitat 

5 Food availability and competition may be important factors governing the distribu
tion patterns of the chlronomid species investigated 

6 A series of adaptations presumably enables L arenicola larvae to live in the shallow 
wind-exposed, pure sand habitats The adaptations include the ability to select 
food items, building of strong tubes, and site selection by ovipositing females or 
planktonic larvae 

Table 2 Ecological characteristics of L arenicola and Ch muratensis (source this study and references 

cited in this study) 

Aspect L arenicola Ch muratensis 

Distribution 

Water depth range 

Sediment type 

Abundance maximum 

Tube 

Diet at Ventjagers flats 

Feeding behaviour 

Response to reduced dis

solved oxygen concentrations 

local in lakes and nvers 

0 - 1 (2) m 

sand (<5% silt) 

at exposed lake part 

strong 

benthic diatoms 

selective grazer 

Increased ventilation at 

lowered oxygen conditions 

< < 3 m g M ) 

common in eutrophic lakes 

all depths 

silty sand and silt 

at sheltered lake part 

weak 

(tycho)plankton 

non-selective grazer and firierfeeder 

normal behaviour at 1 mg Г 1 
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Biovolume as a tool in biomass determination of Oligochaeta and 
Chironomidae 

Summary 

1 We used biovolume as a simple non-destructive means for estimating biomass for 
several tubificio and chironomid species Biovolumes were determined by treating the 
organisms as cylinders and measuring body lengths and diameters, estimates were 
verified by measuring the displacement of water by live organisms in a 5-ml burette In 
addition, factors were determined for the conversion of biovolume (V) into wet weight 
(WW), dry weight (DW) and ash-free dry weight (AFDW) 

2 For six tubificid species, regression functions between the diameter of segment XI (Du) 
and the blovolume enabled the prediction of any biovolume merely by measuring Du 
This method, however, underestimated biovolumes of Branchiura sowerbyi by 38-47% 
compared with burette measurements This difference is largely attributable to the 
mountant we used during identification 

3 For ten chironomid taxa a linear relation was found between body length and the 
diameter of abdominal segment 5 The biovolume of Chironomus muratensis was 
underestimated by an average of 12% compared with burette measurements 

4 Specific gravity (WW V) amounted to 1 07 and 1 05, DW WW ratios were 0 20 and 
0 142 and AFDW WW ratios were 0 182 and 0 129 for Oligochaeta and 
Chironomidae, respectively 

5 The biovolume method is not yet very accurate for Oligochaeta, but to our knowledge, 
It is the only practical method that can be used in natural polyspecific communities 
that need to be treated with elucidating media for identification For those Chironomi
dae that need no elucidation for identification, this method is time saving and just as 
accurate as the direct body shape-biomass method 

Introduction 

In recent years, interest in the biomass and production of natural macroinvertebrate com
munities has grown rapidly Accurate biomass data are of great importance In, for exam
ple, carbon-balance studies and studies concerning Interactions amongst trophic levels 
(eg Kajak, 1977, Hawkins, 1985, Murkin & Wrubleski, 1987, ROzickova, 1987) 

Several methodological problems hamper the determination of species-specific macroin-
vertebrate biomass The direct method, drying and ashing of fresh samples, is very labo-
nous If a community consists of many species Hence, this method appears unsuitable if 
the species cannot be identified alive Furthermore, large sampling programmes often 
require the preservation of the organisms, which causes unpredictable biomass changes 
(Donald & Paterson, 1975, Leuven et al, 1985) Nowadays, preserved animals are consi
dered unsuitable for accurate biomass determination (Nolte, 1990) 
Non-destructive biomass determination methods are used to overcome some of the 
above-mentioned problems Two methods can be distinguished 
1) the establishment of a direct relation between body-shape and biomass 
2) the establishment of a relation between body-shape and biovolume and then the con

version of the biovolume parameter into a biomass parameter 

In large macrobenthic surveys it is desirable to determine blomass of species or individuals 
with only one additional measurement In connection with the identification To this end, 
taxon-specific body shape-biomass regression functions have been established for fresh 
(Lazim & Learner, 1986, Nolte, 1990) and deep frozen material (Meyer, 1989), these can 
yield accurate functions for specific situations We do not know, however, what error is 
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introduced when these functions are used in other sampling programmes In addition to 
site-specific variation, body shape-weight equations may also show considerable temporal 
variation Biomass variations in the course of the season, independent of body size, were 
observed in Chironomus plumosus (L ) (Landahl & Nagell, 1978), Chironomus anthraanus 
Zett (Jonásson, 1965) and Dreissena polymorpha (Pallas) (Smit & Dudok van Heel, 1992) 

Special problems exist in the establishment of body shape-biomass regression functions of 
tubificid Oligochaeta, since most Tubificidae cannot be identified without being damaged 
in the process After using elucidating media -necessary for identification- biomass deter
mination of this material is useless, because the media dissolve a large part of the body tis
sues Body shape-biovolume regression functions have been used in some oligochaete stu
dies (Abrahamsen, 1973, Lafont, 1987) to overcome this problem However, untili now 
workers have not known what error was introduced by estimating a biovolume in 
chemically treated animals 

Another problem that needs to be addressed is the conversion of biovolume to blomass 
parameters No accurate estimation of the wet weight (WW) biovolume ratios (equal to 
the specific gravity (SG)) of tubificid Oligochaeta and Chironomidae was known to us and 
only a few dry weight (DW) WW and ash-free dry weight (AFDW) WW ratios were 
available 

The aims of this study were, (ι) to establish species-specific body-shape biovolume rela
tionships for common tubificid and chironomid taxa in the Lower Rhine-Meuse, (n) to test 
the accuracy of biovolume estimations in two common species, Branchiura sowerbyi 
(Tubificidae) and Chironomus muratensis (Chironomidae) and a mixture of chironomid 
taxa, and (In) to provide biovolume-biomass conversion factors for В sowerbyi and С 
muratensis 

Materials and methods 

Sampling, preservation and Identification. 
For the establishment of body shape-biovolume equations, Oligochaeta were collected in 
the Haringvliet, Hollandsch Diep, Nieuwe Merwede and Amer (Lower Rhine-Meuse) with 
a Remeck Box corer in August and November 1988 at fourteen different sites After care
fully sieving the sediment (mesh size 500 pm), the residue was preserved with 6% formal
dehyde After sorting in the laboratory in a bottom-lighted tray, all Oligochaeta were 
directly mounted in concave glass slides in a medium consisting of 50% glycerin and 50% 
lactic acid The worms were identified to species, genus or family Sediment dwelling 
Chironomidae were collected with a Perspex hand corer on the Ventjagers flats 
(51°42'13"N, 4°2'57"E) in the Haringvliet between March and July 1988 (Smit, Klaren & 
Snoek, 1991) After sieving (mesh size 500 μππ) the residue was preserved with 70% etha
nol In the laboratory the organisms were sorted in a bottom-lighted tray and preserved 
with 70% ethanol The larvae were identified to species or genus 

For the verification of biovolume estimations, Ch muratensis larvae (Chironomidae) and 
specimens of ß sowerbyi (Oligochaeta) were collected from the Haringvliet in November 
1990 In addition, a mixture of fourth-instar chironomid larvae was collected in the same 
month from the Ventjagers flats All animals were identified alive and kept for some hours 
In tap-water Five replicate groups of twenty Ch muratensis larvae and five replicate 
groups of ten В sowerbyi were used for the estimations 

Body shape-biovolume relation. 
The shape of oligochaetes and chironomids was assumed to be cylindrical, the calculated 
biovolume Vc was determined using the formula 

Vc = 0t/4)*L*D2 
[1] 
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where L is the body length (mm) and D is the mean body diameter (mm) 

Total body length and mean diameter of undamaged preserved specimens of oligochaetes 
were determined from drawings of images cast on to paper by an overhead projector 
Body length was measured three times with a wheeled map measurer to the nearest 
1 mm the average value L being used in further calculations The mean diameter D was 
determined as the average of the diameters of segments 6, 20 and then for every tenth 
segment thereafter, measured with an eyepiece micrometer to the nearest 0 01 mm The 
diameter of the eleventh segment D-ц was also measured and related to the biovolume Vc 

by means of the power function Vc = a *D-|iD

r from which the constants a and b were 
deduced Now any biovolume (Vr) could be determined by merely measuring D u , using 
the regression equation 

Vr = a*Dnb [2] 

where V r is the biovolume determined from an existing regression equation D u was cho
sen to have a practical combination of ease of identification and biovolume estimation All 
steps In the biovolume measurements and calculations are schematically represented in 
Figure 1 

Biovolume regression functions 

Establishment Use 

One undamaged preserved worm One preserved worm 

D« 

vc = "/46
2i 

D« 

a and b ( Table 1 ) Vr = aD}. 

Verification of regression functions 
Я2 between V, and Vc ( Table 1 ) 

Venficabon of 
biovolumes 

Sample of ten live worms 

Preservation 
mounting 

V. in burette 

Sample of ten dead worms 

D„ D6 D M D30 D w 

с = "/«бЧ 

Vr = «D,b, 

V„ = Σ V, 

Comparison between 
Vm,Vc t and V r l( Figure 6) 

Figure 1 Schematic representation of measurements (m) and calculation steps made in the establishment use and venficatron of bio-
volumes of Branchiura sowerbyi (Ollgochaeta) L = body length Οχ = diameter of segment χ V = biovolume See text for 
further explanation of symbols „ 

For the calculation of chironomid biovolume (Vc, mm3), chironomids were also treated as 
cylinders with a constant body length (L, mm) mean diameter (D, mm) ratio L and D 
were measured in a selection of ethanol preserved chironomid larvae Larval length was 
measured as the distance between the anterior edge of the labrum and the centre of the 
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posterior parapodal base to the nearest 0 5 mm for all larvae smaller than 5 mm and to 
the nearest 1 mm for all longer larvae A preliminary study investigated which segment 
could best be used for the estimation of the mean diameter To this end. the diameters of 
all thoracic and abdominal segments of fiftynine individuals of different species (Einfeldia 
dissidens, Stictochironomus histrio, Cryptochironomus sp and Chironomus acutiventns) 
were measured The ratio of the diameter of each segment to the mean diameter was 
related to the segment number The fifth abdominal segment (D5) was eventually selected 
and related to L by the linear function 

D 5 =a*L + b [3] 

where a and b are constants Chironomid biovolumes (Vc) were calculated using the cylin
der formula and substituting equation [3] in equation [1] 

V c = jt/4*L*(aL+b)2 [4] 

Blovolume-blomass conversion. 
Specific gravities (SC), DW WW and AFDW WW ratios were determined for the conver
sion of biovolumes to WW, DW and AFDW Surface-clinging water was removed from 
the organisms by laying them on a tissue for a few seconds Each group of organisms was 
put in a 5-ml burette, which was partly filled with water Blovolume (Vm) was measured to 
the nearest 0 01 ml as the displacement of water A pycnometer (5 477 ml) was used to 
determine the biomass of the living organisms without damaging the organisms or being 
troubled by evaporation The pycnometer was filled with water and weighed (GgiasS) at a 
constant temperature of 20 °C Subsequently, each group of living organisms was careful
ly put in the pycnometer, which was then weighed again (Gtotai) 
Specific gravity (SG) was calculated with the formula 

SG =(G tota|- Cgiass + Gm)/Vm [6] 

where G m = the weight loss of water from the pycnometer, G m = SGw ate r*Vm, SGwater = 
0 998 at 20 °C 

Next, the samples were dried at 70 °C for 24 h After cooling to room temperature in a 
desiccator, the samples were weighed on a microbalance (Mettler AE 200) to a precision 
of 0 1 mg The samples were then combusted at 520 °C for 3 h and reweighed AFDW 
was derived by subtracting the ash weight from the dry weight 

Verification of blovolume estimations. 
The burette was also used to verify the accuracy of the biovolumes calculated (Vc, Vr) 
from measurements of preserved organisms The displacement of water in a burette by 
live organisms (Vm) is considered to be an accurate estimation of the real biovolume 
Blovolumes (Vm) of groups consisting of ten undamaged live В sowerbyi or twenty 
undamaged live Ch muratensis were measured as the displacement of water in a 5-ml 
burette Afterwards the samples underwent a preservation procedure, comparable to that 
used for samples collected during the field surveys, which had been used to establish the 
regression functions The preservation time of these samples, however, was shorter (1 
week) than those of the field surveys (several months) Afterwards, total length, mean dia
meter and the diameter of segment 11 (Du) of each individual tubificid were measured 
Using equation [1] the individual biovolume (Vc) was calculated and equation [2] was 
used to predict the biovolume with D u (Vr) Total calculated (Vct) and regressed (Vrt) 
blovolumes of each sample were calculated by summing the individual values (see also 
Fig 1) 
To test the possible influence of the preservative and mountant on the biovolume of 
Ollgochaeta, three additional similar В sowerbyi groups were exposed for less than 1 h to 
the preservative and for 1 day to the mountant prior to undergoing the above-mentioned 
procedure 



91 

The relation between V rtand v m w a s a l s o tested for a mixture of chironomie! species con
sisting of Einfeldia dissidens, Stictochironomus histno, Cryptochironomus sp and 
Chironomus acutiventns larvae 

Results 

Body shape-blovolume relationships 

Ollgochaeta. For six tubificld species, enough undamaged identifiable specimens were 
obtained to establish regression functions between Vcand D u with significant Я2 The 
values of the constant a and the power b of the regression equations, along with summary 
statistics for the measurements taken, are shown in Table 1 Figure 2 (a) and (b) show the 
power functions for β sowerbyi and Quistadnlus mulbsetosus as an example of the 
equations given in Table 1 A clear relationship (p < 0 0001) between Vc and D-ц was 
obtained for В sowerbyi and Q mulbsetosus, where an acceptable η and R2 were 
accompanied by a slope close to 1 More variability was found in the regression functions 
of Umnodnlus hoffmeisten and L claparedeanus The lower R2 values and slope are 
mainly attributable to the width of D-ц which varied considerably depending on the 
reproductive stage A particularly low proportion of the variance In Vc was explained by 
Dn of Potamothnx moldaviensis In this case the large variation in Du was caused by a 
considerable swelling of the segments 10-12, with a diameter which was independent of 
the specimen length The equation of Tubificidae without setae was composed by lumping 
the data for L hoffmeisten and L claparedeanus together 

Chlronomldae. The diameter of either abdominal segment 5 (D5) or 6 (D¿) most closely 
approached the mean diameter Dm D5/Dm = 1 02 ± 0 006 and D6/Dm = 0 98 ± 0 006 
(Fig 3) In further biovolume determinations, D5 was used as a measure of Dm The rela
tionships between D5 and the body length were established for ten chironomid taxa 
(Table 2) A good linear relationship was found for all taxa investigated Figure 4 (a) and 
(b) show the linear functions for Chironomus nudiventris and Lipmiella arenicola as 
examples of the equations given in Table 2 Some of the variance Introduced is attribu
table to the transition between instars, as is apparent from the presence of specific size 
classes with two distinct diameter ranges 

Table 1 Constants a and b of the regression equations (Vc= a* Di 1D) between blovolume V c and D-| 1 of tubificio" Ollgochaeta in Lower 

Rhme-Meuse populations in August-November 1988 

η = number of individuals R2 = R2 between D-| 1 and V c R2vr- Vc = R 2 between V c (calculated) and V r (predicted by regres

sion equation) slope = slope between V c (x) and V r (y) range D-| -| In mm 

Species 

Branchiura sowerbyi Beddard 

Umnodnlus hoffmeisten (Claparède) 

Limnodnlus claparedeanus Ratzel 

Umnodnlus udekemianus Claparède 

Potamothnx moldaviensis Vejdovsky & Mràzek 

Quistadnlus mulbsetosus (Smith) 

Tubificidae with hairs 

Tubificidae without hairs (= L hoffmeisten + Í. claparedeanus) 7 78 

L hoffmeisten according to Lafont (1987) 

* О 001 < ρ < 0 01 

* · 0 0 0 0 1 < ρ < 0 Ο 0 Ί 

ρ < 0 0 0 0 1 

1 ) mean diameter determined by averaging the diameters of the segments 6,11 20 30, 50 and 80 

a 

17 10 

8 53 

6 81 

21 38 

4 52 

1 96 

8 58 

)7 78 

13 55 

b 

3 30 

2 85 

2 18 

2 78 

1 24 

2 24 

3 07 

2 68 

2 987 

π 

46 

118 

110 

5 

49 

42 

11 

228 

81 

R
2 

0 97 

0 91 

0 65 

0 93 

0 32 

0 92 

0 93 

0 87 

0 92 

R
2 

K
 Vr-Vc 

0 7 8 * " 

0 73 

0 60 

0 93 

0 22 

0 90 

0 66 

0 69 

-

Slope 

0 95 

0 71 

0 61 

0 83 

0 24 

0 96 

0 81 

0 65 

. 

Range D ^ 

0 27- 1 91 

0 31 - 1 35 

0 42 - 1 35 

0 39- 0 71 

0 42- 0 95 

018- 1 00 

0 50- 0 81 

0 31 - 1 35 

011-0 80
1
' 
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Figure 2 Relationship between the biovolume (Volume in m m 3 ) of Branchiura sowerbyi and the diameter of segment 11 ( D u In mm) 

fitted with a power function Constant a = 17 10 power b = 3 30 η = 46 R2 = 0 97 

The same relationship for Quistednlus multisetosus a = 1 96 b = 2 24 η = 42 R2 = 0 92 

Table 2 Constants a and b of the linear regression equations between diameter D5 and body length (D5 = a*L н 

chironomid larvae from Ventjagers flats (Haringvliet) populations in March July 1988 

η = number of samples R? = percentage of variance explained by regression equation 

b)of 

Species 

Chironomus acutiventris Wulker Ryser et Scholl 

Chironomus muratensis Ryser Scholl et Wulker 

Chironomus nudiventris Ryser Scholl et Wulker 

Cladotanytarsus sp 

Cryptochironomus sp 

Emfeldta sp 

Harmschia sp 

Lipiniella arenicola Shilova 

Procladius sp 

Stictochironomus histrto (Fabnaus) 

Chironomidae larvae 

a 

0 0755 

0 0634 

0 0714 

0 0650 

0 0875 

0 0673 

0 0860 

0 0835 

00911 

0 0720 

0 0688 

b 

0 0429 

0 0963 

0 0635 

0 0963 

-0 0464 

0 0236 

0 0428 

0 0673 

0 0668 

-0 0318 

0 0883 

η 

55 

54 

55 

65 

32 

51 

10 

45 

42 

49 

458 

R2 

0 92 

0 90 

0 94 

0 85 

0 96 

0 90 

0 96 

0 92 

0 67 

0 94 

0 88 

Valid length 

range (mm) 

3 0 -

3 0 -

2 0 -

1 5 -

4 5 -

2 5 -

2 0 -

3 5 -

3 0 -

3 0 -

1 5-

160 

21 0 

190 

6 0 

170 

120 

7 5 

150 

8 0 

130 

190 

Table 3 Dry weight wet weight (DW WW) ash-free dry weight wet weight 

(AFDW WW) and ash-free dry weight dry weight (AFDW DW) ratios 

and specific gravity (SG) of Branchiura sowerbyi (Oligochaeta) and 

Chironomus muratensis (Chironomidae) from the Haringvliet (November 

1990) Mean + SE π = 5 

D W W W 

AFDW WW 

AFDW DW 

SG 

(%) 
(%) 
(%) 
(g/ml) 

Ch muratensis 

142 ± 0 5 

129 ± 0 5 

90 0 ± 0 0 

1 05 +000 

В sowerbyi 

20 0 ± 0 4 
182 ± 0 6 
900 ± 0 0 
1 07 + 0 00 
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Figure 3 Relationship between the ratio of the diameter of each segment to the mean diameter of 59 indivi

duals and the segment number Sample (N=59) consisting of individuals of Einfeldia dissidens, 

Sbctochironomus histrio Cryptochironomus sp and Chironomus acutiventris Mean ± S E 

Biovolume-biomass conversion 
The chironomie! samples showed lower DW WW and AFDW WW ratios compared 
with the ohgochaete samples (Table 3) The AFDW DW ratios, however, were very 
similar for both groups The higher SC found in the ohgochaete samples compared 
with the chironomid samples is therefore probably related to differences In soft body 
tissue rather than differences in the amount of mineral particles present in the gut 

Verification of blovolume estimations 
The very small error associated with the determination of specific gravity (SG) indicates 
that the assumption, that Vm is an accurate estimator of the real biovolume is justified 
The accuracy of the calculated sample biovolume (Vc t) could therefore be tested by 
relating V c t to V m (Fig 5a and 5b) The blovolume of preserved and mounted В so-
werbyi is underestimated by 37 6%, if length and mean diameter are used (Vct) 
Using the equation for В sowerbyi from Table 1 (V r t), the underestimation amounts 
to 47 3% However, the biovolume of samples of В sowerbyi preserved for 1 h is 
underestimated by only 18%, when the mean diameter is used (Vc t) (Fig 5a) The 
biovolume of Ch muratensis is on average underestimated by about 12%, if the 
regression equation for this species is used (Table 2, Fig 5b) A mixture of several 
chironomid species (Fig 5b) shows a relationship between Vt and V m similar to that 
found for Chironomus 

Discussion 

A major problem in the use of non-destructive biomass determination techniques has 
been the uncertainty of the error introduced This study has shown that a burette can 
be used to verify the assumptions made in the determination of biovolumes and to 
gain some insight into the accuracy of the method The combined use of pyenometer 
and burette enabled us to measure specific gravity, an essential link between biovolu-
me and biomass The conversion data presented m this study refer to one ohgochaete 
and one chironomid species, which were dominant in our samples When using biovo-
lumes for biomass determination, it may be practical to determine conversion factors 
for entire chironomid and ohgochaete samples, which are replicates of or representa
tive of the general taxonomie composition of the entire survey or parts of it In this 
way only a few additional measurements and determinations would need to be made 
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Figure 4 Relationship between the mean diameter (D in mm) of Chironomus nudiventris and the length (L in mm) fitted with a 

linear function Slope a = 0 0714 Intercept b = 0 0635 η = 55 R2 = 0 94 The same relationship for Lipmiella arenicola 

a = 0 0835 b = 0 0673 η = 45 R2 = 0 92 

1 80 -i Branchiura sowerbyi 060-\ Chironomus muratensis 

0 40 

0 20 

Figure 5 
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Vm ( ml ) 
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Relationship between biovolumes ( V m Vi) of В sowerbyi samples determined in two different ways V m sample bio-

volume of live worms determined with a burette (considered the most accurate estimation) Vt sum of individual Ью о-

lumes calculated using the mean diameter D and formula [1 ] ( V c t Δ A) or the regression equation of Table 1 (Vr ι о) 

Open symbols (ο, Δ) 1 -week exposure to the preservative and mountant dosed symbol (A) < 1 hour exposure to the 

preservative and 1 day to the mountant 

Relationship between V m and Vj for Chironomus muratensis samples (o) and a mixture of different chironomia species 

(Л, · ) V( is calculated using the regression function in Table 2 (V r [ о · ) or the mean diameter D and formula [1] (Vc ¡ Δ) 

Ollgochaeta 
The Dii-biovolume (Vr) regression equation (Table 1) considerably underestimated the 
actual biovolume (Vm) of В sowerbyi The verification procedure is schematically summa
rized in Fig 6 The combined effect of a short exposure to the preservative (<1 h) and 
mountant (1 day) and the approximation of the body shape by a cylinder resulted In an 
average underestimation of 18% The deviation from the cylindrical shape probably makes 
only a minor contribution to this difference Because the diameters of the anterior seg
ments tend to be larger than those of the posterior, В sowerbyi tends towards a conical 
shape If the diameter of the front part were three times that of the rear part, the volume 
would, with the 'false' assumption of a cylindrical shape theoretically be underestimated 
by 8 3% If the front part diameter were twice that of the rear part, the biovolume would 
be underestimated by only 3 7% 
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Figure б Schematic representation of the relative biovolume (%) of В sowerbyt determined by different 

methods The blovolume measured by the burette (Vm) is considered an accurate esümation of the real 
biovolume 

A longer exposure time to the preservative and mountant resulted in an additional 20% 
volume reduction We observed formaldehyde to cause a slight lateral swelling of the 
worms This is in agreement with observations of Lafont (1987) and with the initial in
crease in preserved wet weight observed by Donald & Paterson (1975) This means that 
the mountant probably accounted for most of the volume reduction It probably caused a 
loss of fluid from the worms, because the osmotic pressure of the mountant used is higher 
than that of the worm tissues 

The difference between Lafont's (1987) method and our method of biovolume calculation 
is reflected in the regression equations of L hoffmeistert Lafont's equation predicts a 
37-54% higher biovolume in the D^ range, where comparison is possible Unlike Lafont 
(1987), we did not incorporate Du into the estimation of the mean diameter in our study, 
which leads to a lower estimation of the mean diameter and hence the biovolume We 
considered the Inclusion of D^ into the estimation of D unacceptable, since Df| is then no 
longer independent of Vc However, by overestimating the mean diameter, Lafont (1987) 
may have approached the actual biovolume more closely than we did 

Our choice of Du to be related to Vc had a practical basis However, the presence of re
production organs and material causes a variation in D^ partly independent of Vc, the er
ror introduced was small in В sowerbyi but large In Potamothnx moldaviensis In future 
research the use of the diameter of one of the more anterior segments could be considered 
For the prediction of the actual biovolume of β sowerbyi the regression equation should 
be multiplied by 1 90 We assume that this correction factor, found for В sowerbyi is also 
valid for other tubificids However, we were unable to demonstrate this, because the other 
species in Table 1 were too small to cause a sufficient displacement of water (> 0 4 ml) 
and were too fragile to remain undamaged in the burette 

In spite of the remaining uncertainties about biovolume underestimations, we believe the 
biovolume method to be useful and practical in large sampling programmes where spe
cies-specific biomass data are required 

Chlronomldae. 
The accuracy of the biovolume method presented here is similar to that of the direct body 
length-biomass method used by, for example, Meyer (1989) and Nolte (1990) The biovo-
lume estimation error resulting from the use of the regression equation amounted to only 
12% Our finding that there is a linear relationship between body length and mean dia
meter is in accordance with Nolte (1990), who demonstrated a constant length diameter 
ratio for nine species Our estimator of the mean diameter, the diameter of segment 5, 
deviated from that used by Nolte (1990), who stated that the diameter of abdominal seg
ment 1 yields a proper estimation This may be related to the difference in species studied 



The error introduced In converting blovolume to W W will vary at the most by a few per
cent Abrahamsen (1973) found an average value of 1 051 for Enchytraeidae (Oligochae-
ta) The largest error may occur In the conversion of W W Into DW or AFDW Conversion 
factors in the literature vary considerably, because of both methodological and biological 
differences The use of preserved animals (Leuven eí al, 1985) and differences in drying 
and ashing temperature and time lead to considerable variation in these ratios In addition, 
season (Jonásson, 1965, Landall & Nagell, 1978), feeding condition and species specific 
differences will have a considerable influence on the ratios A small random selection of 
literature data (Table 4) reveals that DW W W ratios may vary by a factor of 2 An error in 
the conversion from W W to AFDW may also occur if a direct relationship between body 
length and W W is used (Smock, 1980, Meyer, 1989) If body length-blomass equations 
are used in other situations, there is a risk of similar errors 

Analysis of the seasonal variation in DW W W and AFDW W W ratios appears to be an 
important next step in further improving the accuracy of non-destructive blomass determi
nation In chironomlds If a blovolume determination is followed by an empirical determi
nation of an AFDW W W ratio with fresh material, the biovolume method Is as accurate as 
direct body shape-blomass equations used In other studies 
The biovolume method offers considerable practical advantages over the direct body 
shape-biomass method The establishment of body length diameter regression equations is 
less time consuming and the number of samples to be dried and ashed Is greatly reduced 
Moreover, the body length mean diameter relationships, which are taxon rather than situ
ation specific, will have a more general character than body length-biomass equations, 
and will therefore be more suitable for general use than direct body shape-biomass 
equations 

Table 4 Preservation types, drying times and temperatures and DW WW conversion factors of chironomia 
lavae 

Publication 

Leuven et al (1985) 

Lardatili. Nagell (1978) 

Iwakuma (1987) 

Grzybkowska (1989) 

Jonásson (1965) 

This study 

- no data available 

Season/year 

Spring 

June 

September 

1982·1986 

198Э- 1984 

May 

November 

November 

Preservative 

none 

none 

none 

1 0 % formalin 

1 0 % formalin 

-
-

none 

Drying 

Time 

16h 

8h 
8h 

-
-
-
-

24 h 

Temp 

105 °C 

105 °C 

105 °C 

-
-
-
-
70 °C 

D W W W 

2 2 6 ± 1 1 

1 5 6 + 0 7 

11 2 ± 0 9 

19 0 

150 
18 5 

12 5 

1 4 2 ± 0 5 
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Methodical aspects of a simple allometric biomass determination of 
Dreissena polymorpha aggregations 

Abstract 

Shell length - ash-free dry weight (AFDW) equations of Dreissena polymorpha (Pallas) 
from various water bodies in The Netherlands were compared The biomass of 10 mm 
long mussels was more than twice as high in May as in to September at the same locality 
This is probably due to the reproductive cycle of D polymorpha From September through 
November biomasses showed little variation in standing waters Biomass of mussels with 
similar lengths in the branches of the River Rhine with high current velocities were higher 
than those in the Rhine branches with lower current velocities and in the standing waters 
The use of shell length - AFDW equations appears to be possible if a few conditions are 
fulfilled Besides its occurrence on solid substrates, D polymorpha occurs highly aggrega
ted on the soft sediments in The Netherlands A large number of samples Is often needed 
for the calculation of averages with acceptable confidence limits A time saving method is 
presented, in which only the mussel volume of each sample is measured in situ A linear 
regression equation between mussel volume and AFDW (R2=0 98, n=40) allowed an 
accurate (error<5% with 95% probability) estimate of the AFDW from the sample volume 
in an inventory of recreational buoys in the Haringvliet and Hollandsch Diep 

Introduction 

Biomass Is the most appropriate parameter expressing the abundance of any organism, 
when its role in the energy transfer of ecosystems is discussed Well known questions con
cerning Dreissena polymorpha refer to its role as a food source for waterfowl (e g Suter, 
1982, Stanczykowska ei a/ 1990) or fish (Draulans & Wouters, 1988, Prejseta/, 1990) or 
its filtering capacity (Reeders et a/, 1989) In these studies biomass estimates with a high 
degree of precision are desirable 
In The Netherlands, Dreissena polymorpha occurs in most large water bodies on solid sub
strates, like stone blocks (BIJ de Vaate, 1991), iron pipes and on the scarce solid structures 
In the soft sediments, where It exhibits highly aggregated distribution patterns (Smit et al, 
1992) Hence a large number of replicates is required for the calculation of mean densitiy 
and biomasses within acceptable confidence limits 
Biomass determination of D polymorpha is often done by counting of individual mussels, 
measuring their shell lenghts and establishing a length-weight regression equation (e g Bij 
de Vaate et al, 1992) In this way information about the population structure is obtained 
as well, and even biomass of very small samples can be determined with a high degree of 
precision The method Is very accurate, when used within one sampled population 
However, until now it is unknown what error is introduced when a length-weight 
equation Is used in another situation, both temporal and spatial The counting and measu
ring of the shells is also a very laborious task, especially when a large number of samples is 
involved A direct biomass determination of all samples is also very laborious In this paper 
we explore the possibilities of using existing length - weight equations in other situations 
and we present a time saving method for biomass determination when a very large num
ber of samples is involved 
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Material and methods 

Shell length - blomass equations 
Shell length - ash-free dry weight (AFDW) equations of Dreissena polymorpha in the Ha
ringvliet, Hollandsch Diep and Lake Volkerak have been established by measuring the 
mussels with vernier callipers to the nearest 0 1 mm dividing the mussels Into 1 mm size 
classes and determining the AFDW of samples which ranged from 1 to 50 individuals 
Care was taken that the weighing error (0 1 mg) was always less than 1 %, by considering 
only samples with an AFDW of more than 20 mg Shell length-AFDW equations from 
Lake Usselmeer were derived from BIJ de Vaate (1991) The original data of BIJ de Vaate ef 
al (1992) were used for the calculation of regression equations for the River Rhine bran
ches Waal, Ussel, Nedernjn/Lek and the Rhme/Pannerdens Kanaal 

Volumetric blomass determination 
Mussels were collected in October 1989 from several recreational buoys in the Hollandsch 
Diep and Haringvliet The samples were washed and their volume was measured with a 
graduated measuring cylinder (250 ml) to the nearest 0 5 ml Mussel volume was determi
ned by measuring the difference between the water levels with and without mussels The 
shells were closed during the measurements After measuring, 40 samples were randomly 
selected, put in a plastic bag and deep-frozen at -18 °C For the determination of the 
AFDW, these samples were dried for 96 h at 70 °C After cooling to room temperature in 
a desiccator, the samples were weighed on a microbalance to a precision of 0 1 mg The 
samples were then combusted for 4 h at 520 °C and reweighed AFDW was calculated by 
subtracting the combusted weight from the dry weight 

Results and discussion 

Comparison of shell length-AFDW equations 
Biomass of 10 mm long mussels (calculated from the regression equations In Table 1) 
showed a high variability in the course of time values for mussels in Lake Usselmeer were 
more than twice as high in May as in to September (Fig 1) Furthermore, during spring 
and early summer, biomass was considerably higher in 1984 than in 1983 

Table 1 The constants b and Ln a ± S E of shell length - AFDW regression equations for D polymorpha from various waters and 

sampling dates R2 = proportion of vanance explained by regression equation π = number of size classes N = total num

ber of samples W10 = calculated AFDW (mg) of a mussel with length 10 mm range refers to size classes 

1) Modified from BIJ de Vaate ef al (1992) 2) This study 3) Draulansi Wouters (1988) 

Waterbody 

source 

Rhine 

Ussel (Rhine) 

Nedemjn/Lek (Rhine) 

Waal (Rhine) 

Hollandsch Diep 

Hollandsch Diep East 

Hollandsch Dlep West 

Hanngvliet 

Haringvliet East 

Hanngvliet West 

Lake Volkerak 

Lake Volkerak 

Plas Leblanc (Belgium) 

date 

15-IX-89 

15-IX-89 

15-IX-89 

15-IX-89 

11-XI-87 

12-1-91 

13-XII-90 

11-XI-87 

16-XI-90 

30-XI-90 

01-VI-89 

10-X-89 

IX-X-80 

intercept 

log a ± S E 

-1 830 ± 0 121 

-1 833 ± 0 080 

-2 047 ± 0 060 

-1 662 ± 0 041 

-2 414 ± 0 063 

-2 709 ± 0 127 

-2 012 ± 0 025 

-2 253 ± 0 055 

-2 192 ± 0 032 

-2 544 ± 0 058 

-2 013 ± 0 059 

-2 209 ± 0 064 

-2 319 

slope 

b ± S E 

2 548 ± 0 108 

2 385 ± 0 064 

2 562 ± 0 054 

2 347 ± 0 036 

2 894 ± 0 056 

3 208 ± 0 107 

2 670 ± 0 022 

2 640 ± 0 052 

2 792 ± 0 028 

3 103 ± 0 047 

2 857 ± 0 060 

2 800 ± 0 060 

2 77 

Ri 

0 933 

0 910 

0 953 

0 945 

0 991 

0 965 

0 989 

0 992 

0 984 

0 992 

0 968 

0 985 

0 98 

range 

8-17 

7-33 

7-24 

7-28 

2-27 

2-34 

2-34 

2-23 

4-31 

4-31 

2 24 

2-23 

5-28 

η 

10 

142 

114 

246 

26 

33 

164 

22 

163 

39 

77 

35 

? 

N 

41 

27 

18 

22 

26 

28 

29 

22 

28 

27 

23 

22 

6 

W 1 0 

5 22 

3 56 

3 27 

4 84 

3 02 

3 16 

4 55 

2 44 

3 98 

3 62 

6 98 

3 90 

2 83 

1) 

1) 

1) 

1) 

2) 

2) 

2) 

2) 

2) 

2) 

2) 

2) 

3) 



101 

Seasonal biomass patterns probably follow the reproductive cycle as outlined by 
Borcherding (1990) The large increase in biomass in spring is related to the increase of the 
biomass of the gonads In The Netherlands reproduction generally occurs from May until 
September (Smit et al, 1992b) During this period the calculated biomass of 10 mm mus
sels strongly decreases Seasonal variation accounted for 73% of the variance, when fitted 
with a gauss-shaped function The data also suggest a biomass increase in December com
pared to the period from September to November In January however, biomass was 
lower and the fit should connect smoothly between December and January This is the 
reason why a gauss-shaped function was chosen Biomass of 15, 20 and 25 mm long 
mussels was also calculated and fitted with a gauss-shaped function, which explained 
66%, 55% and 45% of the variance respectively (Fig 2) These curves can be used for an 
approximate estimation of the seasonal biomass of mussels with varying shell lengths 
Comparing the September data, blomass of mussels from the two Rhine branches with the 
highest current velocities (; e the Rhine/Pannerdens Kanaal and the Waal) were higher 
than those from the Rhine branches with lower current velocities and In Lake Usselmeer 
Smit eia/ (1992a) observed that shell growth In running waters exceeded that in still 
waters The present observations on mussel biomass in the Rhine indicate that these diffe
rences, found with respect to shell length growth, are even more pronounced when 
expressed in terms of blomass 

Biomass data of mussels from standing waters showed relatively little variation from 
September through November The mean biomass (+ S D ) of a 10 mm mussel amounted 
to 3 35 mg (±0 51) With the use of shell length-biomass equations in other more or less 
comparable standing waters, an error of a few dozen of percents (rough estimate) has to 
be accepted and both sampling programmes have preferably be conducted in September, 
October or November 

S 
а 4-
< 

Dreissena polymorpha 
shell length 10 mm 

Ft = 0 73 

t *» 

90 

+ Usselmeer 1983 

+ Usselmeer 1984 

— ι 1 — 

180 
day 

A Volkerak 

• Rhine 

ι 1 1 1 1 1 

270 360 

• Hanngvliet / Hollandsen Diep 

Figure 1 The blomass (AFDW, mg) of a 10 mm D polymorph*, calculated from shell length - AFDW regression 

equations (Table 1) related to the day number (1 = January 1 365 = December 31) and fitted with a 

gauss shaped function 
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Dreissena polymorpha 

shell length Δ 10 20 mm 25 mm 

Figure 2 Biomass (AFDWin mg) of 10 15 20 and 25 mm long Dreissena polymorpha fitted with gauss 

shaped functions The curves can be used for an indicative estimation of the seasonal biomass of 

mussels with varying shell lengths 

Volumetric blomass determination 
AFDW (g) of D polymorpha samples was related to the volume (V in ml) by the linear 
equation 

AFDW= a*V 

We expected no significant intercept because the AFDW of 0 ml is zero Inspection of the 
data (Fig 3) yielded indeed no significant intercept The value for the slope a +.95% С L 
was 0 0514 ±0 0023, which means that any other biomass could be predicted by means 
of a mussel sample volume with an error of less than 5% (95% probability) Note that 
slope a has the dimension of a specific weight g ml-1 The high R2 (0 98) of the equation 
shows that slope a is indeed a constant factor in one population sampled within a month 
In general, the slope a will depend on many factors, like the fresh weight/AFDW ratio the 
feeding condition, the amount of empty space in the shells and the amount of dead mate
rial in the samples Therefore, every sampling programme requires its own regression line 
The population studied consisted of 0+-mussels with very few empty shells It may be 
expected that In older populations the proportion of empty shells is larger, which may 
introduce some more variation in the sample volume/AFDW ratio 

Conclusions 

From the results four main conclusions can be drawn 
1 Parameters in the shell length-biomass regression equations show much variation 

during the course of the year and predict the highest biomass of mussels in May 
and the lowest in September 

2 A gauss shaped regression function explained 73% of the seasonal variation of the 
biomass of a 10 mm long mussel 

3 Shell length-AFDW regression equations can be used for mussels in other more or less 
similar still waters, when both sampling programmes are carried out in September, Oc
tober or November and an error of some tens of percents (rough estimate) is accepted 
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4 In extensive biomass sampling programmes (n>100), a regression equation between the 
whole sample volume and total AFDW saves time without a noticeable loss of precision 
the total mussel volume of samples is determined in a simple way, whereas the number 
of AFDW determinations is limited because of the use of those whole samples which 
are needed for the regression equation 

Dreissena polymorpha 

clusters 

0 25 50 75 100 125 150 

volume (ml) 

Figure 3 The relation between the volume (V) of D polymorpha clusters measured with a graduated measu

ring cylinder, and their AFDW Slope + 95% С L = 0 0514 + 0 023, η = 40 R* = 0 980 
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Colonization, ecology, and positive aspects of Zebra mussels (Dreissena 
polymorpha) in The Netherlands 

Abstract 

The colonization, ecology, and potential positive benefits of the Zebra mussel, 
Dreissena polymorpha. In some lakes and rivers of The Netherlands have been 
described Population levels in Dutch lakes are limited most by the scarcity of solid 
substrates and consumption by ducks Mussel densities in the recovering River Rhine 
ranged between 0 nr2 in 1973 to nearly 2500 nv2 in 1989 Sudden temperature 
changes are identified as a possible limiting factor for the occurrence of mussels in 
small shallow (depth <2m) water bodies In eutrophic lakes, water movements rather 
than algal concentrations seem to determine shell growth In Lake Usselmeer, Zebra 
mussel production was 41-102*1012 J, of which 15-26*1012 J was consumed by 
ducks and 1 3-2 1 *1012 J was consumed by fish In Lake Volkerakmeer, management 
authorities plan to use Zebra mussels to increase water transparency and to prevent 
contaminated suspended matter from entering the lake To this end, the density of 
Zebra mussels was artificially increased by adding marine shells as a substrate for 
attachment Colonization of different substrate types in hanging cultures was tested as 
a first step towards a biological filter 

Introduction 

The recent introduction of the Zebra mussel, Dreissena polymorpha, in North America 
has focused attention on its biofouling and ecological properties (Griffiths et al, 1989, 
Hebert eí al, 1989) In The Netherlands, during the 1970's, attention was mainly 
focused on the nuisance qualities of this species However, in the last decade, applied 
research activities have been increasingly concentrated on its positive applications for 
water management and its role in the ecosystem (Van Eerden & BIJ de Vaate, 1984, 
Hueck van der Plas, 1984, Reeders ef al, 1989) This chapter reviews the colonization 
and ecology of the Zebra mussel in The Netherlands and gives an example of its use in 
water quality management 

Results and discussion 

Colonization patterns 
The Zebra mussel invaded The Netherlands in the 1830's and now commonly occurs 
In most larger rivers, lakes, and canals (Leentvaar, 1975) Suitable habitat increased 
considerably during the 20 th century because several estuaries were converted into 
freshwater lakes by damming them from the sea For example, Lake Uselmeer (3500 
km2) was created In 1932 by closing off the former 'Zuiderzee' from the sea (Fig 1) 
Chloride concentrations gradually dropped from 6 g M in 1932 to 0 6 g h1 in 1935, 
and to 0 4 g M In 1936 Prior to 1932, Zebra mussels, which commonly occurred in 
the River Rhine, were restricted in the River Ussel delta where It emptied into the 
Zuiderzee Zebra mussels were recorded In Lake Usselmeer In 1936, by 1937, Zebra 
mussels were found in the northern part of the lake and by 1938, were distributed 
throughout the lake (Fig 2) 

A recent example of Zebra mussel colonization was observed in Lakes Volkerakmeer 
and Zoommeer (60 km2) (Fig 3) These lakes were dammed from the Oosterschelde 



estuary ¡η April 1987 and, consequently, chloride concentrations dropped from 10 g M 

in April 1987 to 0.8 g I"1 In September 1987. The main source of Zebra mussel veligers 

entering Lake Volkerakmeer was water from the Rivers Rhine and Meuse that entered 

the lake through the Volkerak sluices. The first adult mussels were reported in Lake 

Volkerakmeer In October 1987. Colonization probably occurred In September, be

cause veligers only occur in plankton of both rivers between May and September. In 

January 1988, Zebra mussels had spread throughout Lake Volkerakmeer and 

Eendracht Canal. Lake Zoommeer, which has somewhat higher chloride concentra

tions (0.7 g I"1) compared to Lake Volkerakmeer (0.3-0.4 g I"1), was colonized 2 years 

later, these higher chloride concentrations probably slowed the colonization process. 

Monthly monitoring of nine sampling sites indicated that both density and blomass 

Increased to peak levels two years after settlement (Fig 4). 

Figure 1 Location of water bodies in The Netherlands where Dreissena polymorpha has been studied. 



107 

Figura 2. Colonization of Lake Usselmeer by Dreissena polymorpha Data from Van Benthem Jutting (1954). 

Severe pollution probably caused the disappearance of Zebra mussels from the Lower 

Rhine In the late 1960's (Wolff, 1969; Peeters & Wolff, 1973; Van Urk, 1976). Annual 

monitoring of macrozoobenthos on stone blocks of the River Ussel (one of the bran

ches of the River Rhine) (Van Urk & Bij de Vaate, 1990) has given Insight Into the 

recolonization by Zebra mussels, which started in the second half of the 1970's (Fig. 

5). While the Zebra mussel was absent from the Lower Rhine, a considerable reprodu

cing population was present in Lake Constance at the Swiss-German border (Walz, 

1978). Since the average residence time of the water between this lake and The 

Netherlands part of the Lower Rhine Is about nine days, environmental conditions rat

her than the supply of vellgers limited colonization. Recolonization took place at the 

same time (late 1970's) that improvements In water quality of the River Rhine occur

red. Concentrations of several heavy metals (e.g. cadmium and mercury), organic pol

lutants, ammonium, and nitrite decreased considerably, and oxygen concentrations 

showed a substantial Increase (Van Broekhoven, 1987). 

September 1987 January 198Θ September 1989 

Figure 3, Colonization of Lakes Volkerakmeer and Zoommeer by Dreissena polymorpha after the embankment In April 1987 
Sources of larvae are indicated with an arrow. 
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Figure 4 Mean (± S E ) density and biomass (AFDW) of Dreissena polymorpha rn Lake Volkerakmeer during the first two years 
after embankment Biomass calculated according to Smit & Oudok van Heel (1992) 
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Figure 5 Mean (± S E ) density of Dreissena polymorpha on solid substrates 
(bricks and stones) in the littoral zone of the River Ussel September 
1973-1989 

Vellger larvae 
Seasonal patterns of vellger density in the River Rhine at the German-Dutch border 
(Lobith) showed that larvae were present from May through September 1987-1989 
(De Ruyter van Stevemnck ef al, 1990, Fig 6) A first peak was observed in May and 
a second peak in June or July One or two other peaks were observed in August or 
September Peaks in May and June or July are probably the result of first and second 
spawning periods (Borcherding, 1991) of mussels one year old or older Peaks in 
August and September may originate from populations which spawn later, or may be 
the result of a third or even a fourth spawning period Borcherding (1991) found up to 
four spawning periods per season in Lake Fuhlinger See (Germany) Borcherding & De 
Ruyter van Stevemnck (1992) indicate that different vellger peaks originate from diffe
rent parts of the River Rhine system However, It cannot be excluded that young-of-
the-year settled in May, and had already initiated reproduction in September Vellger 
growth (shell length) In the River Rhine was 7 6 pm d - 1 (range 6 0-11 0 pm d°) at 
water temperatures between 18 and 21°C Because of the short residence time (/ e 
10 days) In the river, most vehgers are unable to reach their size of settlement in the 
river itself (Borcherding & De Ruyter van Stevemnck, 1992) 
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Veliger larvae 
River Rhme (LoMh) 

Figure 6 Density of Dreissena polymorpha veligers (number I ' ) In zooplankton samples from the River Rhine at the German-Dutch 
border (Lobrth) 1987-1989 From De Ruyter van Stevenmck ef al (1990) and from W Admiraal (unpublished data) 

Settlement and growth 
An important part of veliger settlement probably takes place In Lake Usselmeer and 
the Hollandsen Diep/Hanngvliet, highest densities were observed at 10-20 km from 
the outflow of the Rivers Ussel and Nieuwe Merwede (BIJ de Vaate, 1991, chapter 8) 
In Lakes Usselmeer and Markermeer, settlement of young mussels occurs between July 
and October, with a maximum in July In Lake Maarsseveen, a small oligotrophy lake 
in the centre of The Netherlands, settlement started in May and showed a peak in 
September (Bi] de Vaate, 1991) In the Haringvliet, a settlement peak was found in 
September-October 1988, which resulted from a pronounced veliger peak found in 
September of the same year (H Smit, unpublished data) Young-of-the-year (0+) 
mussels In Lake Usselmeer reach a maximum shell length of 6 mm, whereas in the 
River Rhine shell lengths up to 16 mm are not unusual (Fig 7) This large difference in 
the first year of growth can be attributed to two factors 
First, young-of-the-year mussels have a shorter period of growth in Lake Usselmeer 
than in the River Rhine, veligers settle later and shell growth ceases earlier Second, 
shell growth In Lake Usselmeer is lower than in the River Rhine (Smlt ef a/, 1992) 

Mortality 
Cage experiments were performed In various lakes to determine factors affecting mor
tality (Smlt et al, 1992) Annual mortality of 1- and 2-year-old mussels in experimen
tal cages was 12-35% in Lake Volkerakmeer, 34-39% In the Hollandsch Diep, and 
75-85% in the River Rhine Seasonal mortality (; e March-November) of caged mus
sels In Lake Usselmeer was less than 15% (Table 1) These mortality rates are lower 
than those found for natural populations (Table 2) Annual mortality rates of natural 
populations in Lakes Usselmeer and Markermeer (Bij de Vaate, 1991), and Hollandsch 
Diep/Haringvhet (Fig 7) were based on length-frequency distributions In lakes, a 
strong mtraspecific competition for space, prédation by waterfowl, and sediment 
movement may be responsible for higher mortalities These processes did not occur in 
the cages, where mussels had enough space and were free from prédation and sedi
ment Only in the River Rhine did the annual mortality of caged mussels approach the 
high mortality of natural populations (BI) de Vaate et al, 1992) High mortality rates 
observed in the River Rhine may be due to large amounts of sediment found in cages, 
although other processes like toxic stress may not be excluded 
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Figure 7. Length-frequency distributions of Dreissena polymorphs populations (mean ± S D.; η =2) and young-of-the-year only 
(spat) In autumn in the River Rhine, Hollandsch Dlep, and Haringvliet Population structure for the River Rhine was obtai
ned from mussels collected from the Waal River branch, September 1989 and spat were collected from recreational buoys 
In the River Nieuwe Merwede, October 1989 Population structure in Hollandsch Diep and Haringvliet was determined 
from mussels collected at Willemstad and Stellendem, respectively, in early November 1987, and spat were collected from 
cages at the same localities in late October 1987 

Table 1. Percent mortality rates (mean) of Zebra mussels, Dreissena polymorphs, in cages In Lake 
Usselmeer, Lake Volkerakmeer I and II, Hollandsch Diep and River Rhine over the periods March-
November 1988 (;.e , growth penod) and November 1988 - March 1989 (/ e nongrowth 
period) Age of mussels deduced from their shell length with srte-speafic seasonal growth 
equations (Smrt ei a/, 1992) Age determined in March at the beginning of the growing season 
- not determined 

Age (years) 

Season 

Lake Usselmeer1) 
Lake Volkerakmeer I 
Lake Volkerakmeer II 
Haringvliet 

Hollandsch Diep 
River Rhine 

growth 
penod 

Э-12 
21 
12 
23 
27 
61 

1 

nongrowth 
period 

-
14 
0 

-
7 
16 

growth 
penod 

5-15 
15 
14 
20 
32 
69 

2 

nongrowthg 
penod 

. 
14 
0 

-
7 
16 

1) Data from 1981-1985 as reported by BIJ de Vaate (1991) 

Table 2. Age, length, and frequency distributions and percent mortality rates (mean ± S D ) of two popula
tions of Dreissena polymorphs (a and b), estimated from shell length frequency distnbubons and 
seasonal growth rates in the Hanngvliet and Hollandsch Diep in 1987 

water body 

Hanngvliet 

Hollandsch 
Diep 

age 
(yr) 

0 
1 
2 
3 
>3 
0 
1 
2 
3 
>3 

length 
(mm) 

<9 
7-18 
18-23 
23-27 
>26 
<12 
10-20 
20-25 
25-28 
>27 

frequency 

(%) 
a 

53 7 
26 7 
1 6 5 
2 9 
0.1 
59 6 
28 7 
10 2 
1 4 
0.1 

b 

55 6 
21 8 
16.6 
5 8 
0 1 
45 2 
43 0 
1 0 3 
0 9 
0 45 

mortality 

(%) 

55 6 ± 7 4 
31 0 ± 1 0 2 
71 7 ± 9 3 
97.4 ± 1 2 

28 4 ± 33 2 
70 3 ± 8 2 
88 0 ± 4 7 
71 5 ± 30 
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Population structure 
Population structure in the River Rhine In 1989 was strongly dominated by young-of-
the-year mussels (Blj de Vaate et al, 1992) Spat, observed in autumn on recreational 
buoys which are removed from the water every winter, were of the same length as 
the major part of the population found on stones (Fig 7) In the Haringvliet, spat were 
only a few mm long and were easily recognized as a separate, young-of-the-year 
cohort In the Hollandsch Diep, spat grew to an average shell length of 7 mm by fall 
1989, and the young-of-the-year cohort already showed some overlap with older 
cohorts Two-year-old and older mussels were frequently found in the Hollandsch 
Dlep, but were rare In the River Rhine (BIJ de Vaate et a/ , 1992) In Lake Usselmeer 
and the Haringvliet, up to 3-year-old mussels contribute significantly to population 
structure (BIJ de Vaate et al, 1992, Table 2) In all water bodies, 4-year-old and older 
mussels were rare In Lake Usselmeer, spat were not observed at all sites in successive 
years, which caused a considerable variation m population structure among sites 

Physical-chemical parameters 

Chloride 
In the former tidal reaches of the Rivers Rhine and Meuse, Zebra mussels were con
fined to freshwater reaches (Wolff, 1969) Colonization patterns in Lakes Usselmeer, 
Volkerakmeer, and Zoommeer indicate that the maximum chloride concentration In 
which the Zebra mussel was able to complete its entire life cycle is between 0 4 and 
0 7 g M Although mussels are frequently recorded from water bodies with higher 
chloride concentrations (e g , Van Benthem Jutting, 1943, Wolff, 1969), these indivi
duals probably developed from veligers transported from outside the water body itself 

Temperature 
In the River Rhine and some associated lakes, shell growth rates were positively corre
lated with average water temperature in the growing season Shell growth rates of 
mussels with an initial length of 5 mm at the beginning of the growing season were 
correlated with water temperature between March and May The equation 

C= 0 0063 * (T-3)2 (n=39, R2=0 82, 3 0<T<18 0) 

where G=shell growth (mm d"1) and T= water temperature (°C) 

best described this correlation A minimum temperature of 3 °C was needed for shell 
growth to occur (Smlt et al, 1992) This minimum temperature for growth was much 
lower than the 11 and 12 °C reported by Katchanova (1962) and Morton (1969), 
respectively However, this 3 °C lower limit is supported by observations of filtration 
rates, Reeders & Bij de Vaate (1990) found a strong increase in filtration rate at this 
temperature, while Smirnova (pers comm ) reported a lower limit of 3 °C for filtration 

The rate of change In water temperature may be a key factor in the reproduction of 
Zebra mussels Field Investigations in Lake Veluwemeer in 1990 revealed that a small 
population of 2- and 3-year-old-mussels were present near the mouth of a canal that 
supplies water to the lake, In 1989 and 1990, these individuals produced few spat An 
increase in water temperature In spring, which can be relatively fast in this shallow 
lake, may be responsible for this disruption in reproduction (Borcherding, 1991) In 
May 1989, mussels from Lake Usselmeer were stocked In Lake Veluwemeer at least 
one week after the sharp temperature rise These mussels produced large quantities of 
spat, whereas the natural population of Lake Veluwemeer did not In the much larger 
Lake Usselmeer (1190 km2, mean depth 4 5 m) water temperatures rose much slower 
and did not reach high values measured in Lake Veluwemeer Borcherding (1991) also 
suggested that disturbances in the reproduction of Zebra mussels in Lake Heider 
Bergsee were due to a sharp rise in temperature This might also explain why the 
Zebra mussel is confined to larger and deeper water bodies and canal systems where 
water temperature changes occur more slowly 
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16 

Water current and chlorophyll-a. 
In eutrophtc lakes in The Netherlands, water movement seems to have a larger influ
ence on growth than the amount of algal food in the water column Small mussels 
placed In cages on a shallow wind-exposed site In Lake Wolderwijd showed an enhan
ced shell growth compared to mussels placed in cages In all other lakes (Fig 8) On 
the other hand, shell growth of mussels In Lakes Usselmeer, Makermeer, and 
Volkerakmeer did not show any correlation with average chlorophyll-a concentrations 
Only in the River Rhine did shell growth of young mussels (initial length 6 mm) corre
late positively with average chlorophyll-a content Shell growth In the River Rhine 
exceeded that in several associated lakes, in spite of lower chlorophyll-a concentra
tions, the range of mean chlorophyll-a concentrations, measured at the water surface, 
was 10-42 pg M in the River Rhine in summer of 1987-1988 compared to 34-106 
pg I- 1 in Lakes Usselmeer and Markermeer In summer 1981-19B7 Differences In sea
sonal blomass growth were even more pronounced a comparison of length-AFDW 
regression equations from the River Rhine and several associated lakes showed that 
mussels with similar shell lengths were heavier In the River Rhine (Smit et al, 1992) 
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Figure 8 Seasonal shell growth (mm year') of Dreissena polymorphe with initial length of 6 mm in the Lakes Usselmeer and 
Markermeer (+), Lake Wolderwijd (Δ), Lake Volkerakmeer (p) and the River Rhine (·), In relation to average chlorophyll-a 
content and average water temperature measured at the water surface Period of averaging March 1 - September 30 
1) = River Rhine localities, 2) = all lake localities (from Smit et al 1992) 

Substrate and dispersion 
Zebra mussels need to attach to solid substrates with byssus threads, and therefore 
their occurrence Is limited to localities with solid structures In The Netherlands lake 
bottoms consist of sand, silt, clay and a mixture of theses substrates, which are unsui
table for mussels Zebra mussels are only found on submerged vegetation, stones, and 
shells of dead and live mussels (/ e , other Zebra mussels and Umonidae) In former 
estuaries, marine shells form an important solid structure on which Zebra mussels set
tle In the course of time, shells of Zebra mussels become the most important solid 
substrate Three negative factors that have been identified as affecting Zebra mussel 
settlement follow 

Silt and detritus. 
Covering of hard substrates by silt and soft detritus occurs in most water bodies where 
hydrological conditions allow settlement of silt For example, in Lake Usselmeer, ero
sion and sedimentation processes strongly Influence the amount of solid substrates on 
the bottom Wind-Induced resuspenslon and erosion processes have covered some 
settled populations of Zebra mussels, but also have uncovered previously buried sub
strates for further colonization Consequently, mussel density patterns vary over time 



113 

This also occurs In the enclosed Rhine-Meuse Delta (Haringvliet and Hollandsch Diep), 
where the river discharge induces similar sediment dynamics 

Competition with sessile macro-algae and other macrozoobenthos species. 
Observations show, that Zebra mussels were absent from parts of stones in the Rivers 
Rhine and Meuse which were covered with macro-algae Interspecific competition 
with other zoobenthos species has become manifest after the recent invasion of 
Corophium curvispmum (Amphipoda Corophndae) in the River Rhine (Van den Brink 
et al, 1991 ) This amphipod prevents settlement of young Zebra mussels by forming 
dense colonies on stones of breakwaters and river banks, and its silt tubes make the 
stones less suitable for Zebra mussel settlement A decline in the Zebra mussel popula
tion was recently observed (pers comm A Blj de Vaate) and was also reported by 
fishermen (Van den Brink et al, 1991) Cordylophora caspia (Hydrozoa Clavidae) was 
also observed to compete for space with Zebra mussels on stone substrates in the 
River Rhine and Lake Markermeer (pers comm A bi) de Vaate) 

Water level fluctuations. 
Densities of Zebra mussels on stones in the River Rhine generally increase with water 
depth (A Bij de Vaate, unpublished) Water levels In this river may fluctuate several 
metres, and the normal period of low discharge (; e August-October) partly overlaps 
with the period of Zebra mussel reproduction Consequently, the probability of any 
stone being colonized will depend on its position relative to the lowest water level of 
that year Further, mussels settled above the lowest water level during higher dischar
ges, will probably die, once water levels fall to minimum levels 

Ecosystem Interactions 
In terms of biomass, the Zebra mussel is the most abundant macroinvertebrate species 
for predator species in the River Rhine including Haringvliet and Hollandsch Diep, and 
Lakes Usselmeer and Markermeer In these waters, large numbers of mussel-consu
ming ducks are mainly present from October to April Annual Zebra mussel production 
In Lake Usselmeer was estimated to be 41-102*1012 J, of which 15-26*1012 J was 
consumed by diving ducks Important Zebra mussel-consuming ducks are the Tufted 
duck (.Aythya fuhgula), Pochard {Aythya ferina), Scaup (Aythya mania). Coot (Fúlica 
atra) and Coldeneye (Bucephala clangala) In Lake Usselmeer, 1 3-2 1*1012 J of Zebra 
mussels were consumed by fish (BIJ de Vaate, 1982, Van Eerden & Zijlstra, 1986) 
Among the fish species that prey on Zebra mussels, Roach (Rutilus rutilus) and Eel 
(Anguilla anguilla) are important (De Nie, 1982) In Lake Usselmeer, Roach accounted 
for nearly all the Zebra mussels consumed by fish (Van Eerden & Zijlstra, 1986) In the 
River Rhine, however, prédation by waterfowl is probably less important as a density-
regulating factor because mussels attach to stones in single layers, which seem to 
make them unattractive prey for diving ducks (BIJ de Vaate et al, ЛЪЧТ.) Leeches 
(Clossiphonia complanata), which mainly prey on young mussels, and crayfish 
(Orconectes limosus) are important Invertebrate predators of the Zebra mussel (per
sonal observations) Piesik (1974) also reported heavy prédation of small Zebra mus
sels (shell length < 12 mm) by crayfish on hanging nets in Poland Parasites may also 
have a considerable influence on the survivorship of mussels Hlstopathological analy
sis showed, that more than 75% of the young-of-the-year mussels in the Hollandsch 
Diep were infested by a protozoan-like unidentified parasite, In Lake Volkerakmeer, 
26% of young-of-the-year mussels showed extensive and putatively lethal infestations 
of an ascetosporidlan protozoan parasite (Bowmer & Van der Meer, 1991) 

Higher densities and biomass of the following oligochaete species were found in areas 
where Zebra mussels occurred in Hollandsch Diep bmnodrilus claparedeanus, 
L hoffmeisten, Quistadnlus multisetosus, Potamothrix moldaviensis, Psammoryctides 
barbatus and Tubifex tubifex (Dudok van Heel ef al, 1992) Spaces between shells 
seem excellent sites where faeces and pseudofaeces accumulate, and high numbers of 
tubificids in these areas indicate that this benthic group may play an important role in 
the processing of faeces and pseudofaeces 
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Application In water quality management - The Lake Volkerakmeer 
case 

After being dammed from the Oosterschelde estuary In 1987, a freshwater ecosystem 
developed within Lake Volkerakmeer which is characterized by relatively high transpa
rency 0 e , Secchi depth 2-4 m) despite high nutnent loads (± 6 g Ρ m - 2 у г 1 ) (Van 
Nes, 1991a) This characteristic has resulted in large surfaces of macrophytes and large 
numbers of waterfowl In order to fulfill agricultural needs for freshwater, the lake Is 
flushed with water from Hollandsen Diep However, this water contains toxic pollu
tants and high levels of nutrients Since nature conservation and development Is a first 
priority management objective for this lake, several field experiments with Zebra mus
sels were initiated to help achieve management objectives The first experiment Invol
ved adding suitable substrate throughout the lake to Increase Zebra mussel densities 
and, thereby, lower the number of phytoplankton and Increase water transparency 
The second experiment involved placing nets at the Inlet of the lake to serve as a sub
strate for Zebra mussels and thus achieve a 'biological filter' Mussels concentrate pol
luted suspended matter by transforming the very small suspended particles into faecal 
pellets with much higher sinking rates With this in mind, studies were conducted to 
determine ways to keep large numbers of mussels on the nets and to determine what 
reduction of micropollutant loads could be realized 

Water Transparency 
As noted earlier, the amount of solid substrate probably limits the population level of 
Zebra mussels In most lakes in The Netherlands Field experiments therefore focused 
on enlarging the amount of solid substrate using natural material Since the area is of 
recent estuanne ongln, empty marine bivalve shells were used Two types of shell sub
strate (Mytilus edulis, and a mixture of Cerastoderma edule and Macoma balthica) 
were added at two different densities (10 and 30 m3 ha-1) (Table 3) Twenty experi
mental sites of 10 ha were randomly selected at depths between 2 and 10 m During 
the first spawning period (June 18, through June 27,1990) shells were spread over 
each area Prior to spreading the shells and after 5 months 40 or 50 samples were 
randomly taken in each area with a Van Veen grab (0 023 m2) Zebra mussels were 
measured to the nearest mm and counted (Van Nes, 1991b) Differences In density 
before and after shell stocking were examined A bootstrap estimate (Efron & 
Tibshirany, 1986) of the standard error of differences was used, since this method Is 
more efficient than a normal approximation, when distributions are highly aggregated, 
as was the case here Average densities of Zebra mussels increased in almost all areas 
between May and November (Figure 9) Increases were generally higher at sites 
where shells were sown than at reference sites, but differences were not significant 
(t- test) Further examination revealed that density Increases were significantly correla
ted with the relative number of samples per area of sediment type classified as 'sand' 
(Pearsons' correlation coefficient = 0 57, one-tailed p=0 007) Stepwise multiple linear 
regression yielded the equation 

I = 6 7*FSa+13 5*D-80 

In which I = increase In Individuals (number m-2), FSa = percentage of samples of 
which the sediment was classified as 'sand', D = amount of shells added (m3/ha) 
(p<0 001, n=20) From this equation, graphically presented In Fig 10, It can be con
cluded that the mean (± S E ) increase in density of Dreissena was 13 5 ± 2 9 n r 2 per 
m 3 of material sown to 1 ha of sediment No difference was found between the two 
types of shell substrate 

In Lake Volkerakmeer, Zebra mussels were small (mean shell length 8 mm In 1990) 
and consequently a density increase of a few hundred mussels per square metre did 
not result In a significant Increase In water transparency The average density of 600 
mussels per square metre in 1990 was capable of filtering the whole lake within 12 
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days (calculations with the formulas given by Reeders & Bij de Vaate, 1990). An aver
age density of 900 mussels per square metre would be needed to filter the lake every 
4 days, assuming an eventual length frequency distribution similar to that in nearby 
Haringvliet (mean length 11 mm). The eventual effect of shell stocking on mussel 
population levels and subsequent filtration capacities will become evident within the 
next few years. 

Table 3. Design of a marine shell stocking experiment In Lake Volkerakmeer to Increase the amount of 
solid substrate. 

Number of shell type 
experimental 
sites 

density 
( m ' ha-i) 

Mytilus edulls Э0 
Cerastoderma edule/Macoma batthica 30 
Myulus edulls 10 
Cerastoderma edule/Macoma batthica 10 
none 0 
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Figure 9. Differences In densities of Dreissena polymorpha before and after a marine shell stocking experi
ment In Lake Volkerakmeer (95% confidence limits are calculated with a bootstrap method). 
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Biological Filter Principle 
Plans are being made to hang vertical nets from the water surface and cover the entire 
cross-sectional area of the Inlet to Lake Volkerakmeer After being colonized by Zebra 
mussels, polluted suspended matter will be concentrated on the bottom underneath 
the nets instead of entering the lake This 'biological filter' consists of 24 ha of netting 
and should contain about 1 2 billion mussels Calculations based on the relationship 
between suspended matter content and filtration rate or pseudofaeces production 
(Reeders & BIJ de Vaate, 1990) predict that this suspension of mussels may remove 
49% of the suspended matter and, if densities of 10 000 nv2 can be reached, up to 
69% of the suspended matter may be removed Micropollutants will be reduced to 
different degrees, depending on their distribution coefficient (Kd), total loads of PCB-
153, Cd and HCB may be reduced by 45, 30 and 10%, respectively Szlauer (1974) 
described the use of vertical nets as a substratum for settlement to remove larvae from 
water Piesik (1983) discussed the role of colonized nets in eutrophication control 
However, the use of a 'biological filter' as described above will be the first large-scale 
application of this idea 
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Figure 10 Relation between increase in density of Dretssena polymorphs, the fraction of samples that 
were classified as 'sand and the amount of shells that were sown See text for linear regression 
equation 

Colonization of net substrates 
To test the principle of a 'biological filter', several field experiments were conducted in 
1989 (Reeders, 1990) Three different net substrates were hung over a mussel bank in 
Haringvliet, just before the spawning period Colonization with spat was considerable, 
on one of the substrates (polyamide/PVC/polyester, mesh size 8x8 cm) densities 
amounted to 65,000 гтг2 (mussels larger than 2 mm) However, in winter of 
1989/1990, several months after colonization, most mussels disappeared from the 
nets within a short period Possible causes of mussel loss were (1) wind action (a 
heavy storm preceded the discovery of the mussel loss), (2) prédation by waterfowl 
and/or fish, and (3) mass migration by mussels off the nets With regard to migration, 
both active and passive migration of small Zebra mussels is described by Lewandowski 
(1982), and resettling is known to occur in marine bivalves like Mytilus edulis (Bayne, 
1964) 
In 1990, nets with a mesh size of 15x15 cm were again placed over the mussel bank 
for colonization Eight nets 0 5x0 5 m were placed at depths of 1, 3, 5 and 8 m On 
eight dates between October 1990 and March 1991, one sample net was taken out of 
each row for examination Densities on the nets, sampled on October 1990, ranged 
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from 29,000-190,000 m"2 (6,500-47,000 m"2 were less than 2 mm) Mean densities 
(n=5) at 1, 3 and 5 m were 105,000, 135,000 and 71,000 nv2 respectively, while 
mean density at 8 m (n=1) was 29,000 rrr2 

After colonization, one set of nets was suspended from interconnected buoys at the 
surface, one was moved to calmer water, one was placed within cages of wire netting 
to reduce prédation, one was placed horizontally on the lake bottom (depth of 5 m) to 
recapture migrating mussels that resettle, and one was suspended just off the bottom 
by submerged buoys, again to reduce the impact of wave action Between October 
1990 and March 1991, densities gradually decreased on all nets, buta complete dis
appearance similar to 1989 did not occur The number of mussels remaining was a 
function of Initial densities, with a higher proportion of initial densities remaining when 
initial densities were lower The portion remaining (expressed as a percentage of initial 
densities) was lowest on nets that were simply left suspended from the surface over 
the mussel bank where they were subjected to wind and wave action (19-30%) The 
portion remaining was only slightly higher on nets surrounded by wire netting (30%), 
which may have been partly due to a lower initial density The limited impact of pré
dation in this experiment was probably related to the relatively small size of the mus
sels when compared to 1989 (average length in 1990 was 2-3 mm compared to 6 mm 
In 1989) This would have made mussels less attractive to waterfowl and larger fish 
(De Leeuw & Noordhuis, 1991) The highest portion of mussels remaining occurred on 
the nets that were moved to calmer water (28-50%), nets suspended just off the bot
tom (38-61 %), and nets placed horizontally on the lake bottom (76%) These prelimi
nary results indicate that wind and wave action have a considerable impact on the rate 
of density decrease, either by causing direct mechanical damage or by stimulating 
mussels to resettle On most nets, densities in May were still higher than the expected 
5000 nv2 The results presented above therefore have been considered promising 
enough to proceed toward a full-scale implementation of a 'biological filter' in the 
near future 

Acknowledgements 

The authors wish to thank Prof Dr W Admiraal of the National Institute of Public 
Health and Environmental Protection for kindly providing the veliger larvae data, Mr 
L Timmer, Mr G van Noord and Mr Ρ Blok for accurately sampling and measuring 
numerous mussels, and Prof Dr С van der Velde, Drs HA Jenner and Dr JA van 
der Velden for their valuable comments on the manuscript 

References 

Bayne, B.L., 1964. Primary and secondary settlement in Mytilus edulis L (Mollusca) 
J Amm icol 33 513 523 

BIJ de Vaate, Α., 1982. Quantification of prédation of Zebra mussels (Dreissena polymorphs) by 
Roach (Rutilus rublus) in the Lake Usselmeer area Usselmeerpolders Development Authority, 
Lelystad Report 1982-18 Abw [in Dutch] 

BIJ de Vaate, Α., 1991, Distribution and aspects of population dynamics of the Zebra mussel, 
Dreissena polymorphs (Pallas 1771) in the Lake Usselmeer area (The Netherlands) Oecologia 
(Berlin) 86 40-50 

Bij de Vaate, A , M. Creljdanus & H. Smlt, 1992. Densities and biomass of Zebra mussels in the 
Dutch part of the Lower Rhine In D Neumann & H A Jenner (Eds) The zebra mussel, 
Dreissena polymorpha ecology, biological monitonng and first applications in the water quality 
management Fischer Verlag, Stuttgart Limnologie aktuell 4 67-77 



118 

Borcherdlng, i„ 1991. The annual reproductive cycle of the freshwater mussel Dreissena poly
morphs Pallas in lakes Oecologia (Berlin) 87. 208-218. 

Borcherdlng, J. & E.D. de Ruyter van Steveninck, 1992. Abundance and growth of Dreissena 
polymorphs larvae in the River Rhine dunng downstream transportation In D Neumann & 
H A Jenner (Eds) The Zebra mussel, Dreissena polymorpha ecology, biological momtonng and 
first applications in the water quality management Fischer Verlag, Stuttgart Limnologie aktuell 
4- 29-44. 

Bowmer, C.T. & M. van der Meer, 1991. Reproduction and histopathological condition in first 
year Zebra mussels (Dreissena polymorpha) from the Haringvliet, Volkerakmeerand Hollandsen 
Diep basins TNO, Laboratory for applied marine research, Delft Report R91/132. 

De Leeuw, i. & R. Noordhuls, 1991. Predabon of Zebra mussels by waterfowl A review on lite
rature and prognosis of the impact on the efficiency of the biological filter Rijkswaterstaat, 
Riza, Lelystad Report 91 050 [in Dutch]. 

De Nie, H.W, 1982. A note on the significance of larger bivalve mollusca (Anodonta spp and 
Dreissena sp ) in the food of the eel (Anguilla anguilla) in Tjeukemeer Hydrobiologia 95:307-
310. 

De Ruyter van Steveninck, E.D., W. Admiraal & В. van Zanten, 1990. Changes in plankton 
communities in regulated reaches of the Lower Rhine Regulated Rivers, Research 4 
Management 5:67-71. 

Dudok van Heel, H.C., H. Smlt & S.M. Wlersma, 1992. Densities, biomass and species composi
tion of macrozoobenthos in the Lower Rhme-Meuse (The Netherlands) Rijkswaterstaat, RIZA, 
Lelystad Report 91 051 [in Dutch with English summary]. 

Efron, В. & R. Tlbshlrany, 1986. Bootstrap methods for standard errors, confidence intervals, 
and other measures of statistical accuracy Statistical Science 1. 54-77. 

Greljdanus-Klaas, M., 1990. Inventory of zebra mussels on solid substrates in the River Rhine 
Rijkswaterstaat RIZA, Lelystad Report 90.046X [in Dutch]. 

Griffiths, R.W., W.P. Kovalak & D.W. Schloesser, 1989. The Zebra mussel, Dreissena poly-
morpha (Pallas, 1771), in North America- impact on raw water users Ρ 11-26 In symposium: 
service water systems problems affecting safety-related equipment (Palo Alto, CA Nuclear 
Power Division, Electric Power Research Institute) 

Hebert, P.D.N., B.W. Muncaster & C.L. Mackle, 1989. Ecological and genetic studies on 
Dreissena polymorpha (Pallas)· a new mollusc in the Great Lakes Can. J Fish. Aquat. Sci 46. 
1587-1591. 

Hueck van der Plas, E.H., 1984. Heavy metals in aquabc systems, overview of the research and 
conclusions Rijkswaterstaat, RIZA, Lelystad and Deltadienst. Report 

Katchanova, A.A., 1962. The ecology of Dreissena polymorpha in the Uchmsk reservoir Vopr. 
Ekol. Vyssh. Shbala, Moscow 5. 94-95 [in Russian]. 

Leentvaar, P., 1975. Geographical distribution and biology of Dreissena polymorpha Pallas 
Hydrobiol. Bull. 9:120-122 

Lewandowskl, Κ., 1982. The role of early developmental stages in the dynamics of Dreissena 
polymorpha (Pall ) (Bivalvia) populations in lakes II Settling of larvae and the dynamics of num
bers of settled individuals Ecol. Pol. 30: 223-286. 

Morton, B.S., 1969. Studies on the biology of Dreissena polymorpha Pall III Populabon dyna
mics Proc. Malacol Soc. London 38 417-482. 

«-
Peeters, J.C.H. & WJ. Wolff, 1973. Macrobenthos and fishes of the nvers Meuse and Rhine, 
The Netherlands Hydrobiol. Bull. 7:121-126. 



119 

Pleslk, Ζ., 1974. The role of the crayfish Orconectes limosus (Raf ) in exbncbon of Dreissena 
polymorpha (Pall ) subsisting on steelon-net Pol Arch. Hydrobiol 21. 401-410. 

Pleslk, Z., 19 Э. Biology of Dreissena polymorph* (Pall ) settling on stylon nets and the role of 
this mollusc In eliminating the sesto η and the nutrients from the water-course Pol Arch. 
Hydrobiol 30. 353-361 

Readers, H.H., 1990. Mussel power in fresh water, a natural filter to counter water pollution 
Land & Water International 67 16-17. 

Reeders, H.H., Α. BIJ de Vaate & FJ. Slim, 1989. The filtration rate of Dreissena polymorphe 
(Bivalvia) in three Dutch lakes with reference to biological water quality management Freshwat 
Biol. 22: 133-141 

Reeders, H.H. & Α. BIJ de Vaate, 1990. Zebra mussels {Dreissena polymorpha) a new perspec
tive for water quality management Hydrobiologia 200/201 437-450 

Smlt, H., A. BIJ de Vaate ti A. Floole, 1992. Shell growth of the Zebra mussel (Dreissena poly
morpha (Pallas)) in relation to selected physico-chemical parameters in the Lower Rhine and 
some associated lakes Arch Hydrobiol 124 257-280. 

Smlt, H. Ь H.C. Dudok van Heel, 1992. Methodical aspects of a simple allometnc biomass 
determination of Dreissena polymorpha aggregators In D Neumann & H A Jenner (Eds) The 
Zebra mussel, Dreissena polymorpha ecology, biological monitoring and first applications in the 
water quality management Fischer-Verlag, Stuttgart Limnologie aktuell 4· 79-86. 

Szlauer, L., 1974. Use of steelon-net veils for protection of the hydro-engineenng works against 
Dreissena polymorpha Pall Pol Arch Hydrobiol. 21:391-400 

Van Benthem Jutting, W.S.S., 194Э. Dreissena polymorpha In Fauna van Nederland, Part 12, 
Mollusca. Siithoff, Leiden, The Netherlands.. 

Van Benthem Jutting, W.S.S., 1954. Mollusca Ρ 233-253 In L F De Beaufort (Ed ) Changes 
in the flora and Fauna of the Zuiderzee (at present Lake Usselmeer) after the embankment in 
1932 Nederlandse Dierkundige Vereniging, С De Boer, Den Helder, The Netherlands 

Van Broekhoven, A.L.M., 1987. The River Rhine m the Netherlands state and developments 
anno 1987 Rijkswaterstaat, RIZA, Lelystad Report 87 061 (in Dutch]. 

Van den Brink, F.W.B., С van der Velde Ь Α. bij de Vaate, 1991. Amphipod invasion on the 
Rhine Nature (London) 352. 576 . 

Van Eerden, M.R. & A. BIJ de Vaate, 1984. Values of nature in the Lake Usselmeer area An 
inventory of values of nature in the open water in the Lake Usselmeer area Usselmeerpolders 
Development Authority, Lelystad, Flevobericht 242 [in Dutch] 

Van Eerden M.R. Ь M. Zijlstra, 1986. Values of nature in the Lake Usselmeer area forecast for 
some values of nature in the Usselmeer area in case of the construction of the Markerwaard pol
der Usselmeerpolders Development Authority, Lelystad, Flevobericht 273 [in Dutch] 

Van Nes, E.H., 1991a. Lake Volkerak-Zoommeer fresh and clear Rijkswaterstaat RIZA, 
Lelystad Report 91 027, ISBN 90 369 1084 6 [in Dutch]. 

Van Nes, E.H., 1991b. Stimulating zebra mussels by stocking shells in Lake Volkerak-Zoommeer 
in 1990 Rijkswaterstaat, RIZA, Lelystad. Report 91 095X [in Dutch] 

Van Urk, C , 1976. The Zebra mussel, Dreissena polymorpha in the River Rhine H2O 9. 327-

329 [in Dutch]. 

Van Urk, G. & Α. BIJ de Vaate, 1990. Ecological studies in the Lower Rhine in The Netherlands 
In R Kinzelbach 81 G Fnednch(Eds) Biologie des Rheins Fischer-Verlag, Stuttgart Limnologie 
aktuell 1 131-145 



120 

Wall, Ν., 1978. The energy balance of the freshwater mussel Dreissena polymorphs Pallas in 
laboratory experiments and in Lake Constance IV Growth in Lake Constance Arch. 
Hydrobiol./Suppl. 55: 742-756. 

Wolff, W.J., 1969. The Mollusca of the estuanne region of the nvers Rhine. Meuse and Scheldt 
in relation to the hydrography of the area II The Dreissenidae [¡asteria 33: 93-103. 



121 

Shell growth of the Zebra mussel (Dreissena polymorpha (Pallas)) in 
relation to selected physico-chemical parameters in the Lower Rhine 
and some associated lakes 

Abstract 

Shell growth of D polymorpha was investigated in cages, placed in the Dutch part of 
the River Rhine and some lakes fed by Rhine water, viz the Usselmeer, Markermeer, 
Wolderwijd and Volkerakmeer In the Rhine growth of small Zebra mussels correlated 
positively with temperatures and seasonal average chlorophyll-a concentrations In the 
lakes seasonal growth correlated positively with seasonal average temperatures 
Seasonal growth in the Rhine generally exceeded that in the lakes, in spite of lower 
chlorophyll-a concentrations It is argued that in the investigated waterbodies the pre
sence of water currents seems to Influence growth more than the trophic status 
Water current enhances water mixing, continuously refreshes the water in the mus
sels' direct environment and prevents the mussels from smothenng with silt Seasonal 
growth was compared with data from other water bodies in Europe 
Growth rates of small mussels showed a clear positive relation with temperature 
during spring (R2=0 82, p<0 0001), starting at a minimum temperature of 3 CC The 
sum of two gauss shaped functions best fitted the growth rates of small mussels 
during the season On the basis of temperature data alone these functions were able 
to predict the growth rates well Maximum growth rates occurred at the end of May 
The subsequent depression in early summer was attributed to reproduction activities 
An increase in growth rate during August and September was frequently observed 
The subsequent decline was correlated with a temperature decline (p<0 01, R =0 56) 

Introduction 

Dreissena polymorpha (Pallas) has become an important component of the aquatic 
ecosystems of the Lower Rhine (Admiraal et al, 1993) and most of the associated 
large water bodies such as Lake Usselmeer and Lake Markermeer (BIJ de Vaate, 1991) 
A further understanding of the ecology of D polymorpha is important for several 
reasons the species causes serious fouling problems m water supply systems (e g 
Morton, 1969, Mussalli, 1992), its possible use in the restoration of eutrophic lakes by 
means of biomampulation has been discussed by Reeders et al (1989) and Reeders ¿ 
Bij de Vaate (1990) and the use of hanging cultures of D polymorpha serving as a 
biofilter for polluted suspended matter has recently been studied (Reeders & BIJ de 
Vaate, 1992) 

Previous studies have related the growth of D polymorpha to e g temperature 
(Katchanova, 1962, Kornobis, 1977, Morton, 1969, Walz, 1978b), trophic conditions 
(Stanczykowska, 1983), concentration and availability of phytoplankton (Morton, 
1971, Stanczykowska, 1975, Walz, 1987b) and current velocity (Mikheev, 1964) 
Walz (1978b) concluded that the growth of О polymorpha in Lake Constance was 
food limited Mikheev (1964) concluded that current velocity may have a strong influ
ence on growth However, most previous investigations (e g Walz, 1978b) have paid 
little attention to water current as a physical factor when interpreting growth data of 
D polymorpha 

The aim of this study was to determine which factors influence shell growth of D po
lymorpha In the Rhine and some associated lakes Accurate determination of physico-
chemical parameters in the mussels' direct environment -which would be the best way 
to investigate this- is complex and expensive We therefore wanted to test the suitabi
lity of routine water quality monitoring data for the prediction of mussel growth 
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Study Area 

Growth was investigated at several localities in the Rhine and some associated lakes 
(Fig 1) The Rhine has a catchment area of 185,000 km2 and a mean discharge of 
2200 m s'1 at the Dutch-German border In The Netherlands, the Rhine branches into 
the Rivers Ussel, Lek and Waal The Ussel forms the main water supply for Lake 
Usselmeer and Lake Markermeer. 

Figure 1. The position of the localities and water bodies in The Netherlands 

Detailed Information about these lakes and Lake Wolderwijd Is presented by Berger 
(1987) and by De Jong & BIJ de Vaate (1989) The mean depth of Lake Usselmeer is 
4 5 m The depth of Lake Markermeer varies from 2 5 m near the West bank to 4.5 m 
in the eastern part In Lake Markermeer the prevailing western winds cause higher 
particulate inorganic matter (PIM) concentrations than In Lake Usselmeer, due to the 
silty bottom Lake Wolderwijd belongs to a chain of border lakes, created by the con
struction of the Flevoland polders in Lake Usselmeer Its mean depth is about 1 7 m. 
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The Nieuwe Merwede, a downstream part of the Waal, and the River Meuse come 
together and flow through the Hollandsen Diep and Haringvliet The water quality in 
this enclosed estuary is mainly determined by the Rhine Current velocities here 
depend on the Rhine's discharge as well during high discharges (>3000 m3 s-1) the 
nver character dominates, whereas during periods of low flow (< 1700 m3 s-1) current 
velocities drop to a few cm s·1 Lake Volkerakmeer, formerly a part of the Ooster-
schelde Estuary, was dammed In April 1987 and has become a freshwater lake in 
February 1988 Lake Volkerakmeer receives water from the Hollandsen Diep and 
some local streams, and has a mean depth of 5 2 m 

Materials and methods 

Sampling sites 
In the Rhine Itself, localities have been selected at the German-Dutch border (LO), in 
the downstream section of the Ussel River branch (KA), In the Nieuwe Merwede (NM), 
the Hollandsch Dlep (HD) and the Haringvliet (HV) (Fig 1) Two localities each have 
been selected in Lake Usselmeer (Y1 and Y2), Lake Markermeer (M1 and M2) and 
Lake Volkerakmeer (VO and VE) One locality was selected on a shallow, wind-expo
sed site in Lake Wolderwijd (WO) 

Field methods 
Although both shell and son body tissue growth are known to show distinct seasonal 
patterns (Walz, 1978b, BIJ de Vaate, 1991) shell growth was chosen as a non-destruc
tive growth parameter to follow the growth of randomly selected animals in the cour
se of time Zebra mussels were collected from the bottom with a dredge net in the first 
half of March Animals used In the Ussel, Lake Wolderwijd and Lake Usselmeer were 
collected in Lake Usselmeer at Y2, animals used in Lake Markermeer between M1 and 
M2, mussels used on all other localities were collected in the Haringvliet At these sites 
the mussels occur on the scarce solid structures such as marine shells or shells of the 
species itself After collecting, the mussels were removed from their substrate by care
fully cutting the byssus threads with a scalpel For the determination of seasonal 
growth, initial shell lengths were measured to the nearest 0 5 mm using vernier calli
pers, and divided Into 1 mm size classes The mussels were placed in cages made of 
stainless steel wire netting (mesh size 2 mm) Each circular cage was divided into four 
growth chambers by wire netting Four cages were placed In a stainless steel standard, 
which was mounted on a concrete tile (Fig 2) In general 50 mussels of the same size 
class were placed in each growth chamber This number decreased to a minimum of 
ten for the largest size classes (L > 20 mm), when not enough individuals could be col
lected The standards were placed on the solid bottom or suspended from a pile (LO, 
NM, KA) near the bottom within 24 hours after collection On average the cages were 
positioned at 30 cm above the sediment Lengths of all size classes were measured 
again in November Lengths of the 5 mm size class were measured fortnightly to the 
nearest 0 1 mm In L Usselmeer and L Markermeer the mussels of this size class were 
measured using a stereomicroscope, at all other localities vernier callipers were used 
Shell length development was measured at seven localities, at the localities Haringvliet 
(HV) and Lake Usselmeer (Y2) this was done in two successive years 

Physico-chemical parameters 
Water temperature was measured at the water surface as a part of the routine water 
quality measurements at most localities These data were used to calculate the season
al average temperature Daily temperature data of L Usselmeer and L Markermeer 
have been used for growth rate analysis For the calculation of thermal heat units 
(degree days) available water temperature data were averaged over each interval 
between two successive length measurements for each site Dry weight of particulate 
suspended matter (PSM) was measured after filtration of 1 litre of water over a 0 45 
pm membrane filter and drying at 105 °C Particulate inorganic matter (PIM) content 
was determined by weighing after ignition at 600 °C Particulate organic matter 
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(POM) was calculated by means of the difference between PSM and PIM Chloride 
was analyzed in accordance with Mohr (APHA, 1985, ρ 287- 288), total phosphorus 
according to Gales eia/ (1966) and dissolved oxygen in accordance with Winkler 
(APHA, 1985, ρ 416- 419) Chlorophyll-a concentration was determined in accordan
ce with Dutch Standard Methods (NEN 6520) Water quality parameters were deter
mined monthly in Lake Usselmeer (Y1 and Y2), L Markermeer (M1 and M2), L 
Wolderwijd (WO) and Nieuwe Merwede (NM), fortnightly in the Haringvliet (HV) and 
Hollandsch Diep (HD) and weekly in L Volkerakmeer (VO and VE), the Rhine (LO) 
and the Ussel (KA) All parameters were averaged over the period from March 1 
through September 30, in which most mussel growth took place Phytoplankton com
position was determined In fixed samples which were concentrated by syphoning the 
clarified supernatant after sedimentation Depending on the species richness of the 
samples, 200- 400 randomly chosen individuals were identified to the genus or species 
level Phytoplankton biovolumes were calculated using mean dimensions of the most 
abundant taxa, some abundant taxa were classified into length size classes In accor
dance with Mikheev (1967), a phytoplankton length threshold value of 450 pm was 
chosen in determining biovolumes available for ingestion All larger particles were con
sidered to be non-available as food 

Figure 2. Side view of the standard containing four cages in which growth of Dreissena polymorphs was 

measured and of one cage containing four growth chambers A stainless steel construction 

В cage, С concrete tale 

Current velocity estimations 
At the river localities, current velocity was calculated by dividing the mean discharge 
over the period of investigation by the cross-sectional surface In the Nieuwe 
Merwede, Hollandsch Diep en Haringvliet, where some tidal movement Is still present, 
mean ebb discharge was calculated with the aid of the ZWENDL computer program
me, which solves numerically the one-dimensional shallow water equations (Dronkers, 
1975) In lakes, wind forces generate circulation flow and wave induced turbulence 
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flow Wave induced current was supposed to have the greatest influence on actual 
current velocities at the lake localities Wave induced current velocities at 30 cm above 
the bottom surface - the average position of the cages - were estimated using the 
empmcal wave prediction formula (CERC, 1973) The input in this formula consisted 
of a wind force value occunng under average circumstances (6 m s-1 from SW direc
tion), the fetch in SW direction - the prevailing wind direction in The Netherlands - , 
and the mean depth The linear wave theory (Kinsman, 1965) was used to calculate 
the velocity at 30 cm above the bottom 

Statistical methods 
Four different growth curves were tested to determine which one best described the 
relationship between initial shell length and seasonal shell length growth the linear, 
second order polynôme, power and exponential curves Observed measurements were 
regressed against predicted values of the curves The best fit was determined on the 
basis of the highest correlation coefficient of the observed and predicted values The 
growth curves were used to calculate the expected seasonal growth (SG) of a small (6 
mm SG6) and a large (20 mm SG20) sized mussel Pairwise Pearson correlation coef
ficients of SG6, SG20 and seasonal averaged temperature (T), chlorophyll-a (CF), par
ticulate organic (POM) and Inorganic matter (PIM) were calculated 

Several regression equations were tested to find the best fit with the growth rate data 
of the 5 mm size class Since the timing of the routine physico-chemical measurements 
did not coincide with that of shell length measurements, physico-chemical data were 
averaged or interpolated over the intervals between successive shell length measure
ments 
In the statistical analysis the localities were divided into two categories lake and river 
localities The intermediate localities Hollandsch Diep (HD) and Haringvliet (HV) were 
treated as river localities 

Results 

Environmental conditions 
The river and lake localities are characterized by different ranges of various physico-
chemical parameters, the river localities showing higher current velocities, higher tem
peratures and lower chlorophyll-a concentrations (Table 1) An exception is the locality 
in Lake Wolderwijd (WO), where a wave induced current with a velocity comparable 
to that at the river localities was present 

At the river localities, available phytoplankton biovolumes were almost equal to total 
phytoplankton biovolumes (Table 4), since they mainly consisted of small diatoms In 
L Usselmeer an important part of algal biovolumes consisted of algal aggregations, 
however, the fraction available for ingestion still exceeded that of the river localities 

Seasonal growth 
The dependence of seasonal growth on initial shell length was best described by a 
second order polynôme curve for all measurements (17 cases, 16 size classes) in the 
Lakes Usselmeer, Markermeer and Wolderwijd, at all other localities an exponential 
curve produced the best fit (Table 2) Examples of both types of regression are given 
in Fig 3 The mean difference between the observed and predicted growth of each 
size class never deviated significantly from zero (p>0 05) This implies that no systema
tic underestimation or overestimation of growth over specific size class ranges was 
observed The deviations of the observed values from the regression line may there
fore be considered as non-systematic errors 

Seasonal growth at the river localities generally exceeded that in the Lakes Usselmeer, 
Markermeer and Volkerakmeer (Fig 4) Only in Lake Wolderwijd was the growth of 
small mussels (SG6) similar to values found at the river localities Significant positive 



correlations were found between seasonal growth data for all localities and temperatures 
(p<0 001), while a negative correlation was found with chlorophyll-a concentrations 
(p<0 05) This was due to the coincidence of higher chlorophyll-a concentrations at the 
lake localities with lower seasonal growth values 

20 

15 

10 

070L) 

SG = 14 4 ' exp (-0 066L) 
R2 = 0 97 

10 20 
initial shell length (mm) 

30 

+ NM 1988 

• HV 1988 

20 

10 

5 -

SG = 14 7-0 82L + 00125L 
R2 = 0 99 

10 20 
initial shell length (mm) 

A Y21982 

V M2 1984 

Figure 3 Seasonal shell growth (SC(mm)) related to initial shell length (L(mm)) of Dretssena polymorphs A Nieuwe 
Merwede (NM 1988) and Haringvliet (HV 1988) В Lake Usselmeer (Y2 1982) and Lake Markermeer (M2 
1984) 

At the lake localities the growth of both small and large mussels was positively correlated 
with temperature (p<0 01), as is shown by the regression line in Fig 4 Seasonal growth 
data of all lake localities were not correlated with chlorophyll-a concentrations the sea
sonal growth values in Lake Volkerak fitted well in the range of growth values found in 
Lake Usselmeer and Lake Markermeer, where chlorophyll-a concentrations are 3 to 5 
times higher (Fig 4d) However, a significant (p<0 05) positive correlation was found 
between seasonal growth of small mussels in Lake Markermeer and chlorophyll-a 
concentrations Temperatures and chlorophyll-a concentrations In Lake Markermeer were 
not correlated (p=0 30) 

At the river localities seasonal growth of small mussels showed a positive correlation with 
average temperatures and chlorophyll-a concentrations Since average temperatures and 
chlorophyll-a concentrations are correlated (Table 3) it is not possible to identify which 
factor mainly correlates with seasonal growth here 
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Figure 4 Seasonal growth (mm) of small (initial length 6 mm SG6) and large (initial length 20 mm SC20) Dreissena 
polymorph» related to A) B0 average temperature Г С) and С) D) chlorophyll-a concentrations (pg И ) Period 
of averaging M a r c h i September 30 1) river localities 2) lake localities 

Table 2 Regressron equations of seasonal shell growth (SO of D polymorphs in different water 

bodies related to initial shell length (L) 

waterbody 

Lake Usselmeer 

Lake Markermeer 

Lake Wolderwljd 

Lake Volkerakmeer 

Rhine 

Nieuwe Merwede 

Ussel 

Hollandsch Dlep 

Haringvliet 

locality year 

W O 

VO 

VE 

LO 

KA 

HD 

HV 

1981 

1982 

1984 

1981 

1982 

1983 

1984 

1985 

1987 

1981 

1982 

1983 

1982 

1983 

1984 

1985 

1987 

1988 

1988 

1987 

1988 

1987 

1988 

1987 

1987 

1987 

1988 

regression equation 

: 15 1 093 L +0014 L2 

= 14 4 071 L +0008 L2 

И 0 4 O68L + 0011L 2 

= 169 118L + 0023L 2 

И 4 7 082L + 0013L 2 

= 12 0 057 L +0006 L2 

= 118 073L + 0012L 2 

= 157 110L + 0020L 2 

= 13 6 0 62L + 0OO9L2 

.171 130L + 0027L 2 

= 16 9 0 97 L + 0 015 L2 

= 13 2 - 080 L +0012 L2 

= 17 3 - 1 2 4 L + 0 0 2 5 L 2 

= 129 075L + 0010L 2 

= 10 2 -0 58L + 0007L 2 

= 10 3 076 L +0016 L2 

= 171 077L + 00O4L2 

= 18 7e°115L 

: 1 7 5 e 0 0 9 4 L 

= 189e0064L 

= 207eOO e 1 L 

: 3 0 0 e 0 070L 

= 22 3e°°™-
: 17 9e 0 076L 
= 18 8e 0 0 6 8 L 

: 1 6 0 e 0 0 6 1 L 

! l 4 4 e 0 0 6 6 L 

range [mm] 

6 22 

3 24 

6 24 

6 21 

3 29 

5 23 

5 25 

5 24 

5-16 

5 23 

3 25 

5 26 

3 22 

5 25 

5-24 

5 24 

5 20 

5 22 

5 22 

5 25 

5 23 

5 23 

5 23 

5 24 

5 24 

5 22 

5 22 

0 98 

0 95 

0 97 

0 98 

0 99 

0 99 

0 99 

0 98 

0 94 

099 

099 

099 

0 98 

099 

0 96 

0 98 

098 

096 

0 98 

096 

091 

096 

0 90 

098 

0 93 

0 96 

0 97 
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Table 3 Pairwise Correlation Matrix of expected seasonal shell growth of small (initial shell length 6 mm 

SG6) and large (initial shell length 20 mm SG20) D polymorpha temperature (T) chlorophyll-a 

(CF) particulate organic matter (POM) and particulate inorganic matter (PIM) in A) nver 

localities (n=8 for all pairwise correlations) and B) lake localities (T SG6 SG20 n=18 CF n=17 

POM PIM n= 15) 

A 

SG6 

SG20 

CF 

Τ 

PIM 

POM 

SG6 

1 000 

SG20 

0 689 

1 000 

CF 

0 796* 

0 342 

1 0 0 0 

Τ 

0 793* 

0 1 0 6 

0 8 1 2 ' 

1 000 

PIM 

0 584 

0 110 

0 421 

0 714 

1 000 

POM 

0 7 1 4 

0 076 

0 777 

0 905* 

0 876* 

1 000 

SG6 SG20 CF PIM POM 

SG6 

SG20 

CF 

Τ 

PIM 

POM 

1 000 0 799** 

1000 

-0 270 

0 055 

1000 

0 609* 

0 7 4 7 " 

-0 108 

1000 

0 155 

-0 166 

0 367 

0 406 

1 000 

0 221 

0112 

0 042 

-0 296 

0 386 

1 000 

1 tailed p<0 01 * · 1 tailed p<0 001 

Table 4 Phytoplankton biovolumes at nver and lake localities (see text) and minimum biovolumes that 

can be ingested by D polymorpha values are averages over the period March 1 through 

September 30 

waterbody 

Lake Usselmeer 

Lake Markermeer 

Lake Volkerak 

Lake Wolderwijd 

Nieuwe Merwede 

Hollandsen Diep 

Haringvliet 

site 

Y1 

M 1 / M 2 4 ' 

VO 

VE 

WO 

NM 

HD 

HV 

year 

1983 

1984 

1982 

1983 

1984 

1988 

1988 

1987 

1988 

1987 

1987 

1988 

biovolume (mm' I ^) 

total 

932 

893 

36 7 

1 8 2 

28 3 

2 2 

1 4 

21 

9 3 

22 

15 

1 7 

available' 

21 

22 

30 5 

1 6 4 

27 2 

2 1 

1 4 

18 

9 3 

21 

15 

1 7 

dominant group 

Вас Су 

Chi Вас 

Chi 

Chi 

Chi 

Вас Chi 

Вас Chi 

Chi 

Вас 

Вас 

Вас 

Вас 

Вас Bacillanophyceae Chi Chlorophyceae Су Cyanobactena 

1) All individuals with length <450 pm 

2) Including threads of Melosira granulata (Ehrb ) Ralfs (April) and tnchomes of Oscillatoria agardhii 

Gom and/or Aphanizomenon flos aquae (L ) Ralfs (August) 

3) Including threads of Melosira granulata and large colonies of Astenonella formosa Hass 

4) Locality between M1 and M 2 
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Growth rate 
Growth rate of small mussels (initial length 5 mm) was best described by the sum of 
two gauss shaped functions 

G W f = G W e x p ( t - D1)2 + G2 m „ 'exp(t - D2)2 

2S2 2S2 

where 
t = the day number (counting from January 1) 
G(t)f = the growth rate (mm day-1) fitted with shell length data 
Gmax = a constant expressing the maximum growth rate (mm day1) of the first 

(C1max) or the second (G2ma)() peak 
D1, D2 = the day number of the first and second peak 
S = a constant expressing the width of both curves 

Highest maximum growth rates were observed in the Rhine at the localities LO and 
NM (Fig 6) D1 varied a few days only in most cases (Table 5) D2 showed more 
variation, having the lowest value at Y2 (1984) and the highest one at LO and NM 
The second growth peak was most conspicious at the Rhine localities LO and NM On 
average, maximum growth rates occurred at day 152 (June 1) and day 244 
(September 1) During further analysis D1 and D2 were set at these values 

Growth rate data before day 148 were correlated with both chlorophyll- a concentra
tions (p<0 05, R2=0 20) (Fig 5a) and temperatures (p<0 0001, R2=0 82) (Fig 5b) 
The positive growth rate data after day 259 were also correlated with temperature 
data (p< 0 01, R2= 0 56) (Fig 5c) Correlations with temperature data were obtained 
using the power equation 

G(t)o = a(T| - T m l n ) b 

where 
G(t)o = the observed growth rate (mm day1) 
T, = the average water temperature on the growth interval (°C), 
Tmm = a constant expressing the minimum temperature for shell growth 

As the power b was found to be very close to 2 in both cases, the power was set to 
this value without a noticeable effect on the R2's Since the strongest correlations were 
found between growth rates and temperatures, the regression equations 

G(t)o = 0 63*10-3(T-3)2 
in which T > 3 0°C and t<day 148, R2 = 0 82, η = 39 

and 

G(t)O = 0 47*10"3(T-7)2 
in which Τ > 9 7 °C and t > day 259, R2 = 0 56, η = 17 

were used to predict growth rates from growth interval averaged water temperatures 
Growth rates predicted from temperatures were used to estimate G1 m a ) ( , G2 m a x and S 
of the two gaussic functions This resulted in a growth rate model, in which the input 
only consisted of water temperature data before May 28 and after September 7 
(Fig 6) The R2's of the fit between growth rates predicted by this model and the 
observed growth rates, are on average 13% lower than the R2's from the direct fit 
The highest R2's were found at the Rhine localities LO and NM The lowest R2's refer 
to the cases M1 and Y2 (1984), in which the timing of the peaks considerably devia
ted from the fixed average values of the model 
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ure 5. Shell growth rates (mm d-') of Dreissena polymorpha with initial length of 5 mm related to A) chlorophyll-a concentra

tions, B) average temperature all growth rate data before day 148, and C) average water temperature all positive growth 

rate data after day 259. 

Table 5. Parameters of two gaussic functions estimated from growth rate and temperature data 

For explanation see text 

fitted with 

Water body 

L Usselmeer 

L Markermeer 

L Volkerakmeer 

Rhine 

Nieuwe Merwede 

Haringvliet 

Loc 

Y2 

M1 

vo 
VE 

LO 

NM 

HV 

Year 

1983 

1984 

1984 

1988 

1988 

1988 

1988 

1988 

growth data 

d m « 
(mm d 

0 101 

0 075 

0 062 

0 089 

0 077 

0 131 

0 148 

0 107 

1) 

0 010 

0 053 

0 032 

0 023 

0 056 

0 055 

0 057 

0 016 

D1 

153 

143 

138 

155 

151 

153 

152 

153 

D2 

223 

211 

231 

247 

243 

252 

255 

229 

S 

34 

24 

25 

32 

34 

32 

33 

32 

RJ 

0 87 

0 85 

0 85 

0 84 

0 75 

0 89 

0 98 

0 91 

temperature data 

C 1 m « G 2 m i x 

(mm d_ 1) 

0 069 0 031 

0 079 0 037 

0 049 0 030 

0 085 0 047 

0 084 0 046 

0 1 3 7 0 086 

0 152 0 058 

0 104 0 039 

S 

33 

31 

30 

30 

30 

32 

30 

33 

R2 

0 75 

0 62 

0 62 

0 72 

0 67 

0 85 

0 89 

0 80 

Shell length Increment during the season 
During the first 1,300 degree days cumulative growth related to the sum of tempera
ture was very similar for river and lake localities and amounted 4-5 mm (Fig. 7). In the 
Rhine (LO, 1988) degree day 1,300 coincided with day 145 (May 24) and in Lake 
Markermeer (M1, 1984) with day 182 (July 30). By then the mussels have grown to a 
length of 9-10 mm. Main differences in total shell growth were generated after the 
first 1,300 degree days and showed no clear relation with temperature. 
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Figure б Shell growth rate (mm day-1) during the season Observed growth (+), sum of the gauss shaped functions fitted with 

observed growth data (---), sum of two gauss shaped functions fitted with growth data which are predicted from tempe

rature data ( ) with two temperature-growth regression equations (for explanation see text and Figure 5) 



1 

20 г 

1β 

16 

.*Ά" 

^ύΕ 

14 - + * 4 „ „ 14 

12 • * * . · * * * 1 2 l· 

1 0 - . . . · · · · · 'O 

β . • · · " β 

6 - • · 6 
л 

4 • • 4 
2 . + * 2 

Л I itffl l i l i 1 Q 
0 1000 2000 3000 4000 SOOO 0 1000 2000 3000 4000 

cumulative temperature (degree days) cumulative temperature (degree days) 

+ NM 1988 · Ml 1984 
• LO 1988 • Y2 1984 
• HV 1988 • VO 1988 

7 Total shell growth during the season (mm) of Dretssena polymorphe (initial length 5 mm) related to thermal units (degree 

days C O ) A Rhine (LO 1988 NM 1988) and Haringvliet (ΗV 1988) В Lake Markermeer (М1 1984) Lake IJsselmeer 

(Y2 1984) and Lake Volkerakmeer (VO 1988) 

Comparison with other waterbodies 
Seasonal growth data from our experiments were extrapolated over several years to 
make shell growth comparable with data from other studies (Fig 8) In Lake IJsselmeer 
growth was similar to that in Mazunan lakes (Stanczykowska, 1964), whereas the 
growth in the River Rhine at Lobith was Intermediate between values found in Lake 
IJsselmeer and the Mazunan Lakes on the one hand and the very high values found by 
Clarke (1952) In a raw water main and by Morton (1969) In a waterworks basin on 
the other Little suitable growth data are as yet available from running waters Growth 
in the Rhine exceeded that in the River Elbe (North Germany), where growth (period 
May 1 through December 11,1989) of large mussels (initial length 23 4 mm) amoun
ted only 1 4 mm This was attributed to the bad water quality (ARGE Elbe, 1991) 

Discussion 

The minimum temperature at which shell growth occurs Is estimated to be 3 0 °C in 
this study (Fig 6a) This is much lower than the lower limits reported by Katchanova 
(1962) and Morton (1969) 11 °C and 12 °C respectively The 3 °C lower limit is sup
ported by observations of filtration rates Reeders & Bij de Vaate (1990) found a 
strong increase in the filtration rate above 3 °C, while Smirnova (personal communica
tion) reported a lower limit of 3 °C for filtration 

The correlation between growth rate and temperature is lost in early summer, when 
the young mussels have reached a length of 8-10 mm At this length D polymorphe 
is able to produce gametes (Borcherding, 1990) Antheunlsse (1963) also found 
growth of oocytes In females of 8- 9 mm and larger The decline in growth rate must 
be caused by the allocation of energy for reproduction Ash-free dry weight of 1 + 
Zebra mussels In Lake IJsselmeer, with an initial length of 5 5 mm, decreased from 
12 0 mg at the end of June to 7 6 mg in the first half of August (Blj de Vaate, 1991) It 
is as yet unclear to what extent older mussels exhibit the same growth rate pattern 

It is also possible that the mussel shows a different behaviour, resulting in reduced 
growth rates during spawning Newell & Thompson (1984) found a reduced filtration 
activity of Mytilus eduhs L during spawning 
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Figure 8 Development of shell length of D polymorphs over several years in five different water bodies 

in Europe 1 Reservoirs of the London waterworks, Morton (1952) 2 Clarke (1952), 3 Rhine 

(LO) 1987 and 1988 (present study 4 Stanczykowska (1964), 5 Lake Usselmeer (average of Y1 

and Y2 over 1981-1983 present study) 

Walz (1978b) found a rapid initial shell growth of the 1+ generation - comparable to 
the 5 mm size class of the present study- in Lake Constance during March and April, 
followed by a period of slow growth in May and June, and a second period of growth 
from July until the second half of September This pattern coincides with that observed 
at several localities in this study Only the maxima seem to occur earlier than those 
observed in this study, which is probably related to the moment that water temperatu
res start to rise The dataset used in this study was not sufficiently large to give an 
accurate estimation of the timing of first maximum from temperature data 

We must disagree with Walz' conclusion that the low growth rates during May and 
June were caused by lack of food An ample food source was present in Lake 
Constance, since concentrations of the diatom Stephanodiscus hantzschu Grün were 
relatively high As the Stephanodiscus cells in the Lower Rhine mainly originate from 
Lake Constance, their dimensions in the Lower Rhine may be compared with the cells 
of Walz' study Measurements (unpublished data A G Klink) have shown that their 
diameter seldom exceeded 25 pm, which is much lower than the upper limit (450 pm) 
for ingestion (Mikheev, 1967) and fits well within the range (diameter 15-40 pm) of 
particles that are actively selected by D polymorpha (Ten Winkel & Davids, 1982) 

Reproduction during May and June is probably the cause of the temporary cessation 
of growth 

The similarities in cumulative growth during the first 1,300 degree days and the large 
differences occurring afterwards indicate that other factors determine growth during 
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summer The decline in growth rates after the second maximum may be related to the 
lowering temperatures It is possible that the temperature decline would induce the 
resting period, which starts in September (Borcherding, 1990) 

The assumption made so far that the chlorophyll-a concentration indicates the 
amount of food present for Zebra mussels seems to be justified for at least the river 
localities River phytoplankton mainly consists of small diatoms that are effectively fil
tered, since the Zebra mussel is able to use particles larger than 0 7 pm (Sprung & 
Rose, 1988), as well as 90% of the particles with 1 pm diameter (Jargensen et al. 
1984) At two lake localities (Y1 and Y2) chlorophyll-a concentrations overestimate 
the amount of available algal food, since filamentous algae are frequent here and 
D polymorphs is unable to ingest some of the larger particles The non-filamentous 
fractions of the algal biovolumes in Lake Usselmeer still exceeded or equalled total 
algal biovolumes at the river localities (Table 4) Consequently, the occurrence of fila
mentous algae cannot be the cause of the observed differences in growth between 
river and lake localities In Lake Usselmeer the chlorophyll-a concentrations may there
fore at least be regarded as an approximate indicator of the presence of algal food 

Contrary to our findings at the lake localities, Stanczykowska et al (1983) found a 
higher growth of D polymorpha in the eutrophic Lake Jorzec than in other Mazunan 
lakes, which they attnbuted to more suitable trophic conditions for the mussels Walz 
(1978b) also explains variations in growth in Lake Constance during the season from 
differences in phytoplankton concentrations rather than from other physico-chemical 
or biotic factors 

In the Rhine and its associated lakes, trophic status seems to influence growth less 
than the presence of water current Our findings are in agreement with other investi
gations on D polymorpha Kornobis (1977) found that Zebra mussels on objects in 
the water column, at a depth of 0 8 -1 m, grew much better than those on the bot
tom, at a depth of 2 m Recently settled mussels in Lake Usselmeer grew twice as fast 
on a buoy at the surface than on the experimental stands near the bottom (Bij de 
Vaate, 1991) Katchanova (1962) reported a twofold growth rate of D polymorpha in 
water conducting channels compared to neighbouring reservoirs In a Volga hydroe
lectric power station shell growth was enhanced by moderate current velocities (<0 5 
m s-1), but decreased again when current velocities exceeded 15 ms-1 (Mikheev, 
1964) Winter (1978) concluded that the growth of Lamellibranchiata in aquacultures 
is maximized when mussels are maintained at a constant optimum food level by 
replacement of food removed per unit of time A constant water current, even at velo
cities of a few cm s_1, may fulfill these conditions 

Other processes may also be involved in the enhancement of growth by water cur
rent 
- Water current may prevent Zebra mussels from smothering by silt 
- Water current velocity determines the amount of food the mussel encounters per 

unit of time Hence, the enhancement of the filtration rate by flow - which was 
demonstrated for five marine bivalve species by Walne (1972)- is needed to enable 
the animals to ingest the larger amount of food offered to them Higher flow rates 
have also been shown to enhance growth of small Ostrea eduhs L and Crassostrea 
gigas Thunb (Walne, 1972) 

- The role of water current in oxygen supply and removal of excretion products may 
be important, but is considered of minor importance in the present study At the 
localities studied it is very improbable that the Zebra mussels exhaust the oxygen in 
the immediate environment before the phytoplankton is exhausted according to 
Dorgelo & Smeenk (1988) the respiration of a large mussel (length 20 mm) at 20°C 
amounts to 2 2 mg of oxygen per day, while even at a low filtration rate of 50 ml h 1 

and a reduced oxygen content of 5 mg M the gills of the mussel would encounter 
6 mg of oxgen 
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Consequently it is more likely that a correlation between growth and food concentra
tion is found in running waters 

According to experimental observations by Walz (1978a) In well stirred containers, 
growth is food limited when algal concentrations are below 2 mg С I-1 Assuming а С 
to chlorophyll-a ratio of 25 (Lmgeman-Kosmershock, 1978), this means that growth is 
food limited as long as chlorophyll-a concentrations are below 80 μg l·1 This threshold 

value was exceeded only on a few occasions for all river localities in the periods of 

investigation The positive correlation at the river localities between the seasonal 

growth of small mussels and mean chlorophyll-a concentrations (Fig 4c) indicated 

that shell growth was probably limited by the amount of food present in the water 

during summer and autumn here 

Conclusions 

- Temperature and chlorophyll-a data -measured at the water surface at at least 

monthly Intervals- can to a certain extent predict Zebra mussel growth in running 

waters In standing waters temperature data can be used for this purpose 

- The clear relation between growth rates and temperatures during spring indicates 

that temperature must be a determining factor in this period 

- The presence of water current has a considerable influence on growth rates and sea

sonal growth, hydrodynamic processes deserve therefore more attention in the 

understanding of mussel behaviour under natural conditions 

- Growth rates during the season can suitably be described by the sum of two gaussic 

functions On the basis of temperature data alone these functions are able to predict 

the growth rates well 
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Life cycle patterns, density, and frequency of deformities in Chironomus 
larvae (Diptera: Chironomidae) over a contaminated sediment gradient 

Abstract 

Along a gradient of contamination in Lake Vossemeer (where contaminated sediments 
from the River Rhine are deposited out), Chironomus cf plumosus larvae occurred at 
lower population densities and with higher frequencies of deformities as the contami
nation levels increased At the least polluted sites, the frequency of larval deformities 
was elevated only slightly compared with reference levels At these sites С cf plumo
sus had a bivoltme life cycle and overwintered in the fourth larval instar stage At 
moderately contaminated sites, the percentage of prepupal larvae was significantly 
lower in spring and the development of pupae delayed by 2 weeks At heavily conta
minated sites, larval densities were strongly reduced and no pupae were observed at 
all Under such conditions, population density seems to be a suitable additional indica
tor of toxic stress The frequency of deformed larvae was higher from November to 
April than from July to October Maximum frequencies were observed during emer
gence of the overwintering generation suggesting that the period between February 
and April may be the most suitable period for the assessment of this parameter 

Introduction 

Several studies have demonstrated the occurrence of deformities in the mouth parts 
and antennae of chironomid larvae (Hamilton & Saether, 1971, Hare & Carter, 1976 
Warwick, 1980a, 1980b, 1980c, 1985, 1988, 1989, 1990a, 1990b, 1990c 1991 
Wiederholm, 1984, Van Urk & Kerkum 1987, Warwick et al, 1987, Warwick & 
Tisdale, 1988, Pettigrove, 1989) The frequencies of deformities were generally higher 
at localities in which high concentrations of contaminants were present or might be 
assumed to be present in the environment because of the proximity of waste water 
discharges (Wiederholm, 1984, Van Urk & Kerkum, 1988, Warwick 1988) 

Warwick (1988) reviewed current literature and concluded that the potential for using 
chironomid deformities as an indicator of toxic stress in aquatic systems was excellent 
However, a major problem remains the scarcity of experimental data on the induction 
of deformities by particular contaminants There is some experimental evidence that 
heavy metals cause deformities in the epipharyngeal pectén of Chironomus species 
(Kosalwat & Knight, 1987, Van de Ouchte & Van Urk, 1989) This presents promising 
evidence for some specificity of response, but so far no single contaminant or class of 
contaminants has been found to which induction of mentum deformities can be 
directly attributed Consequently, the nature of information that the frequency of 
mentum deformities imparts remains unknown, do elevated frequencies merely indica
te the presence of toxic stress, or does this variable provide a reliable index of the 
extent of contamination' Another problem is the lack of baseline data on the frequen
cy of deformities in natural, unstressed populations Spatial and temporal variations 
may also render the interpretation of data more difficult (Warwick, 1988) 

The purpose of this paper is to quantify as much as possible the relationship between 
the extent of contamination and the frequency of deformities under field conditions If 
elevated deformity frequencies are induced by toxic compounds, one might expect 
that the parameters of population dynamics like growth rate, rate of emergence and 
population density would also respond to differences in contamination levels To that 
end, we also explored the relationships between the degree of contamination and 
population dynamics 
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In most studies, either the frequencies of deformities were low (<10%) or chironomid 
population densities were much reduced at the most heavily impacted sites (e g Hare 
& Carter, 1976), so that considerable additional effort would be required to establish 
any measure of seasonal variation in deformity frequencies In our study area in The 
Netherlands, however, relatively high population densities in conjunction with high 
frequencies of deformities are not unusual and provide a unique opportunity to study 
seasonal variations in the frequency of deformities and the population dynamics of 
Chironomus cf plumosus larvae 

Materials and methods 

Study Area 
The study area Is situated near the mouth of the River Ussel, a branch of the River 
Rhine in The Netherlands The Ussel flows into the Usselmeer, a freshwater reservoir 
created in 1932 by the closure of a dike separating the Zuiderzee, an inland sea, from 
the North Sea The study area, now called the Vossemeer, is a long narrow lake 
between the former coast line and the dike of the Flevoland polder (Fig 1) At the 
western end, the lake is about 2-3 m deep In this area, large amounts of the suspen
ded sediments carried by the Ussel settle out forming a submerged delta, the thickness 
of which decreases with increasing distance from the mouth of the Ussel Four sam
pling stations were sited in this area (Fig 1 ) The remainder of the lake, except for the 
shipping channel, is shallow The bottom consists mainly of sand, only at the southern 
end of the Vossemeer in the shipping channel is mud present, resulting in a bottom 
composition roughly similar to that at Site 4 Two additional sampling sites (Sites 5 and 
6) were chosen In this area An uncontaminated reference site (R) was chosen in the 
neighbouring Veluwemeer (52°22'N, 5°38'E) without river influence for purposes of 
comparison 

Figure 1. Location of the study area in The Netherlands Sampling sites are indicated by the numbers 1-6 

Polder = reclaimed land 

The mean grain size of the sediments at Sites 4-6 was considerably greater than at 
Sites 1 -3 (Table 1 ) Clay size content was noticeably low at all sites Kjeldahl nitrogen 
content at Sites 1 and 4 were intermediate between the low values at Sites 5 and 6 
and the high values at Sites 2 and 3 The pattern for organic carbon was somewhat si
milar to Kjeldahl nitrogen, but no discernible pattern was evident for total phosphorus 
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Table 1 Physical and chemical characteristics of the upper 10 cm of sediment at the sampling sites 
(1 -6 and reference R) in the Vossemeer 

Parameter 

Dry matter 
Organic carbon 
Kjeldahl-N 
Total-P 

Sand > 60 μπι 
Silt 2- 60 μπι 
Clay < 2 μπι 

units 

% 
% 
mgg-1 

mgg-1 

% 
% 
% 

1 

42 
3 4 
4 3 
0 6 

35 
59 
6 

2 

35 
6 1 
24 β 

0 8 

13 
81 
6 

3 

33 
6 0 
21 4 
0 9 

12 
81 
7 

4 

45 

2 8 
9 7 
0 5 

53 
45 
2 

5 

48 

2 2 
2 1 
0 6 

48 
50 
2 

6 

49 
2 4 
1 8 
0 5 

62 
36 

2 

R 

47 

2 8 
0 1 
0 5 

31 
58 
11 

The sediments at Sites 1-4 clearly show the effects of pollutant inputs from the Rhine 
(Table 2) After correction for organic carbon content and particle size (Van der Kooy 
et al, 1991 ), almost all persistent organic contaminants and some heavy metals 
showed a definite clustering of high concentration values around these four sites 
Some of the less persistent or volatile substances such as PCB-52 showed a definite 
concentration gradient, declining in concentration outward from the mouth of the 
Ussel The relatively low concentrations of hexachlorobenzene (HCB) and trace metals 
at Site 1 may be the result of decreased loadings borne by the Ussel in recent years 
However, the consistent decrease in concentration in all trace metals from Site 3 
toward Site 1 suggests dilution by mineral sediments which are deposited out with the 
drop in hydraulic energy at the river mouth The decrease in loadings observed in 
recent years for substances such as cadmium does not yet seem to have resulted in 
any appreciable decrease of sediment concentrations 

Concentrations of heavy metals at Sites 5 and 6, although low, were still higher than 
background concentrations at Site R Organic contaminant concentrations were below 
detection limits at these sites 

Table 2 Concentrations of selected contaminants at the six contaminated sites in the Vossemeer and the 
uncontaminated reference site (R) in the Veluwemeer 

Parameter 

Cd 

Hg 
Pb 
Cu 

Fluoranthene 
Benz(a)pyrene 
Indenopyrene 

HCB 
PCB-52 
PCB-153 
PCB-180 

units 

mg kg-1 
mg kg-1 
mg kg"1 

mg kg"1 

mg kg-1 
mg kg-1 
mg kg-1 

Mg kg"1 

Mg kg - 1 

Mg k g - 1 

Mg kg"1 

1 

3 4 
1 1 
85 
64 

1 8 
1 2 
3 1 

47 
38 
27 

14 

2 

6 2 
2 7 

134 
109 

2 8 
1 6 
1 5 

195 
18 
41 

22 

3 

6 7 

3 9 
135 
111 

2 1 
1 1 
0 9 

35 
16 
31 
17 

4 

3 1 
1 3 
71 
55 

0 4 
0 4 
0 5 

11 
9 
14 
9 

5 

2 7 
0 7 
44 
29 

<0 1 
<0 1 
< 0 1 

<1 
<1 
<1 
<1 

6 

1 6 
0 5 
38 
20 

<0 1 
< 0 1 
<0 1 

<1 
<1 
<1 
<1 

R 

< 0 3 
0 2 
8 
7 

< 0 1 
< 0 1 
<0 1 

<1 
<1 
<1 
<1 

Sampling and Analysis 
Ten replicate samples were taken at Sites 1 to 6 fortnightly from February through 
November 1987 and monthly from March through May 1988 with a 0 0225 m 
Ekman grab At a minimum, the upper 0 15 m of sediment was sampled Preliminary 
observations demonstrated that most Chironomus larvae occurred at a depth of 0 05 -
0 10 m, below 0 15 m, very few larvae were found The sediments were sieved 
through a sieve of 0 5 mm mesh The efficiency of the sieving process was assumed to 
be nearly complete for third- and fourth-instar larvae and for pupae of Chironomus 
Larvae and pupae were sorted from the sieve by hand and preserved in the field in 
80% ethanol 
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All larvae were identified and checked for mentum deformities in the laboratory The 
larvae were cleared by heating in 40% potassium hydroxide and mounted in glycerol 
on temporary slides for microscopic examination All Chironomus larvae were identi
fied to species according to Webb & Scholl (1985) To check the larval identifications, 
about 100 larvae were brought into the laboratory in April 1987 and reared on 
Tetramine· fish food Emerging male imagos were identified according to Strenzke 
(1959) and Pinder (1978) Contrary to the larvae, which were identified as Ch mura-
tensis, the reared adult males were identified as СЛ plumosus Ch muratensis is a 
member of the plumosus complex Because of the resulting uncertainty the species 
dealt with in this study has therefore been named Ch cf plumosus 

Mentum deformities were scored, using the criteria from Warwick (1988), who consi
ders any departure from the normal pattern of the mentum as a deformity 
Deformities In other structures of the head capsule such as the antennae and man
dibles, are not considered here Larvae were assigned to third or fourth instars on the 
basis of the width of the larval head capsule measured with an ocular micrometer 

Sediment grain size distribution and organic carbon content were determined accor
ding to Vierveljzer et al (1979) 

Kjeldahl nitrogen and total phosphorus were determined according to Industrial 
Method 376-75W (Technicon, 1975) 
Heavy metals were determined according to the Dutch standard methods (NEN) 
Cadmium according to NEN 6458, Mercury according to NEN 6449, Lead according 
to NEN 6429 and Copper according to NEN 6454 (see also Ten Hulscher et al, 
1992a) Organic micropollutants were determined according to Ten Hulscher et al 
(1992b) For calculating 95% confidence intervals, population densities were transfor
med using a log-transformation and the frequencies of deformities using an arcsin-
square root transformation 

Results 

Population dynamics 

Temporal patterns of larval density. In the winter and spring of 1987, only fourth-
instar larvae were found at all sites (Fig 2) Population densities began to decrease 
gradually after February (Site 6), March (Site 4) or April (Site 5) reaching minimum 
densities m June when values declined to about 200 ind m (Fig 2) The rate of 
decrease did not differ significantly at different sites or during different periods, largely 
because of the great variance in numbers of larvae in the replicate samples from Sites 
5 and 6 During the summer, third-lnstar larvae were found on all sampling dates, but 
the proportion of third- to fourth-instar larvae remained low until September At this 
point, larval densities were significantly lower at Sites 4, 5 and 6 than in either August 
or October No similar decrease in density was observed at Site 3 The proportion of 
third-mstar larvae continued to decline through October until again, from November 
1987 through until the following spring of 1988, only fourth-instar larvae were found 

Spatial patterns of larval density. Larval densities were lowest at Site 1 and significant
ly higher at each of the Sites 2, 3 and 4 (Wilcoxon ρ < 0 01) (Fig 2) Densities at Sites 
4, 5 and 6 were similar (p >0 15) At Site 1, very few larvae were found compared 
with Site 2, single larvae were found in less than 50 % of the grab samples collected 
At Site 3, single larvae were found in nearly 100 % of the samples taken 

Frequency of prepupal larvae. Swelling of the thoracic segments Is an easily observed 
external character of larval development It coincides with phase 9 of fourth-instar lar
val development (Wülker & Götz, 1968) The frequency of prepupal larvae with swol
len thoracic segments was always lower at Site 4 than at Sites 5 and 6 on correspon-
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ding dates in the spring of 1987 (Flg 3) This suggests that development at Site 4 is 

delayed compared with Sites 5 and 6 At Sites 1-3, very few larvae wi th swollen tho

raxes were observed At these sites, the total number of larvae collected In May was 

too low to calculate the frequency of prepupal larvae with any degree of precision 
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Figure 3 Frequencies of prepupal fourth-instar Ch cf plumosas larvae from January to May 1987 

Densities of Pupae. Pupae were found at Sites 4, 5 and б on all sampling dates from 
May through September 1987 (Fig 4) At Site 4, the appearance of pupae was 
somewhat delayed compared with Sites 5 and 6 the maximum number of pupae 
found was at Site 4 at the end of May rather than the beginning of May as at the 
other sites Pupal densities were much reduced by June In general, pupal densities 
were low, seldom did observed densities exceed 50 pupae m In the spring of 1988, 
the pattern somewhat differed in that no pupae were found at Site 4, only a few were 
found at Site 5, and only at Site 6 were numbers of pupae similar to the levels obser
ved in 1987 
No pupae were found at Sites 1, 2, and 3 At site 3, larval densities were so low that 
no pupae were to be expected in the samples if the same ratios between the densities 
of larvae and pupae observed at Sites 5 and б were maintained 

Frequency of Deformities 

Temporal patterns. The frequencies of deformities at the Sites 4, 5, and 6 were lower 
from midsummer to autumn (July-November) in 1987 than from late winter to spring 
(February-May and March-May) in 1987 and 1988, respectively (Fig 5) At each site, 
frequencies increased between February and April 1987, and between November 
1987, and March 1988 
A somewhat different seasonal pattern was observed at Site 3, in the spring of 1987 
no increase was observed during the period of emergence, but during the summer the 
frequency of deformed larvae, although lower than during the preceding winter, did 
show a definite increase between July and November In April and May of 1988, the 
frequency of deformed larvae was again higher, attaining frequencies equal to or gre
ater than in the previous spring 
Too few individuals were found at the Sites 1 and 2 to detect any significant differen
ces in temporal distributions The frequencies of deformities in March, April, and May 
1988 were not significantly different from the frequencies for the corresponding 
months of 1987 

Spatial patterns. The frequencies of deformities were lowest at Sites 5 and б (Fig 5), 
but levels were still higher than the reference value of 1 % at site R and the values 
considered to represent background values by most authors (eg Warwick 1980a, 
1980b, 1985, Wiederholm, 1984) Compared with Sites 5 and 6, however, the fre
quency of deformities was higher at each of Sites 4, 3 and 2 (p < 0 01 between pairs 
of Sites 5, 4, and 3 and ρ < 0 05 between Sites 3 and 2) 
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The more serious types of deformities also occurred at the sites with the highest fre
quency of deformities For example, specimens displaying the Köhn gap, a deformity 
characterized by a large gap in the mentum which may or may not include the loss of 
some teeth (Köhn & Frank, 1980, Warwick, 1988, Warwick 6» Tisdale, 1988), were 
observed more frequently at sites with high deformity frequencies (Fig 6) 
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Discussion 

Most authors (eg Hilsenhoff, 1966, Beattie, 1978, Materia, 1989) describe 
Chironomus plumosus as bivoltine Sokolova (1983), who compared data from a 
wider geographical distribution, concluded that Ch plumosus might be univoltlne in 
the northern latitudes of the (previously) USSR, but may have as many as three gene
rations in southern latitudes In Lake Suwa, Japan, Ch plumosus produced three 
generations a year in the littoral zone, but lacked a summer generation in the profun-
dal (Yamaglshl & Fukuhara, 1971) The Chironomus cf plumosus populations at Sites 
4, 5 and 6 in the Vossemeer showed essentially the same pattern of density changes 
as the populations studied by Matena (1989) and Beattie (1978) This may suggest 
that at least part of the population is bivoltine, but pupae were found for a long 
period during summer along with third-mstar larvae This may reflect poor synchroni
zation and the possibility that a part of the population has more than two generations 
per year or that more than one species is involved An alternative explanation may be 
that the cycling of three generations is being phased over two years instead of one In 
these latitudes, the degree/day energy requirements for development may not be suf
ficient to support two full generations per year, so part of the development period is 
carried over into the following year, that is, the bivoltine year (Sokolova et al, 1993) 
It may also be that population development Is being Inhibited by contaminant effects 
at these sites rather than a deficiency In degree/day energy requirements 
Contaminants are known to Inhibit growth and development (Wentsel ef al, 1978) 
and these sites are not uncontaminated Although other environmental factors cannot 
be excluded entirely, the delay in larval development noted at Site 4 supports the con
taminant Inhibition theory The percentage of prepupal larvae at Site 4 was lower in 
the spring and only sporadically present later In the year The concentration of conta
minants In the sediments and water, likely responsible for the higher frequency of 
deformities and retarded growth at Site 4, apparently were not yet high enough to 
have a serious impact on population densities 

The Increases in the frequency of deformities observed at Sites 4, 5, and 6 between 
November 1987 and March 1988 also become apparent when data from Van Urk & 
Kerkum (1987) for October 1986 are compared with those from the spring of 1987 
Since deformities of sclerotized mouthparts may be considered only to occur at the 
transition between instars and no recruitment, moulting, or emergence occurs during 
the winter months, these increase could mean any or all of the following 
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1) a lower mortality rate for deformed larvae, perhaps because these are less active 
and consequently less susceptible to prédation 

2) a differential emigration of normal larvae from the contaminated areas or 
3) a gradual increase in the catchabihty of deformed larvae perhaps because they live 

nearer the sediment surface 
This would imply that in early spring a considerable proportion of the larvae lived 
below the maximum sampling depth of the Eckman grab (± 20 cm) However in 
occasional vertical distribution studies the vast majority of the larvae was always 
observed in the upper 10 cm (unpublished data) 
The marked rise in frequency observed during emergence of the winter generation 
may be a mathematical anomaly introduced by the delayed development of deformed 
larvae Janssens de Bisthoven & Ollevier (1989) could find no differences in emergen
ce rates between deformed and nondeformed larvae in rearing experiments, but expe
rimental populations held under culture conditions may be exposed to less selective 
pressure than populations living under natural field conditions 

Both population density and frequency of mentum deformities showed a clear respon
se to the contaminant gradient (Fig 7) At Sites 5 and 6, the least polluted sites, only 
the frequency of deformities is increased compared with reference levels As the sever
ity of pollution increases, prepupal and pupal stages are retarded (Site 4 Fig 3 and 4) 
and population densities (Sites 1, 2, and 3) are reduced as well This sequence of 
effects is In good accordance with the toxicological principle that sublethal effects very 
often precede lethal effects and reinforces the contention that gradients of contamina
tion and the frequency of deformities are causally related The positive correlation 
between the frequency of mentum deformities and the severity of contamination 
demonstrated by Warwick (1990a 1990b 1991 ) is further substantiated by these 
data from a field situation 
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Figure 7 Relationship between the degree of pollution population densities and the frequencies of defor

mities over all six sites Data are averages for the period February - April 1987 

With systematic sampling, differences between locations can be recognized more easi
ly In the Vossemeer, the gradient in deformity frequencies was evident throughout 
the greater part of the sampling period but was most pronounced from February to 
April This suggests that this may be the most suitable period for assessing the fre
quency of deformities in the menta of Chironomus larvae 

Population densities seem to provide an additional indicator of toxic stress Warwick 
(1991) found that not only were the populations of individual taxa reduced by conta
mination, but many components of chironomid communities were eliminated entirely 
from their environment In water bodies where Chironomus forms a major component 
of the macrobenthos, it may in future become possible to predict the effects of toxic 
stress on other trophic levels 
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Sublittoral macrozoobenthic assemblages in the enclosed sediment-pollu
ted Rhine-Meuse Delta; their relationship to environmental conditions 

Abstract 

Composition, densities and biomass of sublittoral macrozoobenthos were investigated 
at 14 sites in the enclosed Rhine-Meuse Delta The aim was to identify the main 
macrozoobenthic assemblages and to establish their relationship with environmental 
conditions, Including sediment pollution Most sites were dominated by the tubificids 
bmnodnlus hoffmeisten and L daparedeanus Four zoobenthic assemblages could be 
identified They are related to different geomorphological phases of a basin filling up 
with fluvial sediment causing a longitudinal sediment gradient The 'Rhine river' 
assemblage was found in the Nieuwe Merwede, filled up in the 1970's the 'soft mud' 
assemblage in the Hollandsch Diep at sites with high sedimentation rates, the 'basin 
silt' assemblage in the Amer, Hollandsch Diep and Haringvliet, at sites with lower sedi
mentation rates, and the 'basin shoal' assemblage at former flats with low sedimenta
tion rates CANOCO was used to relate the TWINSPAN indicator species to a selection 
of environmental parameters Sediment pH, water content, sand fraction, total polycy-
clic aromatic hydrocarbons (PAH) and current velocity explained 44% of the variance 
of the average abundance of the indicator taxa per site Sediment firmness, indicated 
by sediment water content, and high ammonium concentrations probably were 
together responsible for the very low densities in the 'soft mud' assemblage Densities 
and biomasses in the other assemblages were low as well, except for the Dreissena 
polymorpha habitat, where very high total zoobenthic biomass values (max 55 8 g m 2) 
were observed It is argued that sediment contamination has a considerable impact on 
macrozoobenthic densities and species composition in all assemblages, the 'basin 
shoal' assemblage excepted 

Introduction 

Environmental characteristics of the Rhine-Meuse estuary changed drastically after its 
closure in 1970 (Ferguson «.Wolff, 1983, Van Nes & Smit, 1993, Smit et al, 1994) 
Tidal movement disappeared almost completely and current velocities decreased, both 
resulting in increased sedimentation Today, the Rhine-Meuse Delta is an area of gra
dual transition between the rivers Rhine and Meuse in the East and the Haringvliet 
basin in the West (Fig 1) 

Figure 1 Location of sampling sites in the enclosed Rhine-Meuse Delta area 
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Since the closure, large quantities of suspended contaminated solids, supplied by the 
rivers Rhine and Meuse, were deposited first in the Nieuwe Merwede and Amer, later 
in the Hollandsch Diep These contaminants were found to accumulate in invertebra
tes, fish and birds In the Delta (Hendriks & Pieters, 1993, Murk etal, 1993, Van 
Hattum etal 1993) and affect bird reproduction (Marquenie ef a/, 1986, De Koek & 
Bowmer, 1992, Dirksen et al, 1994) The severe sediment contamination may also 
affect macrozoobenthic community structure (Lang &. Lang-Dobler 1979, Lafont, 
1984, Reynoldson, 1987), density and biomass (Wiederholm et al , 1987, Robbins ef 
al , 1989) and induce malformations of the mentum in Chironomidae (Warwick & 
Tisdale, 1988, Warwick, 1991, Van Urk etal, 1992) 

The macrozoobenthic communities in the Delta after closure were poorly known, as 
earlier studies did not go beyond the family level (Fortuin, 1985), were restricted to 
specific taxonomie groups only (Verdonschot, 1981), or only dealt with a selection of 
macrozoobenthos (Van Urk etal. 1985, Marquenie & Hoornsman, 1986) A more 
detailed survey was necessary as a baseline study to follow developments in the area 
and to support possible future management measures 

Within the Haringvliet and Hollandsch Diep, there are important local differences in 
faunal and sediment composition (Verdonschot, 1981, Fortuin, 1985) These compli
cate the identification of assemblages and environmental key variables Attention 
therefore was given to differences in faunal composition within and between sites 

Therefore, this study aimed to answer the following questions 
1 Which are the main macrozoobenthic assemblages in soft sediments in the en

closed Rhine-Meuse Delta, and in what densities and biomass do macroinverte-
brate species occur? 

2 What is the relationship between the assemblages, densities and biomass on the 
one hand and environmental conditions including sediment contamination on the 
other? 

Study area 

The study area comprises the Haringvliet, the Hollandsch Diep and the rivers Nieuwe 
Merwede and Amer (Fig 1) Before 1970, the estuary showed a salinity gradient The 
freshwater tidal area comprised the Amer, the Nieuwe Merwede and the Biesbosch At 
high tide during a period of average river discharge, salinity was about 0 1 g CI M at 
the transition from Amer to the Hollandsch Diep, and increased to about 0 3 g CI И 
near the transition to the Haringvliet Salinity in the Haringvliet increased to about 3 g 
CI h1 near the Spui and to about 5 g CI I·1 near the location of the present Haringvliet 
dam This pattern, however, varied greatly with river discharge, tide and wind condi
tions Tidal range amounted to about 2 m and maximum current velocities ranged 
from 0 7 to 1 5 m s-1 (Den Hartog, 1963, Wolff, 1973) 

The so called 'Delta project' has drastically changed the hydrography of the area 
(Ferguson & Wolff, 1983) The Haringvliet and Hollandsch Diep were separated from 
the southern Delta area by the Volkerak dam (completed in 1969) and from the North 
Sea by the Haringvliet dam (completed in 1970) (Fig 1) From then on, the 
Haringvliet and the Hollandsch Diep area were only connected to the North Sea via 
two small river branches, the Spui and the Dordtse Kil Current velocities decreased 
greatly, the tidal range in the Haringvliet decreased from about 2 m to 30 cm and the 
water became fresh (< 0 2 g CI M) Today, water levels generally are between 0 3 and 
0 7 m above sea level 
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Sites 

Fourteen sites were selected to represent a variety of geographical and habitat condi
tions Three main habitats were distinguished according to Van Berghem et al (1992), 
viz the 'shoal', 'river bed' and 'channel' (Fig 2) The sites were distributed over five 
areas Haringvliet, western Hollandsen Diep, eastern Hollandsch Diep, Amer and 
Nieuwe Merwede (Table 1) In the Haringvliet and western Hollandsch Dlep, the for
mer geomorphological structures 'shoal' and 'river bed' were still present, but the 
'channel' habitat has been changed, because large amounts of sediment supplied by 
the rivers Rhine and Meuse have been deposited Environmental characteristics of 
each study site can be read from Table 2 Between 1983 and 1988 sedimentation 
rates were highest in the eastern Hollandsch Dlep, by 1988 the difference between 
channel and river bed had disappeared here 

RIVER BED 

Figure 2 Outline drawing of the geomorphological habitats 'shoal' nver bed' and 'channel' 

Table 1 Distribution of sampling sites over the mam habitats and areas with remarks on sediment conditions and geomor
phological processes 

Habitat 

shoal 

Haringvliet 

1 silty sand 
erosion 

Hollandsch Dlep West Hollandsch Diep East Amer 

4 silty sand 
erosion 

12 sift 

Nieuwe Merwede 

14 silt 

nver bed 2 fine silt 5 silt 7 high sedimentation- 10 sedimentation 13 silt 
sedimentation little sedimentation of silt of silt frequently dreged 

Zebra mussel banks 
8 silt 11 sedimentation of 

former channel sand and silt 
now river bed 

channel 3 sedimentation of 6 high sedimentation 9 high sedimentation 
fine sift of sift of silt 

channel filling up channel filling up 

Methods 

Macrozoobenthos 
Benthos was sampled at 14 sites in August and November 1988 Six to ten samples 
per site were taken by means of a Reineck Box corer (0 071 m2) Only the uppermost 
10 cm of each sample were carefully sieved (mesh size 500 μτη) and the residue was 
preserved with 6% formaldehyde In the laboratory, the animals were sorted in a 
bottom-lighted tray and identified using a stereo-microscope (magnification 7 5-64x) 
or a light microscope (magnification 40-1 OOOx) 
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The diameter of the 1 1 t h segment of each oligochaete and the body length of each 
chironomid larva were measured The biomass of each oligochaete and chironomid 
species was calculated using biovolume-biomass relationships (Smit et al. 1992a) 
Calculated biomasses of Oligochaeta were multiplied by 1 6 to correct for biomass los
ses due to preservation (Dudok van Heel ef al 1992) Chironomid biomass values 
were not corrected, since the error found in a calibration study was small (Smit et al , 
1992a) The biomass of molluscs was determined using shell length - ash-free dry 
weight relationships, which were determined in the same period of the year as the 
sampling (Smit & Dudok van Heel, 1992, Dudok van Heel ef al, 1992) For this pur
pose, shell lengths of all bivalves and gastropods were measured Calculated mollusc 
biomasses were multiplied by 1 2 to correct for biomass losses due to preservation 
(Leuven et al, 1985) 

Table 2 Selection of environmental characteristics of the sampling sites For chloride (n=10-17) transparency (n=10-18) and P04-P 
(n=9-16) means±SD are given for 1988 Values are derived from a water quality monitoring at neighbouring stations 
• levels are depths A S L (reference in The Netherlands) + 0 5 m - no measurements available 

location 

Hanngvliet 

Hollandsen Diep 

West 

Hollands* Dlep 
East 

Amer 

Nieuwe Merwede 

site 

1 
2 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

habitat 

shoal 
river bed 
channel 
shoal 

nverbed 
channel 
river bed 
river bed 
channel 
nver bed 
nverbed 
shoal 
nverbed 
shoal 

average 
depth' 

(m) 

1 9 
5 8 

13 2 
2 0 
7 3 

13 3 
6 8 
6 8 

1 0 8 
6 1 
5 0 
2 9 
5 1 
3 1 

average 
current 

velocity 

(ems') 

3 5 
3 0 
3 0 
4 5 
5 6 
5 5 

18 5 
1 3 4 

8 9 
12 8 

11 2 
4 5 

45 
26 

sedimentation 

1983 - 1988 

(cm) 

- (< 60) 
- (< 60) 

. 
0 - 20 

1 0 - 60 
1 1 0 - 2 5 0 
1 5 0 - 3 0 0 
1 5 0 - 3 0 0 
1 1 0 - 2 5 0 
250 - 500 

0 - 20 

-
0 - 20 
0 - 20 

chlonde 

( m g P ) 

111 0 ± 1 4 1 
111 0 ± 1 4 1 

111 0 ± 1 4 1 
1 1 0 7 ± 1 1 6 
1 1 0 7 ± 1 1 6 
110 7 ± 11 6 
1 1 0 8 ± 1 4 0 
1 1 0 8 ± 1 4 0 
1 1 0 8 ± 1 4 0 

51 3 ± 5 5 
51 3 ± 5 5 

134 2 ± 1 2 7 
134 2 ± 1 2 7 

transparency 

(cm) 

108 0 ± 1 7 6 
108 0 ± 1 7 6 
108 0 ± 1 7 6 

75 9 ± 4 4 
75 9 ± 4 4 
75 9 ± 4 4 
56 4 ± 6 6 
56 4 ± 6 6 
56 4 ± 6 6 

-
-

6 0 6 ± 5 0 
6 0 6 ± 5 0 

PO« Ρ 

(mg M) 

0 15 ± 0 01 
0 1 5 ± 0 0 1 
0 15 ± 0 01 
0 14 ± 0 02 
0 14 ± 0 02 
0 14 ± 0 02 
0 15 ± 0 02 
0 15 ± 0 02 
0 15 ± 0 02 
0 21 ± 0 04 
0 21 ± 0 04 

0 1 6 ± 0 O 0 
0 16 ± 0 00 

Environmental parameters 
Per site, three samples of sediment were collected in April 1989 with a box corer for 
physical and chemical analysis The uppermost 10 cm of the three samples were mixed 
to make one sample Cram size distribution was determined according to Vierveijzer 
et al (1979), the pipet method was used to determine the grain size fractions <2 pm, 
<16 μιη, whereas the fractions <63 pm, <210 pm and >210 pm were determined by 
sieving The fraction >63 pm was defined as the sand fraction Sediment organic car
bon was determined by incineration for 2 h at 250 °C, anorganic carbon by HCl treat
ment, water content by drying for 48 h at 105 °C, oil according to Dutch standard 
method NEN 6673, heavy metals by Atomic Absorption Spectrophotometry, mercury 
by cold-vapor-technique and organic micropollutants, including PCB's and PAH's, 
according to Ten Hulscher et al (1992) When relating heavy metal and organic 
compound concentrations to the faunal data, the former were corrected to a standard 
sediment with 25% silt (= fraction < 16pm) and 10% organic matter by multiplying 
heavy metal concentrations with 25/silt content of the sample and organic comp
ounds with 10/orgamc matter content (%) of the sample (Ministry of Transport and 
Public Works, 1989) 

Water-related parameters were determined as follows transparency with a Secchi 
disk, P04-P according to Gales ef al (1966), Chloride according to Mohr (APHA, 
1985, ρ 287-288) and current velocities by means of WAQUA, a two-dimensional 
horizontal hydrodynamical model (Stelling et al, 1986) Depth averaged current velo
cities were calculated by averaging 25 calculations, one each hour, and thus covering 
two tidal cycles In this study, the depth averaged velocities give a good indication of 
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the current velocities near the bottom, since the surface roughness of the silty sedi
ments and therefore the Chézy's resistance factor (Ven te Chow, 1959) may be consi
dered similar at most sites investigated 

Clustering and ordination 
The divisive cluster programme TWINSPAN (Hill, 1979) was used to classify the 98 
samples taken In November on the basis of differences in species composition The 
August data were not used, since for a few sites replicates were lacking Within TWIN-
SPAN, default (standard) options were used Species densities were divided into seven 
cut levels (0, 10, 50, 100, 500, 1000 and 5000 individuals гтг2) 

Ordination was done using CANOCO 3 1 (Ter Braak, 1991) Canonical ordination 
techniques are designed to detect the patterns of variation in the species data, that 
can be explained 'best' by the observed environmental variables (Jongman et al, 
1987) Correspondence Analysis (CA, Ter Braak, 1987) was used to determine the dif
ferences within and between sites and assemblages Mean logarithmically (Ln) trans
formed species densities of TWINSPAN indicator species and the values of five selec
ted environmental parameters were related using Canonical Correspondence Analysis 
(CCA) (Ter Braak, 1987) Average species densities per site were used in CCA instead 
of all replicates, since only one set of environmental characteristics was available per 
site Species considered important were added, but were given no weight in the ordi
nation These species were either more frequent in one of the assemblages than in the 
other ones (Polypedilum nubeculosum, Cryptochironomus sp and Prodadius sp ) or 
had an important contribution to the total biomass (Dreissena polymorphe, Valvata 
pisanalis and Branchiura sowerbyi) Selection of environmental parameters to relate 
to the species ordination was achieved as follows Of the parameters measured, only 
those with at least 12 values above the detection limit (no more than 2 missing values) 
were considered further Redundant parameters yielding no additional environmental 
information, such as the grain size fraction <63 pm in addition to the grain size frac
tion >63 pm, were excluded Subsequently, environmental parameters showing colli-
neanty when related to the indicator species ordination were considered for exclusion 
To this end, Principal Component Analysis (Ter Braak, 1987) was used to determine 
which parameters were closely correlated, in each group, those with the lowest contri
bution to the variance explained In the ordination were excluded The 12 remaining 
environmental parameters were tested for significance of correlation with the ordina
tion using an unrestricted Monte Carlo permutation test Four parameters, each 
showing a significant relation (in decreasing order of variance explained (%var) pH 
(%var =23, p=0 001), water content (%var =20, p=0 001), grain size fraction>63 pm 
(%var =15, p=0 006) and total polycyclic aromatic hydrocarbons (PAH) (%var =12, 
p=0 035)) were directly included in the Canonical Correspondence Analysis Current 
velocity (p=0 275, not significant) was included as well, since it explained the greatest 
amount of variance (%var =9), when combined with pH, in the forward selection 
option 

Results 

Macrozoobenthlc assemblages 
The classification of the 98 November samples by TWINSPAN resulted in four assem
blages Assemblage I separated at division level 1, assemblage II at level 2 and assem
blages III and IV at level 3 (Fig 3) Assemblage I included Gammarus sp , Pisidium 
henslowanum and Chironomus nudiventns as indicators, combined with very low fre
quencies and densities of Umnodnlus spp (<10 ind nv2 and found in 15% of the 
samples) This assemblage was present at sites 1 and 4, and is referred to as the 'basin 
shoal' assemblage 

All other sites and their assemblages (ll-IV) were characterized by a high frequency of 
the oligochaetes Limnodnlus hoffmeisten (found in 76 of the 78 samples) and L da-
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paredeanus (in 70 of the 78 samples) Assemblage II consisted of a group of samples 
with the bivalves Pisidium henslowanum, Ρ subtruncatum, Ρ nitidum, Ρ moitessie-
nanum and Ρ casertanum as indicator species This assemblage, associated with sites 
2, 3 (Haringvliet), 5 (Hollandsch Diep) 10 and 11 (Amer) and 12 (Biesbosch), is refer
red to as the 'basin silt' assemblage TWINSPAN attributed 84% of the samples from 
one of these sites to this group 

DIVISION 1 

η = 98 

(+) (-) 

Gammanjs sp 

Pisidium henslowanum 

Chironomus nudiventns 

Limnodnlus hoffmeisten 

Limnodnlus claparedeanus 

DIVISION 2 

η = 78 

<+) (-) 

Pisidium moitessienanum 
Pisidium subtruncatum 
Pisidium casertanum 
Pisidium nitidum 
Pisidium supmum 

DIVISION 3 

η = 46 

basin shoal 
assemblage 

η = 20 

(+) (-) 

Quistadnlus 
multisetosus 

Potamothnx 
moldavmnsis 

basin silt 
assemblage 

η = 32 

soft mud 
assemblage 

π = 25 

Rhine nver 
assemblage 

η = 21 

associated sites 

fraction of samples 
from associated sites 
in assemblage 

other sites (number of 
samples) in assemblage 

1 4 

100% 

. 

2 3 5 10 11 12 

84% 

_ 

6 7 8 9 

87% 

2(1), 12(2); 14(1) 

13 14 

94% 

3(2), 7(3), 1 

Figure 3 Classification of 98 samples from 14 sites by TWINSPAN to division level Э Indicators are given for all divisions 
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Assemblage III, the 'soft mud' assemblage, consisted of a group of samples associated 
with sites 6 to 9, with as Indicator the oligochaete Quistadnlus multisetosus 
Assemblage IV, the 'Rhine river' assemblage, consists of a group of samples associated 
with sites 13 and 14, with the indicator Potamothnx moldaviensis Furthermore, 
Cryptochironomus sp was frequent in the 'Rhine river' assemblage (frequency 56% at 
sites 13 and 14), while it was absent from the 'soft mud' assemblage (sites 6 to 9) and 
scarce In the other assemblages Procladius sp was more frequently found at sites 6 to 
9 (frequency 68%) than at sites 13 and 14 (frequency 25%) 

Heterogeneity between sites and assemblages 
Correspondence Analysis (CA) with all November samples showed that within-site 
heterogeneity of species composition was clearly smaller than between-slte heteroge
neity at sites 1 and 4 ('basin shoal' assemblage) only (Fig 4) The replicates of all other 
sites did not form isolated clusters without overlap with at least one sample of another 
site In Fig 4, the envelopes of all samples associated per assemblage are drawn Most 
samples of sites in an assemblage are within the envelopes drawn, showing that the 
variation In species composition between the assemblages is clearly larger than the 
within assemblage variation 

AXIS 2 

Figure 4 Correspondence analysis (CA) of 98 samples from 14 sites in November 1988 Eigenvalue axis 1 = 0 522 
eigenvalue axis 2 = 0 326 
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Environmental characteristics of assemblages 
The environmental characteristics of the 'basin shoal' assemblage (I) differed from 
those of the other assemblages in a smaller depth (2 m), a higher sand content (78%), 
a higher pH (8 0-8 1), a very low sediment organic carbon content and lower concen
trations of most mlcropollutants (Table 3) The environment of the 'soft mud' assem
blage (III) was characterized by a high sedimentation (at least 1 1 m between 1983 
and 1988), a low sand (3%) and high water content (77%), and a uniformly lower pH 
(6 8-6 9) Sites 13 and 14, associated with the 'Rhine river' assemblage, showed 
higher current velocities than all other sites, but greatly differed from each other in 
other environmental characteristics Site 13 was slightly polluted, whereas site 14 was 
the most polluted of all sites (Table 3) Environmental characteristics of the 'basin silt' 
assemblage showed large ranges or standard deviations and did not differ clearly from 
those of the other assemblages 

Ordination of Indicator taxa, environmental parameters and sites 
A general overview of the CCA ordination is given in Fig 5 The five selected environ
mental parameters (sediment pH, water content, sand fraction, total polycyclic aroma
tic hydrocarbons (PAH) and current velocity) explained 44% of the variance of the 
average logarithmically (Ln) transformed abundance of TWINSPAN indicator taxa per 
site CCA positioned the 'basin shoal' indicator species Chironomus nudiventns and 
the indicator species for site 1, Lipmieila arenicola (two chironomld species) to the 
right of the first axis, together with sites 1 and 4 This axis is described by high values 
of pH and sand fraction and low values of water content and total PAH In the opposi
te direction, the Indicator species bmnodrilus hoffmeisten, L daparedeanus and 
Quistadnlus multisetosus are related to high values of the sediment water content 
vector These species dominated the species-poor soft mud assemblage (sites 6 to 9) 
In fact, the first axis describes a gradient from slightly acid silt with a high water con
tent to a basic sandy 'basin shoal' habitat The second axis Is mainly related to current 
velocity Cryptochironomus sp and Prodadius sp were related to high and Pisidium 
henslowanum and D polymorphe to low values of the second axis The Total PAH 
vector was positioned opposite the first quadrant, with the chironomia indicator spe
cies (Ch nudiventns and L arenicola) and Gammarus sp On the other hand, Q mul
tisetosus was positioned closest to the total PAH vector Total PAH was the only 
micropollutant showing a significant correlation with the ordination of indicator species 

Density and blomass 
Ohgochaetes were dominant at most sites, though molluscs dominated at a few sites 
(Fig 6) Molluscs were always responsible for high biomasses (average per site > 2 g 
AFDW m - 2), whereas low biomasses (average per site < 0 5 g AFDW nv2 ) were asso
ciated with the dominance of tubtficids Tubificids without setae had the main share in 
total tubificid numbers at most sites and had the main share of the total biomass, 
except for three sites of the 'basin silt' assemblage Branchi ига sowerbyi dominated 
the ohgochaetes at sites 2 and 3, and Psammoryctides barbatus did so in August at 
site 5 

Biomass values of the 'Rhine river' and 'soft mud' assemblages were lower than those 
of the other assemblages High biomass values were observed In the 'basin silt' assem
blage Density patterns resembled biomass patterns in August, but deviated in No
vember densities of the 'soft mud' and 'Rhine river' assemblages were higher in No
vember, while biomass remained similar This is attributable to the appearance of off
spring of tubificids without setae in these assemblages (Klink & Dudok van Heel, 1993) 

Within the 'basin silt' assemblage, the highest densities and biomasses of macro-
zoobenthos were observed at the sites 5 and 10 (Table 4) At site 5, Dreissena poly-
morpha and Valvata piscmahs greatly contributed, with average biomass values per 
site of 55 8 g rrr2 and 4 5 g m*2 In August, and 5 0 g m"2 and 8 2 g m"2 in 
November, respectively Total biomass values at site 5 were five to ten times higher 
than at all other sites High average biomasses of Pisidium species were recorded at 
site 10 (1 2 g гтг2 in August and 3 2 g t i r 2 In November respectively) 
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ТаЫе 3 Average (± S D ) environmental characteristics of the assemblages 

Assemblage 

Associated sites 

Depth 
Current velocity 
Sedimentation 

range 83- 88 

Sediment 
sand fraction 
water content 

unit 

(m) 

I m i ' ) 

(m) 

(%>63 μπι) 

<%) 
organic matter (%) 

pH 

Total PAH 

Total PCB 

Cd 

Hg 

(mg lcg-1) 

(mg kg-1) 

(mg kg-1) 

(mg kg-1) 

basin shoal 

1 4 

1 4 / 1 5 

0 035/0 045 

0-0 2 

7 7 6 ± 4 0 
22 2 ± 0 4 
<0 5 
8 0/8 1 

0 33/-

0 01/<0 01 

0 6/<0 5 

< 0 1 

basln sUt 

2 3 5 10 11 12 

6 2 1 3 6 

0 07 ± 0 04 

0 1 5 0 

34 6 ± 32 0 
48 8 ± 1 5 8 

4 6 ± 2 5 
6 8 7 6 

4 03 ι 2 4 

0 26 ± 0 1 5 

1 0 1 ± 8 6 
1 7 ± 1 1 

soft mud 

6 7 8 9 

9 1 ± 3 3 

0 12 ± 0 06 

1 1-3 0 

3 2 ± 1 0 
77 1 ± 3 3 
7 5 ± 1 0 
6 8-6 9 

5 7 ± 0 9 

0 30 ± 0 04 

9 6 ± 4 3 

1 8 ± 0 3 

Rhine nver 

13 14 

4 6/2 6 

0 45/0 26 

0-0 2 

33 2/101 
32 6/54 4 

9 4/19 0 
7 0/7 1 

0 2/15 3 

<0 01/2 38 

0 7/59 

0 2 / 3 3 

not determined а/Ь values a and b measured at two associated sites respectively Total PAH sum of 16 
pohycyclic aromatic hydrocarbons Total PCB sum of contents of chlorobiphenyl numbers 28 52 101 
118 138 153 and 180 See Dudok van Heel etil (1992) f or more data 

WATEH 
CONTENT 

13 
07 AXIS 2 

08 

14 

CURRENT VELOCITY 

09 
06 

Prodadius sp 
* 

Cryplochlronomus sp 

Gammarus sp 

щ = Twinspan indicator 

species 

$ = Species added 

01 = site 0 1 

Llmnodrilus hoflmeisteri 

Potamothrtx moldavlensfs PolypedHum nubeoulosum 

Chlronomus nudwentrls 01 ^ 

• · 
Upiniella arenicola 

TOTAL PAH 

no BrancfHura soverbyl 

02 
PisKJium suplnum ^ 0 5 ^ Valvala pIsdnaNs 

• І О Ф φ PlskHum mottesslertanum 

• Prsidium casenanum 
Pteldkjm hensiowanum 

φ φ Pisldlum nitkJum 
Plsldlum subtruncalurr 

10 

pH 

S A N D F R A C T I O N 

Drelssena polymorphe 

AXIS1 

Figure 5 CCA ordination plot of Axis 1 and Axis 2 of sites (number) and species (TWINSPAN Indicator and some taxa 
added) ordinateci with five environmental factors Arrows show the direction of influence taxa added were 
given negligible weight in ordination 
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Table 4. Density and biomass of species In the four assemblages in November 1988 Values are averages ± S E of all replicates of 

groups of sites associated with the assemblages 'basin shoal' all replicates of sites 1 and 4 (n=20), 'basin silt' all replicates 

of sites 2 3, 5, 10.11 and 12 (n=38) 'soft mud' all replicates of sites 6, 7. 8 and 9 (n=24), 'Rhine river' all replicates of 

sites 13 and 14 (n=16), - not present or density < 1 m 2 , η d not determined 

Chironomia·· 

Chlronomus acutiventrls Wulker Ryser & Scholl 

Chlronomus muratensls Ryser Scholl & Wülker 
Chlronomus nudlventrls Ryser Scholl & Wulker 
Chlronomus plumosus (L ) 
Cryptochtronomus sp 
Llplnlella arenìcola Shllova 
Porypedllum nubeculosum agg 
Prodadlus sp 
Prodlamesa olivácea Melgen 
Stlctochlronomus sp 

Oligoch>*t> 

Branchlura mwerbyl Beddard 
Llmnodrllus claparedeanus Ratzel 
Umnodrllus hoffmelsteri (Clapartde) 
Llmnodrllus profundlcula (Verni) 
Llmnodrllus udekemlanus Claparède 
Potamothnx hammonlensls (Vejdovsky & Mrázek) 
Potamothrlx moldavlensls (Michaelsen) 
Psammotyctides barbatus (Grube) 
Qulstadrllus multlsetosus (Smith) 
Tubile* tublfex (Müller) 
Otro digitata (Müller) 

Mollusc· 

Drelssena polymorpha (Pallas) 
Plsldlum casertanum Malm 
Plsidium henstowanum (Sheppard) 
Plsldlum moltesslerlanum Paladllhe 
Plsldlum nltldum Jenyns 
Plsldlum nlüdum var crassa 
Plsldlum subtruncatum Malm 
Plsldlum suplnum Schmidt 
Plsldlum suplnum var Inappendlculata 
Sphaenum solldum Normand 
Valvals plsclnalls (Müller) 
LlUiogh/phus natlcoldes (Pfeiffer) 
Potamopyrgus anbpodarum (Cray) 

Other 

Helobdella stagnali! (L ) 
Irpobdella testacea Savigny 
Cammarus sp 

Hydropsyche contubernalls McLachlan 

density (n m"2) 
basin 
shoal 

. 
-

4 4 ± 9 

66 ± 2 2 
1 0 ± 4 
1 ± 1 

-
12 ± 5 

. 
1 ± 1 

-

1 6 ± 6 

-
-
-
-

3 5 1 2 5 

-
310 ± 6 3 

-1 ± 1 

-
-
-
-

4 ± 2 
1 4 ± 4 

-a ± 4 

-
147 ± 25 

-

basm 
silt 

1 ± 1 
1 0 ± 4 
13 ± 5 
2 ± 1 
3 ± 2 

-
24 ± 7 

-

19 ± 7 
134 ± 3 2 
259 ± 69 
16 ± 4 
3 ± 2 
1 1 ± 3 
145 ± 3 8 
22 ± 1 1 
39 ± 1 5 
17 ± 1 2 
3 ± 2 

189 ± 1 0 2 
42 ± 1 0 
82 ± 2 2 
53 ± 1 9 
53 ± 1 8 
1 6 ± 8 
56 ± 1 8 
46 ± 1 6 

1 ± 1 

319 ± 1 3 2 
4 ± 2 
9 ± 5 

2 ± 1 
2 ± 2 
1 6 ± 7 

soft 
mud 

-
2 ± 1 

-
-

21 ± 5 

-

180 ± 2 1 
90 ± 1 4 
1 5 ± 3 
2 ± 1 

-
-

32 ± 7 

-
1 ± 1 

. 
-
-
-
-
. 

1 ± 1 

-
3 ± 2 

-
7 ± 2 

_ 
-

2 ± 1 

Rhine 
rlver 

4 ± 2 

-
4 ± 3 

61 ± 1 8 

-
-

1 8 ± 8 
2 ± 1 

-

. 
39 ± 1 1 
1 1 6 1 3 1 
1 9 ± 5 

-
-

50 ± 1 0 

-
. 
-
-

. 
-
. 

2 ± 1 

-
. 

2 ± 2 

-
• 

. 
-

34 ± 9 
2 l 1 

blomass (mg m*2) 
basin 
shoal 

. 
-

7 7 ± 1 7 

-
. 

53 ± 1 4 
1 0 ± 4 

<1 

. 
5 ± 2 

. 
1 ± 1 

6 l 2 

9 5 i 7 2 

. 
9 8 6 1 2 1 

2 ± 1 

. 

. 

. 
n d 

92 ± 2 7 

-
42 ± 2 5 

. 
n d 

-

basin 
si It 

<1 
1 2 ± 5 
1 5 ± 6 
3 . 2 

<1 

. 
5 ± 1 

-
-

129 ± 5 2 
75 ± 1 7 
169 ± 4 2 
9 ± 3 
3 ± 2 
6 i 2 
77 ± 2 0 
2 6 ± 13 
2 ± 1 
10 ± 8 

n d 

800 ± 485 
128 ± 3 0 
254 ± 7 1 
67 ± 2 3 
96 ± 3 0 
3 0 1 13 
138 ± 4 1 
155 ± 5 0 
3 ± 3 

-

soft 
mud 

. 

3 ± 2 

-
3 ± 1 

-

. 
136 ± 1 7 
122 ± 2 4 
1 0 ± 2 
4 ± 3 

. 
-

4 ± 1 

-
n d 

5 l 4 

1446 ±575 105 l 61 
35 ± 1 7 
29 ± 1 6 

n d 
n d 
n d 

4 6 1 1 9 

-
nd 

. 

Rhine 
river 

3 ± 2 

-
7 ± 4 

5 ± 2 

. 
-

3 ± 1 
<1 

-

. 
20 ± 7 
33 ± 1 0 
6 ± 2 

. 
-

24 ± 6 

-
. 
-

_ 
-
. 

3 ± 2 

-
. 
-
. 
-

n d 

. 
-

. 
-

n d 

n d 
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4= AUGUST 

к 10 
25 

10 -

NOVEMBER 

ь 

η 
1 4 2 3 S 10 11 12 
basin basin silt 
shoal 

6 7 S 9 
sott mud 

13 14 
Rhine 
river 

" 1 4 
basin 
shoal 

2 3 S 10 11 12 
basin silt 

6 7 6 9 
soft mud 

13 14 
Rhine 
river 

1 4 

basin 
shoal 

2 3 5 10 11 12 

basin silt 

6 7 8 9 

sott mud 

13 14 

Rhine 
river 

Mollusca 

У \ ."" П Chironomldae 

1 4 2 3 5 10 11 12 6 7 6 9 13 14 
basin basin silt soft mud Rhine 
shoal river 

^ ^ ^ H TutHfiddae with setae 

Υ//////λ TutHfiddae without setae 

Figure 6. Densities and biomasses (average ± S E ) of macrozoobenthos at 14 sites grouped according to assemblage x5/x10 
value of average In figure should be multiplied by б or 10 to obtain real value 



164 

Discussion 

Comparison with other studies 
Before the enclosure in 1970, Pisidium species were abundant in the river Meuse and 
the freshwater tidal areas (Amer and parts of the Biesbosch) but not in the Nieuwe 
Merwede (Wolff, 1973), in spite of the presence of fresh water This Is consistent with 
our findings More recent surveys, however, have revealed the presence of Pisidium 
species in the Nieuwe Merwede (Rijkswaterstaat, unpublished) Other species of the 
freshwater part of the former estuary, Unio spp , Dreissena polymorphs, Sphaenum 
spp , Potamopyrgus antipodarum, Chironomidae and the oligochaete Limnodnlus 
hoffmeisten (Wolff, 1973, Verdonschot, 1981), are still abundant in the study area as 
well Characteristic species of the former brackish zone, like Nereis diversicolor, 
Boccardia ligenca, Streblospio shrubsoln and Tubifex costatus (Wolff, 1973, 
Verdonschot, 1981) have completely disappeared from the Hollandsen Diep and 
Haringvliet 

After the enclosure, L hoffmeisten and L claparedeanus have been the dominant oh-
gochaetes since as early as 1971 (Verdonschot, 1981) Verdonschot (1981), who 
investigated samples taken In the period 1971-1977, did not mention β sowerbyi and 
Q multisetosus, which were common In the present study So these taxa probably 
colonized the area after 1977 

Bongers & Van de Haar (1990) developed a typology of aquatic Rhine sediments 
based on the nematod fauna Their typology was based on several sites also sampled 
in this study They distinguished six nematode community types, three of which were 
located inside our study area the 'silty river', 'silty basin' and 'silt-sandy basin' types 
Their types 'silty river' and 'silty basin' coincide more or less with our 'Rhine river' and 
'basin silt' assemblages, respectively Their 'silt-sandy basin' type is a mixture between 
our 'basin shoal' and 'basin silt' assemblages Apparently, the nematode typology did 
not recognize sediments with very high water contents as a separate type 

Effect of environmental parameters 

Geomorphological processes. The canonical ordination of TWINSPAN indicator spe
cies and the most important environmental parameters indicate that macrozoobenthic 
species composition and abundance are mainly determined by sediment structure 
(sand fraction, water content) and related chemical processes (Indicated by pH) 

The four assemblages are considered to reflect different phases of geomorphological 
development, due to the hydrodynamical changes caused by the enclosure in 1970 
The process of gradually filling up started In the upstream river sections The Nieuwe 
Merwede has been filled mainly in the early 1970's, when pollution was at its peak 
(Van Otterloo et al, 1987) At the moment of sampling (1988), no important sedi
mentation occurred In this river stretch anymore Consequently, the 'Rhine river' 
assemblage established itself at the final stage of filling up The fauna of the two sites 
of this assemblage was similar, In spite of considerable differences In depth, sediment 
structure and degree of pollution 

The sites associated with the 'soft mud' assemblage were located near the confluence 
of the Nieuwe Merwede and Amer in the wider Hçllandsch Diep Here (sites 6-9), silt 
sedimentation rates were high in the years preceding sampling (see Table 2) High 
sedimentation seems to be an Important factor for thjs assemblage These sediments 
are unconsolidated and consequently have a high water content (73-81 %) The lower 
pH values of sites 6 to 9, viz 6 8-6 9, attributable to the breakdown of organic mat
ter, are not likely to limit the occurrence of any of the species, which were found In 
other assemblages and absent here 
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During high river discharges, fine silt is transported further to the West and spread 
over the entire basin Consequently, a certain homogeneity of the top layers of sedi
ment may be expected, which explains why the macromvertebrates of sites from a 
large part of the study area could be classified as belonging to the 'basin silt' assem
blage 

Geomorphological processes on the shoals are different Until the enclosure, silt sedi-
mented in these habitats, but after the enclosure erosion prevailed Wind induced 
waves gradually washed the fine particles out of the sand, converting the silty shoals 
into eroding sandy habitats This may be the mam reason why the 'basin shoal' assem
blage shows a different faunal composition The indicators of the 'basin shoal' assem
blage are very common in the sandy littoral habitats in the Haringvliet The assembla
ge resembles the 'littoral sedimentation area silt' and 'littoral sandy basin' assemblages 
described In Smit ef al (1994) It may be expected that in the future the 'shoal' habi
tat will become even poorer in silt, and its macrozoobenthos will come to resemble 
even more the 'littoral sandy basin' assemblage However, chironomid densities in the 
'basin shoal' assemblage were 10-100 times lower than those in the littoral habitats, 
indicating that the environmental conditions in this assemblage are still quite different 
from those of the littoral habitats 

Sediment firmness An Interesting question Is to what extent sediment water content 
determines the 'soft mud' assemblage High water contents may render the sediment 
fluid and structureless, which may be supposed to yield unfavourable habitat condi
tions for many invertebrate groups Dreissena polymorpha is absent from this habitat, 
because of absence of any firm substrate to attach to Locally present dead shells of 
Dreissena, Unio or Anodonta will quickly become covered by the soft mud and be 
unavailable for attachment 

The lack of sediment firmness may prevent Chironomus species from building tubes, 
Moss & Timms (1989) found that sediment firmness had a major positive influence on 
densities of both chironomids and the tubificid Potamothnx hammomensis in two eu-
trophlc lakes in England In these lakes the presence of coarse organic matter created 
sediment firmness In our study area, sediment firmness is probably mainly created by 
consolidation De Jong et al (1988) found that chlorophyll-a contents in the upper 
three cm in the 'soft mud' sediments of the Hollandsen Diep were similar, from which 
it can be concluded that the top layer Is frequently mixed This mixing is probably cau
sed by fluctuations in current velocities and not by bioturbation, since macrozooben-
thic densities were very low Especially the variations In discharge of the river Rhine 
will account for this mixing in periods of low discharges silt settles in the eastern 
Hollandsen Diep, when discharges are higher, however, resuspension takes place and 
the silt is transported further to the West (Dudok van Heel et al, 1993) 
Consequently, the lack of firmness is related here to a high rate of disturbance If the 
lack of firmness is limiting the zoobenthic densities, one would expect rapid colonizers 
with short life cycles to dominate these habitats The dominant species, Limnodnlus 
hoffmeisten and L claparedeanus, however, do not have particularly short life spans 
The Naididae, known to colonize sediments rapidly after disturbance (Soster & 
McCall, 1990), were found at site 7 in March and April, but had nearly disappeared by 
May These species originated from upstream Rhine sands and were transported to 
the Hollandsch Diep dunng high Rhine discharges (Klink & Dudok van Heel, 1993) 

Sediment firmness and ammonium The low invertebrate abundance is more probably 
the result of both chemical and physical processes Bongers & Van de Haar (1990) 
suggested that the low invertebrate abundance might be caused by high ammonium 
contents in the sediment De Jong eia/ (1988) found ammonium concentrations of 
1-8 mmol M in the silty sediments from the Hollandsch Diep, which have characteris
tics similar to those of the 'soft mud' assemblage The LC50 values of ammonia for 
Chironomus ripari us and L hoffmeisten in experiments with durations varying from 
0 4 to 6 3 days were 5-100 times lower (Williams et al, 1986) than the values found 
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by De Jong étal. (1988)· Consequently, these species (and probably most other 
macrozoobenthic species too) can only survive when they change the microhabitat 
conditions eg by pumping oxygen neh water into the sediment (chironomids Smit et 
al, 1993) or reworking the sediment (eg ollgochaetes) Since this will be very difficult 
If not impossible in the fluid mud sediments, it can be understood why densities of all 
macrozoobenthic groups were so low 

Zebra mussel clusters as a habitat. Within the 'basin silt' assemblage site 5 definitely 
harboured the richest macroinvertebrate community, with very high densities of Zebra 
mussels (Dreissena polymorpha) and Valvata piscmalis Suitable sediment conditions 
(among which shells of Dreissena polymorpha and Unionldae) provided a sustainable 
substratum for both settlement and survival of Zebra mussels It Is no coincidence that 
the highest Zebra mussel densities were found in the western Hollandsch Diep Most 
larvae originated from the Rhine and were ready for settlement once they had spent 
some time in the Hollandsch Diep (cf Borcherding & De Ruyter van Stevenmck, 1992, 
Smit et al, 1992b) Not only mollusc biomass but also that of tubificids was high It 
was only in this habitat that the highly productive potentials of the sedimentation area 
of two large eutrophic rivers (Admiraal & Van Zanten, 1988) were apparent In the 
period April 1989 - April 1990, Klink & Dudok van Heel (1993) found a total macro
zoobenthic biomass production (determined using the size/frequency method (Benke, 
1984)) of about 420 g AFDW nv2 at this site (5), whereas the production at site 3 
(also belonging to the 'basin silt' assemblage) amounted to only 11 4 g m-2 In the 
Zebra mussel clusters, the associated animals find both a sheltered habitat and enough 
food, and avoid the unsuitable bottom conditions The community of site 5 mainly 
derives its energetic requirements either directly or indirectly from the water column 
Zebra mussels feed on planctonic algae and the associated fauna feeds either on fae
ces or pseudofaeces produced by the Zebra mussels or on (re)suspended matter cap
tured by the Zebra mussel clusters Faeces and pseudofaeces are excellent food sour
ces for Chironomidae (Izvekova & L'Ova-Katchanova (1972) in Griffiths (1992)) and 
probably also for other detntlvorous invertebrate groups, such as tubificids After a 
massive settlement of Zebra mussels in Lake St Clair (USA-Canada), Griffiths (1992) 
found an increased abundance and species richness of ollgochaetes, which he related 
to the presence of zebra mussel faeces and pseudofaeces 

Effect of sediment contamination 
Field studies by Lang & Lang-Dobler (1979), Lafont (1985) and Van Urk et al (1992) 
and bioassays (Wlederholm ei a/, 1987) did clearly indicate that sediment contamina
tion can affect densities and species composition of macrozoobenthos The dominance 
of tubificids without setae indicates that sediment pollution may have affected the 
macrozoobenthos tubificids without setae mainly consist of Limnodnlus species, 
which are known to be tolerant of various types of sediment pollution (e g Lang & 
Lang-Dobler, 1979, Verdonschot, 1981 and references therein) The dominance of the 
tubificids in contaminated soft sediments In the Harlngvliet-Hollandsch Diep area Is 
consistent with findings by Lang & Lang-Dobler (1979) in Lake Geneva (Switzerland), 
viz that Potamothnx hammomensis, Potamothnx moldaviensis, Limnodnlus hoffm-
eisteri, Limnodnlus claparedeanus and Limnodnlus udekemianus were abundant in 
sediments with heavy metal concentrations that were within the range found in this 
study (Table 5) 

In bioassays, Wiederholm et al (1987) found sublethal and lethal effects on Tubifex 
tubifex, L hoffmeisten, L claparedeanus and Ρ hammomensis, when reared in con
taminated sediments from Swedish lakes The metal concentrations In these sediments 
were also comparable to those found In this study (Table 5) In the bioassays carried 
out by Wiederholm et al (1987) Τ tubifex was found to be the species most tolerant 
to heavy metal pollution So, the low abundance of Τ tubifex in the enclosed Rhine-
Meuse Delta as compared to Limnodnlus species, can not be explained by metal con
centrations in the sediment Verdonschot (1981) attributed the gradual decline of 
Τ tubifex in the enclosed Rhine-Meuse Delta In the years 1971-1977 to a deteriora-
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tion of sediment oxygen conditions These have indeed deteriorated not only because 
of the high sediment oxygen consumption rates in the area (De Jong e i a / , 1988) but 
also because of the lack of sediment firmness, which greatly reduces the possibilities 
for oxygen penetration into the sediment through burrows of zoobenthos 

Table 5 pH water content (H20) organic matter content (POM) and contents of heavy metals and PCB's (minimum and 
maximum values) in northern hemisphere lake sediments 
* = Lake Hjälmaren Lake Malaren Lake Rogsjon Lake Runn * * = Lac St Louis Lapraine Southern Indian Lake-Notigi 
Reservoir Tobin Lake 

parameter Haringvliet/ Rhine Ketelmeer/ Lake Geneva Lakes' Lake Huron Lakes" 
Hollandsch Diep Vossemeer 
(site 1-9) (site 14) (The Netherlands) (Switzerland) (Sweden) (USA) (Canada) 

This study This study VanUrketa/ Lang et al Wiederholm et al Johnson et al Warwick 
(1992) (1979) (1987) (1987) (1991) 

POM (%) 0 5 - 8 5 19 2 2 - 6 1 1 5 - 2 5 7 0 - 2 2 7 1 7 - 1 2 8 
H20 (%) 2 1 9 - 8 0 5 54 5 1 0 - 6 7 0 8 3 0 - 9 0 6 
pH 6 8 - 8 1 7 1 7 2 - 8 0 

Cd (mg kg-1) 0 5 - 1 7 6 59 1 6 - 6 7 1 1 - 2 6 0 9 - 1 0 4 0 2 - 1 4 0 
Hg (mg k r 1 ) 0 1 - 2 7 33 0 5 - 3 9 0 6 - 1 0 0 2 - 2 5 0 0 1 - 0 2 0 1 - 2 8 
Pb (mg kg-1) 10 0 - 2 6 9 6 640 38 0 - 1 3 5 0 92 0 - 1 6 9 0 45 0 - 2 1 5 0 22 0 - 95 0 15 0 - 1 0 1 0 
Cu (mgkg-1) 2 6 - 1 8 9 0 570 2 0 0 - 1 1 1 0 1260 2170 26 0 - 2 0 0 0 1 1 6 - 68 0 
Zn (mgkg-1) 5 1 0 - 1 9 1 8 9 2300 199 0 - 5 3 2 0 200 0 360 0 69 0 - 2 9 7 0 59 6 - 6 8 6 0 

PCB 52 (pgkg-1) <10 0 - 13 0 70 <1 0 - 38 0 
PCB 153 (pgkg-1) <10 0 - 1 0 1 0 280 <1 0 - 3 1 0 
PCB 180 (pgkg-1) <10 0 - 89 0 210 <1 0 - 22 0 

The consecutive appearance of sublethal and lethal effects on Chironomus cf plumo-
sus over a contaminated Rhine-sediment gradient in Vossemeer/Ketelmeer (Van Urk 
ef a/, 1992) supports the idea that the low densities of Chironomidae in the enclosed 
Rhine-Meuse Delta are attributable to sediment contamination Bioassays with Ch 
η pan us reared in sediments from the study area also showed negative effects of sedi
ment contamination (Anonymous, 1993, Den Besten, 1993) Only in the eastern 
Hollandsch Diep, the physical structure of the sediment, which has the constitution of 
fluid mud, may be responsible for the low abundance and absence of Chironomus lar
vae as well 

The dominance of tubiflcids without setae (Umnodnlus spp ) over chironomids 
{Chironomus spp ) in all assemblages, the 'basin shoal' assemblage excepted, may be 
attributed to the greater sensitivity of chironomids to the sediment contamination pre
sent in deposits of the rivers Rhine and Meuse Tubificidae without setae also persisted 
In chemically polluted fine sediments in the Rhône basin (Lafont, 1985) An abundant 
occurrence of Umnodnlus species is, however not at all restricted to contaminated 
sediments Johnson et al (1987) studied slightly contaminated sediments In Georgian 
Bay (Lake Huron) and found that the Pontoporeia hoyi-Limnodnlus hoffmeisten-
Chironomus spp and Procladius spp association was characteristic of sediments with 
high silt and organic matter contents Most assemblages described in the present 
study can be considered to belong to this association, except that Pontoporeia hoyi 
does not occur in The Netherlands The chironomid component (Chironomus spp and 
Procladius spp ) of this association, however, is not well developed In the enclosed 
Rhine-Meuse Delta 

In the zoobenthos of the enclosed Rhine-Meuse Delta, Tnchoptera and Ephemerop-
tera were absent or almost absent The question is whether habitat or pollution condi
tions did limit their occurrence The return of the caddis larvae Hydropsyche contuber-
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nalis McLachlan and Ecnomus tenellus (Rambur) in the Rhine at the end of the 1970's 
has been related to the decreased toxicity of the water (Van Urk et al, 1993) The 
recent return of the mayfly larvae of Ephoron virgo (Olivier) in the soft sediments of 
the Rhine (BIJ de Vaate et al, 1992) may also be related to the further improved water 
quality of the Rhine during the 1980's In the enclosed Rhine-Meuse Delta, however, 
the degree of contamination which is concentrated in the sediment, has hardly impro
ved since the 1970's Therefore, it is likely that sediment contamination may prevent 
the colonization by at least a few Trichoptera and Ephemeroptera species 

Conclusions 

1 Four macrozoobenthic assemblages were recognized, viz the 'Rhine river', 'soft 
mud', 'basin silt', and 'basin shoal' assemblages 

2 Density and biomass values were generally low contrary to what could be expected 
in the sedimentation area of two large eutrophic rivers Only densities and biomas-
ses of macrozoobenthos associated with Zebra mussel clusters were very high This 
community lived slightly elevated above the sediment and derived its food either 
directly or indirectly from the water column 

3 The very low macrozoobenthic densities in the 'soft mud' sediments are probably 
the result of the high ammonium concentrations and the impossibility to change the 
microhabitat because of the absence of sediment firmness 

4 Geomorphological changes and sedimentation regime seem to be the main factors 
determining the differences between the assemblages 

5 Sediment contamination probably has an important overall influence on all assem
blages, the 'basin shoal' assemblage excepted tubificids without setae were domi
nant, densities of Chironomus spp were low and Trichoptera and Ephemeroptera 
were completely absent 
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Ecosystem developments in the Rhine-Meuse Delta during two decennia 
after enclosure and prospects for estuary restoration 

Introduction 

Estuaries link rivers to the sea They form an essential chain between the marine and 
river ecosystems This was true for the rivers Rhine and Meuse, until November 1970, 
when the completion of the Haringvliet dam created a barrier between the rivers 
Rhine and Meuse and the North Sea 
The first aim of the closure was to safeguard the surrounding land against floods As a 
consequence of the construction of the dam, the coastline became considerably shor
ter (eg Saeijs, 1982, Knoester, 1983) 
The second aim was a better control of the distribution of river water over the main 
outlets of the river, / e the Nieuwe Waterweg and Haringvliet This was needed to 
reduce salt intrusion into the Nieuwe Waterweg 
The third aim was to improve the freshwater supply to the surrounding former islands 
for agricultural purposes and to provide new and more suitable inlets for the produc
tion of drinking water 

The closure had a dramatic impact on the ecology of the former estuary (de Boois, 
1982, Ferguson & Wolff, 1983), which emphasized the fact, that hydrodynamics are a 
crucial element of this ecosystem 
In the first half of the 1980's, various negative long term effects of the closure of the 
nver mouth became apparent and were recognized, such as the accumulation of large 
amounts of contaminated sediments and the disappearance and degradation of for
mer and remaining intertidal areas In the same period, the Dutch Ministry of 
Transport and Public Works (1985), responsible for water management in the basin, 
adopted the principle of integrated water management, which meant that all functions 
of water.systems should be included in their management Simultaneously, the natural 
values and potentials of river ecosystems (eg De Bruin et al, 1987) and coastal wet
lands (e g Ministry of Housing, Spatial Planning and the Environment, 1993, Bisseling 
et al, 1994) were becoming increasingly recognized and appreciated in Dutch society 

The integrated approach in water management was formalized in the National Policy 
Document on Water Management (Ministry of Transport and Public Works, 1989) 
The increased appreciation of nature was taken over by the Dutch government In the 
National Nature Policy Document (Ministen/ of Agriculture, Nature Management and 
Fisheries, 1990), which aimed at a large scale restoration of nature Within a short 
time, several regional nature development projects In the Rhine-Meuse Delta were ini
tiated (Heidemij, 1992, Coops et al, 1994) 
Most recently, sustainable development of ecosystems has become an issue in water 
management Fig 1 summarizes the changes in socio-economic needs in relationship 
to water management in the Rhine-Meuse estuary over the last 40 years 

Since the area's ecosystem had become strongly dependent on the management of 
the Haringvliet sluices, this management had to be reconsidered with the aim of find
ing a new balance between all interests involved Further study on this subject was ini
tiated in the National Policy Document on Water Management (Ministry of Transport 
and Public Works, 1989) and implemented in the Integral Policy Document for the 
Haringvliet, Hollandsch Diep and Biesbosch, referred to below as IPDH 
(Rijkswaterstaat, 1990.1991,1994) 
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This paper aims to 
- analyze long term developments after 1970 in morphology, water quality and eco

logy, and to determine the impact of sluice management on these developments, 
- formulate alternative sluice management strategies and to describe their impact on 

natural and human functions, and 
- evaluate alternative sluice management strategies from an ecological point of view 
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and outlet sluices sluice management 

Figure 1 Changes In socio-economic needs related to water management in the Rhine-Meuse estuary 
over the last 40 years 

The (enclosed) Rhine-Meuse Delta 

The area considered comprises the Haringvliet, Hollandsch Diep, Biesbosch and the 
rivers Nieuwe Merwede and Amer (Fig 2) The Haringvliet is the mam outlet of the 
rivers Rhine and Meuse The area has experienced a complex history of inundations by 
the sea and rivers, land reclamation and diking (Lambert, 1971), regulation and chan
nel construction 
Until 1870, an important part of the Rhine water flowed through the Biesbosch area, 
depositing large amounts of suspended solids, and had its main outflow to the North 
Sea through the Haringvliet Between 1860 and 1870 both the Nieuwe Merwede and 
the Nieuwe Waterweg were dug to improve navigation and water discharge The 
River Meuse, discharging into the River Waal, was given its own outlet to the Amer by 
the digging of the Bergsche Maas at the beginning of the 20 t h century 
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Continuous sedimentation and diking of large intertidal areas decreased the water 
storage capacity, which, together with the channel digging caused an increase in the 
average tidal range in the Biesbosch area from ca 1 m In 1850 to ca 2 m in 1960 
(Zonneveld, 1960) 

Figure 2 Overview over the enclosed Rhine-Meuse Delta and its position in The Netherlands 
W1 to W4 are water quality sampling sites 

The estuanne ecosystem consisted of a fresh- and bracklsh-water tidal system It in
cluded a characteristic flora and vegetation (Zonneveld 1960) plankton (Peelen, 
1967), and a macroinvertebrate (Den Hartog 1961, Wolff, 1973), fish (Vaas, 1968) 
bird (Louman 1991) and mammalian (Anonymous, 1989) fauna The vegetation con
sisted of large stands of reeds and rushes, merging in the East into a large freshwater 
tidal area, the Biesbosch, with tidal forests and reed marsh areas Both the invertebrate 
and fish fauna followed an environmental gradient, with several marine species in the 
western Haringvliet, brackisch water species In the eastern Haringvliet and Hollandsch 
Diep, and freshwater species in the Biesbosch, Amer and Nieuwe Merwede Among 
the mammals, the Otter (Luira lutra) was still common around 1900 in the Hollandsch 
Diep and Biesbosch, but had become extinct by 1940 Harbour seals (Phoca vitulina) 
were still common in 1953 but had nearly disappeared from the area at the end of 
the 1960's, mainly because of pollution (Reijnders, 1982) 
The construction of the Volkerak dam (finished in 1969) and Haringvliet dam (finished 
in November 1970) was needed to convert the estuary into an inland freshwater 
basin 
The Haringvliet sluices regulate the water distribution In the enclosed Rhine-Meuse 
Delta since November 1970 At low Rhine discharges (Q<1700 m3 s_1), the sluices are 
closed to prevent salt intrusion With increasing Rhine discharge the sluices are gradu
ally opened during low tide on the North Sea At high Rhine discharges (Q > 9000 m 3 

s-1) the sluices are completely open Consequently, current velocities and residence 
times greatly vary with Rhine discharge (Table 1) 
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Т»Ы· 1 Residual current velocities and residence times in parts of the enclosed Rhine-Meuse Delta (RM 
Delta) both in relationship to the discharge of the River Rhine at the German-Dutch border 
Current velocities are cross-sectional and tidal averaged and calculated with the one dimensional 
ZWENDL model The fraction of time in which River Rhine discharge is exceeded is also given 

0 25 
0 08 
0 02 
000 

91 
7 5 

41 5 
58 

0 38 
0 13 
005 
0 03 

3 5 
2 8 
6 9 

13 

0 53 
0 20 
0 10 
0 09 

1 8 
1 3 
2 3 
5 

1 01 
0 42 
0 26 
0 26 

0 71 
0 50 
0 79 
2 

125 
0 55 
0 35 
0 36 

0 50 
0 38 
0 58 
15 

River Rhine discharge (m3 s 1 ) 

Parameter (unit) Part of RM Delta (Rhine km) 1200 22001> 3000 6000 8000 

Current velocity (m s 1 ) 
Nieuwe Merwede (968-980) 
Hollandsen Diep East (980-984) 
Hollandsen Diep West (995 999) 
Haringvliet West (1018-1030) 

Residence time (days) 
HoDandsch Dlep (980-999) 
Haringvliet East (999-1018) 
Haringvliet West (1018-1030) 
Hollandsen Diep + Haringvliet 

Fraction of time(%) 
in which River Rhine discharge was exceeded 77 57 15 1 4 0 3 
(average over the period 1901-1980) 

1) average over 1901-1980 

State and developments after closure 

Morphology 
Before the closure of the Volkerak and Haringvliet dams, a morphological equilibrium 
existed between depth profiles and currents, the marine and fluvial silt mainly accu
mulated in the Intertidal areas After the closure, channel profiles became oversized 
and consequently large amounts of sediments were deposited in the former tidal 
channels (Van Berghem et al. 1992) These sediments mainly originated from the 
rivers Rhine and Meuse The tidal channels of the upstream part of the Delta, inclu
ding the Nieuwe Merwede, filled up first, in the early 1970's In later years, sediment 
became deposited further West as the upstream parts had reached a new equilibrium 
with flow rates Nowadays, about 5 million m 3 of sediment are deposited annually In 
the Amer, Nieuwe Merwede, Hollandsch Diep and Haringvliet Sand is mainly deposi
ted in the Amer and Nieuwe Merwede, while silt is deposited in the Hollandsch Diep 
The finest silt particles settle in the Haringvliet However, this pattern changes with 
river discharge When river discharges are high, this gradient shifts to the West, silt 
which Is sedimentated In the East, may be resuspended and also transported further to 
the West 

Between 1970 and 1987 cross-sectional profiles of the Amer were reduced by 15-
20%, those of the Nieuwe Merwede by 10-15% and those of the eastern Hollandsch 
Diep by 20% (Fig 3), coinciding with an average net sedimentation of 0 5-2 m in 17 
years With the present sluice management, the sedimentation process will continue 
until a new equilibrium has been established, within 1 to 2 centuries 

The former intertidal flats -which still had gentle slopes- were not adapted to the new 
situation, with only a small vertical tidal amplitude and lower current velocities After 
1970, erosion by wind induced waves has changed the gentle slopes in most intertidal 
areas into steep gradients between 0 0 m and 0 6 m above sea level (a s I ) The ecolo
gically Important Intertidal zone practically disappeared In most places, except for a 
few sheltered flats The vegetation border of wind-exposed intertidal areas in the 
Haringvliet, for example, has receded by about 100 m between 1970 and 1984 These 
eroded sediments also contributed to the filling up of the channels 
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Figure 3. Surface of cross-sectional profiles In the enclosed Rhine-Meuse Delta between 1970 and 1987, and a prediction for 2125 
Surface area of the eastern Hollandsen Diep (to the nght of the bold line) refers to the North side, connected to the 
Nieuwe Merwede Adapted from Van Berghem et al (1992) 

Human activities have also changed the area's morphology directly Several under
water sand pits testify to the construction of the Haringvliet sluices and the Volkerak 
dam complex during the 1960's One in the western Hollandsch Diep is now in use as 
a dumping site for dredged-up sediment from the area. Dredging is locally necessary 
to maintain the Nieuwe Merwede and eastern Hollandsch Dlep as navigable channels 
During the 1980's most banks have eventually been protected with wave breaks at 
some distance from the margins of the present terrestrial zone. The protection pro
gramme will be finished by 1997 The Intertldal gradient has been restored on two 
flats in the Haringvliet by means of sand nourishment. 

Water quality 

Spatial changes. From the upstream River Waal (River Rhine, W1) to the Haringvliet 
sluices (W4), considerable changes in water quality take place. Most of these changes 
are related to the above mentioned sedimentation processes. Parameters related to the 
presence of suspended particles, such as total phosphate, total lead, and chlorophyll-a 
(Fig. 4), decrease in westerly direction Transparency Increases in this direction (Fig. 4). 

Temporal changes. Increased rates of purification of domestic waste water in the 
Rhine basin led to decreasing ammonium and increasing nitrate concentrations 
between 1972 and 1976 (Van Eck, 1982). From 1976 onwards, nitrate concentrations 
have decreased in a westerly direction, probably because denitrification now exceeds 
nitrification. Nitrate uptake by algae may also have contributed. Total phosphate con
centrations have shown a remarkable decrease from 1986 onwards, mainly because of 
dephosphatatlon In waste water treatment plants upstream and the increased use of 
detergents without phosphate. Concentrations of several heavy metals decreased from 
the 1970's onwards, illustrated here for lead. Chlorophyll-a concentrations in the 
Haringvliet were low throughout the period (<20 mg m-3), and transparency high 
(± 1.5 m) in spite of the eutrophic conditions. The low chlorophyll-a concentrations in 
the Haringvliet are remarkable, since conditions for algal growth seemed very favoura
ble: nutrient levels were high and light conditions were good Several explanations 
have been proposed for this phenomenon, such as Iron limitation (pers. comm G.T M. 
Van Eck), the sedimentation of river plankton combined with a short residence time 
(De Hoog & Steenkamp, 1989) and sedimentation combined with consumption by 
zooplankton (De Ruyter van Steveninck et al., 1990a, 1990b) and Zebra mussels 
(Dreissena polymorpha) (Smit, unpublished). 
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Sediment quality. 

Sediment quality is mainly determined by the pollution level of the sediments that 

were deposited after 1970 Sediments deposited in the early 1970's have the poorest 

quality (pollution class 4), since pollution was then at its peak The most recent sedi

ments are less polluted (class 2 or 3) Consequently sediment quality at the surface 

should improve going from the Amer and Nieuwe Merwede to the Hollandsch Diep 

However, a considerable transport of polluted silts takes place at high river discharges, 

causing the downstream toplayers to be polluted as well Most of the 90 million m 3 

deposited between 1970 and 1989 is polluted (class 3) or extremely polluted (class 4), 

and is concentrated in the Hollandsch Diep (Fig 5) 
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Amounts and quality of sediments deposited in the 
Amer Nieuwe Merwede Hollandsen Diep and 
Haringvliet between 1970 and 1989 Quality dasses 
according to the Ministry of Transport and Public 
Works (1989) class 1 meets the standards of envi
ronmental quality (AMК 2000) class 2 moderately 
polluted class 3 polluted class 4 extremely polluted 
Sediments are classified using corrected concentra
tions of contaminants according to the Ministry of 
Transport and Public Works (1989) Data from 
Rijkswaterstaat Zuid-Holland Directorate 

Hollandsen Hanngvlial 
Dlep 

Vegetation 
Before the enclosure, freshwater tidal marshes were characterized by a zonation of 
vegetation, which was primarily associated with tidal Inundation and exposure to tidal 
currents (Zonneveld, 1960) In the low intertidal areas, Sarpus marshes with Sarpus 
lacustris, S tabernaemontam, S m anti m us and S tnqueter dominated, on higher ele
vations succeeded by reed marshes, ruderal vegetation and alluvial forests with char
acteristic understory elements (Van de Rijt & Coops, 1993) Vegetation succession has 
historically been strongly influenced by the exploitation of rushes reed, and coppice 
wood (Smit & Coops, 1990) The closure of the Haringvliet reduced the tidal move
ments and thus eliminated a crucial ecologically Important factor in the existence of 
the extended fresh and brackish water tidal marshes As a consequence, the vegeta
tion changed drastically (Beeftmk, 1975, De Boois, 1982) The Sarpus zone gradually 
deteriorated throughout the enclosed Rhme-Meuse Delta between 1970 and 1989, 
the Sarpus stands in the Haringvliet and Hollandsch Diep declined from several hund
reds of hectares to less than 0 1 ha (Smit & Coops, 1990) A similar decline occurred in 
the Biesbosch (Coops, 1992) Most of the reduction was caused by permanent inun
dation, accompanied by erosion and heavy grazing by geese 

After the disappearance of Sarpus stands, wave attack affected the Reed (Phragmites 
austrahs) vegetation Locally, this led to the formation of steep shoreline cliffs without 
emergent vegetation at the water's edge It was only after the construction of protec
tive wave breaks during the 1980's, that this retreat did stop 
In the higher parts, the absence of frequent inundation led to oxygen penetration into 
the soil and hence to an increased availability of nutrients These areas were soon 
invaded by terrestrial ruderal plant species such as Common nettle (Urtica dioica), 
Great hairy willow-herb (Epilobium hirsutum) and Golden rod {Solidago gigantea) 
Along the Haringvliet, some characteristic brackish marsh species disappeared (e g 
Parsley water-dropwort (Oenanthe lachenaln) or decreased significantly (e g Wild 
celery (Apium graveolens), while others persisted over 20 years (e g Marshmallow 
(Althaea officinalis) and Common scurvy-grass (Cochleana officinalis) The lower cur
rent velocities and Increased transparency favoured the establishment of extensive 
stands of Fennel-leaved pondweed (Potamogetón pectmatus) and Perfoliate pond-
weed (P perfoliatus) in shallow water Between 1970 and the present, almost all 
unembanked areas have become nature conservation areas Parts of the former reed 
marshes have been transformed into grassland (496 ha) in order to expand the fora
ging terrain for wintering geese (Mainly Barnacle goose (Branta leucopsis) and 
Greylag goose (Anser anser)) 



Macrolnvertebrates 
Since the enclosure of the Rhlne-Meuse estuary, the macroinvertebrate fauna of this 
area has been rather poor in species with low biomasses, and has been generally 
dominated by a few tolerant tubificid worm species (Smit eí al., 1995). Exceptions are 
the western Hollandsch Diep and eastern Haringvliet, where high Zebra mussel 
(Dreissena polymorphs) biomasses occur. Here, clusters of Zebra mussels are found 
attached to the solid structures, which are locally available at sites, where the net sedi
mentation was not too high. The highest biomass values have been found in the 
Hollandsch Diep, West of the silt sedimentation front (Fig 6) More than other 
macroinvertebrate species, the mussels seem to utilize the high food availability In the 
sedimentation area of two large eutrophic rivers. The mussels are an important food 
source for e.g. Tufted duck (Aythya fuhgula) (see below). With the ongoing sedimen
tation moving further westward, Zebra mussel biomass will decline in the future, as 
their habitat, i.e. solid substrates to which they attach, will become scarcer. 

Figure 6. Distribution of Zebra mussels {Dreissena polymorpha) in the Hollandsch Diep The "sedimentation front" denotes the bar
rier between areas with higher (>1 m between 1970 and 1987) and lower (<1 m) sedimentation rates. The North-eastern 
bank indudes former interbdal areas, which have been subject to heavy erosion by wind waves Consequently, sedimenta
tion rates have been low and Zebra mussels could settle Adapted from Dudok van Heel et al (1992) 

Fish fauna 
Directly after the closure in 1970, anadromous fish species such as Twaite (Alosa fal
lan) disappeared. All marine species disappeared, except for the katadromous 
Flounder (Platichthys flesus) and small numbers of Smelt (Osmerus eperlanus). A 
rapid colonization of common freshwater species such as Ruffe (Cymnocephalus cer-
nuus), Perch (Perca fluviatile), Roach (Rutilus rutilus) and Bream (Abramis brama) 
followed (Fig. 7). Between 1971 and 1974 the importance of Flounder decreased. An 
Initial dominance of Roach in 1972 was superseded by Perch in 1974. From 1976 
onwards, Pike-perch (Stizostedion lucioperca) appeared; its importance gradually 
increased In the course of the following decade. After 1980, Bream has become domi
nant, replacing Roach (Wiegerinck & Heesen, 1988). 

Willemsen (1980), relating the dominance of fish species to the trophic status of water 
bodies, allocated a higher trophic status to Bream and Pike-perch compared to Roach 
and Perch, based on findings in shallow lakes in The Netherlands. However, chloro-
phyll-a concentrations in the basin were much lower than those In most large eutro
phic water bodies and did not increase after enclosure 



100 

о 

60 

40 

20 

1 

ι I 

UJL I 

ggj other 

\22, pike perch 

^ bream 

| I roach 

\\ perch 

| smelt 

Η flounder 

1971 1975 1980 1985 1988 

year 

Figure 7. Relative biomass of the most abundant fish species in the Haringvliet. Data derived from Steinmetz (1974, 1975), 
Wiegerinck & Heesen (1988), unpublished data Netherlands Institute for Fishery Investigations, Umuiden. 

The observed succession patterns show a remarkable similarity with those observed in 
the Usselmeer In the first years after the enclosure of the Zuiderzee (De Beaufort, 
1954) and those in Lake Volkerak-Zoommeer after the separation from the 
Oosterschelde (Ligtvoet, 1993). The conversion from an estuarine to a freshwater eco
system generates large amounts of detritus, of which opportunistic macrozoobenthic 
species take advantage. In the enclosed Rhine-Meuse Delta considerable amounts of 
organic pollution deposited as well. Consequently, tubificids were highly abundant in 
the Nieuwe Merwede and Hollandsch Diep in 1971/1972, which benefitted Roach 
(pers. comm. K. Peeters). High densities of midge larvae of Chironomus muratensis 
were observed in Lake Volkerak-Zoommeer (Van Nes & Smit, 1993), on which 
Flounders fed (pers. comm. G. van Beek). Peeters and Van Beek both observed very 
large and heavy individuals of these fish species, whose stomachs were filled with the 
above mentioned macroinvertebrates. In later years, biomasses jof tubificids as well as 
chironomids declined in both waters. The replacement of Roach and Flounder by 
Bream may, however, be attributed to many simultaneously developing processes. 
A possible cascade of events leading to the eventual dominance of Bream is given in 
Fig. 8. 

Recovery of anadromous fish populations depends not only on the sluice manage
ment, but also on the restoration of migration routes (fish ladders) and spawning habi
tats in the upstream rivers, on a further improvement of water and sediment quality in 
the river basins and on an adequate control of fishery Intensities in the North Sea and 
Atlantic Ocean (e.g. De Groot, 1990; De Groot, 1992). 

Water birds J The former estuary had an important function for various geese, duck, tern and wader 
species (Louman, 1991). Developments after the enclosure are known in more detail 
from 1972 on, when systematic bird censuses In the area started during the winter 
months. The abundance of water bird species has become an important parameter for 
the ecological status of water bodies, since the 1 % standard was accepted as a crite-
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rion for the definition of international importance as a wetland. The status 'wetland of 

International importance' is given to any wetland In which more than 1 % of the West-

European population of a water bird species is encountered on a regular basis. 
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leading to the dominance of Bream {Abramis brama). 1) pers. corniti. E. Lammens; 2) Heinis (1993); 3) Lammens (1986). 
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Wetland status of the enclosed Rhlne-Meuse Delta. For this area the criterion 'more 
than 1 % on a regular basis' was considered true, when a species exceeded the 1 % 
standard in five consecutive years between October 1988 and March 1993 This was 
the case for three species Barnacle goose {Branta leucopsis, range of winter maxima 
20-34% of the West-European population), Greylag goose (Anser anser, 2 7-6 1%) 
and Wigeon [Anas penelope, 1 4-3 3%) However, these species mainly live on the 
surrounding grasslands, ecosystems which function largely independent of the aquatic 
ecosystem During the last four years (October 1989-March 1993), Tufted duck 
(Aythya fuligula, 1 0-2 0%) also exceeded the 1 % standard 

Trends between 1972 and 1993. In Fig 9, the temporal patterns are given of a selec
tion of six water bird species, having different feeding habits and living in different 
habitats Greylag goose and Wigeon were mostly observed on grasslands in the area 
The decrease of Greylag goose in the 1970's was caused by the decline of the Scirpus 
stands in this penod (Kui)pers, 1976) However, the animals have shifted their habitat 
to agricultural and grasslands and numbers have Increased since 1983/1984 
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Figure 9 Numbers of a selection of bird species between 1972 and 1992 In the Haringvliet and Hollandsen Diep area Numbers are 
averages of monthly counts from October to March For methodological details see Boudewijn & Mes (1986) Data 
courtesy Province of Zuid Holland 

The occurrence of Dunlin (Cahdns alpina) and Shelduck (Tadorna tadorna) was confi
ned to the littoral zone Although their numbers show considerable fluctuations 
because of the irregular changes in water levels (Boudewijn & Mes, 1986), numbers of 
both species have decreased during the observation period This is probably related to 
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habitat loss caused by progressive bank erosion The decreased numbers of these lit
toral species are consistent with observations of other wader and duck species in the 
area, which are confined to the intertidal and shallow water zone Numbers of Tufted 
duck increased from the late 1970's onwards The ducks mainly forage on Zebra mus
sels, which abundance also increased during the same period 

Numbers of Great crested grebe (Podiceps cnstatus) increased from 1972/1973 until 
1976/1977, but then showed a sharp decline They probably changed their wintering 
area to the neighbouring saltwater Lake Grevelingen, where food conditions were bet
ter Lake Grevelingen contains a large population of small fish (Doornbos, 1984), 
which are more suitable as a prey than the large Bream, which dominates the 
Haringvliet and Hollandsen Diep 
Numbers of Cormorants (Phalacrocorax carbo sinensis) increased during the observa
tion period In the penod 1989-1993, several hundreds of cormorants wintered in the 
area and stayed on the break waters, providing them a good protection against preda
tory mammals Maximum numbers (>1000) are normally observed in August or 
September 

In conclusion. 
After the enclosure in 1970, rather low natural values have developed in this man 
made ecosystem, except for the numbers of a few bird species living on grass lands 
Moreover, the rich food source supplied by two eutrophic rivers remains largely unu
sed, since It accumulates on the deep bottom The ecosystem seems unable to transfer 
a considerable part of this food source into higher trophic levels (macrozoobenthos, 
fish, birds) 

Ecological impacts of present sluice management 

This section summarizes the main ecological impacts of the present sluice manage
ment, both on the system itself and on the connected rivers and the North Sea 

Disturbed silt balance 
Silt, Including organic material, has accumulated in the former tidal channels and river 
beds of the Nieuwe Merwede and the eastern Hollandsch Diep, where it has become 
for the greater part unavailable to the ecosystems both of the area itself and of the 
North Sea, in the area itself it remains unused, while smaller quantities now reach the 
North Sea The former tidal flats have been deprived of building matena's and of their 
main food source, the organic fraction of the sedimenting silt 

Accumulation of contaminated sediments 
Most of the 90 million m3 of sediment accumulated in the area is severely polluted 
(Fig 5) This produces a hazardous situation for both man and nature Several toxic 
compounds, such as chlorobiphenyls, reach high levels In the sediment and approach 
the (high) consumption standard in Eel (Anguilla anguilla) (Hendriks & Pieters, 1993), 
which is still commercially fished In the area 
Negative impacts on various components of the ecosystem have also been revealed in 
recent years the reproduction of Cormorants (Dirksen et al, 1992) and Tufted ducks 
(De Koek & Bowmer, 1992) was negatively affected, there was a high Incidence of 
malformations in mouth parts of chironomids (Van Urk & Kerkum, 1986) and densities 
of chironomids were low (Smit eí al, 1995) 
The costs of removing the contaminated sediments are very high 125 million US $ to 
remove all class 4 sediments (the category of most polluted sediments) and about 400 
million US $ to remove all class 3 and 4 sediments Thanks to the sluices, however, the 
contaminated sediments have not spread into the North Sea, which keeps the possibi
lity of removal or In situ cleaning open 
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Disappearance of intertidal areas. 
After the enclosure most of the intertidal areas became either permanently submerged 
or exposed The brackish tidal areas have disappeared completely The remaining 
freshwater intertidal areas declined further, due to the erosive power of wind waves 
Consequently, only a few hundred hectares of freshwater tidal area remain 20 years 
after enclosure Both the freshwater and brackish intertidal areas were of international 
importance (e g for migrating water bird species) and their decline or disappearance is 
regarded as a serious ecological loss 

Increased flat formation In the outer delta. 
In the outer Haringvliet Delta, on the North Sea side, channels have filled up and new 
intertidal sandbanks have developed, as a result of the decreased tidal currents These 
areas also have high natural values, since they harbour large numbers of several water 
bird species, have a nursery function for fish and house a characteristic macroinverte-
brate fauna (Rijkswaterstaat, 1989) 

Disappearance of nursery function for fish 
The former estuary had a nursery function for several marine fish species such as the 
Sole (Solea solea) and Plaice (Pleuronectes platessa) (cf Vaas, 1968) This nursery 
function has disappeared and is now restricted to the outer delta 

Disturbance of fish migration 
Formerly common anadromous fish species have disappeared from the rivers Rhine 
and Meuse for several reasons One was the closure of most river outlets Only the 
Nieuwe Waterweg, the mam shipping route to the industrialized harbour of 
Rotterdam, now constitutes an open connection between the Rhine and the North 
Sea, but this is not a natural estuary 
The present functioning of the Haringvliet sluices forms an important obstacle for the 
return of anadromous fish species such as the Salmon (Salmo salar) in the Rhine basin 
(Van Dljk & Marteljn, 1993) When the sluices discharge, current velocities are too 
high to allow any significant upstream migration At low Rhine discharges (<1700 
m3 s-1) the sluices are closed and no passage is possible at all 

Hampered mixing of river and sea water. 
Before closure, an intensive mixing of river and sea water occurred in the estuary The 
Delta project has dramatically diminished the rate of mixture Since the enclosure of 
the Haringvliet, a larger proportion of the river water flows through the Nieuwe 
Waterweg, a small and deep channel, where circumstances for mixing are unfavoura
ble Consequently, fresh water is now being injected into the North Sea, where most 
of the mixing with sea water takes place Laane eí al (1994) showed that the average 
salinity measured at a group of near-shore stations (<10 km from the coastline) along 
the Dutch coast has dropped since 1970, while nutrient concentrations, e g of dissol
ved inorganic nitrogen ( D I N ) , have increased (Fig 10) The increase in D I N con
centrations is probably also attributable to the increased nitrogen loads of the rivers 
Rhine and Meuse Anyhow, more nutrient-rich river water than before enclosure 
remains close to the Dutch coast and may be anticipated to be transported to the 
Wadden Sea These results indicate that the Delta project, of which the Haringvliet 
sluices constitute an important component, may have contributed to eutrophication 
problems along the Dutch coast, including the Wadden Sea 

In conclusion. 
The present management of the Haringvliet sluices has an impact on the Rhine eco
system up to central Germany and on the North Sea ecosystem along the Dutch coast, 
as well as a major impact on the ecosystem of the Rhine-Meuse Delta itself 
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Figure 10 Annual variation in salinity (%,) and dissolved inorganic nitrogen (D Ι Ν μΜ 11) during the winter (January -
March) in the North Sea from 1961 to 1992 Data are averages (± 1 S D ) of a group of localities along the 
Dutch coast (< 10 km offshore) Courtesy Laane et al (1994) 

Alternatives to the present sluice management 

Recent policy and management developments 
Recent years have seen the publication of a number of national policy documents, in 
which emphasis shifted to ecology in physical planning and water management, and 
In which a new approach to nature conservation is presented This new approach was 
implemented in the subsequent documents, which eventually led to the reconsidera
tion of the sluice management 
- The National Policy Document on Water Management (Ministry of Transport and 

Public Works, 1989) was the first document to present a policy including water 
quantity, water and sediment quality, and ecology In this document, the Dutch 
government promised a new policy for the enclosed Rhine-Meuse Delta, including a 
reconsideration of the management of the Haringvliet sluices 

- The Rhine Action Programme was adopted in 1987 by the countries along this river 
It included eg an agreement on the reduction of discharges, which would positively 
influence the water- and sediment quality in the enclosed Rhine-Meuse Delta An 
ecological objective was also included, viz the return of anadromous fish species, 
such as the Salmon Numerous measures are presently being taken in the river basin 
to prepare It for the return of this fish species The Haringvliet sluices, however, form 
an important obstacle In their migration route 

- The Integrated Policy Document on the Haringvliet, Hollandsch Diep and 
Blesbosch (IPDH) This document provides an inventory of properties and functions 
(Rijkswaterstaat, 1990), an analysis of alternatives and selection procedures 
(Rijkswaterstaat, 1991) and a detailed description of the selected alternative policy 
for the management of the Haringvliet sluices and the removal of contaminated 
sediments (Rijkswaterstaat, 1994) 

- Environmental Impact Assessment ( E I A ) Haringvliet sluices An E I A is obligatory 
for changes in water levels in the basin, which exceed 16 cm Consequently, such a 
procedure has recently been started by the Zuid-Holland Directorate of Rijkswater
staat, the authority responsible for the sluice management The E I A has started in 
March 1994 and will result in a final report by mid-1996 

- Removal and storage of contaminated sediments. Studies for the IPDH have shown, 
that a new sluice management would rapidly lead to the remobihzation of contami
nated sediment and its transport to the North Sea, which was widely considered 
unacceptable Therefore, the most contaminated sediments must be removed first 
before a new sluice management can be implemented 

The possibilities for removal of contaminated sediments are now under study A study 
of the Nieuwe Merwede has recently been completed (Rijkswaterstaat, 1992, Den 
Besten, 1993), while a study of the Hollandsch Diep has been started and studies of 
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the Haringvliet and Biesbosch will start in 1995 and 1997 respectively The removal 
operation will probably start in 1997 and last about 20 years The thick layers in the 
eastern part of the enclosed Rhine-Meuse Delta will be removed using a cutter suction 
dredge In shallow areas, other methods such as a grab will be used In the 
Haringvliet, the water injection dredging method can be used, by injecting water, the 
silty top layer is made fluid and the fluid mud will flow to nearby former tidal chan
nels from where it can be removed Recent field experiments show promising results 
A large scale sludge dump which could store about 30 million m 3 of contaminated 
sediment has been projected in the centre of the basin, the western Hollandsch Diep 
The dumping site is oval shaped (Length χ width = 1 2 x 0 9 km) and the dike is eleva
ted only 3 5 m above mean water level to fit the construction well into the wide and 
open landscape The site will be excavated from a depth of a few metres to 50 m 
below mean water level The non polluted suitable sand will be used for mfrastructural 
projects, while the other non polluted sediments (at least 10 million m3) will be used 
to restore or develop several hundreds of hectares of mtertidal areas in the Haringvliet 
and Hollandsch Diep The total costs of the dumping site project are estimated to be 
about 200 million US $ 

ТаЫе 2 Characteristics of three management alternatives of the Haringvliet sluices Surface areas of bioto-
pes denote areas which have the potential for development as such M H W mean high water level 
MLW mean low water level mfl million guilders (1 guilder = 0 5 US $) 

Sluice management 
alternative 

present intermedíate storm surge 
management barrier 
HVO HV2 HV4 

Physical characteristics 
mean tidal range (m) 0 3 
average period of salt water Inlet (months) 0 
salt intrusion up to sluices 
Water and sediment poor 
quality in the area 
mobility of contaminated sediments 

Important biotopes (km2) 
brackish marshes 
reed/weed vegetation and grassland 
from MHW to dike 
helophyte stands (reeds and rushes) 
softwood ftaodplain forest (Salix) 
hardwood floodplain forest 
mtertidal area (MLW-MHW) 
submerged waterplant vegetation 
(MLW-75 cm - MLW) 

Functions/costs (mfl) 
agricultural compensation costs 
drinking water compensation costs 
navigational depth 
conditions for fisheries 
recreation adaptation costs 
swimming water quality 
general attractiveness 
adaptation costs Haringvliet 
sluices 

0 55-0 95 1-14 
6 12 
Spui Hollandsch Diep 
intermediate good 

little 

0 
43 

165 
5 
30 
10 5 
16 5 

0 
0 
unchanged 
poor 
0 
poor 
unchanged 
0 

limited 

3 5 
465 

15 5 
8 
35 
19 5 
7 

52-176 
18 
some reduction 
intermediate 
4 2 
Intermediate 
slight increase 
18 

considerable 

4 
39 

18 
5 
25 
32 5 
8 5 

909 
103-123 
reduction at Volkerak sluices 
good 
6 8 
good 
increase 
18 

Management alternatives 
In the IPDH, various sluice management alternatives were studied, varying from con
tinuing the present management to opening the sluices and using them as a storm 
surge barrier only Three alternatives were chosen, which represent the full range of 
variants 
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1) the 'present management' alternative, referred to below as HVO, 
2) the intermediate alternative referred to as HV2 and 
3) the 'storm surge barrier' alternative referred to as HV4 
Characteristics of the three alternatives and their impacts on the ecology and various 
anthropogenic functions have been summarized in Table 2 Details are given in 
Rijkswaterstaat (1991) From an ecological point of view, HV4 is very attractive, since 
it leads to the creation of large areas of very valuable biotopes The costs, however, 
are estimated to be very high In the IPDH HV2 has been proposed as the preferred 
alternative since it combines some profit for nature with acceptable costs 

A plea for the restoration of estuarine processes 

Significance of estuary restoration 
Since the Rhine-Meuse estuary is the connection between the basins of the rivers 
Rhine and Meuse and the North Sea the management of this estuary is highly rele
vant to the rehabilitation programmes of these large rivers (Rhine Action Programme 
(1987)) and the North Sea (North Sea Action Programme (1987)) The severe degra
dation of the estuarine ecosystem which occurred over the last 20 years is hampering 
the execution of both action programmes Good possibilities for the passage of migra
tory fish species are necessary to meet one of the main objectives of the Rhine Action 
Programme the return of indigenous fish species such as the Salmon Better mixing of 
fresh and salt water in the estuary will help to solve eutrophication problems in the 
North Sea, a major objective of the North Sea Action Programme Moreover, an estu
ary can be considered as a large scale nutrient filter (Kennedy, 1984) Both chemical 
and biological processes contribute to this filter function The mixing of fresh and salt 
water enhances flocculation of suspended matter and hence the removal of phospha
te In the same zone, denitnfication can remove a significant part of the nitrogen load 
Extensive surfaces of highly productive helophyte stands and a high intertidal macroin-
vertebrate biomass production may also enhance the storage and internal cycling of 
nutrients and organic matter, thereby reducing the discharge into the North Sea High 
biomass productivity in estuaries promotes an increase in natural values at the higher 
trophic levels High biomass production in helophyte stands promotes sedimentation, 
retention and succession of the vegetation, leading to a higher diversity of estuarine 
wetlands Both plant and macrozoobenthos production may feed increased numbers 
of water birds High macroinvertebrate biomasses enhance the function as a nursery 
for marine fish species The intertidal areas in the entire Delta area have a very impor
tant function as a refuel site for migrating birds and as a wintering site for birds bree
ding in Northern Europe Due to the Delta project nearly 18000 ha of intertidal habitat 
was lost, 3000 of which were in the enclosed Rhine-Meuse Delta (Meire, 1993) This 
stresses the importance of restoring intertidal habitats, whenever it is possible 

If the Rhine-Meuse Delta is to be managed as an estuary, the 'storm surge barner' 
alternative (HV4) seems the only valid option Only HV4 offers a considerable exchan
ge of tidal volumes, a large intertidal area and a constant tidal rhythm, factors which 
are essential for the existence of estuarine communities In contrast, the intermediate 
alternative (HV2) is less attractive than it would appear from the biotope surfaces cre
ated HV2 Is not merely an intermediate between a continuation of the present mana
gement (HVO) and the 'storm surge barrier' alternative (HV4), regular tidal movement 
is completely lacking It would mean that the duration of sluice closure Is far too long 
for most intertidal species to survive In this period fish migration Is blocked and in 
addition, the intermediate alternative (HV2) offers less mixture of fresh and salt water 

In the IPDH, external Impacts of the sluices (Rhine and North Sea ecosystems) have 
played only a minor role On the other hand, the total costs of nutrient removal -part 
of the North Sea Action programme- are very high Therefore, the environmental 
impact assessment (E IA ) should include as much as possible the external impacts and 
try to capitalize some aspects 
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The path to restoration. 
If the estuary is to be restored, this should be done as soon as possible, before Irrever
sible processes including the geomorphological changes and the extinction of relict 
species have proceeded too far On the other hand, the problem of polluted sediments 
should be solved first, so as to prevent their spread The ideal restoration pathway 
(Fig 11) would involve simultaneous approaches to both the habitat and the pollution 
problems Investing in the one and omitting the other will lead to suboptimal returns 
on investments Hence, the polluted sediment removal programme (sanitation) should 
be followed as soon as possible by a gradual further opening of the sluices, ultimately 
ending with a complete opening (HV4) This simultaneous tackling of both problems 
can be regarded as the pathway to sustainable development, it develops the area in a 
sustainable way by working with the natural processes and not against them 
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Figure 11. Conceptual model of the pathways of ecosystem degradation including pollution and habitat 
destruction, and of possible restoration including the removal of polluted sediments (sanitation) 
and a stepwise reopening of the sluices 

Conclusion 
In the past, man has learned to control the estuanne system (Saeijs, 1982, Wolff, 
1993) This study has shown that overcontrol may lead to undesirable ecosystem 
developments However, the same tool (the Haringvliet sluices) can be used to 
manage the Rhine-Meuse Delta as an estuary It is a challenge to restore the estuary 
without increasing the threat of a catastrophic inundation, which prompted man to 
enclose it nearly 25 years ago 
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General outline The shape of The Netherlands has strongly changed by coastal en
gineering projects during this century One of the consequences was the formation of 
various freshwater bodies with a total surface of more than 2200 km2 One of these is 
the enclosed Rhme-Meuse Delta (the Haringvliet, Hollandsen Diep. Biesbosch Amer 
and Nieuwe Merwede), which was converted into a freshwater body due to the com
pletion of the Haringvliet dam in 1970 

This thesis deals with the ecology of this basin, in particular with that of the macro-
zoobenthos in relationship to the main environmental factors The research concentra
ted on 
1) describing the response of macrozoobenthos species composition to enclosure and 

freshening, 
2) the ecological properties of the remaining intertidal areas, 
3) increasing the general understanding of the ecosystem, 
4) the relationship between macrozoobenthos and sediment contamination, and 
5) assessing alternative management strategies of the Haringvliet sluices from an eco

logical point of view 

Response of macrozoobenthos to enclosure and freshening After the enclosure of 
the Rhme-Meuse estuary, a freshwater ecosystem developed The various components 
of the ecosystem have been developing with totally different time scales varying from 
a few months to several decades The fish fauna reached an equilibrium after about 15 
years and the water bird populations were still undergoing important changes two 
decennia after enclosure 

No insight existed into the successional patterns of the macrozoobenthos The enclo
sure of the neighbouring Volkerak in 1987 provided the opportunity to study this phe
nomenon in the newly formed Lake Volkerak-Zoommeer The lake was freshened 
within nine months and most brackish-water species disappeared within one year after 
enclosure The first and most successful new colonizer was the midge Chironomus 
muratensis Ryser, Scholl et Wülker Because of the absence of predators in the water 
and because of its highly synchronized emergence, this species developed a plague for 
the traffic and the surrounding villages The faunae of the three habitats investigated, 
differed in their response to the freshening One year after enclosure, the former tidal 
flat areas had barely been colonized by freshwater species and the euryhalme poly-
chaete Nereis diversicolor (Müller) and the amphipod Corophium volutator (Pallas) 
were still dominant Some of the former tidal channels were azoic due to anoxic condi
tions because of salt stratification Only in the moderately deep zone (depth 3-8 m) 
the colonization by freshwater species such as the Zebra mussel Dreissena polymorphe 
(Pallas) was important Other common freshwater taxa, such as the mussels of Unto 
sp , Anodonta sp , Pisidium sp , and Sphaenum sp and most oligochaete species 
were not yet observed one year after enclosure 

The ecological properties of the remaining intertidal areas were studied by focussing 
on littoral macrozoobenthos and the controlling processes The enclosure of the 
Rhme-Meuse Delta had caused a major loss of the very valuable intertidal areas, which 
loss proceeded afterwards due to erosion Knowledge of the littoral and intertidal eco
system was important for a proper management of these areas 

As a first step a general survey in the study area and several connected river branches 
was made Three main assemblages were distinguished, which were related to 
geographical zones and differences in sediment grain size distribution 



1) The 'littoral п ег sand' assemblage was characteristic of the most upstream part, the 
Rivers Waal and Beneden Merwede, it mainly consisted of 'interstitial' invertebrates 
and included as Indicator taxa the oligochaetes Ve/dovskyella cornata (Vejdovsky) 
and Propappus sp and the chironomid Kloosia pusilla (L ) 

2) The 'littoral sedimentation area silt' assemblage was characteristic of several river 
sections and the Hollandsch Diep with the chironomid Einfeldia dissidens (Walker) 
and the snails Potamopyrgus antipodarum (Cray) and Valvata piscmahs (Muller) as 
the indicator species 

3) The 'littoral sandy basin' assemblage appeared to be confined to the littoral fine 
sands of the Haringvliet with the mussels Pisidium henslowanum (Sheppard) and 
Ρ moitessienanum Paladilhe and the chironomids Cladotanytarsus sp and 
Lipimella arenicola Shilova as the indicator taxa The differences between the three 
assemblages are related to the factors habitat, food and disturbance and inter
actions between these factors 

A comparison with palaeoecological samples from Rhine sediments showed that espe
cially the former river sand fauna has become strongly impoverished However, the 
chironomid species composition of the 'littoral sandy basin' assemblage shows resem
blance with those from the palaeoecological samples from the Rhine eg by the pre
sence of L arenicola, Stictochironomus histno (Fabncius) and Harmschia sp This 
resemblance indicates that the littoral sandy basin habitat has characteristics similar to 
the former shallow sandy reaches of the Lower Rhine 

Within the 'littoral sandy basin' assemblage, chironomids, the dominant animal group, 
were studied in relationship to abiotic and biotic processes on the Ventjagers flats 
(Haringvliet) In general, high chironomid densities and biomasses were found The 
most abundant taxa viz Cladotanytarsus sp , L arenicola, Ch nudiventns Ryser, 
Scholl et Wijlker, 5 histrio and f dissidens fed by grazing the sediment surface 
Microphytobenthos was abundant having biomass values similar to those found on 
estuanne and marine tidal flats The large chironomid larvae in particular are an impor
tant food source for wading birds, which are mainly responsible for the lower densities 
of large chironomids at frequently exposed sites A conspicious zonation pattern of 
chironomid species over an exposure gradient was found, which was considered to be 
the result of several factors These included sediment texture, temperature stress, habi
tat selection of migrating early instar larvae, chironomid predator-prey interactions, 
competition for space between large and small chironomids and prédation by wading 
birds The most important were sediment texture and prédation by wading birds 

L arenicola was selected to be studied in more detail, since it is an indicator species of 
the 'littoral sandy basin' assemblage, it may occur in high densities and biomasses and 
shows very pronounced distribution patterns On the Ventjagers flats, L arenicola had 
a bivoltine life cycle, emerging in May and August The highest densities, biomass and 
net productions were observed at two sites with very low silt contents In the 
Wolderwijd, one of the Veluwe border lakes, L arenicola was restricted to shallow 
(depth < 1 m) sandy (silt content < 5%) wind exposed sediments Chironomus mura-
tensis, on the contrary, occurred in this lake at sites with high silt contents Laboratory 
experiments showed that L arenicola was more sensitive to low oxygen concentra
tions (<3 mg I"1) than two Chironomus species This is in accordance with the diffe
rences in substrate preference Sediments rich in silt consume more oxygen than sandy 
sediments, and it can therefore be understood that L arenicola occurs in sediments 
with a low and Chironomus in sediments with a high silt contents The restriction of L 
arenicola to the pure sand habitats is, however, not attnbutable to a particularly high 
sensitivity to low oxygen concentrations alone Early instar larvae probably migrate to 
the sand substrates Two behavioural adaptations were distinguished, which enable 
the larvae to live under the unfavourable environmental conditions of the shallow 
wind exposed sand habitats 
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1) The larvae select food particles while grazing, In contrast with the larvae of 
Chironomus nudiventris and Ch muratensis, who ingest the entire sediment 
Selective grazing is essential when food Is scarce 

2) The larvae build long and strong tubes from the sand grains, which protect 
them when sand moves 

Practical methods were developed to determine the blomass of macrozoobenthos 
species in the research area Blomass of macrozoobenthos is generally determined by 
drying and ashing samples This method is very laborious or even Impossible, when 
applied to individual species because of previous fixation, and destroys the samples 
Biovolume was used for estimating blomass for several tubiflcid and chlronomid spe
cies Biovolumes were determined by treating the animals as cylinders and measuring 
body lengths and diameters For ten chlronomid species a linear relation was found 
between body length and the diameter of abdominal segment 5 (D5=aL+b) By this 
method the biovolume of Ch muratensis was underestimated by an average of 12% 
compared with burette measurements For six tublfidd species, regression functions 
between the diameter of segment XI (D^) and the blovolume enabled the prediction 

of any blovolume (Vr) merely by measuring the diameter (Vr=aD i1
b) This method, 

however, underestimated blovolumes of Branchiura sowerby\ Beddard by 38-47% 
compared with burette measurements This difference is largely attributable to the 
mountant used during identification 

Zebra mussel biomass is generally determined using a shell length- ash-free dry weight 
(AFDW) regression equation These equations are frequently published inviting to be 
used in other situations Biomass equations from various water bodies In The 
Netherlands have been compared Blomass values of 10 mm long mussels in May 
were more than twice the values In September at the same locality From September 
through November biomass showed little variation In standing waters The use of shell 
length - AFDW equations In other situations appears to be possible when 
1) an error up to a few tens of percents is accepted, 
2) the water bodies are similar and 
3) both sample programmes have been executed in September, October or 

November 

Since the Zebra mussel occurs highly aggregated on the scarce solid structures in soft 
sediments, a large number of samples is often needed for the calculation of averages 
of density and biomass with acceptable confidence limits Much time can be saved by 
merely measuring the mussel sample volume (V) by the displacement of water in a 
measuring cylinder A linear regression equation between mussel sample volume and 
AFDW (AFDW = 0 0514*V) allowed an accurate estimation (error<5% with 95% pro
bability) of the AFDW from the sample volume 

More Insight Into the ecosystem of the enclosed Rhlne-Meuse Delta was obtained by 
studying the Zebra mussel This species is very abundant in various parts of the area 
and is the dominant species In terms of biomass It is therefore considered to be a key
stone species in this area The assumption was made that knowledge of the ecology of 
a key-stone species also provides much relevant information on the ecosystem level 

The Zebra mussel invaded The Netherlands since 1826 and now commonly occurs in 
most larger nvers, lakes and canals Colonization after the enclosure of the Zuiderzee 
(1932) started in 1936 and was completed by 1938 After enclosure of the Volkerak 
(April 1987) colonization of the Volkerakmeer was completed before January 1988, 
but the southern Zoommeer was colonized by September 1989 only In both cases 
colonization was governed by the chloride concentrations, since colonization occurred 
as soon as chloride concentrations had dropped below 600-700 mg M 



Shell growth of the Zebra mussel was chosen as a biological parameter to study fur
ther in relationship with environmental parameters Shell growth was investigated in 
cages, placed In various parts of the Rhine-Meuse Delta the River Rhine and several 
lakes fed by Rhine water Seasonal growth in the Rhine and the enclosed Rhme-
Meuse Delta generally exceeded that in the lakes in spite of lower chlorophyll-a con
centrations The presence of water currents seems to influence growth more than the 
trophic state Water current enhances water mixing continuously refreshes the water 
in the mussels' direct environment and prevents the mussels from being smothered 
with silt Small mussels started to grow in spring as soon as water temperatures excee
ded 3 °C Growth rates were highest in late May showed a depression m early sum
mer, a second elevation In late summer and dropped to zero in early November 
The high growth rates in the Rhine and the enclosed Rhine-Meuse Delta indicate that 
shell growth was not hampered by the water quality The mussels were generally 
smaller in the Rhine than in the Hanngvliet and the Rhine population was completely 
dominated by (fast growing) spat Histopathological analysis however showed that 
more than 75% of the mussel spat from the Hollandsch Diep was infested by protozo
an-like parasites This indicates that environmental conditions for the Zebra mussels in 
the enclosed Rhine-Meuse Delta may still be unfavourable Maximum densities were 
observed In the western Hollandsch Diep This is mainly attributable to the availability 
of some solid substrates in this area as well as the relative long residence time of the 
water -and thus planktonic vehger larvae- in the Hollandsch Diep The Zebra mussel 
appears to be the only macrozoobenthic species, which is able to utilize the large 
amounts of food supplied by two large eutrophic rivers In addition, the Zebra mussel 
is even able to change its local environment the mussel clusters form a microhabitat, 
in which high numbers of many other invertebrate species occur 

The relationship between macrozoobenthos and sediment contamination was investi
gated in the deeper parts of the enclosed Rhine-Meuse Delta, where most contamina
ted sediments deposited However, the entire area is strongly polluted so gradients in 
sediment contamination are difficult to find 

In the enclosed Rhine-Meuse Delta, the relationship between macrozoobenthos and 
contamination was studied by identifying first the main assemblages, densities and 
biomasses and their distribution over the area Four main assemblages were distinguis
hed which are related to different geomorphological phases of a basin filling up with 
fluvial sediment causing a longitudinal sediment gradient The 'Rhine river' assemblage 
occurs In the Nieuwe Merwede filled up in the 1970's the 'soft mud' assemblage in 
the Hollandsch Diep at sites with high sedimentation rates the 'basin silt' assemblage 
in the Amer, Hollandsch Diep and Haringvliet, at sites with lower sedimentation rates 
and the 'basin shoal' assemblage at former flats with low sedimentation rates or even 
erosion The computer programme CANOCO was used to relate the TWINSPAN indi
cator taxa to a selection of environmental parameters Sediment pH, water content 
sand fraction and total polycyclic aromatic hydrocarbons (PAH) showed a significant 
(p<0 05) correlation with the ordination of the indicator taxa Together with current 
velocity, these factors explained 44% of the variance of the average abundance of the 
indicator taxa per site Sediment firmness, indicated by sediment water content, and 
high ammonium concentrations probably were together responsible for the very low 
densities In the 'soft mud' assemblage Densities and biomasses In the other assembla
ges were generally low as well It is argued that sediment contamination has a consi
derable impact on macrozoobenthic densities and species composition in all assembla
ges, the 'basin shoal' assemblage excepted 

A contaminated sediment gradient is present near the outlet of the River Ussel, an
other Rhine branch Population dynamics and frequencies of deformities of 
Chironomus cf plumosus were studied here in order to find biological field parameters, 
that could aid in assessing the degree of contamination of sediments Ch cf plumosus 
larvae occurred at lower population densities and with higher frequencies of deformi
ties as the contamination levels increased At the least polluted sites, Ch cf plumosus 
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had a bivoltine life cycle and overwintered in the fourth larval instar stage At modera
tely contaminated sites, the percentage of pre-pupal larvae was significantly lower in 
spring and the development of pupae delayed by two weeks At heavily contaminated 
sites, larval densities were strongly reduced and no pupae were observed at all Both 
the frequency of deformities and densities appeared to be suitable indicators of toxic 
stress 

Alternative management strategies of the Haringvliet sluices were assessed from an 
ecological point of view, on the basis of an evaluation of long term ecological changes 
in the enclosed Rhme-Meuse Delta 

The ecosystem of this area appears to be strongly impoverished after the enclosure 
First of all, there was an enormous loss of intertidal areas directly after the enclosure, 
continuing afterwards due to erosion Secondly, about 5 million m 3 of contaminated 
sediments, originating from the Rivers Rhine and Meuse, are deposited annually in the 
area Negative impacts on the ecosystem have been shown for the vegetation, the fish 
fauna and several bird species On the other hand, very high numbers of a few char
acteristic water bird species now occur on the surrounding grass lands an important 
fraction of the West-European population of Barnacle goose (Branta leucopsis 
(Bechstein)), Greylag goose (Anser anser L ) and Wigeon (Anas penelope L ) winters in 
the area 
The most important external effects of the enclosure were 

1) a hampered fish migration through the Haringvliet sluices which also hampers the 
migration of anadromous fish species to the upstream sections of the River Rhine, 

2) the loss of the nursery function for marine fish species, and 
3) a hampered mixing of river- and seawater which leads to a concentration of eu-

trophic freshwater along the Dutch coast and hence to an Increased risk of eutro-
phication 

Positive effects of the sluices were the increased flat formation at the sea side of the 
Haringvliet sluices and the concentration of the contaminated sediments leaving the 
possibility to remove or clean them 

During the late 1980's, integrated water management and an increased appreciation 
of nature by society eventually led to the reconsideration of the management of the 
sluices Several alternatives were compared, of which three are presented 
1) a continuation of the present management (HVO), 
2) a partial opening during 6-9 months (HV2) and 
3) a complete opening during the entire year (HV4) 
The impact on nature is described in terms of biotopes, while the impact on various 
human functions is expressed in terms of costs HV4 is ecologically preferable, since it 
guarantees a constancy in tidal rhythm, restores large surfaces of intertidal areas, pro
vides the best circumstances for mixing of river and seawater and creates the best 
conditions for migration, spawning and growing up of fish The costs, however, are 
very high (about 500 million US $) Therefore, the joint authorities prefer a weak ver
sion of the intermediate alternative In this thesis, it is advocated that an optimal resto
ration of the ecosystem of the Rhme-Meuse Delta should include an equilibrium 
between investments in the removal of contaminated sediments and in habitat resto
ration A permanent opening of the sluices for sea water is the best measure conceiva
ble for a sustainable development of the Rhme-Meuse Delta on the long term 
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Algemeen 
Waterbouwprojecten langs de kust hebben het aanzien van Nederland in deze eeuw 
sterk veranderd Als gevolg hiervan ontstonden onder andere grote en kleine zoetwa-
terbekkens met een gezamenlijke oppervlakte van meer dan 2200 km2 Eén van deze 
waterbekkens is de Zuidrand van het Noordelijk Deltabekken De Zuidrand omvat het 
Haringvliet, het Hollandsch Diep, de Biesbosch, de Nieuwe Merwede en de Amer Dit 
zoetwaterbekken is ontstaan na het voltooien van de Hanngvlietdam in 1970 

Dit proefschrift gaat over de relatie tussen een aantal belangrijke milieufactoren in de 
Zuidrand van het Noordelijk Deltabekken, en de met het blote oog zichtbare dieren 
die in of op sediment in het water leven (macrozoöbenthos) 

Het onderzoek richtte zich op de volgende vragen 
1) Welke veranderingen vinden in het macrozoöbenthos plaats na afsluiting en ver

zoeting van riviermondingen (estuaria)'' 
2) Wat zijn de ecologische eigenschappen van de overgebleven gebieden, die door het 

getij droogvallen (mtergetijdegebieden)' 
3) Welke relatie bestaat er tussen het macrozoöbenthos en verontreiniging van het 

sediment' 
4) Welk waterbeheer in de Zuidrand van het Noordelijk Deltabekken is wenselijk van

uit een ecologisch perspectief 

Achterliggend doel van het onderzoek was het vergroten van de kennis over het eco
logisch functioneren van de Zuidrand van het Noordelijk Deltabekken 

Veranderingen In macrozoöbenthos na afsluiting en verzoeting. 
Na de afsluiting van de Zuidrand van het Noordelijk Deltabekken kwam een zoetwa
terecosysteem tot ontwikkeling De componenten van het ecosysteem ontwikkelden 
zich niet allemaal even snel De visfauna bereikte een evenwicht na ongeveer 15 jaar, 
terwijl de omvang van de watervogelpopulaties twee decennia na afsluiting nog 
steeds sterk in beweging was Er bestond nog geen inzicht in de successiepatronen 
van het macrozoöbenthos De afsluiting van het nabijgelegen Volkerak in 1987 bood 
de gelegenheid om dit in het pas gecreëerde Volkerak-Zoommeer te bestuderen 
Het meer verzoette in negen maanden en de meeste op brak water aangewezen soor
ten waren dan ook één jaar na afsluiting verdwenen De eerste en meest succesvolle 
kolonisator was de dansmug Chironomus muratensis Ryser, Scholl et Wülker Door de 
afwezigheid van predatoren en doordat ze in grote massa's tegelijk uitvloog, was deze 
soort een plaag voor het verkeer en voor de omringende dorpen De fauna van drie 
onderzochte habitats reageerde uiteenlopend op de verzoeting De vroegere interge-
tijdegebleden waren een jaar na afsluiting nog maar nauwelijks door zoetwatersoorten 
gekoloniseerd De zeeduizendpoot Nereis divers/color (Muller), die bij zeer uiteenlo
pende zoutgehaltes kan voorkomen, en de slljkgarnaal Corophium volutator (Pallas) 
domineerden de fauna toen nog steeds In sommige vroegere getijdegeulen was al het 
macrozoöbenthos verdwenen als gevolg van zuurstofloosheid vanwege zoutstratifica-
tie Alleen op een diepte van 3 tot 8 m was de kolonisatie door zoetwaterdieren, zoals 
de driehoeksmossel Dreissena polymorphs (Pallas) van betekenis Andere algemene 
zoetwaterdieren, zoals schildersmossels (Umo sp ), zwanemossels (Anodonta sp ), 
erwtemossels (Pisidium sp ) en de meeste borstelwormen (Ollgochaeta) werden één 
jaar na afsluiting nog met waargenomen 



Ecologische eigenschappen van de overgebleven intergetljdegebleden. 
Op de overgebleven intergetljdegebleden werd het macrozoöbenthos bestudeerd in 
relatie tot mogelijke regulerende factoren De afsluiting van de Zuidrand van het 
Noordelijk Deltabekken had de zeer waardevolle intergetljdegebleden sterk in omvang 
doen afnemen Ook na de afsluiting ging deze achteruitgang door ten gevolge van 
erosie Kennis van het ecosysteem van de oevers en van het intergetijde-ecosysteem 
was belangrijk voor een goed beheer van deze gebieden Eerst werd een algemene 
inventarisatie uitgevoerd in de Zuidrand van het Noordelijk Deltabekken en verschei
dene nviertakken Er werden drie macrozoöbenthosgemeenschappen onderscheiden, 
die samenhingen met geografische zones en met verschillen in korrelgrootteverdeling 
van het sediment 
1) De 'littoraal rivierzand'-gemeenschap was karakteristiek voor het meest boven-

stroomse gedeelte, de rivieren de Waal en Beneden Merwede, de gemeenschap 
bestond vooral uit fauna, die in de tussenruimten van de zandkorrels leefde met 
als Indicatortaxa de wormen Ve/dovskyella cornata (Vejdovsky) en Propappus sp 
en de dansmuggelarf Kloosia pusilla (L ) 

2) De gemeenschap van 'littoraal slib in het sedimentatiegebied' werd aangetroffen in 
diverse nviertakken en In het Hollandsch Diep Deze gemeenschap bevatte als Indi
catortaxa de dansmuggelarf Emfeldia dissidens (Walker) en de slakken Potamo-
pyrgus antipodarum (Gray) en Valvata piscinahs (Muller) 

3) De gemeenschap van 'littoraal bekkenzand' was beperkt tot de fljnzandige sedi
menten in de oevers van het Haringvliet en bevatte als Indicatortaxa de erwtemos
sels Pisidium henslowanum (Sheppard) en Ρ moitessierianum Paladilhe, en de 
dansmuggelarven Cladotanytarsus sp en Lipmiella arenicola Shilova 

De verschillen tussen de drie groepen worden bepaald door de factoren habitat, voed
sel en verstoring, en door interacties tussen deze factoren Een vergelijking met paleo-
oecologische monsters uit Rijnsedimenten laat zien dat vooral de vroegere rivierzand
fauna sterk verarmd is De dansmuggelarven-samenstelllng van de gemeenschap van 
'littoraal bekkenzand' vertoont gelijkenis met die van paleooecologische monsters uit 
de Rijn, vanwege de aanwezigheid van de dansmuggelarven L arenicola, Stictochiro-
nomus histrio (Fabncius) en Harnischia sp Dit is een aanwijzing, dat de omstandighe
den in de zandige oevers in het Haringvliet lijken op die van de vroegere zandige 
delen van de Rijn in Nederland Binnen de gemeenschap van het 'littoraal bekkenzand' 
werden de dansmuggelarven, de dominante diergroep, verder bestudeerd in relatie tot 
abiotische en botisene processen Op de Ventjagersplaten (Haringvliet), waar dit 
onderzoek zich concentreerde, werden hoge dichtheden en biomassa's van dansmug
gelarven aangetroffen In de intergetijdezone werd van hoog naar laag een duidelijke 
zonering van de meest talrijke dansmuggelarven gevonden De meest talrijke soorten 
waren Cladotanytarsus sp , L arenicola, Chironomus nudiventris Ryser, Scholl et 
Wulker, S histrio en E dissidens De zonering van dansmuggelarven is het resultaat 
van diverse factoren De belangrijkste zijn de sedimentsamenstelling en predatie door 
steltlopers Andere mogelijk belangrijke factoren zijn temperatuur-stress, habitat-selec
tie van migrerende larven in jonge stadia, predator-prooi-mteracties tussen verschillen
de soorten dansmuggelarven en concurrentie tussen grote en kleine dansmuggelar
ven De eerder genoemde soorten voeden zich door het sedimentoppervlak af te gra
zen Op het sediment levende kleine algen (microfytobenthos) waren rijkelijk aanwe
zig, hun biomassa's waren vergelijkbaar met die van brakke en mariene intergetljdege
bleden Vooral de grote dansmuggelarven zijn een belangrijke voedselbron voor stelt
lopers Met name in het voorjaar aten de steltlopers zo veel dansmuggelarven, dat ze 
zorgden voor lagere dichtheden van grote dansmuggelarven op regelmatig droogval
lende locaties 

L arenicola werd geselecteerd voor nadere studie, omdat deze soort een belangrijk lid 
is van de gemeenschap van 'littoraal bekkenzand', in hoge dichtheden en biomassa's 
kan voorkomen en bovendien een zeer opvallend verspreidingspatroon heeft Op de 
Ventjagersplaten voltooide L arenicola twee levenscycli per jaar De volwassen dans
muggen vlogen uit in mei en In augustus De hoogste dichtheden, biomassa's en pro-
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dukties werden gevonden op twee zandige locaties met zeer lage shbgehaltes In het 
Wolderwijd kwam L arenicola alleen voor in ondiepe (diepte < 1 m), zandige (slibge-
halte < 5%) sedimenten op aan wind blootgestelde locaties Chironomus muratensis 
daarentegen kwam in dit meer juist op locaties met hogere shbgehaltes voor 
Laboratoriumexperimenten lieten zien dat L arenicola gevoeliger is voor lage zuur
stofconcentraties (<3 mg I"1) dan twee Cft/ronomus-soorten Dit is in overeenstem
ming met de waargenomen verschillen in voorkeur voor typen sedimenten slibrijke 
bodems verbruiken meer zuurstof dan zandige. en het is daarom te begrijpen dat 
Chironomus sp in sedimenten voorkomt met een hoog en L arenicola met een laag 
slibgehalte De beperking van L arenicola tot het silbarme zand is echter niet alleen 
toe te schrijven aan een grotere gevoeligheid voor lage zuurstofconcentraties Larven 
In vroege stadia migreren waarschijnlijk naar de zandsubstraten Twee aanpassingen in 
het gedrag maakten het de larven mogelijk onder de ongunstige milieuomstandighe-
den van de ondiepe aan wind blootgestelde zandhabitats te kunnen leven 
1) De larven zijn in staat om tijdens het grazen voedselpartikels te selecteren, in 

tegenstelling tot de larven van Ch nudiventns en Ch muratensis die ook het sedi
ment doorslikken Selectief grazen is essentieel als voedsel schaars is 

2) De larven bouwen lange en sterke woonhuizen van zandkorrels die hen bescher
men tegen het bewegende zand 

Praktische methoden voor het bepalen van blomassa werden ontwikkeld om deze 
parameter in het onderzoeksgebied per soort te kunnen bepalen De biomassa van 
macrozoöbenthos wordt over het algemeen bepaald door het drogen en verassen van 
monsters Deze methode is arbeidsintensief of zelfs onmogelijk als ze wordt toegepast 
op individuele soorten Dit laatste is het geval wanneer aan de determinatie behande
ling met een opheldenngsvloeistof vooraf moet gaan Bovendien wordt bij het drogen 
en verassen het materiaal door de bepaling vernietigd 

Om de biomassa van verscheidene borstelwormen (tubificiden) en dansmuggelarven 
(chironomiden) te bepalen werd het biovolume gebruikt Het biovolume werd bepaald 
door het dier als cilinder te beschouwen en door zijn lichaamslengte en diameter te 
meten Voor tien soorten dansmuggelarven werd een lineaire relatie gevonden tussen 
de lichaamslengte (L) en de diameter van het vijfde abdominale segment (D5=aL+b) 
Hiermee werd een regressielijn gemaakt tussen L (gemeten) en het biovolume Met 
deze regressielijn werd het biovolume van Ch muratensis met gemiddeld 12% onder
schat vergeleken met controlemetingen van het waterverplaatst volume m een buret 
Voor zes soorten tubificiden kon het biovolume worden bepaald met een regressiever
gelijking (Vr= aD11

b) tussen de diameter van het elfde segment (D11) en het biovolu-
me Deze methode onderschatte het biovolume van de borstelworm Branchiura 
sowerbyi Beddard met 38-47% vergeleken met controlemetingen van het waterver-
plaatste volume in een buret Dit verschil werd vooral veroorzaakt door het gebruik 
van opheldermgsvloeistof bij het determineren 

De biomassa van driehoeksmossels wordt vaak bepaald met een regressievergelijking 
tussen de schelplengte en het asvnj drooggewicht (AFDW) Zulke vergelijkingen wor
den regelmatig gepubliceerd, hetgeen uitnodigt tot gebruik in andere situaties 
Regressievergelijkmgen van driehoeksmossels van diverse wateren in Nederland zijn 
op hun beurt vergeleken De biomassa van een 10 mm lange mossel was in mei meer 
dan twee maal zo groot als in september, op de zelfde plaats Van september tot 
november vertoonde de biomassa in stilstaande wateren weinig variatie Het gebruik 
van schelplengte-AFDW vergelijkingen in andere situaties lijkt mogelijk als 
1) een fout tot enkele tientallen procenten wordt geaccepteerd, 
2) de wateren vergelijkbaar zijn en 
3) beide bemonsteringen zijn uitgevoerd m september, oktober of november 

Aangezien de driehoeksmossel sterk geclusterd voorkomt op zachte sedimenten 
(meestal in kluitjes op de schaarse harde substraten), is vaak een groot aantal mon
sters nodig om gemiddelde dichtheden of biomassa's te kunnen bepalen met accepta-
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bele betrouwbaarheidsintervallen Veel tijd kan worden bespaard, indien alleen het 
volume van de bemonsterde mossels (V) bepaald wordt door middel van het water-
verplaatste volume in een maatcylinder Een lineaire regressievergelijking tussen het 
volume van mosselmonsters en hun AFDW (AFDW=0 0514*V) maakte een nauwkeu
rige bepaling (fout<5% met 95% waarschijnlijkheid) van het AFDW mogelijk door 
alleen het volume te meten 

Meer Inzicht In het ecosysteem van de Zuidrand van het Noordelijk Deltabekken 
werd verkregen door de driehoeksmossel te bestuderen Deze soort is erg talrijk in 
diverse delen van het gebied en is wat biomassa betreft dominant Daarom wordt 
deze soort hier als een sleutelsoort beschouwd Hierbij is aangenomen, dat kennis over 
de ecologie van deze sleutelsoort ook relevante informatie op het ecosysteemniveau 
oplevert 

De driehoeksmossel begon Nederland in 1826 te koloniseren en komt nu zeer alge
meen in de meeste grotere rivieren, meren en kanalen voor Kolonisatie na de afslui
ting van de Zuiderzee (1932) begon in 1936 en was voltooid in 1938 Na de afsluiting 
van het Volkerak (april 1987) was de kolonisatie van het Volkerakmeer al voltooid 
vóór januari 1988 Het duurde echter tot september 1989 voor het zuidelijker gelegen 
Zoommeer was gekoloniseerd In beide gevallen werd de kolonisatie gestuurd door 
het zoutgehalte, omdat de kolonisatie plaatsvond zodra de chlondeconcentraties 
waren gedaald onder de 600-700 mg I-1 

Schelpgroei van de dnehoeksmossel werd gekozen als een biologische parameter om 
de relatie tot miheuparameters meer in detail te bestuderen Schelpgroei werd onder
zocht in kooitjes, die geplaatst werden op locaties in de Zuidrand van het Noordelijk 
Deltabekken, de Rijn en diverse meren die gevoed worden met Rijnwater Over het 
hele groeiseizoen gemeten namen de schelplengtes in de Rijn en de Zuidrand van het 
Noordelijk Deltabekken over het algemeen meer toe dan in de meren, ondanks de 
lagere chlorofyl-a concentraties in de Rijn en de Zuidrand Stroming lijkt de groei meer 
te beïnvloeden dan de voedselrijkdom Waterstroming bevordert namelijk de menging 
in de waterkolom, ververst het water in de directe omgeving van de mossel continu en 
zorgt ervoor dat de mossels niet door het slib worden verstikt De groei van kleine 
mossels startte in het voorjaar, zodra de watertemperatuur hoger was dan 3°C De 
groeisnelheid was het grootst aan het einde van mei, daalde in het begin van de 
zomer, vertoonde vervolgens weer een piekje aan het eind van de zomer en zakte 
terug naar nihil in het begin van november 

De hoge groeisnelheden in de Rijn en de Zuidrand van het Noordelijk Deltabekken 
laten zien dat schelpgroei met werd geremd door de waterkwaliteit De mossels in de 
Rijn waren over het algemeen kleiner dan in het Haringvliet, de Rijnpopulatie werd 
volledig gedomineerd door (snel groeiend) broed Histopathologische analyses lieten 
echter zien, dat meer dan 75% van het broedval uit het Hollandsch Diep was geïnfec
teerd met protozo-achtige parasieten Het lijkt erop dat de milieuomstandigheden 
voor driehoeksmossels in de Zuidrand van het Noordelijk Deltabekken nog steeds 
ongunstig zijn De grootste dichtheden werden waargenomen in het westelijk 
Hollandsch Diep Dit is vooral toe te schrijven aan het locaal beschikbaar zijn van 
harde substraten in dit gebied en aan de relatief lange verblijftijd van het water, en 
daarmee van de planktonische veligerlarven, in het Hollandsch Diep De driehoeks
mossel blijkt de enige macrozoöbenthos-soort te zijn, die in staat is de grote hoeveel
heid voedsel, aangevoerd door twee grote voedselrijke rivieren, te gebruiken Ze zijn 
zelfs in staat locaal het milieu te veranderen de mosselklonten vormen een microhabi-
tat, waarin zeer grote aantallen van andere soorten ongewervelde dieren voorkomen 

De relatie tussen macrozoöbenthos en sedlmentverontrelnlglng werd onderzocht in 
de diepere (sublittorale) delen van de Zuidrand van het Noordelijk Deltabekken, waar 
de meeste verontreinigingen sedimenteren Het gehele gebied is echter sterk veront
reinigd waardoor gradiënten in sedimentverontreinigmg moeilijk te vinden waren 
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In de Zuidrand van het Noordelijk Deltabekken werd de relatie tussen macrozoöben-
thos en verontreiniging bestudeerd door eerst de belangrijkste gemeenschappen, 
dichtheden en biomassa's te identificeren alsmede de verdeling over het gebied Er 
werden vier gemeenschappen onderscheiden, die gerelateerd zijn aan verschillende 
geomorfologische fases van een bekken, dat wordt opgevuld met sediment De 'Rijn 
rivier'-gemeenschap komt in de Nieuwe Merwede voor, die opgevuld is in de |aren 
zeventig, de 'zachte modder'-gemeenschap komt voor in het oostelijk Hollandsen 
Diep op plaatsen met hoge sedimentatiesnelheden, de 'bekkenshb'-gemeenschap 
komt voor in de Amer, het westelijk Hollandsch Diep en m het Haringvliet op plaatsen 
met lagere sedimentatiesnelheden en de 'ondiep bekken'-gemeenschap op vroegere 
platen met lage sedimentatiesnelheden of zelfs erosie Het computerprogramma 
CANOCO werd gebruikt om de TWINSPAN-mdicatortaxa te relateren aan de belang-
njkste milieuparameters De pH, het watergehalte, de zandfractie en het totaalgehalte 
aan polycyclische aromatische koolwaterstoffen (PAK's) in het sediment waren signifi
cant (p<0 05) gecorreleerd met de ordinatie van de mdicatortaxa Samen met de 
stroomsnelheid verklaarden deze factoren 44% van de vanantie in gemiddelde dicht
heid van de mdicatortaxa De geringe stevigheid/structuur van het sediment, geïndi
ceerd door hoge watergehaltes, was waarschijnlijk samen met de hoge ammonium-
concentratles verantwoordelijk voor de zeer lage dichtheden in de 'zachte modder'-
gemeenschap Dichtheden en biomassa's van de andere groepen waren overigens ook 
laag Sedimentverontreiniging heeft een behoorlijke invloed op de macrozoöbenthos-
dichtheden en -soortensamenstelling in alle gemeenschappen, behalve misschien in de 
'ondiep bekken'-gemeenschap 

Een vervuilingsgradiënt in het sediment was echter wel aanwezig bij de monding van 
de IJssel, een andere Rijntak Populatiedynamica en percentages misvormingen van de 
dansmug Chironomia cf plumosas werden hier bestudeerd om biologische veldpara-
meters te vinden, die konden helpen bij het bepalen van de effecten van sedimentver-
ontreinlging Ch cf plumosus larven kwamen voor in lagere dichtheden en met hoge
re percentages misvormingen, naarmate de verontreinigingsmveaus toenamen Op de 
minst verontreinigde locaties had Ch ei plumosus twee levenscycli per jaar en over
winterde in het vierde larvale stadium Op matig verontreinigde plaatsen was het per
centage prepupale larven significant lager in het voorjaar en was de ontwikkeling van 
poppen met twee weken vertraagd Op sterk verontreinigde plaatsen waren de dicht
heden van larven veel lager en werden geen poppen meer waargenomen Zowel het 
percentage misvormingen als de dichtheid bleek een geschikte indicator voor toxische 
stress te zijn 

Alternatieve beheersstrategleen voor de Harlngvlletslulzen werden beoordeeld vanuit 
een ecologische optiek De basis vormde een evaluatie van ecologische veranderingen 
van de Zuidrand van het Noordelijk Deltabekken over ruim twee decennia Het eco
systeem van het gebied blijkt na de afsluiting sterk verarmd te zijn Ten eerste trad 
direct na de afsluiting een enorm verlies aan intergetijdegebied op, een verlies dat 
naderhand nog groter werd door erosie Ten tweede sedimenteert jaarlijks zo'n 5 mil
joen m3 verontreinigd sediment In het gebied, afkomstig van de Rijn en de Maas De 
afsluiting en de toegenomen sedimentverontreimging hadden negatieve effecten op 
het ecosysteem Dit wordt toegelicht aan de hand van ontwikkelingen in de vegetatie, 
de visfauna en diverse watervogelsoorten Nu komen wel zeer grote aantallen van 
enkele karakteristieke watervogelsoorten voor op de nabijgelegen graslanden een 
belangrijk deel van de Westeuropese populatie van de Brandgans (Branta leucopsis 
(Bechsteln)), de Grauwe gans (Anser anser L ) en de Smient (Anas penelope L ) over
wintert in dit gebied 

De constructie van de Harlngvlletslulzen had een negatieve invloed op de ecologie van 
de Zuidrand van het Noordelijk Deltabekken en de hiermee in verbinding staande 
wateren Binnen de Zuidrand van het Noordelijk Deltabekken waren de belangrijkste 
effecten de verstoring van de natuurlijke shbbalans (accumulatie in de geulen en erosie 
van de oevers), het verdwijnen van intergetijdegebieden, waaronder de unieke zoet-
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watergetijde-ecosystemen, en de ophoping van grote hoeveelheden verontreinigd slib 
De belangrijkste externe effecten waren 
1) een sterk verminderde migratie van vis door de Harmgvlietsluizen wat ook de 

migratie van anadrome vissoorten remt naar de bovenstroomse delen van de Rijn, 
2) het verlies van de kraamkamerfunctie voor mariene vissoorten, en 
3) een verminderde menging van rivier- en zeewater, wat leidt tot een concentratie 

van voedselrijk zoetwater langs de Nederlandse kust en daarmee tot vergrote risi
co's van eutrofiënngsverschijnselen 

Positieve effecten van de sluizen waren de toegenomen zandplaatvorming in de 
Hanngvlietmond (Voordelta) en de concentratie van de verontreinigde sedimenten, 
hetgeen het gemakkelijk maakt ze te verwijderen of ter plaatse te reinigen 

Aan het eind van de jaren tachtig leidden integraal waterbeheer en een toegenomen 
maatschappelijke waardering van natuur tot een heroverweging van het sluisbeheer 
Verscheidene alternatieven werden vergeleken, waarvan er hier drie worden gepre
senteerd 
1) voortzetting van het huidige beheer (HVO), 
2) een gedeeltelijke opening gedurende 6-9 maanden (HV2) en 
3) een complete opening gedurende het hele jaar (HV4) 
Het effect op de natuur is beschreven in termen van biotopen, terwijl de effecten op 
de functies van het gebied voor de mens zijn beschreven in termen van kosten HV4 is 
in ecologisch opzicht het beste alternatief Het garandeert een constant getijderitme, 
het schept de basis voor het herstel van grote oppervlakten intergetijdegebied en de 
beste voorwaarden voor menging van rivier- en zeewater, en het zorgt voor de beste 
condities voor migratie, het paaien en het opgroeien van vis De kosten worden over 
het algemeen als hoog ervaren (ongeveer 1 miljard gulden) Daarom heeft het 
bestuurlijk overleg van de gezamenlijke belanghebbende overheden een voorkeur 
voor een afgezwakte vorm van het tussenalternatlef 
In dit proefschrift wordt gesteld dat een optimaal herstel van het ecosysteem wordt 
bereikt, wanneer er een balans is tussen investeringen in de sanering van waterbo
dems en in habitatherstel Voor dit laatste is een nagenoeg permanente opening van 
de sluizen voor zeewater de best denkbare maatregel 
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Stellingen bij het proefschrift 'Macrozoöbenthos In the enclosed Rhlne-Meuse Delta" 
van Henk Smit 

I Door het geleidelijk volsllbben van afgesloten estuaria zullen de harde substraten, 
de habitat van de driehoeksmossel, In deze wateren steeds verder afnemen; hier
door zal de rol van de driehoeksmossel als sleutelsoort op den duur verdwijnen. 

II Oe bijzonder lage dichtheid en het gering aantal soorten van macrozoöbenthos in 
de sedimentatiegebieden van het Hollandsen Diep worden vooral veroorzaakt 
door extreem hoge ammoniumconcentraties in het poriénwater en minder door 
microverontreinigingen. 

III De waarneming dat de visfauna in het Haringvliet zich bij lage chlorofyl-a con
centraties heeft ontwikkeld tot een door Brasem gedomineerde gemeenschap, is 
een aanwijzing dat eutrofiëringsbestrijdlng in vergelijkbare, grote wateren niet zal 
leiden tot het opheffen van de dominantie van deze vissoort. 

IV Tegenover iedere gulden die aan sanering van waterbodems in het Noordelijk 
Deltabekken wordt uitgegeven, zou een evengroot bedrag ten behoeve van 
habitatherstel moeten worden geïnvesteerd. 

V Voor collega's zou het nuttig zijn als onderzoekers af en toe ook hun mislukkin
gen aan het papier zouden toevertrouwen. 

VI Een pragmatische Invulling van het begrip duurzaamheid leidt tot minder spraak
verwarring dan een theoretische Invulling. 

Vil Met het bedrag dat zal worden uitgegeven aan de reis naar Mars kunnen alle 
tropische regenwouden duurzaam worden behouden en beheerd. 

VIII Meer doen met minder Is de uitdaging voor een duurzame toekomst. 

IX Voor toekomstige welvaart en welzijn In Nederland dienen onderwijs en onder
zoek hoger op de politieke agenda gezet te worden dan de betaalbaarheid van 
pensioenen. 

X De groeiende aandacht van de media voor het weer vindt een voedingsbodem In 
het feit dat mensen steeds minder buiten komen. 

XI Omdat het wonen aan de waterkant steeds populairder wordt onder het trend
settende en politiek invloedrijke publiek, zullen muggenplagen binnen afzienbare 
tijd als nationaal probleem worden gezien. 







vr***r' « 


