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VYoorwoord

Overstromingen zijn in, getuige de gebeurtenissen in de VS, waar vorig jaar de Mississippi op
grote schaal buiten haar oevers trad, terwijl rond de jaarswisseling de Maas in Limburg voor
soortgelijke problemen zorgde. Dit pleit voor de actualiteit van het proefschrift dat nu voor u
ligt. Het bevat de voornaamste resultaten van het onderzoek dat ik de afgelopen jaren verricht
heb, geconcentreerd rond het thema: “Invloed van overstromingen op uiterwaardplassen
langs de Rijn en Maas”. Dit onderzoek werd gefinancieerd door Rijkswaterstaat-RIZA (1987-
1990) en door het Sandoz Rijnfonds (1990-1994).

Aanleiding voor dit onderzoek was de toenemende belangstelling voor grote riviersyste-
men en hun overstromingsvlakten, die overal ter wereld sterk door menselijke aktiviteiten on-
der druk staan. In eigen land was de sanering van de Rijn en Maas vanaf de 70-er jaren op
gang gekomen en in eerste instantie gericht op verbetering van de waterkwaliteit in de
stroomgeul. Pas later begon het besef door te dringen dat riviersystemen meer omvatten dan
louter de stroomgeul en werd de aandacht ook gevestigd op de uiterwaarden en de rivierbege-
leidende wateren hierin. Het ecologisch herstel van de Nederlandse grote rivieren kwam in
een stroomversnelling na de brand bij Sandoz in 1986, die de aanleiding was voor het Rijn
Aktie Programma. In het kader van dit programma werd onderzoek geinitieerd door Rijkswa-
terstaat-RIZA en de afdeling Aquatische Oecologie van de KUN om de oecologische beteke-
nis van de rivierbegeleidende plassen te achterhalen in relatie tot de rivierdynamiek. Tijdens
de afronding van dit onderzoek bleken er nog tal van vragen onbeantwoord. Door subsidie uit
het Sandoz-Rijnfonds kon het project een vervolg krijgen en werden diverse vragen verder
uitgediept. Gelijkertijd ontstond het idee om de belangrijkste onderzoeksgegevens uit beide
projecten tot één geheel in een proefschrift samen te smeden.

Het moge duidelijk zijn dat dit proefschrift — en met name het onderzoek dat eraan ten
grondslag ligt — nooit het resultaat van één persoon kan zijn. Verschillende personen hebben
mij met raad en daad bijgestaan. Op de eerste plaats zijn dit mijn ouders, die mijn belangstel-
ling voor de natuur altijd gestimuleerd hebben. Aan hen draag ik dit proefschrift op.

Mijn beide promotoren, Prof. Dr. C den Hartog en Prof. Dr. G van der Velde, bedank ik
hier voor het in mij gestelde vertrouwen en voor de snelheid waarmee zij al mijn manuscrip-
ten van kritische kanttekeningen voorzien hebben. Gerard van der Velde wil ik hier speciaal
bedanken voor de ruimte en de vrijheid die ik kreeg om mijn eigen idee€n te verwezenlijken,
zijn deskundige inbreng op het brede onderzoeksterrein, en voor zijn gezelschap tijdens bui-
tenlandse symposia.

Mijn collega’s en ex-collega’s van de Vakgroep Ocecologie, en met name die van de werk-
groepen Aquatische Oecologie en Milieubiologie, bedank ik voor de plezierige sfeer en de sti-
mulerende discussies.

Medewerkers van Rijkswaterstaat-RIZA te L elystad bedank ik voor de plezierige samen-
werking. Hierbij wil ik Eric Marteijn en Bram bij de Vaate speciaal noemen voor hun begelei-
ding van het Ecostag-projekt en het constructieve overleg, ook na de Ecostag-periode. Eric
Marteijn wil ik tevens bedanken voor de bijdrage van het RIZA in de drukkosten van dit
proefschrift.



I'would like to thank Prof. Dr. R Traxler and Prof. Dr. HP Sigg (Sandoz AG, Basel) for the
pleasant way we could cooperate.

Het onderzoek zou onmogelijk op deze wijze uitgevoerd kunnen worden zonder de hulp
van de vele studenten die bij mij hun stage hebben verricht. In alfabetische volgorde waren
dit: Colin Beasley, Cor Beekmans, Mieke Beljaards, Natalie Boots, Wilbert Bosman, Marcel
Castricum, Noél Geilen, Willeke van den Hoek, Cees Hof, Hans Idink, René Krekels, Hans de
Leeuw, Marjan Neven, René Nouwens, Elvira Pennings, Bas van der Sanden en André Tiche-
ler. Hun ijver en onophoudelijke ideeénstroom hebben mij overspoeld met onderzoeksgege-
vens.

Analytische ondersteuning werd geboden door: Natalie Boots, Wilbert Bosman, Alex
Hansen, Hans de Leeuw, Germa Verheggen-Kleinheerenbrink en Martin Versteeg. Hierbij wil
ik speciaal Martin Versteeg bedanken die ons onderzoeksteam steeds veilig naar allerlei
“fraaie watertjes” vervoerd heeft, ter plaatse boze boeren en stieren op een afstand gehouden
heeft, en steeds bereid was om technische problemen op te lossen.

Marieke van Katwijk, Michel Maenen en Hans de Leeuw hebben een belangrijk aandeel
geleverd bij de statistische gegevensverwerking, waarvoor ik hen hier bedank.

Onontbeerlijk was ook de hulp van verschillende specialisten bij het determineren van
planten, het plankton en de macrofauna. Hannie Geelen heeft in de beginfase een belangrijke
bijdrage geleverd door de determinaties van het plankton voor haar rekening te nemen. Ro-
nald Buskens, Hub Cuppen, Henk van der Hammen, Peter van Helsdingen, Bert Higler,
Alexander Klink, Mr. JGJ Kuiper en Wim Kuijper bedank ik voor hun hulp bij de determina-
ties van de macrofauna; Peter Verbeek voor zijn hulp bij het op naam brengen van enkele
moeilijk herkenbare planten.

De afdelingen Ilustratie en Fotografie van de faculteit der Natuurwetenschappen van de
KUN bedank ik voor hun vakkundige inbreng en hulp bij het vervaardigen van de figuren.

Voor de morele ondersteuning gedurende de afgelopen jaren bedank ik mijn levensgezel-
lin Cecile Weijs. Onze kinderen Eline en Katharina brachten de nodige relativering aan. Ook
aan jullie draag ik dit proefschrift op.



Aan mijn ouders
Voor Cecile, Eline en Katharina



...Water that was formerly allowed to spread over many thousand square miles of low lands is
becoming more and more confined to the immediate channel of the river, and is, therefore,
compelled to rise higher and flow faster...

Charles Ellet, civil engineer (1853)

vin



Contents

Chapter 1
Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter 9

General introduction

Impact of hydrology on the chemistry and phytoplankton
development in floodplain lakes along the Lower Rhine
and Meuse

Biogeochemistry 19: 103-128, 20: 213 (1993)

Impact of hydrology on phyto- and zooplankton community
composition in floodplain lakes along the Lower Rhine

and Meuse

J. Plankton Res. 16: 351-373 (1994)

The (semi-) aquatic vegetation of still waters within the
floodplains of the rivers Rhine and Meuse in The Netherlands:
historical changes and the role of inundation

Verh. Internat. Verein. Limnol. 24: 2693-2699 (1991)

Growth and morphology of four freshwater macrophytes
under the impact of the raised salinity of the Lower Rhine
Aquat. Bot. 45: 285-297 (1993)

Effects of substrate parameters on growth responses of
eight helophyte species in relation to flooding
Agquat. Bot. (accepted)

Macrozoobenthos of floodplain waters of the rivers Rhine
and Meuse in The Netherlands: a structural and functional
analysis in relation to hydrology

Regul. Riv.: Res. and Managem. 6: 265-277 (1991)

Macrozoobenthos abundance and community composition

in three Lower Rhine floodplain lakes with varying inundation
regimes

Regul. Riv.: Res. and Managem. (submitted)

Synthesis

Samenvatting
Curriculum vitae

List of publications

25

49

75

87

101

123

141
163

189
193
194






CHAPTER 1

General introduction



Impact of hydrology on floodplain lake ecosystems
along the Lower Rhine and Meuse: a general
introduction

River ecosystems: a holistic perspective

Rivers play an important part in the global water cycle through the transport of runoff water,
via surface and subsurface routes, from the continents to the sea. River discharge typically
varies during the annual cycle and from year to year. At low water levels, rivers flow in well-
defined channels, but at high discharge rates, wide floodplains are recurrently inundated, il-
lustrating that river ecosystems are more than the sum of their lotic components: the main and
side channels. In fact, for a holistic approach, river ecosystems should be considered in four
dimensions (Fig. 1): the longitudinal dimension, the lateral or transversal dimension, the ver-
tical dimension and the temporal dimension (Amoros et al., 1987a; Junk et al., 1989; Ward,
1989; Smock et al., 1992).

Figure 1. Schematic view of spatio-temporal dimensions within a river-floodplain system.
1 = longitudinal dimension (upstream-downstream); 2 = transversal dimension (stream-
floodplain); 3 = vertical dimension (surface water-groundwater); 4 = temporal dimension;
normal line = spatial scales; broken line = time scale.
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Longitudinal dimension

Considerable attention has been paid to longitudinal zonation patterns in biological com-
munities and abiotic parameters in streams. Along the longitudinal dimension rivers are
usually classified into three main zones; the crenon (spring region), the rithron (highland
brooks) and the potamon (lowland courses) (Illies, 1961). Macroinvertebrate, fish and ripa-
rian bird communities may show clear zonation patterns along the longitudinal axis of large
rivers (Huet, 1949; Illies, 1961; Rochét and Frochot, 1993). Important abiotic criteria under-
lying these zonation patterns are annual temperature profiles, current velocities and available
substrates (Hawkes, 1975). This idea of a distinct zonation pattern evolved into one which as-
sumed a more gradual and continuous zonation: the River Continuum Concept (RCC) (Van-
note et al., 1980). According to this theoretical concept, which was based on small temperate
streams and extrapolated to rivers in general, there exists a continuous gradient of physical
conditions from the headwater(s) to the mouth of a river. The biological communities of a
given river reach are adjusted to the dynamic physical conditions of that reach, so that these
form a continuum of species replacements. The input of energy, organic matter transport and
storage, and use by macroinvertebrate functional feeding groups is largely regulated by flu-
vial geomorphological processes. One of the major assumptions of the RCC is that down-
stream communities are fashioned to capitalize on upstream processing inefficiencies (Van-
note et al., 1980). Later studies have made suggestions to clarify, expand and refine the
concept (e.g. Cushing et al., 1983; Ward and Stanford, 1983; Bruns et al., 1984; Cummins et
al., 1984; Townsend and Hildrew, 1984; Minshall et al., 1985; Naiman et al., 1987), or have
found anomalies which appeared contradictory to the predictions of the RCC (e.g. Sedell and
Froggatt, 1984; Statzner and Higler, 1985, 1986; Perry and Schaeffer, 1987; Junk et al., 1989;
Sedell et al., 1989). Large river ecosystems in particular were found difficult to fit into the
RCC, and comments on this concept stressed the importance of streamside forests, floodplain
lakes and river-floodplain interactions for the structure and functioning of large river systems
(Sedell and Frogatt, 1984; Triska, 1984; Junk et al., 1989; Sedell et al., 1989).

Lateral dimension

A characteristic component of large rivers is their floodplain area. The floodplain area in-
cludes a variety of biotopes, which range from aquatic to terrestrial, and from permanent to
temnporary, depending on hydrological, geomorphological and climatological circumstances.
Hydrology has a clear impact on the permanence of these biotopes, mainly via floods and via
percolation of river water through the floodplain sediment, and to a lesser degree via local at-
mospheric input and evaporation. Temporary and permanent floodplain waters can be re-
garded as aquatic biotopes. Temporary floodplain waters are small and shallow stagnant
water bodies which carry water only for part of the year (Williams, 1987). They usually run
dry during the season with low river discharges, which in temperate lowland regions is often
the summer and autumn. Permanent floodplain waters carry water throughout the year, al-
though their depths and sizes vary over the seasons, depending on the hydrological regime.
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Figure 2. Hydrological stages of a floodplain lake during a flood pulse. Arrows indicate directions of

(ground)water flow.
1 = stream bed; 2 = floodplain lake; 3 = low summer dike; 4 = main dike; 5 = moraine hill.
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These hydrologically different types of water bodies may have distinct communities, because
the running dry of temporary waters requires special biotic adaptations (Gladden and Smock,
1990; Neckles et al., 1990; Boulton and Lloyd, 1992; Smock et al., 1992). Hydrology exerts
its impact on the floodplain lake communities by its direct physical influence on the water
level and water volume, and by its indirect chemical influence on the water and sediment
quality of the floodplain lakes. During a flood pulse, five hydrological stages can be distin-
guished, each with a different impact on the floodplain lake communities (Fig. 2):

a. the filling stage
As river water discharge increases, the water level of the floodplain lake rises and the lake

volume increases, initially via percolation of ground water, later via floods. As a result the
area of inundated littoral increases, which may affect the biota. Immobile terrestrial and semi-
aquatic biota, such as terrestrial macrophytes and helophytes, are usually adapted to withstand
partial submergence. Their tolerance against prolonged total submergence, however, varies
with the species and depends on the depth, frequency, duration and season of the inundations
(Blom et al., 1990; Brindle, 1991). Mobile aquatic and semi-aquatic biota, such as inverte-
brates, fish and birds, may migrate into the inundated areas for foraging and reproduction
(Welcomme, 1979; Schiemer, 1985; Reimer, 1991; Schiemer and Zalewski, 1992).

b. the connection stage
At high water discharges, the water level in the river may reach and exceed the connection

level, i.e., the level at which the lake water is connected with the main channel water. Depend-
ing on the proximity to the main channel and the lake morphology, throughflow of river water
can take place. At this stage, exchange of water, chemicals, sediment, particulate organic mat-
ter and biota occurs between the main channel and its associated floodplain lake. During in-
undations dissolved nutrients (N and P) may enter the floodplain water bodies, which may
function as nutrient sinks (Hamilton and Lewis, 1987; Forsberg et al., 1988; Pedrozo et al.,
1992; Van den Brink et al., 1993e). Conversely, nutrient-laden sediments may be washed
away to the channel by scouring during throughflow. Furthermore, the input of river water
may lead to a dilution of ions in the floodplain lake water. Riverine fish may migrate into con-
nected floodplain waters for reproduction, foraging and refuge during periods of high river
discharge (Welcomme, 1979; Schiemer, 1985; Reimer, 1991; Schiemer et al., 1991; Schiemer
and Zalewski, 1992). At falling water levels organic matter (plant material, phyto- and
zooplankton, macroinvertebrates, juvenile fish) may be washed out of the floodplain and
enter the foodwebs of the main channel (Eckblad et al., 1984; Hamilton and Lewis, 1987;
Amoros and Roux, 1988; Van der Velde et al., 1990; Schiemer et al., 1991).

¢. the drainage stage

At decreasing water discharge the water level in the floodplain lake falls and the lake volume
decreases, initially via water flowing back directly to the channel and later via seepage out of
the lake to the main channel. Direct exchange processes are inhibited again in disconnected
lakes, and the inundated littoral area decreases.
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d. the isolation stage
At low water discharges, the lake volume decreases further, until it becomes relatively stable

in permanent lakes during hydrologically normal years. As the water level is stable, sedimen-
tation of previously resuspended clay particles occurs. At this stage, the water chemistry of
the lake becomes strongly divergent from that in the main channel. For example, nutrients
generally become limited due to uptake by primary producers (Hamilton and Lewis, 1987).
The running dry of the lake littoral stimulates the germination of some wetland plants (Keddy
and Ellis, 1985; Brock et al., 1987). Furthermore, mineralization processes become accel-
erated at this stage, due to oxygenation of the sediment.

e. the desiccation stage
Depending on the climate and geomorphology the floodplain waters may run dry during the

isolation stage. In semi-arid regions it is not only large floodplain lakes (billabongs), but en-
tire river stretches which run empty during the dry season (Walker, 1986; Boulton and Lloyd,
1992). In the temperate belt, only the small temporary floodplain lakes run dry each year. The
large permanent floodplain lakes along the Lower Rhine and Meuse run dry only during ex-
ceptionally dry and hot summers, when the lake volume decreases further through evapora-
tion. Since river regulation has resulted in the floodplains of the Lower Rhine and Meuse
being situated at relatively high levels above the stream bed, the lakes which have an open
connection with the main channel simply empty themselves during years with very low river
discharges. In response to this, fish and mobile invertebrates migrate to the channel. Running
dry has enormous consequences for the biota, especially in the disconnected lakes. Aquatic
macrophytes desiccate and may survive by means of generative and vegetative diaspores.
Small invertebrates, such as cladocerans, may enter also a resting stage (Boulton and Lloyd,
1992). While the lake volume is decreasing fish and mussels become an easy prey for birds
and mammals. When the lake runs dry fish and mussels become trapped and die. An invasion
of semi-aquatic and terrestrial animals and vegetation occurs over the whole lake bottom in
response to its drying up (Brock et al., 1987; Williams, 1987).

The duration of a flood pulse strongly depends on the river’s hydrological regime, which in
turn is influenced by climate, geomorphology and regulation efforts. For example, the “pris-
tine’ tropical rivers Amazon, Paran4 and Orinoco have predictable flood pulses of relatively
long duration (Bonetto, 1986; Day and Davies, 1986; Junk et al., 1989). The regulated rivers
Rhine and Meuse, which are situated in a temperate climatic belt, have less predictable flood
pulses of relatively short duration. The largest flood pulses occur outside the growth season
along these rivers, unlike the situation in the tropical rivers, which receive one major long-
lasting flood pulse during and after the rainy season (Bonetto, 1986; Day and Davies, 1986).
The predictability, season and extent of floodplain inundation influence the possibilities for
the use of the floodplain by riverine species. In the Amazon River the regular flood pulses are
essential for the survival of many fish species which are adapted to feed on fruits from trees
on the floodplain. Such highly specialized adaptations are unknown for fish in European ri-
vers, where floodplain inundation usually occurs in winter and spring, i.e., outside the growth
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season. Fish which migrate to the inundated floodplains outside the growth season have been
found to feed on terrestrial macroinvertebrates (Reimer, 1991).

The long-term average annual frequency, duration and extent of floodplain inundation
may also vary within a particular river-floodplain ecosystem and depend on local geomorpho-
logical and hydrological conditions, provided by the presence of natural levees, dikes, sluices
and dams, and on the horizontal distance between the lake and the main channel. In addition,
the floodplain inundation frequency and duration depend on seasonal and year-to-year cli-
matic variations (Amoros et al., 1987a; Amoros and Roux, 1988; Junk et al., 1989; Van den
Brink, 1990; Van den Brink et al., 1993e).

Over the lateral dimension within a particular river stretch, the river’s discharge regime
influences the grain size of the sediment and the degree of siltation of the floodplain lake bot-
tom via scouring floods, and hence also the possibilities for water exchange via seepage
fluxes to and from the main channel. For example, cut-off channels, situated close to the main
channel, sometimes still connected with the main channel at one end, are less silted up than
the older, more isolated oxbow lakes, which have a thick sapropelium layer (Rostan et al.,
1987). The amplitude of water-level fluctuations and the rate of filling in and running dry are
therefore smallest in the ‘isolated’ oxbow lakes. Thus, hydrology forms a gradient over the
lateral dimension of the floodplain and is recognized as the main environmental parameter in-
fluencing the aquatic as well as the semi-aquatic and ‘terrestrial’ communities (Amoros et al.,
1987a; Junk et al., 1989; Blom et al., 1990; Van den Brink, 1990).

Floodplain waters along the Upper Rhdne have been classified into four hydrological ca-
tegories: eupotamon (large flowing waters: main stream and side channels), parapotamon
(former channels, semi-stagnant waters, still connected with the main channel at the down-
stream end: dead arms and backwaters), plesio- and paleopotamon (stagnant waters con-
nected with the main channel only during floods: cut-off channels and oxbow lakes). The ple-
sio- and paleopotamon differ with respect to their geomorphological origin and their degree
of connection with the main channel. The plesiopotamon includes abandoned braided chan-
nels, situated close to the main channel and thus frequently flooded. The paleopotamon in-
cludes abandoned anastomosed and meander channels, situated at a greater distance from the
main channel and thus rarely flooded (Amoros et al., 1987a).

Interactions along the lateral dimension include active and passive transport of organisms,
and exchanges of nutrients and organic matter between the channel and its floodplain (Ward,
1989). Initially, the importance of floodplain vegetation for the input of organic matter (en-
ergy) was recognized for small streams only (e.g. Kaushik and Hynes, 1971; Cummins, 1974;
Vannote et al., 1980). Human activities in the past, such as the removal of trees from the
stream bed (snagging), dredging, diking and regulation have changed the original vegetation
and have reduced the original floodplain area of many rivers (Sedell and Frogatt, 1984; Tris-
ka, 1984; Sedell et al., 1989; Ward, 1989), thereby reducing the level of organic matter input
into the channel. However, under pristine circumstances large rivers generally have extended
floodplains that contribute significantly to the production of main channel biota (Junk et al.,
1989).
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Seasonally inundated floodplains constitute large aquatic-terrestrial transition zones, or
ecotones, which border alluvial rivers. Along the borders of the relatively pristine tropical ri-
vers these ecotones may extend for 10 km or more on either side of the channel. Habitat diver-
sity within such land-water ecotones is related to the regular and repeated rejuvenation of suc-
cessions associated with disturbance caused by floods. The biodiversity within these ecotones
can therefore be very rich (Naiman and Décamps, 1990). Along the upper Amazon River
channel dynamics were found to play a major role in creating and maintaining high biological
diversity within the ecotone (Salo et al., 1986; Salo, 1990).

Based on research in pristine large rivers in South and North America (e.g. Amazon,
Upper Mississippi) Junk et al. (1989) formulated the Flood Pulse Concept (FPC) as a com-
plementary concept to the RCC in order to explain the relationships between the biota and the
environment of an unmodified, large river-floodplain system. According to the FPC, the flood
pulse is the principal driving force for the existence, productivity, and interactions of the
major biota in river-floodplain systems. The predictability and duration of the flood pulse cre-
ates possibilities for biotic adaptations and strategies for efficiently using the floodplain area,
resulting in a high biotic diversity. The flood pulse is associated with a ‘moving littoral’
throughout the floodplain. As this ‘moving littoral’ prevents prolonged stagnation and allows
rapid recycling of organic matter, a high productivity in active floodplain areas is to be ex-
pected (Junk et al., 1989). It has been emphasized that the FPC is distinct from concepts that
stress the continuous processes in flowing water, such as the RCC, since the flood pulse is a
discontinuous process. Furthermore, floodplains do not depend on upstream inefficiencies of
organic matter processing and the position of a floodplain within the river network is not a pri-
mary determinant of the processes that occur (Junk et al., 1989).

Vertical dimension

The exchange area between the river channel and its hyporheic zone, the area of groundwater
beneath the streambed, encompasses the vertical dimension, which may include a lateral
component (Stanford and Ward, 1988; Williams, 1989). The hyporheic zone functions as are-
fuge for benthic macroinvertebrates from disturbances such as spates and droughts (Strom-
mer and Smock, 1989; Griffith and Perry, 1993), but it may harbour a distinct community of
groundwater animals too (Danielopol, 1989). Exchanges of water, organic matter, and organ-
isms between the superficial and subterranean habitats are dependent on the grain size of the
sediment, together with the degree and nature of substrate siltation, which in turn depends on
the geomorphology of the floodplain. The functioning of the hyporheic zone is therefore re-
lated to the longitudinal zonation, since the sediment grain size of the river bed of upstream
zones varies from large stones and gravel to coarse sand, whereas that of downstream zones
varies from coarse sand to fine sand and clay. The functioning of the hyporheic zone is also
related to the lateral dimension of the floodplain. For example, the accumulation of silt and or-
ganic matter in isolated oxbow lakes impedes the exchanges between the surface and the
groundwater. On the other hand, when a cut-off former meander is connected with the main
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channel again at both ends, the exchanges are enhanced, because the fine sediments are
flushed away and the superficial water is reconnected to the interstitial water (Amoros et al,,
1987a).

Temporal dimension

Both natural evolution and human impact are major determinants of the present status of river
ecosystems (Bravard et al., 1986). The present geomorphology of a river is therefore clearly
related to its historical development. Within the ecological successions, the life span of pion-
eer and transient stages may be several years or decades. Hydro- and morphodynamics, water
chemistry, population dynamics, competition and grazing all have their influence on the time
scale of the ecological successions. Moreover, these ecological successions may be impeded
or reversed under human impact (Amoros et al., 1987b).

Study area: The Lower Rhine and Meuse

The River Rhine originates in the Swiss Alps from two sources, Lake Toma (altitude 2344 m
a.s.l) and the Paradies Glacier (altitude 2216 m a.s.l), and flows through Switzerland,
France, Germany and the Netherlands. In the Netherlands the river divides into three bran-
ches: the river Waal/Merwede, which is the main branch, discharging 65% of the Rhine water;
the river Nederrijn/Lek which discharges about 21%, and the river Lssel, which discharges
only 14%. The river Meuse originates in France near Pouilly-Bassigny on the Plateau de Lan-
gres (altitude 410 m a.s.l.) and flows through France, Belgium and the Netherlands. In the
Netherlands the rivers Rhine and Meuse enter a lowland area, where they form a river delta
before they flow into the North Sea. An essential difference between the rivers Rhine and
Meuse is their water source: the river Rhine is a combined glacier-rainwater river, whereas the
river Meuse is fed by rainwater only. As aresult the Rhine has a more stable discharge pattern
over the seasons. However, the flooding regime of both rivers is generally rather similar, with
highest river discharges normally occurring in winter and spring, and lowest discharges in
autumn. Hydrological characteristics of both rivers are presented in table 1.

Table1. Hydrological characteristics of the rivers Rhine and Meuse (Data from RIZA,

the Netherlands).
Rhine Meuse
Total drainage area (km?) 185,000 33,000
Total length (k) 1,250 890
Length in the Netherlands (km) 385 251
Mean discharge (m®s™') 2,200 (a) 250 (b)
Extremes of discharge (m>s™) 600-13,000 (a) 2-3,000 (b)

Discharges values over 1901-1985, measured at (a) Lobith and (b) Eijsden, the Netherlands.
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Table2. Total number of (semi-)stagnant water bodies within the floodplains of the Lower Rhine and
Meuse in the Netherlands, categorized by geomorphological water type (Smits, 1989).

Lower Rhine Meuse
Cut-off channels/oxbow lakes 108 30
Break-through lakes 31 16
Clay-pit lakes 78 6
Sand- and gravel-pit lakes 98 65

Floodplains of the alluvial rivers Rhine and Meuse in the Netherlands harbour several hun-
dreds of relatively large water bodies (1-200 ha), which have originated from spontaneous
diversions of the streams (former meanders, silted-up side channels, oxbow lakes), from dike
bursts in the past (break-through lakes, the so-called ‘wielen’), and more recently from gravel,
sand and clay extraction (gravel-, sand- and clay-pit lakes) (Table 2).

Apart from these relatively large permanent water bodies there are also many small tem-
porary waters. Depending on geomorphological and hydrological circumstances, floodplain
waters are subject to different inundation regimes. Normally, the Dutch floodplain lakes are
inundated during winter and spring, i.e. outside the vegetation season, although the incidence
of summer spates has increased over the last decades (Brock et al., 1987). Floodplain lakes
along the Lower Rhine and Meuse become isolated from the river during the summer and
autumn, except for those which have a permanent open connection with the main channel. In
addition to these lakes, which are situated in the ‘active’ floodplain, there are many lakes situ-
ated behind the main dike, in the ‘ancient’ floodplain. The latter lakes are influenced by the
river via seepage only during high water levels in the main channel (Fig. 3).

Present state and historical changes

Running waters have been used as natural discharge routes for sewage since ancient times.
Evidence of early (organic) pollution can be found in the following quotation (Velsen, 1768):

‘Our people have always been utterly indifferent to a vital part of this country, the rivers. We
used them and abused them as we pleased, without any supervision whatsoever. If the rivers
were to die tomorrow not a soul would care or be grieved. Instead of worshipping them as
gods or saints, we treat them as sewers, in which anyone may freely dispose of his wastes. This
is what has caused their abominable state.’

The present water quality of the main channels of the Lower Rhine and Meuse differs con-
siderably from the original situation (Table 3), with increased levels of nutrients (nitrate and
phosphate), salts (chloride, sodium, sulphate) and heavy metals (cadmium, mercury, lead,
zinc) (Zuurdeeg, 1980; Van der Weijden and Middelburg, 1989; Van der Velde et al., 1991;
Van den Brink et al., 1991a, 1993b). The water is also contaminated with an increasing
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Figure 3. Schematic view of the floodplain waters within the regulated Lower Rhine and Meuse
rivers, during winter (A) and summer (B).
1 = main dikes; 2 = summer dikes; 3 = river bed; 4, 8 = lakes protected against floods by
main dike; 5 = lake protected by summer dikes or river levees; 6, 7 = unprotected lakes;
4-6 = shallow lakes; 7, 8 = deep lakes. Arrows indicate directions of groundwater fluxes.

amount of system-foreign compounds, organic micropollutants, such as PCB’s, PAH’s, insec-
ticides and herbicides (Freudenthal, 1988). The Lower Rhine and Meuse are the most polluted
stretches of the rivers Rhine and Meuse, because they are situated at the ‘end of the pipe’.
Water quality was very poor in the 1960s-1970s, when pollution was high and oxygen le-
vels were extremely low (Table 3). After the introduction of sewage purification plants, the
oxygen levels increased again to normal levels in the Lower Rhine. The river Meuse still suf-
fers from low oxygen levels during low water discharges in summer. The levels of ammonium
have decreased again, but levels of nitrate have increased at the same time, due to an im-
proved microbial activity in response to a reduction of the toxicity of the river water (Admir-
aal and Botermans, 1989). The increased sodium chloride levels in the Lower Rhine and
Meuse have changed the relative ionic composition of both rivers (Fig. 4). At present, the
water of the Lower Rhine is dominated by sodium chloride, instead of calcium bicarbonate,
which was the original situation in this river and which is the global average situation (Webb
and Walling, 1992). Although the levels of several heavy metals and organic micropollutants
in the surface water of both rivers have been reduced over the last decades, the sediments of
depositional areas in the main channels (Biesbosch, Haringvliet, Nieuwe Waterweg, Ketel-
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Table3. Water quality parameters of the Lower Rhine and Meuse over the years. Annual means of at
least weekly measurements are presented for 1971 and 1991 (Data from RIZA, RIWA, The
Netherlands); historical data include measurements and calculations of natural background
values in addition to historical water analysis (Zuurdeeg, 1980; Van der Weijden and Middel-

burg, 1989).
Lower Rhine (a) Meuse (b)
<1900 1971 1991 <1900 1971 1991

Temp. °C 109 133 14.0 <10 14.3 145
0, mgl . 44 102 - 8.5 74
pH - - 74 78 75 78 7.5
HCO; mgl?! 160 157 167 172 - 185

Cl mg I 13 236 201 15 45 62
SO, mg 1! 35 75 78 28 70 52
Na mg I'! 5 - 103 7 - 36

K mgH 5 . 7 4 . 4
Ca mg ! 50 - 89 59 - 79
Mg mgl? 10 - 12 6 - 8
NO,3 mg 1! 03 25 39 - 19 2.7
NH, mg I 0.2 29 04 - 1.6 0.7
PO, mg I 0.05 0.30 0.08 0.07 0.67 0.37
t-P mgI! 0.15 0.95 0.27 0.22 0.94 0.49
Zn ug ! - 301 30 24 330 78
Pb ugh! 3 347 5 - ' 535 9
Hg ugl! <0.05 i 0.05 <0.05 0.29 0.05
Cd ugI'! <0.04 5.00 0.10 <0.04 6.12 0.50
PCB's ugkg 0 - 24 0 - 22
PAH’s mgkg 0 - 098 (V] - 0.11

Data measured at (a) Lobith and (b) Eijsden, the Netherlands; -: no data available.

meer) and the sediments in the river forelands are still highly contaminated with these toxic
substances (Demon and Van Broekhoven, 1989; Biekart and Leuven, 1991; Van de Guchte,
1993). Since 1900 the water temperature of the Lower Rhine and Meuse has increased by 24
°C as aresult of thermal pollution by power plants and other industries.

The present geomorphology of the alluvial plains of the Lower Rhine and Meuse has also
been drastically changed under human impact. The first documented human influence on
these rivers occurred in the Roman Era and encompassed canal construction in order to regu-
late the discharge of the Dutch Rhine tributaries (Van der Ven, 1976; Van Urk and Smit,
1989). Embanking of the Dutch river sections started in the early Middle Ages. However, up
to the 18th century the main channels were meandering and many river islands, riverside
forests and drowned trees (snag) were still present (Fig. 5). The river banks were sandy and
clayey, with natural slopes. The floodplain area must have been tens of kilometres wide,
bound only by the ridges of moraine hills, formed in the ice age (Van Urk and Smit, 1989;
Klink, 1989, 1991). River regulation and normalization started in the 19th century and was
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o Rhine (1900) e Rhine (1991)
o Meuse (1900) = Meuse (1991)

Figure 4. Shift in relative anion ratios (percentages) of the Lower Rhine and Meuse during the period
1900-1991. The relative anion concentrations are expressed as percentages (0-100%) of the
total anion concentrations in equivalents, which is set to 100%. See table 3 for sources. Aste-
risk = mean relative anion ratio of large European rivers (Golterman, 1975).

completed in the present century (Van Urk and Smit, 1989). The original estuarine river
mouths of the Lower Rhine and Meuse were provided with dams and sluices for sea flood
protection. At several upstream locations dams were built in the main channel for river regula-
tion and for energy supply. The river bed was fixed by groynes and dikes, which impede
meandering and the formation of side channels, cut-off channels and oxbow lakes. Other con-
sequences of this fixation are that the total floodplain area has become drastically reduced to a
narrow zone of only a few kilometres wide, that the river bed has become deeper and nar-
rower and that the river forelands have silted up and have been raised. From the 14th to the
19th century, dike bursts occurred regularly during periods of high river discharge in combi-
nation with the formation of ice dams in the river. These dike bursts resulted in deep (up to 20 m)
water bodies, the break-through lakes. Large-scale clay digging and sand and gravel extraction
occurred in the present century, leading to many new water bodies. Clay-pit lakes are generally
shallow (up to 6 m), whereas sand- and gravel-pit lakes may be fairly deep (up to 60 m).

Not surprisingly, the biological communities in the rivers Rhine and Meuse have changed
remarkably in response to the deterioration of water quality and habitats. Nearly all floodplain
forests have been cut and snag has been removed from the channels in order to accelerate river
discharge during high water levels. Figure 5 illustrates the changes in habitats along the banks
of the Lower Rhine branch the R. Issel over the years. At present, riparian and aquatic vege-
tation in the main channels of the Lower Rhine and Meuse is very sparse and more abundant
only in the downstream reaches and in associated floodplain lakes (Coops and Smit, 1988;
Maenen, 1989; Van den Brink et al., 1991a). The total plankton biomass in the river channels
of the Lower Rhine and Meuse has increased over the years (Peelen, 1975; Tubbing, 1993).

13



Chapter 1

s k
100 f BEkEe
E= Steep banks
3  stony banks
Il Sandy banks
B Reeds
75 1 Willows
50
25T
1850 1880 1920 1975
% .
100 F Insect habitats —
E= Others
.1 Stones
Il Sediment
75 | Vegetation
[ Snag
50 |
25|
1745 1985

Figure 5. Above: changes in habitats along the banks of the river IJssel, a Lower Rhine branch,
during the 19th and 20th centuries. Bank length with a particular habitat is plotted as a
percentage of the total bank length (Data based on river maps; after Beekmans and
Verbraak, 1991).

Below: changes in the aquatic insect fauna in the Lower Rhine.

The number of taxa associated with a particular habitat is plotted as a percentage of the
total number of taxa (Data based on palaeoecological information from dated sediment
cores (1745) and from recent surveys (1985); after Klink, 1991).

The present plankton communities in the main channels consist of a few dominant ubiquitous
centric diatom species, in addition to ubiquitous green algae (De Ruyter van Steveninck et al.,
1990; Admiraal et al., 1993); the relative abundance of benthic pennate diatoms has greatly
decreased (Klink, 1991). The macroinvertebrate communities are nowadays dominated by a
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few immigrant species instead of the original species. The invading species, originating from
other water systems, are all brackish-water and high temperature tolerant r-strategists (Van
den Brink and Van der Velde, 1986a, 1986b, 1992; Van den Brink et al., 1988, 1989, 1990,
1991b, 1991c¢, 1993a, 1993b, 1993c, 1993d; Den Hartog et al., 1989, 1992; Van der Velde et
al,, 1990; Bij de Vaate and Greijdanus, 1990, 1991; Bij de Vaate, 1991). In addition, the macro-
invertebrate communities presently consist mainly of pollution-tolerant species. Large num-
bers of typically riverine insects, such as Ephemeroptera, Plecoptera and Trichoptera, which
are all sensitive to pollution, have disappeared, as has the fauna of calm river reaches (Van
Urk, 1984; Klink, 1989, 1991; Van den Brink et al., 1990). The fauna in the rivers Rhine and
Meuse has deteriorated not only in response to water quality, but also to the change in habi-
tats. For example, the phytophilous species have disappeared with the decline of the riverine
vegetation (Fig. 5). The present fish fauna is dominated by euryoecious cypnnids (Fig. 6). An-
adromous and rheophilous species have declined in numbers or have become entirely extinct
(Cazemier, 1988; De Groot, 1988, 1989a, 1989b, 1989¢, 1989d, 1990a, 1990b, 1990c, 1991a,
1991b, 1992a, 1992b, 1992c; Van den Brink et al., 1990; Van der Velde et al., 1990; Bergers,
1991; Admiraal et al., 1993). The last two decades clear signs of recovery have been noticed
in the rivers Rhine and Meuse. At present the numbers of macroinvertebrate and fish species
are increasing again, after a nadir in the early 1970s (Fig. 6) (Van den Brink et al., 1990; Tit-
tizer et al., 1994). Among the native invertebrates spectacular reoccurrences were noted for
the caddisfly Hydropsyche contubernalis McL. in 1978 (Van Urk, 1981) and for the mayfly
Ephoron virgo (Ol.) in 1991 (Bij de Vaate and Oosterbroek, 1992) in the Lower Rhine.
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Figure 6. Changes in fish communities in the Lower Rhine during the present century (after Van den
Brink et al., 1990).
E = euryoecious species; A = anadromous species; S = stagnophilous species;
R = rheophilous species; K = katadromous species.
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Restoration measures

At the end of last century, problems with the exploitation of the salmon (Salmo salar L.)
stocks led to the ‘Salmon Treaty’ between the states bordering the Rhine. However, large
scale restocking attempts did not prevent the complete extinction of the Rhine salmon (De
Groot, 1989a). In the 1960s-1970s, when the water quality of the rivers Rhine and Meuse was
extremely poor, problems arose in the preparation of river water for drinking water. At the end
of the 1970s sewage purification plants were built in order to improve the water quality. The
industrial discharge of heavy metals and organic micropollutants into the river was also re-
stricted. For the river Rhine, the most recent sanitation initiatives were taken by the states bor-
dering the Rhine in response to the Sandoz accident in Basel (Switzerland) in November
1986. Measures included a more drastic reduction of the load of pollutants and investigations
with respect to possibilities for an ecological restoration of the river. This ecological restora-
tion is a new element in the Rhine management. As part of the so-called ‘Rhine Action Pro-
gramme’ the Dutch government started the research programme ‘Ecological Rehabilitation of
the River Rhine’. Within this research programme, a project was carried out in order to study
the ecological values and the overall impact of hydrology on aquatic communities within
floodplain lakes along the rivers Rhine and Meuse in the Netherlands from 1987-1990, under
the authorization of the Institute for Inland Water Management and Waste Water Treatment,
RIZA, Lelystad, the Netherlands (Van den Brink, 1990). A grant from the Sandoz Rhine Fund
allowed for more detailed investigations on the impact of hydrology on the aquatic floodplain
ecosystems to be carried out in a follow-up project, during 1990-1994. The main results from
both projects are presented here.

Outline of the thesis

The present thesis is focused on the lateral dimension, which is of major importance in large
river ecosystems. The theme was also selected because information on the structure and func-
tioning of floodplain waters along the rivers Rhine and Meuse was very sparse, scattered and
dated (Janse, 1986, and literature therein). Previous studies on structural and functional as-
pects of floodplain water bodies along the Lower Rhine and Meuse have focused on the vege-
tation and plankton communities, and have been carried out in a few water bodies only (Van
der Velde, 1980; Brock, 1985; Roijackers, 1985; Janse, 1986). So far, no attempt has been
made to relate structural and functional aspects of the aquatic and semi-aquatic vegetation,
phyto- and zooplankton and macroinvertebrates to the hydrology of lakes in floodplains of
heavily eutrophicated and regulated rivers, such as the Lower Rhine and Meuse. Detailed in-
formation on channel-floodplain interactions in regulated rivers is recognized as one of the
major knowledge gaps in present river ecology (Ward and Stanford, 1993). Such information,
however, is of extreme relevance if we wish to understand the ecological functioning of such
river systems. Furthermore, it is an essential prerequisite for predicting and evaluating the im-
pact of changes in hydrology on floodplain lakes due to embanking, regulation or nature res-
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toration (Roux, 1982; Bravard et al., 1986; Amoros et al., 1987a; Van den Brink and Klink,
1991; Klink et al., 1991; Van den Brink et al., 1993b, 1993c¢). In fact, the restoration of con-
nections between the main channel and its associated floodplain lakes and the reactivation of
former side channels are two of the main measures planned for an ecological rehabilitation of
the river Rhine, as formulated in the “Integrated Ecological Concept” (ICPR, 1989). But what
are the ecological consequences of restoration of connections? In order to study the impact of
hydrology on floodplain lake ecosystems along the Lower Rhine and Meuse, the aquatic and
semi-aquatic vegetation, phyto- and zooplankton and macroinvertebrates, have been selected
for study, because these communities form the basis of the foodwebs in the floodplain lakes
and because they have proved to be good environmental descriptors (e.g. Roux, 1982; Castel-
laet al., 1984).

Three lines of approach were chosen:

1. A statistical analysis of the community composition of selected biotic groups in 100
floodplain lakes along the Lower Rhine and Meuse in relation to hydrology, water and
sediment chemistry, geomorphology and other environmental parameters. Multivariate
analyses (classification using TWINSPAN and FLEXCLUS, and ordination using PCA
and DCA) and simple correlations (i.e. Pearson and Spearman rank correlations) were
used to detect the major environmental parameters which determine the distribution of the
biota in the floodplain lakes. Such a statistical approach has proved to be very suitable for
an improved understanding of the complexity and interactivity of biotic and abiotic vari-
ables (Jongman et al., 1987).

2. Detailed investigations were carried out on seasonal fluctuations of water chemistry and
biota in a few selected water bodies which form a flood frequency gradient in the Lower
Rhine floodplain, in order to study the spatio-temporal variation in physico-chemical par-
ameters and abundance of biota in relation to hydrology.

3. An experimental approach was chosen in order to search for causality with respect to the
impact of hydrology and water and sediment chemistry on the performance of (semi-)
aquatic macrophytes.

The impact of hydrology on the water chemistry and phytoplankton biomass in floodplain
lakes along the Lower Rhine and Meuse is discussed in chapter 2. An analysis of the spatial
variation in physico-chemical parameters of the superficial water, interstitial water and sedi-
ment of 100 floodplain waters was made in relation to hydrology and geomorphology. In ad-
dition, the seasonal fluctuations in water chemistry and phytoplankton development were fol-
lowed in the Lower Rhine channel and in five associated floodplain lakes which form an
inundation gradient. Chapter 3 deals with the impact of hydrology on the structure of zoo- and
phytoplankton communities. The relative abundance of phyto- and zooplankton species was
related to the degree of connection of 100 floodplain waters with the main channels of the
Lower Rhine and Meuse, and to other environmental parameters such as nutritional resources
and habitat characteristics. A historical perspective of the influence of hydrology on aquatic
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and semi-aquatic macrophytes in Dutch floodplain lakes is presented in chapter 4. The
species richness of (semi-) aquatic macrophytes in 75 permanent floodplain lakes was related
to the longterm average annual flood frequency. In addition, the current presence of six
aquatic macrophytes and seven helophytes in a large number of former channels was com-
pared with their presence in 1954. The impact of the increased salinity of the Lower Rhine on
the growth of four aquatic macrophytes is discussed in chapter 5. In chapter 6 the combined
influence of substrate parameters and water depth on the performance of eight helophyte
species commonly occurring in European floodplains is discussed. Chapter 7 deals with the
impact of hydrology on the structural and functional aspects of macrozoobenthos in flood-
plain lakes. The macroinvertebrate assemblages in 100 floodplain lakes were related to flood
frequency, nutritional resources and habitat characteristics via statistical analysis. Chapter 8
discusses spatio-temporal variation in density and biomass of macroinvertebrates in three
floodplain lakes with varying inundation regimes. The influence of lake hydrological regime,
season and habitat on the abundance of various macroinvertebrate groups and dominant taxa
was analyzed. In chapter 9 a synthesis of the results is provided, together with suggestions for
an ecological management of floodplain lakes along eutrophicated and regulated rivers, such
as the Lower Rhine and Meuse.

Acknowledgements

Financial support for the studies presented in this thesis has been supplied by the Institute for
Inland Water Management and Waste Water Treatrnent, RIZA, Lelystad, the Netherlands and
the Sandoz Rhine Fund, Basel, Switzerland. The author wishes to thank all who have con-
tributed to this thesis.

References

Admiraal W and Botermans YJH (1989) Comparison of nitrification rates in three branches of the
lower river Rhine. Biogeochemistry 8: 215-225.

Admiraal W, Van der Velde G, Smit H and Cazemier WG (1993): The Rivers Rhine and Meuse in The
Netherlands: present state and signs of ecological recovery. Hydrobiologia 265: 97-128.

Amoros C, Roux AL, Reygrobellet JL, Bravard JP and Pautou G (1987a) A method for applied eco-
logical studies of fluvial hydrosystems. Regul. Riv.: Res. & Managem. 1: 17-36.

Amoros C, Rostan J-C, Pautou G and Bravard JP (1987b) The reversible process concept applied to
the environmental management of large river systems. Env. Managem. 11: 607-617.

Amoros C and Roux AL (1988) Interaction between water bodies within the floodplains of large ri-
vers: function and development of connectivity. In: Schreiber KF (ed.) Connectivity in Landscape
Ecology. Miinst. Geogr. Arb. 29: 125-130.

Beekmans C and Verbraak PJJ (1991) Tussen wal en schip. Leidraad voor de inrichting van de IJsse-
loevers op natuurvriendelijke basis. Verslagen Milieukunde 51, Vakgroep Milieukunde, KU
Nijmegen, 89 pp.

18



General introduction

Bergers PIM (1991) Voedselecologie van vissen in de Nederlandse Rijntakken. Publications and re-
ports of the project ‘Ecological Rehabilitation of the River Rhine’ 28: 1-119.

Bickart JW and Leuven RSEW (1991) Van vuile bagger tot schoon slib. Waterbodemsanering: visies,
onderzoek, oplossingen. Stichting Natuur en Milieu, Utrecht.

Bij de Vaate A (1991) Colonization of the German part of the River Rhine by the Asiatic clam, Cor-
bicula fluminea Miiller, 1774 (Pelecypoda, Corbiculidae). Bull. zool. Mus. Univ. Amsterdam 13:
13-16.

Bij de Vaate A and Greijdanus-Klaas M (1990) The Asiatic clam, Corbicula fluminea Miiller, 1774
(Pelecypoda, Corbiculidae), a new immigrant in the Netherlands. Bull. zool. Mus. Univ. Amster-
dam 12: 173-178.

Bij de Vaate A and Greijdanus-Klaas M (1991) Monitoring macroinvertebrates in the River Rhine.
Publications and reports of the project ‘Ecological Rehabilitation of the River Rhine’ 27: 1-39.

Bij de Vaate A and Oosterbroek FMJ (1992) Ephoron virgo recent in de Rijn aangetroffen (Epheme-
roptera: Polymitarcidae). Ent. Ber., Amst. 52: 8-11.

Blom CWPM, Bégemann GM, Laan P, Van der Sman AJM, Van de Steeg HM and Voesenek LACJ
(1990) Adaptations to flooding in plants from river areas. Aquat. Bot. 38: 29-47.

Bonetto AA (1986) The Parané River system. In: Davies BR and Walker KF (eds.) The ecology of
river systems. Junk Publ., Dordrecht, The Netherlands, pp. 541-555.

Boulton AJ and Lloyd LN (1992) Flood frequency and invertebrate emergence from dry floodplain
sediments of the river Murray, Australia. Regul. Riv.: Res. & Managem. 7: 137-151.

Brindle RA (1991) Flooding resistance of rhizomatous amphibious plants. In: Jackson MM, Davies
DD, Lambers H (eds) Plant life under oxygen deprivation. SPB Acad Publ, The Hague, The
Netherlands, pp. 35-46.

Bravard JP, Amoros C and Pautou G (1986) Impact of civil engineering works on the succession of
communities in a fluvial system. Oikos 47: 92-111.

Brock TCM (1985) Ecological studies on nymphaeid water plants. Thesis Catholic University,
Nijmegen, The Netherlands.

Brock TCM, Van der Velde G and Van de Steeg HM (1987) The effects of extreme water level fluctua-
tions on the wetland vegetation of a nymphaeid-dominated oxbow lake in The Netherlands. Arch.
Hydrobiol. Beih. 27: 57-73.

Bruns DA, Minshall GW, Cushing CE, Cummins KW, Brock JT and Vannote RL (1984) Tributaries as
modifiers of the river continuum concept: analysis by polar ordination and regression models.
Arch. Hydrobiol. 99: 208-220.

Castella E, Richardot-Coulet M, Roux C and Richoux P (1984) Macroinvertebrates as “describers” of
morphological and hydrological types of aquatic ecosystems abandoned by the Rhéne River, Hy-
drobiologia 119: 219-225.

Coops H and Smit H (1988) Biezen langs de Oude Maas. De Levende Natuur 89: 106-110.

Cummins KW (1974) Structure and function of stream ecosystems. Bioscience 24: 631-641.

Cummins KW, Minshall GW, Sedell JR, Cushing CE, and Petersen RC (1984) Stream ecosystem the-
ory. Verh. Intemat. Verein. Limnol. 22: 1818-1827.

Cushing CE, MclIntire CD, Cummins KW, Minshall GW, Petersen RC, Sedell JR and Vannote RL
(1983) Relationships among chemical, physical and biological indices along river continua based
on multivariate analyses. Arch. Hydrobiol. 98: 317-326.

Danielopol DL (1989) Groundwater fauna associated with riverine aquifers. J. N. Am. Benthol. Soc. 8:
18-35.

19



Chapter 1

Day JA and Davies BR (1986) The Amazon River system. In: Davies BR and Walker KF (eds.) The
ecology of river systems. Junk Publ., Dordrecht, The Netherlands, pp. 289-318.
De Groot SJ (1988) Literatuurstudie naar rekolonisatiemogelijkheden van het stroomgebied van de

Rijn door riviertrekvissen en echte riviervissen, Deel: houtingachtigen. Report nr. 88-208 of the
Netherlands Institute of Fishery Investigations, Imuiden, The Netherlands, 1-23.

De Groot SJ (1989a) Idem. Deel: zalm. Nr. 88-205, 1-86.

De Groot SJ (1989b) Idem. Deel: forel. Nr. 88-206, 1-12.

De Groot ST (1989¢) Idem. Deel: elft. Nr. 89-203, 1-15.

De Groot SJ (1989d) Idem. Deel: fint. Nr. 89-204, 1-14.

De Groot SJ (1990a) Herstel van riviervissen in de Rijn een realiteit? Deel 1. De Atlantische Zalm
(Salmo salar). De Levende Natuur 91: 82-89.

De Groot ST (1990b) Idem. Deel 2. De Forel (Salmo trutta trutta). De Levende Natuur 91: 89-92.

De Groot SJ (1990c) Idem. Deel 3. De Grote en Kleine marene (Coregonus lavaretus en C. albula). De
Levende Natuur 91: 215-219.

De Groot SJ (1991a) Idem. Deel 4. De Spiering (Osmerus eperlanus). De Levende Natuur 92: 215-
219.

De Groot SJ (1991b) Idem. Deel 5. De Barbeel (Barbus barbus). De Levende Natuur 92: 215-219.

De Groot SJ (1992a) Idem. Deel 6. De Steur (Acipenser sturio). De Levende Natuur 93: 14-18.

De Groot SJ (1992b) Idem. Deel 7. De Elft (Alosa alosa). De Levende Natuur 93; 56-60.

De Groot SJ (1992c) Idem. Deel 8. De Fint (Alosa fallax). De Levende Natuur 93: 182-186.

Demon JMH and Van Broekhoven ALM (1989) Bodemverontreiniging in de uiterwaarden. Report nr.
89.027 of the Institute for Inland Water Management and Waste Water Treatment, The Nether-
lands, 1-40.

Den Hartog C, Van den Brink FWB and Van der Velde G (1989) Brackish-water invaders in the River
Rhine. A bioindication for increased salinity level over the years. Naturwiss. 76: 80-81.

Den Hartog C, Van den Brink FWB and Van der Velde G (1992) Why was the invasion of the river

Rhine by Corophium curvispinum and Corbicula species so successful? J. Nat. Hist. 26: 1121-
1129.

De Ruyter van Steveninck ED, Admiraal W, and Van Zanten B (1990) Changes in plankton com-
munities exposed to sedimentation in regulated reaches of the Lower River Rhine. Regul. Riv.:
Res. & Managem. 5: 67-75.

Eckblad JW, Volden CS and Weilgart LS (1984) Allochthonous drift from backwaters to the main
channel of the Mississippi River. Am. Midl. Nat. 111: 16-22.

Forsberg BR, Devol AH, Richey JE, Martinelli LA and Dos Santos H (1988) Factors controlling nu-
trient concentrations in Amazon floodplain lakes. Limnol. Oceanogr. 33: 41-56.

Freudenthal J (1988) Organisch chemische verontreiniging van de Rijn. H,O 21: 721-723.

Gladden JE and Smock LA (1990) Macroinvertebrate distribution and production on the floodplains
of two lowland headwater streams. Freshwat. Biol. 24: 533-545.

Griffith MB and Perry SA (1993) The distribution of macroinvertebrates in the hyporheic zone of two
small Appalachian headwater streams. Arch. Hydrobiol. 126: 373-384.

Hamilton SK and Lewis Jr WM (1987) Causes of seasonality in the chemistry of a lake on the Orinoco
River floodplain, Venezuela, Limnol. Oceanogr. 32: 1277-1290.

Hawkes HA (1975) River zonation and classification. In: Whitton BA (ed.) River Ecology. Blackwell,
Oxford, pp. 312-374.



General introduction

Huet M (1949) Apergu des relations entre 1a pente et les populations piscicoles des eaux courantes.
Schweiz. Z. Hydrobiol. 11: 322-351.

Tllies J (1961) Versuch einer allgemeinen biozonotischen Gliederung der Fliessgewisser. Internat.
Rev. ges. Hydrobiol. 46: 205-213.

International Committee for the Protection of the Rhine (ICPR) (1989) Synthesebericht iiber die z.Z.
laufenden und bereits geplannten Massnahmen zur Verbesserung des Okosystems Rheins inkl.
seiner Nebengewisser. Koblenz, Germany, 1-95.

Janse JH (1986) Ecologische waarden van de wateren in het winterbed van de grote rivieren. Rijksin-
stituut voor Natuurbeheer, Leersum, The Netherlands, 1-113.

Jongman RHG, Ter Braak CJF and Van Tongeren OFR (1987) Data analysis in community and land-
scape ecology, Pudoc, Wageningen.

Junk WJ, Bayley PB and Sparks RE (1989) The flood pulse concept in river-floodplain systems. In:
Dodge DP (ed.) Proceedings of the International Large River Symposium. Can. Spec. Publ. Fish.
Aquat. Sci. 106: 110-127.

Kaushik NK and Hynes HBN (1971) The fate of dead leaves that fall into streams. Arch. Hydrobiol.
68: 465-515.

Keddy PA and Ellis TH (1985) Seedling recruitment of 11 wetland plant species along a water level
gradient: shared or distinct responses? Can. J. Bot. 63: 1876-1879.

Klink AG (1989) The Lower Rhine: palacoecological analysis. In: Petts GE (ed.) Historical Changes
of Large Alluvial Rivers: Western Europe. J. Wiley and Sons, pp. 183-201.

Klink AG (1991) Ecologische relevante faktoren bij het inrichten van een Nevengeulenkomplex in de
Rijn. Hydrobiologisch Adviesburo Klink bv Wageningen, The Netherlands, Rapporten en Me-
dedelingen 36: 1-29.

Klink AG, Marteijn E, Mulder J and Bij de Vaate A (1991) Aquatische macro-evertebraten in de Duur-
sche Waarden 1989-1991. Publications and reports of the project ‘Ecological Rehabilitation of the
River Rhine’ 36: 1-30.

Maenen MM]J (1989) Water- en oeverplanten in het zomerbed van de Nederlandse grote rivieren in
1988. Hun voorkomen en relatie met algemene fysisch-chemische parameters. Publications and
reports of the project ‘Ecological Rehabilitation of the River Rhine’ 13: 1-82.

Minshall GW, Cummins KW, Petersen RC, Cushing CE, Bruns DA, Sedell JR and Vannote RL (1985)
Developments in stream ecosystem theory. Can. J. Fish. Aquat. Sci. 42: 1045-1055.

Naiman RJ, Melillo JM, Lock MA, Ford TE and Reice SR (1987) Longitudinal pattemns of ecosystem
processes and community structure in a subartic river continuum. Ecology 68: 1139-1156.

Naiman RJ and Décamps H (eds.) (1990) The ecology and management of aquatic-terrestrial eco-
tones. Man and Biosphere series 4, Parthenon Publ., Unesco, Paris.

Neckles HA, Murkin HR and Cooper JA (1990) Influences of seasonal flooding on macroinvertebrate
abundance in wetland habitats. Freshwat. Biol. 23: 311-322.

Pedrozo F, Diaz M and Bonetto C (1992) Nitrogen and phosphorus in the Parana River floodplain
waterbodies. Arch. Hydrobiol/ Suppl. 90: 171-185.

Perry JA and Schaeffer DJ (1987) The longitudinal distribution of riverine benthos: a river dis-conti-
nuum? Hydrobiologia 148: 257-268.

Reimer G (1991) The ecological importance of floodplains for fish at the river March (Austria). Arch.
Hydrobiol. 121: 355-363.

Roché J and Frochot B (1993) Omithological contribution to river zonation. Acta Oecologica 14: 415-
434.

21



Chapter 1

Roijackers RMM (1985) Phytoplankton studies in a nymphaeid-dominated system. Thesis Catholic
University, Nijmegen, The Netherlands.

Rostan JC, Amoros C and Juget J (1987) The organic content of the surficial sediment: a method for
the study of ecosystems development in abandoned river channels. Hydrobiologia 148: 45-62.
Roux AL (1982) (ed.) Cartographie polythématique appliquée a 1a gestion écologique des eaux; étude

d'un hydrosysteme fluvial: le Haut-Rhéne frangais, CNRS, Centre Région, Lyon, 1-116.

Salo J, Kalliola R, Hikkinen I, Mikinen Y, Niemeld P, Puhakka M and Coley PD (1986) River dyna-
mics and the diversity of Amazon lowland forest. Nature 322: 254-258.

Salo J (1990) Extemnal processes influencing origin and maintenance of inland water-land ecotones.
In: Naiman RJ and Décamps H (eds.) The ecology and management of aquatic-terrestrial eco-
tones. Man and Biosphere series 4, Parthenon Publ., Unesco, Paris, 37-64.

Schiemer F (1985) Die Bedeutung von Auengewiissern als Schutzzonen fiir die Fischfauna. Osterrei-
chische Wasserwirtschaft 37: 239-245.

Schiemer F, Spindler T, Wintersberger H, Schneider A and Chovanec A (1991) Fish fry associations:
important indicators for the ecological status of large rivers. Verh. Internat. Verein. Limnol. 24:
2497-2500.

Schiemer F and Zalewski M (1992) The importance of riparian ecotones for diversity and productivity
of riverine fish communities. Neth. J. Zool. 42: 323-335.

Sedell JR and Frogatt JL (1984) Importance of streamside forests to large rivers: the isolation of the
Williamette River, Oregon, USA from its floodplain by snagging and streamside forest removal.
Verh. Internat. Verein. Limnol. 22: 1828-1834.

Sedell JR, Richey JE and Swanson FJ (1989) The River Continuum Concept: a basis for the expected
ecosystem behaviour of very large rivers? In: Dodge DP (ed.) Proceedings of the International
Large River Symposium. Can. Spec. Publ. Fish. Aquat. Sci. 106: 49-55.

Smits H (1989) Locatie en beschrijving van wateren in het winterbed van de grote rivieren. Laborato-
rium voor Aquatische Oecologie, K. U. Nijmegen 107: 1-49.

Smock LA, Gladden JE, Riekenberg JL, Smith L.C and Black CR (1992) Lotic macroinvertebrate pro-
duction in three dimensions: channel surface, hyporheic, and floodplain environments. Ecology
73: 876- 886.

Stanford JA and Ward JV (1988) The hyporheic habitat of river ecosystems. Nature 335: 64-66.

Statzner B and Higler LWG (1985) Questions and comments on the River Continuum Concept. Can. J.
Fish. Aquat. Sci. 42: 1038-1044.

Statzner B and Higler LWG (1986) Stream hydrolics as a major determinant of benthic invertebrate
zonation patterns. Freshwat. Biol. 16: 127-139.

Strommer JL and Smock LA (1989) Vertical distribution and abundance of invertebrates within the
sandy substrate of a low-gradient headwater stream. Freshwat. Biol. 22: 263-274.

Tittizer T, Scholl F and Dommermuth M (1994) The development of the macrozoobenthos in the river
Rhine in Germany during the 20th century. Wat. Sci. Tech. 29: 21-28.

Townsend CR and Hildrew AG (1984) Longitudinal pattern in detritivore communities of acid
streams: a consideration of alternative hypotheses. Verh. Intemat. Verein. Limnol. 22: 1953- 1958.

Triska FJ (1984) Role of wood debris in modifying channel geomorphology and riparian areas of a
large lowland river under pristine conditions: a historical case study. Verh. Internat. Verein. Lim-
nol. 22: 1876-1892.

Tubbing GMJ (1993) Plankton communities as affected by pollution: A case study on the River Rhine.
Thesis Rijksuniversiteit Utrecht.

22



General introduction

Van de Guchte C (1993) Dansmuggelarven en aalscholvers als indicatoren van vervuild bodemslib in
sedimentatiegebieden van de Rijn. De Levende Natuur 94: 73-77.

Van den Brink FWB (1990) Typologie en waardering van stagnante wateren langs de grote rivieren in
Nederland, op grond van waterplanten, plankton en macrofauna, in relatie tot fysisch-chemische
parameters. Publications and reports of the project ‘Ecological Rehabilitation of the River Rhine’
25:1-157.

Van den Brink FWB and Klink AG (1991) Hydrobiologisch onderzoek in de uiterwaardplassen bij
Neerijnen. Report Laboratory of Aquatic Ecology, 1-31.

Van den Brink FWB and Van der Velde G (1986a) Observations on the seasonal and yearly occurrence
and the distribution of Atyaephyra desmaresti (Millet, 1831) (Crustacea, Decapoda, Natantia) in
The Netherlands. Hydrobiol. Bull. 19: 193-198.

Van den Brink FWB and Van der Velde G (1986a) Observations on the population dynamics and dis-
tribution of the White Prawn Palaemon longirostris H. Milne Edwards, 1837 (Crustacea, Decapo-
da, Natantia) in The Netherlands, with special reference to its occurrence in the major rivers. Arch.
Hydrobiol. 107: 465-495.

Van den Brink FWB and Van der Velde G (1991) Macrozoobenthos of floodplain waters of the rivers
Rhine and Meuse in The Netherlands: a structural and functional analysis in relation to hydrology.
Regul. Riv.: Res. & Managem. 6: 265-277.

Van den Brink FWB and Van der Velde G (1992) Slijkgarnalen (Crustacea: Amphipoda: Corophiidae)
in Nederland. Het Zeepaard 52: 32-37.

Van den Brink FWB, Van der Velde G and Geelen JFM (1988) Life history parameters and tempera-
ture-related activity of an American crayfish, Orconectes limosus (Rafinesque, 1817) (Crustacea,
Decapoda), in the area of the major rivers in The Netherlands. Arch. Hydrobiol. 114: 275-289.

Van den Brink FWB, Van der Velde G and Bij de Vaate A (1989) A note on the immigration of Coro-
phium curvispinum Sars, 1895 (Crustacea: Amphipoda) into The Netherlands via the River Rhine.
Bull. zool. Mus. Univ. Amsterdam 11: 211-213.

Van den Brink FWB, Van der Velde G and Cazemier WG (1990) The faunistic composition of the
freshwater section of the river Rhine in The Netherlands: present state and changes since 1900. In:
Kinzelbach R and Friedrich G (eds.) Biologie des Rheins. Limnologie aktuell 1: 191-216.

Van den Brink FWB, Maenen MMJ, Van der Velde G and Bij de Vaate A (1991a) The (semi-) aquatic
vegetation of still waters within the floodplains of the rivers Rhine and Meuse in The Netherlands:
Historical changes and the role of inundation. Verh. Internat. Verein. Limnol. 24: 2693-2699.

Van den Brink FWB, Van der Velde G and Bij de Vaate A (1991b) Amphipod invasion on the Rhine.
Nature 352: 576.

Van den Brink FWB, Van der Velde G and Bij de Vaate A (1991c) Slijkgamaal bedreigt Rijnfauna.
Bionieuws 1: 7.

Van den Brink FWB, Van der Velde G and Bij de Vaate A (1993a) Ecological aspects, explosive range
extension and impact of a mass invader, Corophium curvispinum Sars, 1895 (Crustacea: Amphi-
poda), in the Lower Rhine (The Netherlands). Oecologia 93: 224-232.

Van den Brink FWB, Van der Velde G and Bij de Vaate A (1993b) De Rijn: de trage stroom naar eco-
logisch herstel. Natuur en Techniek 61: 264-275.

Van den Brink FWB, Klink AG and Van der Velde G (1993c) Natuurontwikkeling in uiterwaarden
door verhoging rivierdynamiek? De Levende Natuur 94: 59-64.

Van den Brink FWB, Paffen BGP, Oosterbroek FMJ and Van der Velde G (1993d) Immigration of
Echinogammarus ischnus (Stebbing, 1899) (Crustacea: Amphipoda) into the Netherlands via the
Lower Rhine. Bull. zool. Mus. Univ. Amsterdam 13: 167-170.



Chapter 1

Van den Brink FWB, De Leeuw JPM, Van der Velde G and Verheggen GM (1993¢) Impact of hydro-
logy on the chemistry and phytoplankton development in floodplain lakes along the Lower Rhine
and Meuse Biogeochemstry 19 103-128,20 213.

Van der Velde G (1980) Studies in nymphaeid-dominated systems with special emphasis on those
dominated by Nymphoides peltata (Gmel ) O Kuntze (Menyanthaceae) Thesis Catholic Unuver-
sity, Nymegen, The Netherlands.

Van der Velde G, Van den Brink FWB, Van der Gaag M and Bergers PJM (1990) Changes in numbers
of mobile macroinvertebrates and fish in the River Waal 1n 1987, studied by sampling the cooling-
water intakes of a power plant first results of a Rhune biomonitoring project In: Kinzelbach R and
Friednch G (eds ) Biologie des Rheins Limnologie aktuell 1+ 325-342

Van der Velde G, Van Urk G, Van den Bnnk FWB, Colyn F, Bruggeman WA and Leuven RSEW
(1991) Rein Rynwater, een sleutelfactor in chemisch oecosysteemherstel. In: Hekstra GP, Van
Linden FIM (eds.) Flora en fauna chemisch onder druk Pudoc, Wageningen, The Netherlands, pp.
231-266.

Van der Weijden CH and Middelburg JJ (1989) Hydrogeochemustry of the River Rhune: longterm and
seasonal variability, elemental budgets, base levels and pollution. Wat. Res. 23. 1247-1266.

Van de Ven GP (1976) Aan de wieg van Ryjkswaterstaat Wordingsgeschiederus van het Pannerdens
Kanaal Thesis Catholic University Nymegen, The Netherlands.

Vannote RL, Minshall GW, Cummins KW, Sedell JR and Cushing CE (1980) The River Continuum
Concept. Can. J. Fish. Aquat. Sc1. 37: 130-137.

Van Urk G (1981) Verandenngen in de macro-invertebratenfauna van de IJssel H>0 14: 494-499.

Van Urk G (1984) Lower-Rhine-Meuse. In: Whitton BA (ed ) Ecology of European Rivers, Blackwell,
Oxford, pp. 437-468.

Van Urk G and Smut H (1989) The Lower Rhine. Geomorphological changes In: Petts GE (ed.) His-
toncal change of large alluvial nvers. Western Europe J. Wiley and Sons, pp. 167-182.

Velsen C (1768) Rivierkundige verhandelingen. Afgeleid uit waterwigt- en waterbeweegkundige
grondbeginselen. En toepasselijk gemaakt op den Rhyn, de Maas, de Waal, de Merwede en de
Lek. Harlingen.

Walker KF (1986) The Murray-Darling River system. In Davies BR and Walker KF (eds.) The eco-
logy of nver systems. Junk Publ., Dordrecht, The Netherlands, pp. 631-660

Ward JV (1989) The four-dimensional nature of lotic ecosystems. J. N. Am. Benthol. Soc. 8: 2-8.

Ward JV and Stanford JA (1983) The senal discontinuity concept of lotic ecosystems. In: Fontaine TD
and Bartell SM (eds ) Dynamucs of lotic ecosystems. Ann Arbor Science Publ., Ann Arbor, Michi-
gan, USA, pp 347-356.

Ward JV and Stanford JA (1993) Research needs in regulated river ecology. Regul. Riv.: Res. & Mana-
gem. 8. 205-209.

Webb BW and Walling DE (1992) Water quality II Chemucal charactenistics. In: Calow P and Petts
GE (eds ) The rivers handbook. Blackwell, Oxford, pp 73-100.

Welcomme RL (1979) Fishenes ecology of floodplain rivers. Longman, London.

Williams DD (1987) The ecology of temporary waters. Timber Press, Portland, Oregon, USA.

Williams DD (1989) Towards a biological and chemical definition of the hyporheic zone in two Cana-
dian nivers. Freshwat. Biol. 22. 189-208.

Zuurdeeg BW (1980) De natuurlyke chemische samenstelling van Maaswater HoO 13: 2-7.



CHAPTER 2

with JPM de Leeuw, G van der Velde and GM Verheggen
Biogeochemistry 19: 103-128, 20: 213 (1993)

25



Impact of hydrology on the chemistry and phyto-
plankton development in floodplain lakes along the
Lower Rhine and Meuse

Abstract

The impact of hydrology (floods, seepage) on the chemistry of water and sediment in floodplain lakes
was studied by a multivariate analysis (PCA) of physico-chemical parameters in 100 lakes within the
floodplains in the lower reaches of the rivers Rhine and Meuse. In addition, seasonal fluctuations in
water chemistry and chlorophyll-a development in the main channel of the Lower Rhine and five
floodplain lakes along a flooding gradient were monitored. The species composition of the summer
phytoplankton in these lakes was studied as well.

At present very high levels of chloride, sodium, sulphate, phosphate and nitrate are found in the
main channels of the rivers Rhine and Meuse, resulting from industrial, agricultural and domestic sew-
age. Together with the actual concentrations of major ions and nutrients in the main channel, the an-
nual flood duration determines the physico-chemistry of the floodplain lakes. The river water influen-
ces the water chemistry of these lakes not only via inundations, but also via seepage. A comparison of
recent and historical chemical data shows an increase over the years in the levels of chloride both in
the main channel of the Lower Rhine and in seepage lakes along this river. Levels of alkalinity in
floodplain lakes showed an inverse relationship with annual flood duration, because sulphur retention
and alkalinization occurred in seepage waters and rarely-flooded lakes. The input of large quantities of
nutrients (N, P) from the main channel has resulted, especially in frequently flooded lakes, in an in-
crease in algal biomass and a shift in phytoplankton composition from a diatom dominated com-
munity towards a community dominated by chlorophytes and cyanobacteria.

Introduction

The large rivers Rhine and Meuse are major European waterways which connect the Dutch
sea ports with a highly industrialized hinterland. Most European rivers and their floodplains
have been subjected to geomorphological changes since Roman times and probably even ear-
lier (Petts, 1989). In the Netherlands the large floodplain areas of the rivers Rhine and Meuse
have been dramatically reduced by means of embankment and river engineering since the
Middle Ages. The water quality of these rivers has deteriorated since that time, although
major changes in water chemistry did not take place until the present century. The rivers
Rhine and Meuse have been severely polluted with salts, fertilizers, heavy metals and organic
micropollutants as a result of high population densities, extensive agriculture, and a high level
of industrialization in their drainage basins. Water quality became very bad during the sixties
and seventies. Since that time improvements have been made with respect to levels of
oxygen, ammonium, heavy metals and some organic toxicants. By contrast, the concentra-
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tions of sodium, chloride, sulphate, phosphate and nitrate have not been improved at all and
are still extremely high (Anonymous, 1989). It should be realized that the rivers Rhine and
Meuse are nowadays among the most eutrophic rivers in the world (Admiraal and Botermans,
1989). Salinity is also very high, due to mining activities in the drainage basins. Mining ef-
fluents have shifted the ionic composition of the lower reaches of the rivers Rhine and Meuse
from a calcium bicarbonate dominance, which is the normal situation in most rivers, towards
a sodium chloride dominance (Kempe et al., 1991; Van der Velde et al., 1991). During periods
of low river discharge the water of the Lower Rhine can no longer be considered "fresh”. As a
consequence of all these changes, the riverine vegetation, zoobenthos and fish communities
in the main channels became impoverished, especially in the lower reaches (Van den Brink et
al,, 1990, 1991a, 1991b; Van der Velde et al., 1990).

The importance of river-floodplain interactions for the functioning of large river ecosys-
temns has been recognized relatively recently (e.g. Minshall et al., 1985; Amoros et al., 1987,
Amoros and Roux, 1988; Junk et al., 1989). During floods, there is an exchange of water,
sediment, chemicals and biota between the main channel and the floodplain lakes. Informa-
tion on the influence of flooding on the water chemistry of floodplain lakes is poor and con-
cerns mainly some pristine tropical rivers (¢.g. Hamilton and Lewis, 1987; Forsberg et al.,
1988; Junk et al., 1989; Pedrozo et al., 1992). Studies on the impact of inundations on the
water chemistry of floodplain lakes in highly eutrophic river ecosystems, which are mostly
found in temperate zones (Peierls et al., 1991), are very sparse. Such studies, however, are ex-
tremely relevant for an understanding of the ecological functioning and hence for an ecologi-
cal management of these river ecosystems (Bravard et al., 1986).

Although some influence of flooding on the water chemistry of floodplain lakes along the
highly eutrophic rivers Rhine and Meuse might be expected (Van den Brink and Van der
Velde, 1991), it was not clear which parameters are most affected by the hydrology. Further-
more, it was unknown to what extent the inundation regime affects the water chemistry. In the
present study the impact of hydrology on the chemistry (major ions, nutrients, heavy metals)
of the ambient and interstitial water of floodplain lakes was examined by (1) a multivariate
analysis of physico-chemical parameters of 100 floodplain lakes within the lowland reaches
of the rivers Rhine and Meuse, and (2) an analysis of seasonal fluctuations in the water chem-
istry of the main channel and five floodplain lakes along an inundation gradient in the basin of
the Lower Rhine. As phytoplankton development has a pronounced effect on physico-chemi-
cal parameters of the water and sediment, and vice versa (e.g. Admiraal et al., 1990), the im-
pact of hydrology on phytoplankton biomass and species composition in floodplain lakes was
studied as well.
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Sites and methods

Study sites

Within the floodplains of the rivers Rhine and Meuse lentic water bodies can be categorized
according to their geomorphology and hydrology. Sites were selected within the floodplains
of the lowland reaches of the rivers Rhine and Meuse in the Netherlands, outside tidal in-
fluence (Fig. 1). During July-August of 1987 and 1988 the water, sediment and phytoplank-
ton of 28 oxbow lakes, 22 break-through lakes, 23 clay-pit lakes and 27 sand-pit lakes were
each sampled once.

In order to study the impact of hydrology on the water chemistry in more detail, five
floodplain lakes along the Lower Rhine were selected on the basis of inundation regime,
depth and river distance (Table 1; Fig. 2). During 1990-1991 seasonal fluctuations in physico-
chemical parameters and chlorophyll-a were monitored by monthly sampling of the water of
the main channel and three shallow (2-5 m) and two deep (8-15 m) floodplain lakes along an
inundation gradient. The studied lakes were Lake Ewijk (shallow) and Lake Waaienstein
(deep), which are not protected against flooding by dikes or levees and which are frequently

) weir
W glacial hill

= oxbow lake

O claypit
@ break-through pool
O sandpit

Figure 1. Map of the sampling sites.
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inundated; Lake Oude Waal (shallow), which is protected by a small summer dike and hence
is rarely inundated; and Lake Duivelswaai (deep) and Pond G (shallow), which both receive
seepage water if there are high water levels in the main channel and which are protected
against inundation by the main dike (Table 1; Fig. 2).

Table 1. Topographical, geomorphological, hydrological, and vegetational characteristics of five
floodplain waters along the Lower Rhine where the water chemistry was monitored monthly.
Location in km’s from the source of the river. Flood duration: the calculated long-term
average annual flood duration in days per year (1901-1985). Floods/seepage: periods of
inundation and/or seepage during 1990/1991.

Lake Lake Lake Lake Pond

Ewijk Waaienstein  Oude Waal Duivelswaai G
Coordinates NS51°5% N51°53" N51°51° N51°52° N51°52°

E 545 E 551’ E 5°55° E 5°48’ E 554
Location (km) 893 887 882 888 882
Surface area (ha) 10 9.5 16 6 0.6
Maximum depth (m) 3 15 5 8 2
Distance from river (m) 10 100 500 650 1150
Flood duration 67 23 3 0 0
Floods Feb/Nov-Jan  Feb/Jan Feb/Jan - -
Seepage idem idem idem Feb/Jan Feb/lJan
Submerged vegetation absent absent sparse dominant dominant
Nymphaeid vegetation sparse absent dominant dominant dominant

Hydrology

A hydrological characterization of the main channels of the rivers Rhine and Meuse has been
presented in Van den Brink et al. (1991b). Major differences in hydrology between these river
systems are the drainage areas and discharge characteristics. The total drainage area of the
River Rhine measures 185,000 km?, while the total drainage area of the River Meuse is
33,000 km?. According to long-term measurements (1901-1985) the discharge of the R.
Rhine at the Dutch-German border averages 2,200 m3 s°1, while the discharge of the R. Meuse
at the Dutch-Belgian border averages 250 m? s'1. Water-level fluctuations in the main chan-
nels of these rivers vary from 2 to 6 m in the sections under study.

Normally, the Dutch floodplain lakes are inundated during winter and spring, i.e., outside
the vegetation growth season. Most lakes become isolated from the river during the rest of the
year, except for water bodies which have a permanent open connection with the main channel.
The duration and frequency of inundation of the lakes is largely dependent on the presence
and height of summer dikes and natural levees, together with actual water-level fluctuations
in the main channel. In general, the flood duration and flood frequency of the lakes decreases
with increasing distance from the main channel. The water bodies behind the main dikes are
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Figure 2. Schematic view of hydrology of floodplain lakes, during A. high nver discharges and
B. normal river discharges.
1 = main dikes, 2 = summer dikes, 3 = river bed, 4, 8 = seepage lakes, 5 = infrequently
flooded lake, 6, 7 = frequently flooded lakes, 4-6 shallow lakes, 7, 8 = deep lakes.
Arrows indicate directions of ground water fluxes.

never flooded, except during very rare catastrophes, and are normally influenced by river
water via seepage only (Fig. 2).

In order to quantify the hydrological situation of the floodplain lakes, the annual flood
duration was calculated as follows. Firstly, river maps were used to estimate the inundation
level for each site, i.e., the lowest water level of the nver at which the part of the floodplain
whach includes that specific site is inundated. Next, the long-term (1901-1985) annual mean
number of days on which the water level in the main channel reached this level of inundation
was calculated (= annual flood duration). Hydrological data were obtained from the Institute
for Inland Water Management and Waste Water Treatment (RIZA, The Netherlands).

Sampling, measurements and physico-chemical analyses

Ateach site a mixed sample (2 liter) of the ambient water was taken, at a depth of 20 cm below
the water surface in the open water compartment, i.e., outside the vegetation belt. Three sam-
ples of 100 ml each were taken out of this mixed sample. One sample was used immediately
for measurements of pH, alkalinity and acidity. The other two samples were passed through a
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Whatman GF/C filter (1.2 pm), and after addition of 0.5 ml of a 200 mg ' HgCl; solution,
stored in iodated polyethylene bottles and frozen at -27 °C until further analysis. In one of the
latter samples a few grains of citric acid were added in order to prevent precipitation of me-
tals. pH was measured with a Radiometer Combined pH electrode, connected to a PHM82
Standard pH meter. Alkalinity was determined by titration of a subsample of 50 ml with 0.01
N HCl down to pH 4.2, while acidity was determined by titration of another subsample of 50
ml by adding 0.01 N NaOH up to 8.2 (modified from Stumm and Morgan, 1981). The frac-
tions of carbon dioxide and bicarbonate were calculated from equations for the inorganic
carbon equilibria and pH, derived from Stumm and Morgan (1981). Conductivity was
measured with an YSI model 33 SCT meter, turbidity with a Dentan model FNS turbidity
meter. Both measurements were carried out in the field. Chlorophyll-a determination was
based on an ethanol extraction method according to Roijackers (1985).

Sediments were collected from below the water layer in the littoral zone, by means of a
metal tube with a diameter of 7 cm. The upper 10 cm layer of sediment was sampled. Because
of the inhomogeneity of the sediment, eight samples were collected and mixed. Sediment-
water extracts were made for the assessment of the chemical composition of the interstitial
water. 70 g wet sediment was thoroughly mixed with 200 ml twice distilled demineralized
water for one hour at room temperature. The supernatant was separated from the extract by
centrifugation (20°, 12,000 rpm). Further treatment of the supematant was similar to that of
the water samples. Subsamples of the wet sediment were dried at 105 °C for 24 hours. The
percentage organic matter in the sediment was calculated from the weight loss of 50 g dried
sediment after 4 hours heating at 550 °C (= loss on ignition).

Chemical analyses of the water and sediment extracts were carried out according to Tech-
nicon Auto-analyzer Methodology (1981). Na and K were determined by flame-photometry.
Colorimetrical measurements were used for chloride (with ferri-ammonium sulphate accord-
ing to O’Brien 1962), sulphate (with barium chloride), phosphate (with ammonium mo-
lybdate and ascorbic acid, according to Hendrikson, 1965), nitrate/nitrite (with hydrazine sul-
phate, according to Kamphake et al., 1967) and total ammonia (with salicylate and
hypochloride, according to Kempers and Zweers, 1986). Fe, Ca, Mg, Zn, Al and Si were ana-
lyzed using an Inductively Coupled Plasma Spectrophotometer type IL Plasma 200. Climato-
logical data on daily solar radiation and monthly precipitation were obtained from the Dutch
Meteorological Institute (KNMI, De Bilt, The Netherlands).

In order to study the species composition of the summer phytoplankton, three samples per
water body were taken by drawing a net (diameter of net opening: 20 cm, mesh width: 60 pum)
over a distance of 10 m through the water in a horizontal direction towards the shore, about 50
cm below the water surface.

Statistical analysis
A principal component analysis of the physico-chemical parameters (standardized values) of

the ambient and interstitial water and the sediment was performed, in order to illustrate: 1. the
influence of differences in the water chemistry between the main channels of the rivers Rhine
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Table2. Pearson correlation coefficients between the loadings of the sampling sites on PC1, PC2 and
PC3, and some physico-chemical parameters of the water, intersntial water and sediment of
the floodplan lakes.
n =100 sites. ***=p < 0.001; **=0001 <p <0.01; *=0.0] < p < 0.05.

PC1 PC2 PC3
water
Na 086" 013 011
Cl 087" 014 003
EC 068™" 061™ 009
K 057" 023 014
Mg 054™* 039" -045™
SO, 052" -021° 002
Ca 008 083" 006
HCO, -008 082" 009
Acdity -026™ 048" 025*
pH 020 -0 59** 032"
NO, 020" 001 038™"
NH, 027" 021° 042"
d-PO, 008 016 042
S 022" 061" 026™
Fe -022 023 003
Zn 013 0517 031™
Al 018 016 -001
interstitial water
Na 089" 002 001
Cl 085™ 002 010
K 036~ -0 28" 008
Mg 056™" 017 -054™
Ca 040™* 003 -050""
HCO, 026™ 049™ -036™
pH 040" 004 022
NO, 038™ -025° 020°
NH, 021* 022 001
d-PO, 037" 013 0s51™™"
St 043" 019 029"
Fe 000 -034™ 041™"
Zn 026™ -007 035™
Al 027" 047" 027
sediment
Lossonigmtion 012 049™" 022
% Variance 20 15 9
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and Meuse on the water chemistry of the floodplain lakes, and 2. the relationship between the
hydrology (floods, seepage) and the water chemistry of the floodplain lakes. The parameters
on which the PCA was based are presented in Table 2. In order to correlate site scores on the
most important principal components (PC1, PC2 and PC3) with real values of physico-
chemical parameters, Pearson correlation coefficients were calculated. A Wilcoxon test
(Sokal and Rohlf, 1981) was used to test groups of floodplain lakes of the rivers Rhine and
Meuse for significant differences in water chemistry and sediment characteristics. In order to
detect correlations between major ions in the ambient water, and in order to relate the flooding
regime to physico-chemical parameters of water and sediment, a Spearman rank correlation
test was performed. All calculations were made on an IBM 3090 mainframe, using the Statis-
tical Analysis System (SAS Institute Inc., 1989).

Results

Ordination and correlations

A multivariate analysis of physico-chemical parameters of the water and sediment of 100
lakes within the floodplains of the rivers Rhine and Meuse in The Netherlands reveals the
major environmental factors affecting the water chemistry. The ordination of physico-chemi-
cal parameters visualizes the position of the sampling sites in a vector space of data (Fig. 3).
The position of these sites reflects similarities and dissimilarities: sites with very similar
physico-chemical parameters are grouped together, while dissimilar sites appear further apart
from each other in the PCA-plot. The first three principal components (PC1, PC2 and PC3)
account for 44% of the total variation in the physico-chemical data (Table 2). The eigenvalues
of PC1, PC2 and PC3 were 7.6, 5.7 and 3.3 respectively. A plot of the first and second princi-
pal component axes shows that the sites are arranged along the first axis by the drainage ba-
sins in which they are located (R. Rhine or R. Meuse). A plot of the first and third principal
component axes shows that the sites are arranged along both axes by their annual flood dura-
tion (Fig. 3).

Table 2 shows the Pearson correlation coefficients between the loadings of the sampling
sites on the first three principal components and the physico-chemical parameters of the
water, the interstitial water and the sediment of the sampling sites. The scores of the sites on
PC1 show highly significant positive correlations (p < 0.001) with the major ions (e.g. so-
dium, chloride, potassium, magnesium, sulphate) of the ambient and interstitial water and
with nutrients (nitrate, dissolved phosphate, silicate) of the interstitial water. The scores of the
sites on PC2 show highly significant positive correlations (p < 0.001) with the calcium and bi-
carbonate concentrations of the ambient water, with the interstitial bicarbonate concentration
and the organic matter content (as loss on ignition) of the sediment of the water bodies. The
scores of the sites on PC3 show highly significant positive correlations (p < 0.001) with the
levels of nutrients (nitrate, dissolved phosphate) in the ambient and interstitial water, and with
the concentrations of heavy metals (Fe, Zn) in the interstitial water (Table 2).

33



Chapter 2

or X
5t x x
[ X
al A
k] #] x 0O *ﬁ** x
[ X
2} x
1 ‘o '“z *& x X
o T @] D" &( X
80‘_ B] B "i"_*_—* *
1o o {] X
1 X
2 *@DDDA X X
L X dj x ***
af * x
[ oB0ao X
4r A
51 X
-5[: A
_7 FERPUNS U S U T T W S G W U 1 Lo 44141 e del
7654321012 3451678
PC1
a-
7t 4
[ 4
6: 2 4 4 4
5r 3
[ 4
;: %2 2 o 2
gEoo 0 sz 44 3
: 0 29 4 42
,_1 0 @ ,0 ?2 3 4
Oof—o—22 32 3
a’F 1 32 f4 4 LI
b o 0, 2,8 .4
[ 2 2 2 4
2F o 10 P 3y 142 o o
3F 0 2,
4r 0 © 15
St 1
.6-
Y S I PRI, A
4 -3 -2 -1 0 1 2 3 4
PC3

Figure 3. Ordination plots of the sampling sites, based on physico-chemical data of water, interstitial
water and sediment.
Above: Plot of first (PCl ) and second (PC2) principal component axis. Stars represent sites
along the Lower Rhine; squares represent sites along the river Meuse; triangles represent
sites in ancient floodplains, no longer influenced by rivers.
Below: Plot of first (PC1) and third (PC3) principal component axis. Numbers represent
the long-term (1901-1985) average annual flood duration of the sites (0: 0, I1: 0-3, 2: 3-20,
3: 2040 and 4: 40-365 days year).

Table 3 shows the interrelations between the major ions in the floodplain lakes studied.
Highly positively correlations (p < 0.001) were found among concentrations of sodium, po-
tassium, magnesium, chloride and sulphate. The same was true (p < 0.001) among the con-
centrations of calcium, magnesium and bicarbonate. A clear negative correlation (p < 0.01)
was found between bicarbonate and sulphate concentrations (Table 3).
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Table3. Spearman rank correlations among major ions in the superficial water of 100 floodplain
lakes along the rivers Rhine and Meuse.
k= p < 0.001; **=0.00] <p <0.0l; *=0.0] <p <0.05; n= 100 observations.

Na K Mg Ca Cl HCO,
K 053"
Mg 043 023
Ca 0.11 0.05 043"
Cl 0.98™" 0.52"" 048" 0.14
HCO, -0.01 -0.04 043" 087" 0.00
SO, 045" 0.38"" 0.22* -0.08 0.46* —0.3]1**

In order to test for significant differences in chemistry between the floodplain lakes of the R.
Rhine and those of the R. Meuse, a Wilcoxon test was applied (Table 4). Because major dif-
ferences in chemistry could also be attributed to the annual flood duration (Fig. 3), a Wil-
coxon test was applied both for a group of very frequently flooded lakes and for a group of
seepage lakes. Differences in water chemistry between the floodplain lakes of the river Rhine
and those of the river Meuse concerned concentrations of chloride, sodium, magnesium, sul-
phate, potassium, calcium and bicarbonate (alkalinity), all of which were significantly higher
in the ambient water and/or in the interstitial water of the R. Rhine floodplain lakes. Sodium
and chloride had their highest concentrations in the ambient as well as in the interstitial water
of the R. Rhine floodplain lakes (Table 4).

Spearman rank correlation tests between the annual flood duration and the physico-
chemical parameters (Table 5) show that the concentrations of sodium, chloride, nitrate and
dissolved phosphate of the ambient water, and the concentrations of sodium, chloride, dis-
solved phosphate, silicate, iron, zinc and aluminium of the interstitial water in the floodplain
lakes of the lowland reaches of the rivers Rhine and Meuse increase with increasing flood
duration.

Seasonal fluctuations

Seasonal fluctuations in solar radiation, wet precipitation and fluctuations in hydrological and
physico-chemical parameters of the Lower Rhine and five floodplain lakes along a flooding
gradient are presented in figures 4, 5 and 6. Because the levels of chloride are highly positiv-
ely (p < 0.001) correlated with those of sodium and potassium, and because the levels of bi-
carbonate are highly positively (p < 0.001) correlated with those of calcium and magnesium
(Table 3), only the fluctuations of the major anions are presented here.

During 1990 peaks in solar radiation occurred in May and July. Water temperature strong-
ly increased during spring and showed maximum values in August. Precipitation was highest
in February and June, and lowest during the summer period. The hydrology of the Lower
Rhine showed the normal situation for the Netherlands, with high water levels occurring
mainly during the winter period, viz. February 1990 and January 1991 (Fig. 4).
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Tabled. Mean values (+ S.D.) of physico-chemical parameters of the superficial water and interstitial
water in two hydrologically contrasting groups of floodplain lakes along the rivers Rhine and
Meuse during 1987/1988. Only parameters which are significantly different (Wilcoxon test)
within the groups of lakes between these river systems have been indicated.
n = number of lakes. ***=p < 0.001; **=0.00] <p <0.01; *=0.0] <p <0.05.

R. Rhine R. Meuse
river influence via very frequent inundations
Mean (SD) Mean (S.D.)
unit n=12) (n=12) p
superficial water
Cl pmol I 2700 (500) 1400 (100) okk
Na pmol 1! 2300 (500) 1200 (200) *hk
Mg  pmoll! 420 30) 290 (20) ok
SO, umoll! 680 (120) 510 (60) b
K pmol I 110 (20) 90 (10) i
EC pScm! 570 (100) 420 (50) ok
interstitial water
C1 pumol 1! 3100  (1000) 1500 (500) i
Na pmol I'! 4000  (1200) 1700 (500) i
Mg  pmoll! 1100 (350) 560 (160) b
Ca pmol I'* 6300 (1010) 4500 (1500) *x
HCO; pmol 1 17300  (6400) 9500 (3400) b
K pmol I 840 (350) 440 (180) o
river influence via seepage
(n=16) (n=4)
superficial water
Cl wmol I 1800 (700) 800 (300) *
Na pmol I'! 1400 (600) 700 300) *
Mg  pmoll! 460 60) 260 (120) *
Ca jmol It _ 1600 (600) 1100 (150) >
EC  uScm' 470 (120) 300 (60) *
interstitial water
Cl pmol It 2000 (800) 1000 (500) *
Na yumol 1! 2300 (900) 1100 (500) *




Impact of hydrology on the chemistry and phytoplankton development

Table5. Spearman rank correlation coefficients between the long-term average annual flood duration
and physico-chemical parameters of water and sediment in floodplain lakes along the rivers
Rhine and Meuse.
n = number of floodplain lakes. *** = p < 0.001; **=0.00] <p < 0.01; *=0.01 <p < 0.05.

R. Rhine R.Meuse
n 70 26
superficial water
Na 0.46™" 0.74™
Cl 039" 0.85"
EC 024 0.63"*
K 041%™ 0.11
SO, 032" 0.32
Mg -0.28° 0.56™
Ca -0.14 0.49°
HCO, -0.29™ 0.09
Acidity -0.4° 0.19
pH 0.06 0.04
NO, 046" 0.62"*
NH, 037" 0.30
d-PO, 043" 0.66™*
Si -0.21 0.21
Turbidity 039" -0.10
Fe -0.08 -0.42°
Zn 0.03 0.12
Al 0.247 -0.40"
interstitial water
Na 0.53*" 0.44°
Cl 045" 0.59™*
K 0.40™" -0.42"
Mg 0.14 -0.31
Ca -0.03 -0.29
HCO, 0.34* 0.15
pH 0.15 0.10
NO, 0.22 0.12
NH, 0.26 0.08
d-PO, 0.65"* 0.68"°
Si 048" 0.62""*
Fe 037" 053"
Zn 0.30™ 0.61**°
Al 0.34™ 045°
sediment
Loss on ignition -0.14 -0.39"
Grainsize 0.09 0.49™
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Figure 4. Seasonal fluctuations in solar radiation (ten day means, measured at De Bilt), water tem-
perature of the Lower Rhine at Nijmegen, wet precipitation (monthly totals, measured near
Nijmegen) and water level of the Lower Rhine at Nijmegen.

Chlorinity exhibited strong seasonal fluctuations in the main channel, but minor fluctua-
tions in the floodplain lakes (Fig. 5). The chlorinity of the main channel was negatively corre-
lated with the water level in the river (Spearman correlation coefficient: -0.77, p < 0.001). Fig-
ure 5 shows that chloride levels were higher in frequently flooded lakes than in infrequently
flooded lakes and seepage lakes for most of the year, except during floods, when levels of
chlorinity in flooded lakes were as high as those in the main channel. Fluctuations in alka-
linity were relatively large in the shallow seepage Pond G and low in the main channel. In the
seepage waters Lake Duivelswaai and Pond G alkalinity strongly increased at times with high
water levels in the main channel, during February 1990 and January 1991, when the water
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Figure 5. Seasonal fluctuations in chlorinity, alkalinity and sulphate levels (in mmol I'') in left: the
main channel of the Lower Rhine (open squares), Lake Waaienstein (closed triangles) and
Lake Duivelswaai (closed squares), and right: Lake Ewijk (closed circles), Lake Oude Waal
{open circles) and Pond G (open triangles).

level of these lakes rose considerably as a result of seepage. Sulphate showed its greatest fluc-
tuations in the shallow seepage Pond G, with extremely high levels in November when the
pond was filled by inflow of phreatic water after a period of drought when the sediment dried
out.

Large seasonal fluctuations also occurred in the concentrations of the plant nutrients ni-
trate, dissolved phosphate and dissolved silicate (Fig. 6). Dissolved silicate in the main chan-
nel was inversely correlated (Spearman correlation coefficient: -0.93, p <0.001) with the phy-
toplankton biomass (as chlorophyll-a). Concentrations of nitrate and dissolved phosphate in
the main channel were slightly reduced from April until September, which is the growing sea-
son, but not depleted, as was the case with silicate (Fig. 6). Nitrate and dissolved phosphate in
the floodplain lakes Waaienstein, Ewijk, and Oude Waal showed their highest concentrations
during periods of flooding (Fig. 6), indicating riverine input of these nutrients. In the frequent-
ly inundated lakes Ewijk and Waaienstein silicate depletion occurred during April-May and
during July-August, unlike the other lakes and the main channel, where silicate depletion oc-
curred only during February-April or not at all (Pond G).
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Table 6 shows the annual mean concentrations of major ions, nutrients, chlorophyll-a and
nutrient ratios in the main channel of the Lower Rhine and five lakes along an inundation gra-
dient. It can be seen that the annual mean levels of (dissolved inorganic) N and P and the an-
nual mean chlorophyll-a concentrations in the floodplain lakes increase with increasing flood
duration, whereas the annual mean Si/N and Si/P ratios decrease (Table 6). The annual mean
N and P concentrations in the floodplain lakes showed a clear positive correlation with annual
mean chlorophyll-a levels (Spearman correlation coefficients: 0.97 and 0.99, p < 0.001) and
with the annual flood duration (Spearman correlation coefficients: 0.99 and 0.97, p < 0.001).
The annual flood duration of the lakes was inversely correlated with the annual mean SN
and Si/P ratios (Spearman correlation coefficients: -0.79, p < 0.10 and -0.87, p < 0.05). The
composition of the phytoplankton in the frequently flooded lakes Ewijk and Waaienstein in
August showed a dominance of chlorophytes, euglenophytes and cyanobacteria, instead of
diatoms, which were dominant in less frequently flooded lakes at that time (Table 7).

Table 6. Annual mean values (+ S.D., n = 12) of physico-chemical parameters for the main channel
and five floodplain waters along a flooding gradient of the Lower Rhine during 1990. Flood
duration = longterm average annual flood duration in days per year (1901-1985). All para-
meters in pmol I'', except pH (pH-units) and Chlorophyll-a (in pg I').

R. Lower Lake Lake Lake Lake

Rhine Ewijk Waaienstein  OQude Waal  Duivelswaai Pond G
Flood
duration - 67 23 3 0 0
Na 3900(1300)  2100(500) 1700 (300) 1600 (300) 1500 (200) 520 (100)
Cl 4400(1500) 2600 (500) 2100 (400) 2000 (400) 1700 (200) 590 (100)
EC 800 (160) 580(80) 520(130) 520(40) 560(130) 570 (260)
K 180 (40) 140 (30) 150 (30) 130(30) 110(10) 70(30)
SO, 520(160) 420 (100) 350 (90) 410(130) 370(90) 860 (900)
Mg 440 (70) 400 (70) 340 (100) 400 (100) 410(90) 580(130)
Ca 1700 (200) 1100 (300) 1000 (300) 1400 (200) 1200 (400) 1900 (1200)
HCO, 2200 (200) 1800 (300) 1800 (400) 2300 (200) 2800 (400) 3700 (1900)
pH 7.8(0.1) 8.1(0.5) 8.0(0.3) 7900.2) 8.0(0.2) 7.8(0.3)
NO, 310(60) 120(130) 110(110) 70(120) 15(15) 10(20)
NH, 20(10) 30(30) 30(20) 20(20) 15(15) 20(20)
d-PO, 1.4(04) 09(0.7) 0.8(0.7) 03(04) 0.1(0.0) 0.2(02)
Si 60 (40) 50 (40) 40 (40) 60 (40) 20(20) 110 (60)
Chl-a 16 (12) 29(35) 26 (20) 19(10) 10(7) 11(9)
Si/N 0.2(0.1) 03(1.0) 0.3(02) 44(8.7) 1.0(1.0) 10.6(13.9)
Si/P 40(20) 70 (60) 60 (40) 300 (200) 400 (700) 2400 (2900)
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Table7. Relative abundance (%) of the major phytoplankton groups in the main channel and five
floodplain waters along an inundation gradient of the Lower Rhine. Data from August (three
samples per water body). Flood duration = longterm average annual flood duration in days
per year (1901-1985). Miscellaneous includes Pyrrhophyta, Cryptophyta and Chrysophyta.

R.Lower  Lake Lake Lake Lake

Rhine Ewijk Waaienstein Oude Waal Duivelswaai Pond G
Flood duration - 67 23 3 0 0
Year of sampling 1987 1988 1987 1987 1988 1988
Cyanobacteria 5 20 12 4 8 9
Bacillariophyceae 65 5 27 68 55 60
Euglenophyta 0 20 4 4 4 3
Chlorophyta 28 50 54 21 30 24
Miscellaneous 2 5 3 3 3 4

Discussion and conclusions

Impact of drainage basin

The ordination of physico-chemical parameters of 100 floodplain lakes along the lower
reaches of the rivers Rhine and Meuse reveals differences in chemistry between these lakes
according to the drainage basin in which they are located (Fig. 3). These differences in chem-
istry are most pronounced in the ambient and interstitial water of frequently flooded lakes and
concern concentrations of major ions, such as sodium, chloride, magnesium, potassium and
sulphate, all of which are highest in the lakes along the Lower Rhine. The levels of these ions
in the rivers Rhine and Meuse have increased enormously since 1900, as a result of domestic
and industrial sewage (Zuurdeeg, 1980; Van der Weijden and Middelburg, 1989). At present
the highest concentrations of the major ions are found in the main channel of the Lower
Rhine, due to the more extensive mining activities in its drainage basin, compared with those
in the River Meuse (Van den Brink et al., 1991b). Concentrations of sodium and chloride in
particular have increased enormously over the years, especially in the Lower Rhine. Levels of
sodium and chloride in the main channel of this river are nowadays sixteen times as high as
those measured a century ago, whereas the levels of sulphate have increased by a factor of two
during this period (Van den Brink et al., 1991b).

Both in the frequently flooded lakes and in the seepage lakes the highest concentrations of
sodium and chloride were found in the ambient and interstitial water of the river Rhine flood-
plain lakes (Table 4). This must be due to the present differences in water chemistry between
the rivers Rhine and Meuse with respect to sodium and chloride concentrations, as the orig-
inal levels in these rivers were similar (Zuurdeeg, 1980). Because differences with respect to
sodium and chloride concentrations between lakes in different drainage areas have also been
found for seepage lakes, it is very likely that these ions are transported not only via flood
water, but also via groundwater fluxes from the main channel towards the water bodies be-
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hind the main dike. This view is further corroborated by a comparison between recent
(Anonymous, 1989; own measurements) and historical data (Van Heusden, 1945) on chloride
levels in the main channel and seepage lakes along the Lower Rhine. From 1938 to 1988 the
annual mean chloride concentration in the main channel increased by a factor of 2, from 1.9 to
4.2 mmol 1! (Van Heusden, 1945; Anonymous, 1989). Over the same period the mean
chloride concentrations measured in seepage lakes along the Lower Rhine (summer measure-
ments) increased by approximately the same factor, from 1 to 1.8 mmol I'! (Van Heusden,
1945; Table 4).

Gradients and seasonal fluctuations of major anions

Chloride concentrations show major fluctuations in the main channel of the Lower Rhine, as
a result from seasonal differences in river discharges. By contrast, minor fluctuations in the
floodplain lakes have been found over the year, which indicates that chloride is a conservative
ion in these water bodies. In the floodplain lakes of the rivers Rhine and Meuse, the levels of
chloride show a clear positive correlation with the annual flood duration (p <0.001) (Table 5).
As aresult of the longer period of connection between the river water and that of the flood-
plain lakes, the input of chloride is largest in frequently inundated lakes. Because chloride is a
conservative ion the higher input of chloride in the frequently inundated lakes results in
higher concentrations in these lakes (Table 6; Fig. 5). Alkalinity (or bicarbonate) shows the
opposite trend: levels are higher in seepage waters than in frequently flooded lakes (Table 6;
Fig. 5). The relatively higher levels in the seepage waters cannot be entirely explained by an
input of carbonate-rich groundwater during high river discharges via seepage, as the alka-
linity of the phreatic aquifer (2 meq 1'!) is much lower than the levels measured during seep-
age (3.5 meq I'! in the deep Lake Duivelswaai; 5-9 meq I'! in the shallow Pond G). Most prob-
ably alkalinity is generated in these seepage waters via the sulphate reduction process (Stumm
and Morgan, 1981; Giblin et al., 1990; Kling et al., 1991). It is assumed that sulphate enters
seepage lakes via percolation of river water through the main dike and is retained in the sedi-
ment as sulphide. Because the sediment of seepage lakes is not removed via flooding, there is
anet retention of sulphur in these lakes, unlike the situation in frequently flooded lakes, where
sulphur is removed with the sediment via strong currents which occur during the floods. Evi-
dence for a major contribution of sulphate reduction to the alkalinity generation is provided
by the decreases in sulphate levels in Pond G after periods of seepage and the simultaneous
increases in alkalinity (Fig. 5). Moreover, the increases in alkalinity during February 1990
and December 1990-January 1991 (respectively 2 and 6 meq I'! HCOy") were about twice as
high as the decreases in sulphate concentrations during these periods (respectively 0.9 and 3.2
meq I'! SO42), which is in agreement with the ratio [produced HCO3J/[reduced SO4%7] of the
sulphate reduction process (Stumm and Morgan, 1981). Levels of sulphate and alkalinity
were particularly high in the shallow seepage pond G when it was refilled via seepage after a
period of drought, during which the pond ran dry. Because of its shallowness and the accumu-
lation of sulphides in the sediment of this pond, large fluctuations in sulphate concentrations
and alkalinity occur as a result from oxidation-reduction processes in response to running dry
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and refilling. After the spring floods, a decrease in alkalinity was observed in all floodplain
lakes, which can be attributed to calcium carbonate precipitation, a common phenomenon in
hardwater lakes (Wetzel, 1975; Moss and Balls, 1989).

Loading and seasonal depletion of nutrients: impact on phytoplankton

In the main channel of the eutrophic Lower Rhine the concentrations of nitrate and dissolved
phosphate are extremely high all the year round, as a result of sewage and agricultural runoff
in the drainage areas (Van der Weijden and Middelburg, 1989; Kempe et al., 1991), so that de-
pletion of these nutrients by growth of phytoplankton or aquatic macrophytes does not occur
(Fig. 6). The riverine phytoplankton, which is dominated by diatoms, is limited by silicate and
light (Friedrich and Viehweg, 1984; Admiraal et al., 1990).

In the lentic floodplain waters the concentrations of nitrate and dissolved phosphate show
a flooding gradient: highest levels have been measured in the most frequently flooded lakes
(Tables S, 6). Because levels of nitrate and dissolved phosphate in the main channel are ex-
tremely high all the year round, a high riverine input of these nutrients in the floodplain lakes
might be expected during floods. The levels of nitrate and dissolved phosphate in the flood-
plain lakes indeed showed highest concentrations during floods (Fig. 6). During the growing
season, when no floods occurred, nitrate became depleted in all floodplain lakes studied. Dur-
ing the same period dissolved phosphate was depleted in Lake Oude Waal, Lake Duivelswaai
and Pond G, but not in the frequently flooded Lakes Ewijk and Waaienstein (Fig. 6). Although
floodplain lakes often function as nutrient traps (Hamilton and Lewis, 1987; Forsberg et al.,
1988; Junk et al., 1989; Pedrozo et al., 1992), our results indicate that there are differential
losses of N and P. In the frequently flooded lakes peaks in chlorophyll-a and dissolved phos-
phate repeatedly occurred after each other, suggesting a regeneration of phosphate from the
P-loaded sediments of these lakes after depletion by phytoplankton. The observation that the
levels of exchangeable P in the sediment were highest in frequently flooded lakes is in good
agreement with this (Table 5).

In eutrophic river systems, hydrology has a dramatic impact on the phytoplankton devel-
opment in floodplain lakes: during 1990 the annual mean chlorophyll-a concentrations in the
frequently inundated Lake Ewijk (29 pg I'!) and Lake Waaienstein (26 pg I'') were much
higher than that in the main channel (16 jLg I'!) or in the infrequently inundated Lake Qude
Waal (19 pg I')). Annual mean chlorophyll-a levels were lowest in the seepage waters (10-11
pg I'Y). The annual maximum chlorophyll-a level of Lake Ewijk (120 pg I'') occurred during
the summer (Fig. 6). During this period the chlorophyll-a level in this lake was four to ten
times higher than the levels in the other floodplain lakes. The high summer chlorophyli-a le-
vels in Lake Ewijk, and to a lesser extend those in Lake Waaienstein resulted from blooms of
cyanobacteria (e.g. Aphanizomenon flos-aquae) and chlorophytes (e.g. Scenedesmus spec.).
In the other floodplain lakes the summer phytoplankton was dominated by diatoms (e.g. Cym-
bella, Diatoma, Fragilaria, Melosira, Synedra). The higher chlorophyll-a levels in frequently
flooded lakes most probably result from the input of relatively large quantities of nitrate and
phosphate during floods, in addition to a shift in the nutrient ratios (SV/N and Si/P), due to sili-
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cate depletion as a result of diatom blooms. Such shifts in nutrient ratios have been related to
eutrophication processes, which can be observed as a shift in phytoplankton communities
from a diatom dominance towards a dominance of cyanobacteria, often resulting in higher
chlorophyll-a levels (Officer and Ryther, 1980; Moss and Balls, 1989; Admiraal and Van der
Vlugt, 1990, Horn and Horn, 1990). Indeed, the annual mean N and P levels in the floodplain
lakes showed a clear positive correlation with annual mean chlorophyll-a levels (p < 0.001)
and with the average annual flood duration (p < 0.001). Hence, it can be stated that the in-
creased levels of riverine N and P are responsible for the eutrophication of floodplain lakes
along the rivers Rhine and Meuse in The Netherlands.

Impact of hydrology

The present study shows that the water chemistry and phytoplankton development in flood-
plain lakes along the eutrophic and polluted rivers Rhine and Meuse are strongly related to the
water chemistry in the main channels, as well as to the hydrology (Tables 4, 5, 6; Figs. 3, 5, 6).
This was also found to be true for the more pristine tropical river-floodplain ecosystems, such
as the Amazon (e.g. Forsberg et al., 1988), the Orinoco ((e.g. Hamilton and Lewis, 1987), and
the Parana (e.g. Pedrozo et al., 1992), and may be a general phenomenon of large river-flood-
plain systems (Junk et al., 1989), despite strong differences in water chemistry and hydrology
among river-floodplain systems.

In figure 7 a conceptual model is presented about the relationship between the fluxes of
ions via floods and seepage on the one hand, and the levels of ions and the development of
micro- and macrophyte communities in floodplain lakes on the other hand. Because of the
high concentrations of major ions, nutrients and (heavy) metals in the main channels of an-
thropogenically influenced river-floodplains, such as the Lower Rhine and Meuse (Zuurdeeg,
1980; Van der Weijden and Middelburg, 1989), there is a net input of these chemicals in the
lentic floodplain waters, mainly via inundations. The longer the annual flood duration, the
longer the period of connection between the river and the lake water, and the higher the con-
centrations of salts, nutrients and (heavy) metals in the water and/or sediment of these lakes.
Apart from an input of chemicals via flood water fluxes there is a transport of several water-
soluble ions, such as sodium, chloride and sulphate, via groundwater fluxes (Fig. 7). In seep-
age lakes and infrequently flooded lakes sulphate reduction processes are responsible for the
high levels of alkalinity in these lakes. These alkalinization processes are probably triggered
via the input of sulphate from the main channel by seepage and floods.

The hydrology of the eutrophic rivers Rhine and Meuse clearly exercises its impact on the
phytoplankton development, and consequently on the development of macrophytes, in the
lentic floodplain systems, through the input of large quantities of nutrients (N, P) via inunda-
tions (Figs. 6, 7). Especially in frequently flooded lakes high chlorophyll-a levels occur as a
result of blooms of cyanobacteria and chlorophytes (Tables 6, 7), which hinder the develop-
ment of submerged macrophytes (Table 1; Fig. 7). Restoration of connections between the
main channels of the eutrophic Lower Rhine and Meuse and associated floodplain lakes will
inevitably result in hypertrophic conditions in these lakes. In order to maintain the well de-
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Figure 7. Conceptual model of the impact of hydrology on the ion fluxes, and the algal and macro-
phyte development within floodplain lakes along polluted and eutrophic rivers. +/- indicates
a major increase or decrease along the direction of the arrows.

veloped aquatic vegetation (and the associated fauna) in infrequently flooded lakes, and in
order to restore these communities in frequently flooded lakes, a low input of nutrients, salts
and other pollutants is essential (Van den Brink and Van der Velde, 1991). Hence rehabilita-
tion of the degraded river-floodplain ecosystems of the Lower Rhine and Meuse should not
merely focus on restoration of connections, but should also include water quality measures
which reduce the loads of nitrogen, phosphate, sulphate, chloride and sodium.
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Impact of hydrology on phyto- and zooplankton
community composition in floodplain lakes along the
Lower Rhine and Meuse

Abstract

Floodptlain lakes along the rivers Lower Rhine and Meuse in The Netherlands can be categorized ac-
cording to their hydrology and geomorphology. The impact of hydrology on the summer plankton
commuaity composition in 100 floodplain lakes was studied by multivariate analyses (TWINSPAN,
FLEXCLUS, DCA) of relative abundance data of plankton. The phyto- and zooplankton community
composition in floodplain lakes is clearly related to hydrology, relevant nutritional resources and habi-
tat characteristics, mainly via input of N and P from the eutrophic main channels during floods. The
plankton species richness was related to the complexity of habitats formed by the presence of aquatic
vegetation. There was a good agreement between the ecological and the environmental characteriza-
tion of site groups. Cyanobacteria, Chlorophyta, and filter-feeding zooplankton taxa associated with
open water are characteristic for floodplain lakes with a long annual flood duration, low Si/N and Si/P
ratios, and a poorly developed aquatic vegetation. Bacillariophyceae and scraping zooplankton taxa
associated with aquatic macrophytes are characteristic for floodplain lakes with a short annual flood
duration, high Si/N and Si/Pratios, and a well-developed aquatic vegetation. It is concluded that resto-
ration of connections between rarely flooded lakes and the highly eutrophic main channels of the
Lower Rhine and Meuse will result in hypertrophic conditions and a reduced plankton diversity in
these lakes.

Introduction

Floodplain lakes are important refuge and reproduction sites for riverine and wetland species
(Amoros and Roux, 1988; Junk et al., 1989). The flood pulse is considered to be the principal
driving force for the existence, productivity and interactions of the biota in these ecosystems
(Junk et al., 1989; Schiemer and Zalewski, 1992). Depending on hydrological and geomor-
phological conditions, the frequency, duration and extent of floodplain inundation may vary
among floodplain lake ecosystems (Amoros and Roux, 1988; Junk et al.,, 1989; Van den
Brink, 1990). Floods allow an exchange of biota, chemicals, organic matter and sediment be-
tween lotic and lentic fluvial subsystems, so that an impact of the hydrology on the plankton
communities in floodplain lakes can be expected. In floodplains of highly eutrophic rivers,
the water quality of the main channel has been found to exert a strong influence on the flood-
plain lake communities via the hydrological regime (Moss and Balls, 1989; Moss et al., 1989;
Van den Brink and Van der Velde, 1991; Van den Brink et al., 1991, 1993a). In floodplain
lakes along the Lower Rhine and Meuse, positive correlations have been found between the
annual flood duration and the concentrations of dissolved nutrients and chlorophyll-a, indi-
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cating a major impact of hydrology on phytoplankton biomass within these lakes (Van den
Brink et al., 1993a).

Information on the role of hydrology on phyto- and zooplankton community composition
in floodplain lakes is very sparse and concerns the phytoplankton mainly (e.g. Huff, 1986;
Hamilton and Lewis, 1987; Moss and Balls, 1989; Moss et al., 1989; Pedrozo et al., 1992; Van
den Brink et al., 1993a). Such knowledge, however, is extremely relevant in order to under-
stand and predict changes in floodplain lake communities resulting from hydrological
changes in these lakes. Such hydrological changes might arise from river regulation, embank-
ments or river-floodplain restoration programmes which aim at an enhancement of river dy-
namics and the restoration of connections between the main channel and its isolated flood-
plain lakes (e.g. Bravard et al., 1986; Amoros and Roux, 1988; Klink et al., 1991; Van den
Brink et al., 1993b).

Plankton studies in the river systems of the Rhine and Meuse have focussed on the main
channels (e.g. Peelen, 1975; Friedrich and Viehweg, 1984; Descy, 1987, Descy et al., 1987,
Admiraal et al., 1990; Friedrich, 1990; De Ruyter van Steveninck et al., 1990a, 1990b, 1992).
Surprisingly little attention has been paid to plankton communities in the floodplain lakes
along these eutrophic rivers (Leentvaar, 1958; Wibaut-Isebree Moens, 1965; Berndt and Neu-
mann, 1985; Roijackers, 1985, 1986; Roijackers and Kessels, 1986), despite the fact that
phyto- and zooplankton production may reach higher values in backwaters and in very slowly
flowing side channels than in the main channels (Wissmar et al., 1981; Bemndt and Neumann,
1985; Ertl, 1985; Amoros and Roux, 1988; Van den Brink et al., 1993a). In order to study the
impact of hydrology on the phyto- and zooplankton community composition in floodplain
lakes along the Lower Rhine and Meuse multivariate analyses were performed on the summer
plankton species composition in 100 floodplain lakes in relation to annual flood duration and
other environmental parameters. Our study addresses the following questions: 1. Does hydro-
logy affect the species composition of plankton communities in floodplain lakes along the
Lower Rhine and Meuse? 2. Which plankton taxa assemblages characterize various hydro-
logically-different categories of floodplain lakes? 3. Is there agreement between the environ-
mental characterization of floodplain lakes and the ecological characteristics of the plankton
taxa in these lakes with respect to their use of nutritional resources and their habitat associ-
ation?

Sites and methods

Study sites

Floodplain lakes associated with the Lower Rhine and Meuse in The Netherlands can be cate-
gorized according to their geomorphology and hydrology. Sites were selected in the lowland
reaches of both rivers, beyond brackish water and tidal influences (Fig. 1). During the periods

July-September of 1987 and 1988 28 oxbow lakes, 22 break-through lakes, 23 clay-pit lakes
and 27 sand-pit lakes were each sampled once for phyto- and zooplankton, combined with
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Figure 1. Map of the sampling sites.

measurements of physico-chemical parameters of water and sediment. The presence of sub-
merged and nymphaeid aquatic macrophyte stands was recorded. During the sampling peri-
ods the sites were not flooded by the river.

Hydrology

A hydrological characterization of the main channels of the rivers Rhine and Meuse has been
presented in Van den Brink et al. (1991). Major hydrological differences between these river
systems include the drainage areas and discharge characteristics. The total drainage area of
the River Rhine measures 185,000 km?, while the total drainage area of the River Meuse is
33,000 km2. According to long-term measurements (1901-1985) the discharge of the R.
Rhine at the Dutch-German border averages 2,200 m® 51, while the discharge of the R. Meuse
at the Dutch-Belgian border averages 250 m? s'1.

Normally, the Dutch floodplain lakes are inundated during the winter and spring, i.e., out-
side the vegetation growth season. Most lakes are isolated from the river during the rest of the
year, except for water bodies which have a permanent open connection with the main channel.
The duration and frequency of inundation of the lakes largely depends on the presence and
height of summer dikes and natural levees, together with actual water-level fluctuations in the
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Figure 2. Schematic view of the floodplain waters within a regulated river system, during winter (A)
and summer (B). 1 = main dikes, 2 = summer dikes, 3 = river bed, 4, 8 = seepage lakes, 5 =
rarely-flooded lake, 6, 7 = frequently-flooded lakes, 4-6 = shallow lakes, 7, 8 = deep lakes.
Arrows indicate directions of groundwater fluxes.

main channel. In general, the flood duration and flood frequency of the lakes decrease with in-
creasing distance from the main channel. The water bodies behind the main dikes are never
flooded and are influenced by river water through seepage only (Fig. 2).

In order to quantify the hydrological situation of the floodplain lakes, the annual flood
duration was calculated as follows. First, river maps were used to estimate the inundation
level for each site, i.e., the lowest water level of the river at which the part of the floodplain
which includes that specific site is inundated. Next, the long-term (1901-1985) annual mean
number of days on which the water level in the main channel reached this level of inundation
was calculated (= annual flood duration). Hydrological data were obtained from the Institute
for Inland Water Management and Waste Water Treatment (RIZA, The Netherlands).

Plankton

In order to study the species composition of the summer plankton, one mixed sample per
water body was taken by drawing a net (diameter of net opening: 20 cm, mesh width: 60 pm)
three times through the water over a distance of 10 m, in a horizontal movement directed to-
wards the shore, about 50 cm below the water surface and at least 1 m above the sediment sur-
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face. Samples were immediately fixed in 4 % formol (as in Roijackers, 1985). By sampling
this way, the relative abundances of some very small sized species are likely to have been
underestimated. However, for a study of the major similarities and dissimilarities of the
plankton composition between lakes, a reasonably complete species list satisfies. In the labor-
atory, the samples were concentrated to a volume of about 15 ml. After thoroughly mixing,
three to five 0.05 ml drops of this concentrated sample were examined under a normal light
microscope in order to determine the species composition. All plankton taxa were identified
to species level (where possible) and the relative abundance of the taxa was estimated on the
following scale: O: absent; 1: rare taxon, 1-10 specimens per drop; 2: frequent taxon, 11-100
specimens per drop; 3: dominant taxon, > 100 specimens per drop.

Physico-chemical parameters

At each site a mixed sample (2 1) of the surface water was taken, for an analysis of the water
chemistry. This water sample was a mixture of ten 200 ml subsamples, randomly taken at a
depth of about 20 cm below the water surface and at least 1 m above the sediment surface in
the open water compartment, i.e., outside the vegetation belt. Sediments were collected from
below the water layer in the littoral zone, by means of a metal tube with a diameter of 7 cm.
The upper 10 cm of sediment was sampled. Because of the heterogeneity of the sediment,
eight samples were collected and mixed. Sediment-water extracts were made for the assess-
ment of the chemical composition of the interstitial water. A detailed account of the methods
of analysis is presented in Van den Brink et al. (1993a). In order to relate the physico-chemical
parameters of the water bodies to the planktonic communities, a selection of these parameters
was made, based on co-variation (Van den Brink et al., 1993a) and relevance for plankton.
The following parameters were selected: turbidity (TURB), DIN (= NO;" + NOy + NH4%),
DIP (= 0POy), Fe, Si, DIN/DIP-ratio (N/P), Si/DIN-ratio (Si/N) and the Si/DIP-ratio (Si/P) of
the surface water, DIP of the interstitial water (Psed) and percentage organic matter of the
sediment (POM). The maximum depth of the water bodies (DEPTH) was recorded as deep (>
6 m) or shallow (< 6 m).

Data analysis

The 100 sampling sites were classified and ordinated on the basis of the zoo- and phytoplank-
ton taxa composition (abundance scores). Taxa were used in the analyses only when at least
present in 5 % of these sites; 150 taxa were so recorded.

Initial clustering of sites was performed using two-way indicator species analysis (TWIN-
SPAN), which is based on reciprocal averaging (Hill, 1979). This initial clustering was im-
proved by fusing and dividing clusters, using FLEXCLUS (Van Tongeren, 1986). The criteria
applied to this improvement were stability and homogeneity of clusters, combined with eco-
logical insight.

Differences in physico-chemical parameters among site groups were tested for signific-
ance using the Wilcoxon test (Sokal and Rohlf, 1981). In order to relate the annual flood dura-
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tion to other physico-chemical parameters a Spearman rank correlation test was used (Sokal
and Rohlf, 1981).

Detrended correspondence analysis (DCA) was used to ordinate the 150 taxa found in the
100 samples and to analyse the importance of the environmental gradients along which the
taxa and the sites were plotted. The option to downweight rare taxa was used, thus avoiding
the tendency of rare taxa to distort the analysis (Ter Braak, 1987). Abiotic environmental par-
ameters were log-transformed because they were log-normally distributed. The biotic envi-
ronmental parameters (the presence or absence of submerged (SUBM) and nymphaeid
(NYMP) macrophyte stands) were used in the present study in order to relate the species com-
position of the phyto- and zooplankton to the presence and growth form of the aquatic vegeta-
tion.

Fisher’s exact test (Sokal and Rohlf, 1981) was used in order to test clusters for character-
istic taxa, i.e. taxa which are significantly more present or absent in any site group. Common
taxa are defined here as taxa which occur in at least 76% of the sites within a site group. For an
ecological characterization of the site groups only these characteristic and common plankton
taxa were used.

In order to describe the site groups in terms of habitat associations of the characteristic
and/or common phytoplankton and zooplankton taxa, these taxa were categorized as open
water species, macrophyte associated species and sediment associated species (Redeke, 1948;
Hutchinson, 1967; Gliwicz and Rybak, 1976; Round, 1981; Reynolds, 1984; Streble and
Krauter, 1988). In order to describe the site groups in terms of feeding mechanism (nutritional
resources) of the characteristic and/or common zooplankton taxa (Copepoda, Cladocera and
Rotifera), these taxa were assigned to the functional feeding groups of predator, filter-feeder,
scraper and (herbivorous) sucker according to Gliwicz and Rybak (1976). Taxa which be-
longed to more than one category were assigned to all categories involved. For each site group
the number of taxa per category was expressed as the percentage of the total number of char-
acteristic (see Tables 5 and 6) and/or common (see Tables 7 and 8) taxa within that site group.
All calculations were performed on an IBM 3090 mainframe using the Statistical Analysis
System (SAS Institute Inc., 1989).

Results

Classification of the 100 water bodies on the basis of relative abundance data of 150 phyto-
and zooplankton taxa shows a division into four major site groups (Tables 1-8). Seven water
bodies were discarded from further analysis of the site groups, because they could not be as-
signed to any group and were very heterogeneous as a whole. They can be considered as tran-
sition sites, as suggested from their intermediate position between the four site groups as
presented in the DCA plot of the sites (Fig. 3).

A hydrological, geomorphological and vegetational characterization of the site groups is
presented in table 1. It is very clear that the four site groups form a flood duration gradient.
Group A sites nearly all (82%) have a permanent open connection to the main channel. Group
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Figure 3. DCA ordination plot of the sites and site groups, based on relative abundance of plankton
taxa.

B and C sites are mostly (75-97%) situated in the river forelands and are connected with the
main channel only during floods. Group D sites are predominantly (94%) situated behind the
main dike and only receive river water via seepage. Apart from a flood duration gradient the
four site groups also differ in the maximum depth of their water bodies. Site groups A and D
predominantly (82%) include relatively deep water bodies (maximum water depth > 6 m, up
to 30 m); site groups B and C predominantly (69-71%) enclose shallow water bodies (maxi-
mum water depth < 6 m, mostly up to 3 m). In addition, the presence or absence of aquatic
vegetation and the dominant growth form of the vegetation varied for the four site groups.
Aquatic vegetation was scarcely present (22%) in group A sites; nymphaeids were most com-
mon (63-75%) in the site groups B and C, whereas submerged vegetation was most common
(82%) in the sites of group D (Table 1).

Pphysico-chemical characterization of the site groups and the results of a Wilcoxon test
for significant differences between physico-chemical parameters of these groups revealed
that all parameters selected, except the N/P ratio, showed significant differences between the
four site groups (Table 2). The longterm average annual flood duration of the site groups was
the single environmental parameter to show significant differences (p < 0.001, Wilcoxon test)
between all site groups (Table 2), indicating a flood duration gradient ranging from sites
which are in permanent open connection with the main channels (group A) to sites which are
situated behind the main dike and which are influenced by the river via seepage only (group
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Tablel. Hydrological, geomorphological and vegetational characteristics of the site groups from the
improved TWINSPAN clustering as relative occurrence of sites (%) per group.

Site group A B C D
Number of sites (22) (38) (16) an
HYDROLOGY

sites in open connection 82 0 0 0
isolated sites in river forelands 18 97 75 6
isolated sites behind main dike 0 3 25 94
GEOMORPHOLOGY

deep sites (> 6m) 82 29 31 82
shallow sites (< 6 m) 18 71 69 18
AQUATIC VEGETATION

sites with submerged macrophytes 22 37 50 82
sites with nymphaeid macrophytes 0 63 75 47
sites without aquatic macrophytes 78 29 0 0

D). The Si/P ratios of site groups A and B were significantly (p < 0.05, Wilcoxon test) lower
than those of site groups C and D (Table 2). Si/P and Si/N ratios were both negatively corre-
lated (p < 0.001) with the annual flood duration of the sites (Table 3). The levels of DIN, DIP
and exchangeable P in the sediment (P-sediment) were positively correlated (p < 0.001) with
the annual flood duration of the sites (Table 3).

A DCA plot based on the relative abundance of the plankton taxa shows the major envi-
ronmental gradients which are correlated with the axes 1 and 2 (Fig. 4). The percentages of
variance accounted for by axes 1 and 2 are 19 and 14 %; their eigenvalues are 0.25 and 0.17
respectively. The first axis is positively correlated with the silicate concentration, the Si/P-
ratio, the Si/N-ratio and the presence of nymphaeids, and negatively correlated with the an-
nual flood duration and the maximum depth of the water bodies. The second axis is positively
correlated with the presence of submerged vegetation and the maximum water depth and ne-
gatively correlated with the annual flood duration and the turbidity (Fig. 4). In this figure the
phytoplankton and the zooplankton taxa are plotted as symbols which indicate the taxonomic
group to which they belong. In contrast to the zooplankton groups, the major phytoplankton
groups appear as more or less separated clusters. Cyanobacteria and Chlorophyta are for the
greater part separated from the Bacillariophyceae along the arrow which points into the direc-
tion of an increase in annual flood duration and which points in the opposite direction from
the increase in Si/N and Si/Pratios and the presence of submerged macrophytes (Fig. 4).
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Table 2. Means (and extremes) of physico-chemical parameters of water and sediment of the water bo-
dies per site-group from the improved TWINSPAN clustering of plankton composition. Means
with the same letter are not significantly different (Wilcoxon test, p < 0.05). Concentrations in
Wmol I, turbidity in ppm, organic martter content of sediment in % dry weight, and annual
flood duration in number of days year. P-sediment (= water exchangeable P in sediment).

Site group A B C D
HYDROLOGY
Annual flood duration 3032 14® 4 o
(25-365) 0-67) ©-10) ©-1)
WATER
DIN 56* 14° 9 11b
(8-203) (2-84) (2-51) (0-57)
DIP 228 0.8 0.9° 0.3¢°
(0.1-8.9) (0.1-4.3) 0.1-3.0) 0.1-2.5)
Si 23 30b 98t 15°
(3-65) (0-140) (8-210) (2-64)
Fe 0.5° 2.1 53 04°
0-2.7) (0-29) (0.3-32) (0-1.3)
Si/N 1¢ 4p 152 1020
0-3) (0-28) (1-80) (0-70)
Si/P 30° 60° 3 120
(1-110) (0-310) (9-1280) (5-640)
N/P 70 30 60 80
(2-690) (1-210) (1-410) (1-570)
Turbidity 6 142 8 3
(1-19 2-71) (1-10) a-n
SEDIMENT
P-sediment 240 120 5° I
(4-120) (1-130) 1-17 a-n
Organic matter 3 7 g &
(1-6) (1-21) (1-26) (1-25)

Table 3. Spearman rank correlation coefficients between the annual flood duration and physico-
chemical parameters (n = 100 sites).
***: p < 0.001, **: p < 0.01, n.s.: not significant.

Annual flood duration

P-sediment 0.64**
DIN 0.54""
DIP 052"
Turbidity 028"
N/P —0.01 n.s.
Si -0.03n.s.
Fe —0.11 ns.
Organic matter sediment  -0.16 n.s.
Si/N -0.38™"
Si/P -0.46°""
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* PHYTOPLANKTON ZOOPLANKTON

AXIS 2
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© Bacliariophyceae O Rotitera
® Chlorophyta u Cladocara
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A Cyanobacteria # Protozoa
« all others

Figure 4. DCA ordination plots of environmental parameters and the phytoplankton and zooplankton
taxa as translated into taxonomic main groups. Abiotic environmental parameters (arrows)
are plotted as biplot scores, biotic environmental parameters (NYMP, SUBM) are plotted as
centroids. TURB: turbidity; NYMP: nymphaeids; SUBM: submerged aquatic macrophytes;
Psed: exchangeable P in the sediment; POM: percentage organic matter in the sediment.

The mean species richness of the phyto- and zooplankton calculated for each of the four
site groups (Table 4) was lowest for the group A sites and rather similar for the other three
groups. The latter three groups showed differences in the mean number of taxa of Bacillario-
phyceae, Euglenophyta and Chlorophyta (Table 4).

Characteristic phytoplankton taxa of site group A were Cyanobacteria and some Bacilla-
riophyceae and Chlorophyta, while those of site group B included predominantly Eugleno-
phyta and Chlorophyta, those of site group C almost exclusively Bacillariophyceae, and those
of site group D predominantly Bacillariophyceae and Pyrrhophyta (Table 5). Characteristic
zooplankton taxa of site groups A and D were few; site group B was characterized by Cla-
docera and Rotifera, and site group C by Protozoa (Table 6).
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Tabled. Means (and extremes) of the number of plankton taxa of the site groups from the improved
TWINSPAN clustering. Miscellaneous includes Chrysophyta, Pyrrhophyta and Cryptophyta.

Site group A B C D
Plankton taxa 35 52 50 51
(23-70) (30-82) (32-81) (32-72)
Phytoplankton taxa 23 33 32 32
(13-47) (15-53) (13-51) (21-51)
Zooplankton taxa 12 19 18 19
6-27) (11-32) (10-30) (9-33)
Cyanobacteria 3 3 1 3
(1-5) (0-5) 0-4) (1-5)
Bacillariophyceae 11 11 19 13
(3-25) (1-25) (5-30) (6-25)
Euglenophyta 0 4 2 2
(0-2) ©-10) 0-5) (0-5)
Chlorophyta 8 14 8 11
(3-17) (5-22) (1-15) (4-20)
Protozoa 1 3 4 3
-5 (0-6) (1-6) ©-5)
Copepoda 2 2 3 2
(1-4) (1-4) 04 (1-4)
Cladocera 5 6 5 6
(1-11) 0-12) (1-11) 2-12)
Rotifera 4 8 6 8
(1-12) (3-13) (1-15) (3-13)
Miscellaneous 1 1 2 3
()] o4 0-3) 0-6)

When the plankton taxa present in the DCA plots are characterized by their substrate asso-
ciation and position in the water layer as open water taxa (limnoplankton), benthos or epiphy-
ton, it appears that the benthic and epiphytic taxa were mainly present at sites with a short an-
nual flood duration and absent from sites with a long annual flood duration (Fig. 5).

A characterization of the site groups based on the habitat association of the characteristic
(Tables 5, 6) and common (Tables 7, 8) plankton taxa points into the same direction (Fig. 6):
the relative species richness of taxa associated with open water is highest in sites of groups A
and B, which have a relatively long annual flood duration, whereas the relative species rich-
ness of the macrophyte and sediment associated species is highest in the rarely-flooded and
non-flooded sites of groups C and D.

A characterization of the site groups based on the numbers of the characteristic and com-
mon zooplankton species categorized as functional feeding groups shows that the relative
species richness of filter-feeders was highest in lakes with a long flood duration, i.e. site
groups A and B, whereas the relative species richness of scrapers was highest in hydrologi-
cally more isolated lakes, i.e. site groups C and D (Fig. 6).
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Table5. Relative frequency of occurrence of charactenstic phytoplankton taxa within the site groups
from the improved TWINSPAN clustering. Only species which are significantly more fre-
quently (+++, ++, +) or less frequently (—, —, =) present (Fisher’s exact test) within a
site group as compared to all other site groups have been indicated.
+++/—:p < 0.001, ++/—:p < 0.01, +/-: p < 0.05.

Site group A B C D
CYANOBACTERIA
Anabaena spiroides +

Aphanizomenon flos-aquae ++ ++ —_
Microcysns aeruginosa +++ —_
BACILLARIOPHYCEAE

Asterionella formosa ++

Aulacoseira granulata
Caloneis amphisbaena ++

Cocconers pediculus +++ [
Cyclotella/Stephanodiscus spec ++ —
Cymbella cistula +

Cymbella lanceolata _— oy

Cymbella prostrata +
Cymbella ventricosa - +

Eurona pectinalis 4+

Fragilana capucina -

Fragilaria construens +

Fragilana crotonensis - +
Gompl ac f -+t

Gomphonema constrictum J— +++ +
Gyrosigma acurminatum +

Gyrosigma attenuatum 4+
Melosira varians ++ -
Rhopalodia gibba +
Surirella elegans +
Synedra caputata - ++

Synedra pulchella e

Synedra ulna +

CHRYSOPHYTA

Chrysococcus spec. _ 4

Dwnobryon divergens — 44
Synura spec e

EUGLENOPHYTA

Euglena spec R +

Phacus longwcauda — -+ J—
Phacus pleuronectes —_
Trachelomonas hispida —_
Trachelomonas volvocinopsis —_
PYRRHOPHYTA

Ceratium hirundinella — — 4+
Penduium spec - -+
CRYPTOPHYTA

Cryptomonas erosa 4+

+

Fre
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Table5. Continued

=
(@]
1~

Site group A

CHLOROPHYTA

Actinastrum hantzschii

Ankistrodesmus falcatus —_—
Crucigenia apiculata —
Crucigenia quadrata

Dictyosphaerium pulchellum

Eudorina elegans ++
Pediastrum boryanum -
Pediastrum duplex +
Pediastrum tetras —_—

Scened 5 ac inatus

EAEEEEE:

i +
+
+

|

+

Scenedesmus arcuatus -
Scenedesmus dimorphus

Scenedesmus quadricauda -
Selenastrum westii -
Tetraedron minimum

Tetraedron regulare -
Closterium acutum

Staurastrum planctonicum +++ -

Spirogyra spec. +++
Zygnema spec. +++

I ER:
+

]

b

3

t1d

Table 6. Relative frequency of occurrence of characteristic zooplankton taxa within the site groups
Jrom the improved TWINSPAN clustering. Only species which are significantly more fre-
quently (+++, ++, +) or less frequently (—, —, —) present (Fisher’s exact test) within a
site group as compared to all other site groups have been indicated.
+++/—:p < 0.001, ++/—: p < 0.01, +/-: p < 0.05.

Site group A B C D

PROTOZOA

Arcella gibbosa +++
Arcella vulgaris — +++
Centropyxis aculeata - +
Difflugia spec. —_

Epistylus spec. +

Halteria spec. +
Tintinnopsis lacustris +++ +H+
COPEPODA

Cyclops spec. +

Cyclops strenuus ++

Eucyclops serrulatus -

Harpacticidae - +
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Table 6. Continued

Site group A B C D
Mesocyclops hyalinus -
Mesocyclops leuckart —_ - ++
CLADOCERA

Alona guriata —_
Alonellaexigua - +++
Bosmuna longirostns _ +H+

Cenodaphmia pulchella _ ++4+

Chydorus sphaericus +

Daphna cucullata + + — -
Draphanosoma brachyurum ++4+ - —

Eurycercus lamellatus ++

Graptoleberis testudinana +

Pleuroxus truncatus -

Scapholeberis mucronata - -+

Siuda crystalhina +

Simocephalus vetulus - +++

ROTIFERA

Asplanchna priodonta —_ +++ -

Brachionus angulars _ +++

Brachionus calyciflorus — ++ —_
Brachionus dversicornis ++

Brachionus quadridentatus ++

Filiia longiseta —_ +++ -
Kellicottia longispina - +
Keratella cochleans —_ -+ -

Lecane spec — + +
Lepadella spec +++ +

Platyias quadnicorms - ++

Polyarthra dolichoptera - +++

Polyarthra euryptera ++ —_

Polyarthra vulgans +

Rotifer neptunus +
Trnchocerca porcellus +
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Figure 5. DCA ordination plots of environmental parameters and the phytoplankton and zooplankton
taxa as translated into habitat association groups. Abiotic environmental parameters
(arrows) are plotted as biplot scores, biotic environmental parameters (NYMP, SUBM) are
plotted as centroids. TURB: turbidity; NYMP: nymphaeids; SUBM: submerged aquatic
macrophytes; Psed: exchangeable P in the sediment; POM: percentage organic matter in
the sediment.

Table7. Absolute frequencies of occurrence of common phytoplankton taxa. Frequency of occurrence:
*:1-25%, **:26-75%; ***:76-100% of the sites within one site group.

Site group A B C D
CYANOBACTERIA

Aphanizomenor flos-aguae Hok ok ek *

Microcystis aeruginosa e Hox *
BACILLARIOPHYCEAE

Amphora ovalis *ok ok ok -
Asterionella formosa *kk ** ** *k
Aulacoseira granulata *xx *kk K *
Cyclotella/Stephanodiscus spec. *Ekx * ok

Cymbella lanceolata * e *
Gomphonema constrictum * * Kk xk
Gyrosigma attenuatum * Ak * ok
Melosira varians *=* ok R *
Navicula spec. ook Kok kK Rk
Nitzschia spec. > *nr ek —_—
Synedra acus > wor whk s
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Table7. Continued

Site group A B C D
Synedra capitata * ok N
Synedra pulchella * * kN

CHRYSOPHYTA

Dinobryon divergens * * *k *1n
EUGLENOPHYTA

Euglena spec. * ok *ox *x
Phacus longicauda * *kk ®

Trachelomonas hispida * ook - -~
Trachelomonas volvocinopsis * ok *x ok
PYRRHOPHYTA

Ceratium hirundinella ** i * ok
CHLOROPHYTA

Ankistrodesmus falcatus * o *x *
Pediastrum duplex xx - * o
Scenedesmus quadricauda *¥ wkk *r o
Mougeotia spec. ** *k *x kE
Spirogyra spec. * *% *x L]

Table 8. Absolute frequencies of occurrence of common zooplankton taxa. Frequency of occurrence:
*:1-25%, **:26-75%; ***:76-100% of the sites within one site group.

Site group A B C D
PrOTOZOA

Centropyxis aculeata *k * ok —_—
Difflugia spec. * * . T
COPEPODA

Cyclops strenuus *x ook -~ ok
Mesocyclops leuckarti * * Hok
CLADOCERA

Bosmina longirostris * ok *% *x
Daphnia cucullata K >k *k ok
ROTIFERA

Asplanchna priodonta * *odok Xk "k
Brachionus angularis * Ekk K "
Keratella cochlearis *k ook . —
Keratella quadrata Hokk Eokk ok **
Polyarthra dolichoptera ok aokk wok *
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Figure 6. Characterization of the site groups A, B, C and D by a conversion of phyto- and zoo-
plankton species into habitat association groups (left) and by a conversion of zooplankton
species into functional feeding groups (right). Both conversions are based on numbers of
characteristic (Tables 5, 6) and/or common (Tables 7, 8) species. Total number of taxa

involved in brackets.

Discussion

Classification, ordination and abiotic interrelations

Both classification and ordination of the 100 floodplain waters, based on the relative abun-
dance of the phytoplankton and zooplankton taxa, show the overall importance of the hydro-
logy for the composition of the plankton communities in these waters (Tables 1-3, Figs. 4-6).
Classification of the floodplain waters based on the relative abundance of plankton taxa re-
sulted in the identification of four major site groups, forming a flood duration gradient (Tables
1-2). Physico-chemical parameters underlying the division into these groups were hydrologi-

cal ones, such as the connectedness to the main channel and the longterm average annual
flood duration, and co-varying parameters such as nutrient concentrations (N, P, Si) and nu-

trient ratios (S¥/N, Si/P), as well as habitat characteristics, such as the maximum depth and the
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vegetation structure of the water bodies (Tables 1-3). Ordination of the plankton abundance
data points in the same direction: major parameters most closely related to the pattern of vari-
ation in plankton composition were annual flood duration, silicate concentration, Si/N and
SV/P ratios, turbidity, presence of submerged vegetation, and maximum water depth (Fig. 4).
The positive correlations between the annual flood duration and the levels of nutrients (DIN,
DIP) and nutrient ratios (Si/N and Si/P) in the surface water and levels of DIP in the interstitial
water (Table 3; Fig. 4) can be explained by the very high levels of DIN and DIP presently oc-
curring in the Lower Rhine and Meuse. Via floods these nutrients enter the floodplain lakes,
where nutrient loading takes place (Van den Brink et al., 1993a). The negative correlations be-
tween the water depth and the levels of Si and P in the surface water of the lakes (Fig. 4) can
be related to the geomorphology of the sites. In an earlier study it was found that the influence
of the sediment on the lake water chemistry generally increases with decreasing water depth:
in shallow floodplain lakes regeneration of nutrients (Si, P) from the sediment was found to be
more important than in deep lakes (Van den Brink et al., 1993a).

Nutritional relations

Phytoplankton taxa which belong to the Cyanobacteria, Chlorophyta and Euglenophyta were
most frequently found in water bodies with low Si/N and Si/P ratios and a relatively long an-
nual flood duration (14 days year! or more), whereas taxa which belong to the Bacillariophy-
ceae and Pyrrhophyta were most frequently found in water bodies with high Si/N and Si/Pra-
tios and a short annual flood duration (4 days year! or less) (Tables 2, 3; Fig. 4). A
relationship between Cyanobacteria and Chlorophyta dominance over Bacillariophyceae on
the one hand, and nutrient ratios on the other, has frequently been reported in studies on eutro-
phication processes in lentic water bodies (e.g. Sommer, 1986; Moss and Balls, 1989; Admir-
aal and Van der Vlugt, 1990; Horn and Horn, 1990; Van der Velde et al., 1991). The resource
competition theory (Tilman, 1977), which has been experimentally corroborated (e.g. Tilman
et al,, 1982, 1986; Sommer, 1986, 1988, 1993) may at least partially explain the differences
observed in the phytoplankton communities of hydrologically-different categories of water
bodies. According to this theory, different relative supply rates of two or more limiting resour-
ces (e.g. N, P, Si or light) should result in phytoplankton communities dominated by different
species (Tilman et al., 1982, 1986). High Si/N and Si/P ratios have been associated with a do-
minance of Bacillariophyceae, whereas low ratios have been associated with a dominance of
Cyanobacteria and Chlorophyta (Tilman et al., 1986). Consequently, an increase in the con-
centrations of N and P in floodplain lakes from the main channels during floods may change
the Si/N and Si/P ratios in favour of Cyanobacteria and Chlorophyta. It is possible that a long
period of connection with the main channel affects the phytoplankton community composi-
tion by inducing Si-limitation in floodplain lakes. Evidence for this possibility comes from an
earlier study, in which we found Si-depletion occurring during spring and summer in flood-
plain lakes with a long annual flood duration, and occurring during spring only or not occur-
ring at all in rarely-flooded or isolated lakes (Van den Brink et al., 1993a). In this context it is
interesting to note that Lake IJsselmeer, which receives Rhine water (with low Si/N and Si/P
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ratios), regularly shows blooms of Cyanobacteria in the summer, unlike Lake Markermeer,
which has been hydrologically isolated from Lake IJsselmeer by a dam (Berger and Sweers,
1988; Van der Velde et al., 1991). In addition to the actual levels of N, P and Si in the water
column, regeneration of these nutrients from the sediments may strongly influence the phyto-
plankton community composition as well. The phosphate-laden sediments of frequently-
flooded lakes along the Lower Rhine and Meuse have indeed shown regeneration of P after
depletion of this nutrient from the water layer, thereby lowering the Si/P ratio, unlike the situ-
ation in hydrologically more isolated floodplain lakes (Van den Brink et al., 1993a).

The presence of centric diatoms (i.e. Aulacoseira granulata, Cyclotella spec., Stepha-
nodiscus spec.) and the pennate diatom Asterionella formosa in floodplain lakes in open con-
nection with the main channel (82% of the group A sites) (Tables 1, 5) indicates a strong in-
fluence from the main channel, since these taxa dominate the present phytoplankton
communities in the main channels of the Lower Rhine and Meuse (Friedrich and Viehweg,
1984; De Ruyter van Steveninck et al., 1990a). So, it is possible that their abundance in the
connected lakes result from a larger input of these biota during the longer periods of mixing of
main channel water with lake water. On the other hand, the centric diatoms are relatively
strong competitors for Si at high P levels, and A. formosa is a very opportunistic species (Til-
man et al., 1982; Moss and Balls, 1989), which might explain their frequent occurrence at
sites with low Si/P ratios, such as with the main channel connected lakes, too.

The categorization of the characteristic and common zooplankton species within each site
group into functional feeding guilds, as described by Gliwicz and Rybak (1976), illustrates
the importance of the food source for the composition of the zooplankton communities in the
four site groups (Fig. 6). The relative species share of filter-feeding zooplankton was highest
in lakes with a poor vegetation and hence a poor epiphyton community (group A) and in lakes
with a high turbidity (group B), partly caused by phytoplankton blooms (Van den Brink et al.,
1993a). The relative species share of scraping zooplankton was highest in site groups C and
D, with a well developed vegetation and epiphyton (Fig. 6; Table 1). 1t is worth mentioning
that a similar relationship between feeding guilds, nutritional resources and hydrology has
been found for macrozoobenthos communities in these floodplain lakes (Van den Brink and
Van der Velde, 1991).

Habitat relations

The complexity of habitats formed by the presence of aquatic vegetation can be related to the
species richness of plankton taxa in the floodplain lakes. The scarcity of vegetation in the
floodplain lakes in open connection with the main channels is associated with a relatively low
plankton species richness. This is further illustrated by the relation between the availability of
particular substrates (e.g. vegetation, sediment) and the phyto- and zooplankton community
composition (Figs. 5, 6; Tables 1, 5-8). Epiphytes and benthic taxa (heleoplankton, e.g., Gom-
phonema constrictum, Cymbella lanceolata, Simocephalus vetulus) which are associated
with the presence of macrophytes and/or sedimentary detritus, were predominantly found in
lakes with an extensive aquatic vegetation, such as the group C and D sites. Open water taxa
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(limnoplankton, e.g., Asterionella formosa, Daphnia cucullata) were most common and
abundant in lakes with a poorly developed aquatic vegetation, such as the group A and B sites.
The decrease in abundance of aquatic vegetation with increasing annual flood duration might
arise from an impoverishment of the underwater light climate as a result of blooms of algae
(input of N and P) and resuspension of fine sediment particles (Hough et al., 1989; Van den
Brink et al., 1993a), from physical disturbance of plants (Van den Brink et al., 1991) and from
an increase in salinity (Van den Brink and Van der Velde, 1993) during floods and may be re-
sponsible for the poorly developed microphyto- and microzoobenthos and epiphyton in lakes
with a long flood duration.

The influence of water depth may be related to the occurrence of summer stratification:
species such as Ceratium hirundinella and Microcystis aeruginosa, characteristic of the deep
sites of respectively group D and group A (Table 1), may bloom in water bodies which are
deep enough to show thermal stratification (Leentvaar, 1958; Steinberg and Hartmann, 1988).

Impact of hydrology

Hydrology clearly exerts an overall impact on the phyto- and zooplankton community com-
position in floodplain lakes of the Lower Rhine and Meuse, via its effects on the lake water
chemistry, the exchange of plankton organisms during floods, the hydraulic retention time,
and the aquatic vegetation. The longer the period of connection between the floodplain lakes
and the main channels, the longer the period of input of main channel water with low Si/N and
Si/P ratios into these lakes, favouring Cyanobacteria and Chlorophyta at the cost of most Ba-
cillariophyceae (Van den Brink et al., 1993a). In the highly eutrophic tidal river-floodplain
system of the R. Bure, England, hydrology was found to exert an influence on phytoplankton
composition via the input of nutrients (P) and thereby changing Si/P ratio’s as well (Moss et
al., 1989). Apart from its effects on the lake water chemistry, an increase in annual flood dur-
ation probably increases the input of main channel plankton species in adjacent floodplain
lakes too, because of the longer period of mixing of main channel water with lake water.
Moreover, an increase in connectedness to the main channel means a decrease in the hy-
draulic retention time, and thus, a decrease in the time available for potential structural matur-
ation of the plankton communities to take place, favouring opportunistic and short-living
forms (Moss and Balls, 1989). Finally, an indirect result of an increase in connectedness is
that the aquatic vegetation declines (by impoverishment of the underwater light climate,
physical disturbance and/or osmotic stress). This hydrology-induced change from a macro-
phyte dominated community towards one which is dominated by planktonic microphytes has
a clear impact on higher trophic levels in the floodplain lakes, i.e. zooplankton (this study),
macrozoobenthos (Van den Brink and Van der Velde, 1991), and probably also fish (Lam-
mens, 1989; Moss and Timms, 1989).

From the results presented here it can be predicted that rehabilitation of river floodplains
by restoration of connections between isolated, infrequently-flooded lakes and the main chan-
nels of highly eutrophic river systems, such as the Lower Rhine and Meuse, will inevitably re-
sult in hypertrophic conditions in these lakes, and hence in an impoverishment of ecological
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values. Restoration of connections are less deleterious in disconnected, frequently-flooded
lakes (annual flood duration > 20 days year!), because these already have an impoverished
aquatic vegetation and associated macroinvertebrate fauna (Van den Brink et al., 1991; Van
den Brink and Van der Velde, 1991). However, in order to restore these communities a further
isolation is recommended as long as the Lower Rhine and Meuse contain the present high le-
velsof Nand P.
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The (semi-) aquatic vegetation of still waters within
the floodplains of the rivers Rhine and Meuse in
The Netherlands: historical changes and the role of
inundation

Abstract

The floristic composition of (semi-) aquatic macrophytes in floodplain lakes along the Lower Rhine
and Meuse was studied in historical perspective. The actual presence of six aquatic macrophytes (Nu-
phar lutea (L.) Sm., Nymphaea alba L., Nymphoides peltata (Gmel.) O. Kuntze, Potamogeton natans
L., P. lucens L. and Stratiotes aloides L.) and seven helophytes (Equisetum fluviatile L., Oenanthe
aquatica (L.) Poiret, Polygonum amphibium L., Ranunculus lingua L., Sparganium erectum L., Typha
angustifolia L. and T. latifolia L.) in a large number of former channels was compared with their
presence in 1954. The presence of the aquatic species was found to be considerably reduced, espe-
cially in the summerbed waters. The present species richness of (semi-) aquatic macrophytes in 75
floodplain waters was related to the inundation frequency and co-varying parameters. Species rich-
ness was found to decrease with increasing annual inundation frequency. The relevance of stress fac-
tors as inundation frequency, salinity and eutrophication for the observed decline in species richness is
discussed.

Introduction

The impact of human activities over the last decades on the ecosystems of the rivers Rhine
and Meuse has lead to an impoverishment of ecological values (e.g. Admiraal et al., 1989;
Van Urk and Smit, 1989). Due to the increased industrialization the waste water discharge and
the shipping traffic on these rivers have increased enormously. The consequences of these
changes for the various functional aquatic components of the ecosystems have been worked
out for macroinvertebrates (Klink, 1989; Van den Brink et al., 1990), fish (Cazemier, 1988;
Van den Brink et al., 1990; Van der Velde et al., 1990) and plankton (Peelen, 1975; De Ruyter
van Steveninck et al., 1989). Within the scope of a research programme on the ecological re-
habilitation of the large rivers in The Netherlands (Anonymous, 1988) the aquatic and semi-
aquatic vegetation in the floodplains of the rivers Rhine and Meuse has recently been studied.

Floodplains of the alluvial rivers Rhine and Meuse in The Netherlands harbour a large
number of still water bodies which have originated from spontaneous diversions of the
streams (e.g. oxbow lakes) (Van Urk and Smit, 1989), from dike bursts in the past, and more
recently from sand and clay extraction. Depending on geomorphological and hydrological
circumstances, these still waters are subject to different inundation regimes: some water
bodies are always in open connection with the main stream and frequently inundated, whereas
other waters are only flooded during high river discharges. Normally, high river discharges
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occur in winter and spring, although summer spates have become more numerous over the
last decades (Van de Steeg, 1984; Brock et al., 1987).

This paper surveys historical changes in the aquatic and semi-aquatic vegetation of still
waters within the floodplains of the rivers Rhine and Meuse since the early fifties and dis-
cusses the role of inundation.

Sites and methods

In order to study the floristic composition, 75 permanent, relatively large (1-200 ha) still wa-
ters located in the floodplains of the rivers Rhine and Meuse (Fig. 1) were selected on the
ground of geomorphological and hydrological characteristics.

In The Netherlands the rivers are regulated and normalized, which means that the river
bed is fixed by the main dikes during winter (Fig. 2A) and by the small summer dikes during
summer (Fig. 2B), whereas the banks are protected by breakwaters. Within the riverine area
several still water bodies can be distinguished. Some of the water bodies are in open connec-
tion with the river during the greater part of the year. These waters are entirely or partly lo-

Figure 1. Map of study area with sampled localities.
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Figure 2. Schematic view of water bodies within a river system, during winter (A} and summer (B).
1 = main dikes, 2 = summer dikes, 3 = river bed, 4-8 = floodplain waters. Arrows indicate
direction of seepage.

cated between the small summer dikes, i.e. within the summer bed of the river, and are subject
to relatively frequent inundations. In the forelands, the areas between the summer bed and the
main dikes, the inundation frequency is largely dependent on local hydrological circumstan-
ces such as the height of the summer dikes and natural levees, together with actual water level
fluctuations in the river. In general, the still waters located on higher grounds in the river fore-
lands are flooded only during high river discharges. The still waters behind the main dikes are
never flooded although they are influenced by river water via seepage.

The floristic composition of the selected water bodies was investigated during the sum-
mer periods of 1987 and 1988. The presence of aquatic macrophytes and helophytes was re-
corded in each water body. Water and sediment samples were taken from each locality and
analysed using standard laboratory procedures (Leuven, 1988). In order to relate species rich-
ness to various physico-chemical parameters (e.g. inundation frequency, chemical composi-
tion of ambient and interstitial water, morphological parameters) a Spearman rank correlation
test (Sokal and Rohlf, 1981), performed with the Statistical Analysis System (SAS Institute
Inc., 1985), was applied.

In order to compare the present floristic composition of the vegetation of the still waters
with historical data, 13 common macrophyte species characteristic of different inundation
regimes (Van der Voo and Westhoff, 1961) were selected. Only oxbow lakes were used for
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this comparison, because historical data of the vegetation of the other water types were scarce.
As all the selected species are perennials, all the still water bodies are oxbow lakes and the
vegetation in both studies was investigated for at least two successive summers, the data are
supposed to be reliable and comparable. Hydrological data for the rivers and still water bodies
were obtained from the Institute for Inland Water Management and Waste Water Treatment
(DBW/RIZA, Amhem). Historical and recent physico-chemical data for the River Rhine at
Lobith and the River Meuse at Eijsden were derived from Zijlstra (1980), Scholte Ubing
(1980), Zuurdeeg (1980), Anonymous (1985) and Maenen (1989). The nomenclature of the
macrophytes follows that of Heukels and Van der Meijden (1983).

Results

A physico-chemical characterization of the rivers Rhine and Meuse (Table 1) shows the major
differences between these river systems, such as discharge characteristics, water level fluctu-
ations and median salinity, all of which are higher in the River Rhine. The difference with re-
spect to salinity can be attributed largely to the higher sodium and chloride content of the
River Rhine, due to the discharge of large quantities of salt by mines in France and Germany.

Over the last decades the ten-yearly mean discharge of the River Rhine at Lobith has in-
creased by about 10 % (Table 2). Moreover, the ten-yearly mean discharge amplitude, defined
as the difference between the highest and lowest mean monthly discharges, is nowadays al-
most twice that of the first half of the century, which means that at present water level fluctua-
tions in this river are larger than they used to be.

Apart from an increase in the total amount of water discharged, an increase over the years
in the concentrations of dissolved nutrients and chlorinity can be observed for both rivers
(Table 3).

Table 1. Geographical, hydrological and physicochemical characteristics of the rivers Rhine and
Meuse. For references see text.

Rhine Meuse
Total drainage area (km?) 185,000 33,000
Drainage area in The Netherlands (km?) 25,000 6,000
Total length (km) 1,250 890
Total length in The Netherlands (km) 385 251
Mean discharge (m® s™!) 2,200 250™
Extremes of discharge (m*s™) 600-13,000° 1-3,000™
Median water level fluctuations (m)"™** 59 22
Maximum water level fluctuations (m)"** 94 83
Median salinity (mmol I4)"** 1.3 6.7

* measured at Lobith over 1901-1985; ** measured at Borgharen over 1911-1988; *** own data (1988)
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Table2. Longterm changes in discharge characteristics of the River Rhine at Lobith.
Mean, minimum and maximum monthly mean discharge in m’ s\, For references see text.

Period Mean Minimum Maximum Max-Min
1901-1910 2105 1597 2684 1087
1956-1965 2154 1608 2613 1005
1966-1975 2278 1667 2856 1189
1976-1985 2403 1614 3485 1871

Table3. Changes over the years in trophic level (N, P and C), sulphate and chlorinity of the River
Rhine (= R) at Lobith and the River Meuse (= M) at Eijsden. Yearly mean concentrations in
mg I\, For references see text.

Year NO;3 0-POy t-P HCO, S04 Cl
R M R M R M R M R M R M

<1900 03 nd 005 nd 01535 022 160 172 35 28 13 15
1985 4.5 29 039 037 060 059 140° 110" 81 46 207 65

n.d.= not determined; *own data (1988)

Concurrently with these changes in abiotic parameters, there was a decline in the occurrence
of selected macrophyte species in oxbow lakes within the floodplains of the rivers Rhine and
Meuse in The Netherlands (Table 4). The changes in the frequency of occurrence were found
to be different for the various species. The species Stratiotes aloides L. and Ranunculus lin-
gua L. disappeared from the habitats under study. The nymphaeids Nuphar lutea (L.) Sm.,
Nymphaea alba L., Nymphoides peltata (Gmel.) O. Kuntze and Potamogeton natans L., the
submersed aquatic macrophyte Potamogeton lucens L. and the helophytes Oenanthe aquati-
ca (L.) Poiret, Sparganium erectum L., Equisetum fluviatile L. and Typha angustifolia L. all
showed a reduced frequency of occurrence, whereas Typha latifolia L. and Polygonum am-
phibium L. did show no change at all over the years. The aquatic macrophytes located in the
summer bed showed the largest decline (Table 4).

In order to relate the present species richness with the inundation frequency, the still wa-
ters were divided into five inundation classes (Table 5; Fig. 3). A clear negative correlation
was found between the aquatic and semi-aquatic macrophyte species richness in the still wa-
ters and the frequency of inundation (Spearman rank correlation test, p < 0.001). An inunda-
tion frequency of 20 days per year or more (classes 3 and 4) leads to a significant decrease in
the species richness (Table 5), which was most apparent for aquatic macrophytes (Fig. 3).
From this frequency onwards, summer inundations occur more often in addition to the normal
winter floodings. Apart from this negative correlation between species richness and the fre-
quency of inundation, there were also significant negative correlations (Spearman rank corre-
lation test) between species richness and orthophosphate concentrations of the interstitial
water (p < 0.001), between species richness and the nitrate (p < 0.01), orthophosphate (p <
0.05), sodium (p < 0.01), chlorinity (p < 0.01) and turbidity (p < 0.05) of the ambient water,
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Table 4. Changes in the presence of selected macrophyte species in oxbow lakes along the rivers Rhi-
ne and Meuse in The Netherlands. 0= not present; 1=present in 1-20 %, 2= 21-40 %, 3=41-
60 %, 4=61-80 %, 5=81-100 % of water bodies.
Source: 1954: Van der Voo and Westhoff (1961); 1988: present study.

Location winter bed summer bed
Year of study 1954 1988 1954 1988
Number of water bodies 69 27 16 41
AQUATIC MACROPHYTES

Nuphar lutea (L.) Sm. 5 3 5 2
Nymphaea alba L. 3 2 3 1
Nymphoides peltata (Gmel.) O. Kuntze 5 3 5 1
Potamogeton natans L. 3 1 2 0
Potamogeton lucens L. 4 2 4 1
Stratiotes aloides L. 2 0 1 0
HELOPHYTES

Equisetum fluviatile L. 3 1 2 1
Oenanthe aguatica (L.) Poiret 4 2 3 1
Polygonum amphibium L. 3 3 4 4
Ranunculus lingua L. 1 0 1 0
Sparganium erectum L. 4 2 2 1
Typha angustifolia .. 3 2 1 1
Typha latifolia L. 1 1 1 1

TableS. Mean (N) and maximum (Nmax) numbers of (semi-) aquatic macrophyte species present in
Sfloodplain waters of the rivers Rhine and Meuse in The Netherlands (n = number of waters).

Inundation Rhine Meuse
. frequency®
Inundation class N+SD. Nmax n NxSD. Nmax n
0 notinundated 0 16.1+4.3 23 15 183126 22 S
1 low inundation frequency 0-2 17.7+£3.1 23 6 15743 22 6
2 moderate inundation frequency 3-20 155+63 26 22 125140 18 4
3 highinundation frequency 2140 10.2+33 16 6 n.p. 0
4 very highinundation frequency >40 59+16 9 8 9.0+29 13 5

* in days per year (long-term annual average), n.p. = not present.

and positive correlations between species richness and the alkalinity (p < 0.05) of the ambient
water. These parameters were also correlated with the inundation frequency.

The frequency of the selected macrophyte species in three inundation classes is different
for the various taxa listed (Table 6). Most species are intolerant to high inundation frequen-
cies, except Nymphoides peltata, which occurs in the Rhine system under a regime of moder-
ate to high inundation frequencies, and Polygonum amphibium, which appears to be indiffer-
ent with respect to this factor.
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aquatic macrophytes

Rhine
15+ [_] Meuse

Figure 3. Mean numbers (N) + S.D. of aquatic macrophytes and helophytes present in still waters
within the floodplains of the rivers Rhine and Meuse in The Netherlands classified to de-
creasing inundation frequencies (see Table 5 for further explanation).

Table 6. The occurrence of selected macrophyte species in floodplain waters along the rivers Rhine
and Meuse in relation to the frequency of inundation. For explanation of inundation classes
and frequencies of occurrence, see Tables 5 and 4, respectively.

Rhine Meuse
Inundation class 0 142 344 0 142 344
Number of water bodies 14 28 14 5 10 5
AQUATIC MACROPHYTES
Nuphar lutea 3 4 1 4 3 1
Nymphaea alba 2 2 1 2 2 0
Nymphoides peltata 1 3 2 1 1 0
Potamogeton lucens 2 3 0 1 0 0
HELOPHYTES
Equisetum fluviatile 1 1 0 2 1 0
Oenanthe aquatica 1 2 0 0 2 0
Polygonum amphibium 4 4 4 3 3 3
Sparganium erectum 2 2 0 2 3 0
Typha angustifolia 3 2 0 1 2 2
Typha latifolia 1 1 0 1 2 1
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Discussion and conclusions

The present aquatic and semi-aquatic vegetation in oxbow lakes within the floodplains of the
rivers Rhine and Meuse was compared with the results of a large-scale floristic investigation
of similar water bodies which was carried out from 1954 to 1956 (e.g. Van der Voo and West-
hoff, 1961). In order to obtain a reliable comparison, 13 common species were selected which
are more or less characteristic of different inundation regimes. Van der Voo and Westhoff
(1961) observed that Stratiotes aloides and Equisetum fluviatile both predominantly in-
habited waters with a very low frequency of inundation, that Ranunculus lingua, Nymphaea
alba, Typha angustifolia and Sparganium erectum were characteristic for water bodies with a
moderate frequency of inundation, and that Nymphoides peltata, Oenanthe aquatica and
Polygonum amphibium f. natans occurred more frequently in waters with higher frequencies
of inundation. In the present study the general pattern of occurrence of the selected species in
relation with the frequency of inundation was found again (Table 6). However, the occurrence
was found to be considerably reduced for nearly all these species, especially for aquatic mac-
rophytes within the summer bed (Table 4).

Most obviously the present species richness of aquatic macrophytes and helophytes in
still waters (Table 5, Fig. 3) was negatively correlated with the frequency of inundation. High
inundation frequencies, e.g. inundation regimes including summer floodings (classes 3 and
4), are probably more detrimental for aquatic macrophytes than for helophytes because the re-
duction in species richness was largest for the aquatic species (Fig. 3). This is not surprising as
aquatic macrophytes are more directly related to physico-chemical parameters of the ambient
water than helophytes. Correlations of species richness with interstitial and ambient ortho-
phosphate, nitrate, sodium and chloride concentrations were less significant and possibly in-
direct. The increased dynamics of the river and the changes in the water chemistry of the river
water (nutrients and chlorinity) over the last decades are probably the prime factors respon-
sible for the changes in the species frequency, as well as for the present species richness of still
water bodies within the area studied.

A relationship between the frequency, duration and season of inundation and the floristic
composition of still waters in Dutch river forelands has been reported previously (Van der Voo
and Westhoff, 1961; Van Donselaar, 1961; Van de Steeg, 1984; Brock et al., 1987; Van der
Sman et al., 1988). These studies have emphasized the deleterious effects of floodings during
the summer, which is the growth period. Summer inundations are detrimental for the vegeta-
tion because non-rooting and weakly rooting macrophytes may be washed away. Further-
more, the primary productivity of submersed plants or plant parts is hindered by an increase in
turbidity, due to resuspended clay particles or nutrient enrichment after the floodings (Brock
et al., 1987). Winter inundations are a normal ecological factor in the Dutch river stretches,
which prevent the succession of the vegetation in the open water towards a marsh vegetation
by erosion of the sediment. However, an increase in the river discharge over the years, leading
to an increase in the inundation frequency of the still waters during winter and summer, has
probably resulted in a deterioration with respect to water level fluctuations of the habitats for
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most species, except for Polygonum amphibium, which showed more resistance against these
changes (Table 4).

Apart from the increased water level fluctuations it is probably the changed nutrient status
(Table 3) which is mainly responsible for the decline in occurrence of submersed macro-
phytes such as Potamogeton lucens and macrophytes with a submersed phase of development
such as Stratiotes aloides. An increase in the concentrations of nitrate and orthophosphate
leads to an impoverished underwater light climate due to an enhanced growth of phytoplank-
ton and epiphytes, which reduces photosynthesis of the submersed macrophytes (Hough et
al., 1989).

A third possible factor which may have contributed to the decline of macrophytes in the
still waters is the increased salinity of the river water. In a large-scale correlative study on the
occurrence of aquatic and semi-aquatic macrophytes in relation to environmental parameters
in about 600 still waters in The Netherlands De Lyon and Roelofs (1986) found that Nuphar
lutea, Nymphaea alba, Potamogeton natans, P. lucens, Stratiotes aloides, Equisetum fluvi-
atile, Typha angustifolia and T, larifolia occurred most frequently in waters with a moderate
salinity (6.3-8.2 mmol I'!), whereas Oeranthe aquatica, Sparganium erectum, Polygonum
amphibium and Nymphoides peltata were found at higher salinities (9.0-10.8 mmol 1-1). The
present mean salinity of the River Rhine (11.3 mmol I''; Maenen, 1989), however, is above
the optimum salinity for the species listed above.

Although some key factors have been delineated in the present study, it is clear that more
detailed information on the occurrence of aquatic and semi-aquatic macrophytes in relation to
the factors inundation and salinity is needed. Because these factors are often correlated in the
field situation, information on the responses of the various plant species to the factors inunda-
tion (frequency, duration and season of flooding) and salinity could be provided by an ex-
perimental approach to the subject. Such information is extremely relevant for recent initia-
tives with respect to the rehabilitation of the ecological values of the rivers Rhine and Meuse,
which includes among others the conservation of the vegetation of still waters in the river
forelands, and also the restoration of the vegetation of the river-banks.
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Growth and morphology of four freshwater macro-
phytes under the impact of the raised salinity level of
the Lower Rhine

Abstract

The growth and morphology of Potamogeton lucens L., P. perfoliatus L., P. nodosus Poir. and Ranun-
culus circinatus Sibth. were studied in relation to salinity. Plants were grown for eight weeks in micro-
cosms under ambient climatic conditions at (sodium) chloride concentrations which presently occur in
the main channel of the Lower Rhine and its connected lakes (7.0 mmol 1! CI°), which have a poorly
developed vegetation, and at concentrations which presently occur in infrequently flooded lakes (1.4
mmol I'! CI) within the floodplain of the Lower Rhine, which are rich in aquatic macrophytes.

The sodium chloride level of the main channel negatively affected biomass production and growth
rates for all three Poramogeton species, but not for R. circinatus. The reductions in biomass and
growth rates of the Potamogeton species, concurred with a decline in their leaf area ratios, suggesting
that the growth reduction might be related to a reduced leaf cell expansion. Root:shoot ratios increased
in all selected species, whereas flowering decreased in response to higher salinity. The relevance of sa-
linity as a stress factor is discussed in relation to the occurrence of these macrophytes in the Lower
Rhine and its floodplain lakes.

Introduction

The aquatic vegetation in the Lower Rhine and its floodplain lakes has become impoverished
under human impact. In addition to changes in the morphology and hydrology of the river as
aresult of normalization and regulation efforts, the water quality of the Lower Rhine has been
drastically changed as a result of salt-mining, agricultural effluents, and industrial and domes-
tic sewage in its drainage basin (Van den Brink et al., 1991a; Van der Velde et al., 1991; Ad-
miraal et al., 1993). Apart from an increase in nutrient levels in the river water, which has re-
sulted in eutrophication of Rhine-water receiving water bodies (Admiraal et al., 1989; Van der
Velde et al., 1991; Van den Brink et al., 1993), the levels of sodium and chloride in particular
have greatly increased during this century (Van der Weijden and Middelburg, 1989). Yearly
mean chloride concentrations of 4.2-7.0 mmol I'! Cl-, with maxima of 11.8 mmol I'! CI', have
been measured over the last two decades in the Lower Rhine (Heymen and Van der Weijden,
1991). These chloride concentrations are ten to twenty times the original levels (Van der
Weijden and Middelburg, 1989). Mining effluents have shifted the ionic composition in this
river from a calcium bicarbonate dominance, which was the normal situation, towards a so-
dium chloride dominance (Kempe et al., 1991). This shift in ionic composition was not re-
stricted to the main channel of the Lower Rhine, but was also found in water bodies connected
with the main channel and in frequently inundated lentic floodplain waters (Van den Brink et
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al., 1993). Effects of the raised sodium and chloride levels of the Lower Rhine are known for
planktonic and macroinvertebrate communities in the main channel and its associated flood-
plain lakes (Friedrich and Viehweg, 1984; Den Hartog et al., 1989; Van den Brink et al., 1990;
Van den Brink et al., 1991b; Van den Brink and Van der Velde, 1991; Admiraal et al., 1993).
Remarkably, long-term effects of mining effluents on aquatic vegetation have received very
little attention (e.g. Rabe et al., 1982; Maenen, 1989).

Correlative studies have emphazised the possible importance of sodium chloride concen-
trations in relation to the occurrence of aquatic macrophytes in the Lower Rhine and its flood-
plain lakes (Maenen, 1989; Van den Brink et al., 1991a; Admiraal et al., 1993). However, so-
dium chloride levels in these floodplain lakes are also interrelated with co-varying chemical
parameters such as N and P, as well as with hydrological ones, such as the annual flood dura-
tion (Van den Brink et al., 1993). Causal relationships between salinity and the growth of
freshwater macrophytes have been found for only a very few species, and mostly concern sa-
linity values above 15.5 mmol I'! CI- (about 1 %0 S) (e.g. McCahee and Davis, 1971; Haller et
al., 1974; Rabe et al., 1982; Van Wijk, 1989; Twilley and Barko, 1990). Information on the ef-
fects of sodium chloride on the morphology of aquatic macrophytes is completely absent.

In order to study the impact of the raised sodium chloride levels on the occurrence of aqu-
atic macrophytes in the Lower Rhine and its floodplain lakes, four species were cultured in
microcosms. The effects of sodium chloride on plant growth and morphology have been
examined in a functional growth analysis. Species were selected on the basis of their presence
in water bodies along an inundation and chlorinity gradient within the Lower Rhine flood-
plain: Potamogeton nodosus Poir., occurring locally in the river channel; P. lucens L., com-
monly occurring in infrequently flooded lakes; and P. perfoliatus L. and Ranunculus circina-
tus Sibth., predominantly occurring in isolated floodplain lakes along the Lower Rhine
(Maenen, 1989; Van den Brink, 1990; Van den Brink et al., 1991a; Coops et al., 1994).

Materials and methods
Species

Plant material was sampled from water bodies within the floodplain area of the Lower Rhine
in The Netherlands at the end of May 1990 (Table 1). Apical stem segments (20 ¢m stem
length) of P. lucens, P. perfoliatus and R. circinatus, and young intact plants of P. nodosus
(total length of above ground parts: 20 cm) were taken from the sampled plant material. For
each species, 24 stem segments or plants were used in the experiments.

Experimental design and measurements

Selected plant material was randomly and equally distributed over four artificial outdoor
ponds, which were filled with tap water (2000 1, water depth: 70 cm). The plant segments
were then planted in sediment-filled PVC pots (diameter 14 cm; height 13 cm), in such a way
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that the lower 10 cm portion of each stem segment was buried under the sediment, to allow
them to root for a period of two weeks. Before planting the sediment-filled PVC pots were
submerged for one week. The sediment consisted of a mixture of river sand and river clay (1:1
viv) collected from the river forelands near Nijmegen, The Netherlands. In order to prevent
turbidity of the water column due to phytoplankton growth, 1 kg Daphnia (fresh weight) was
added to each pond. At the onset of the experiment sodium chloride was added to the water to
obtain a final concentration of 1.4 mmol I'! CI- in the control ponds and 7.0 mmol I'! CI in the
experimental ponds. After eight weeks of growth (from 11 June 1990 to 6 August 1990) under
ambient climatic conditions the following parameters were measured: fresh and dry weights
of leaves, stems and roots, numbers of inflorescences and leaves, and leaf area. Fresh weights
were determined after blotting the plant material for 1 minute with blotting paper. Dry
weights were determined by weighing after drying at 105 °C for 24 h. Leaf area was deter-
mined by photocopying 20 randomly selected fresh leaves per plant, after which the surface
areas of the photocopied leaves were measured using a planimeter (Kotron Messgeriite,
MOP.AMO 3), followed by calculation of the mean leaf area. Total leaf area per plant was cal-
culated by multiplying the mean leaf area by the number of leaves.

Salinity and calcium bicarbonate levels were monitored daily through measurements with
an YSI model 33 SCT salinity meter and through estimation of the bicarbonate alkalinity via
titration of a 50 ml sample with 0.01 N HCI down to pH 4.2 (Stumm and Morgan, 1981).
Since evaporation exceeded precipitation during the experiment, the salinity was adjusted bi-
weekly by adding tap water to each pond. Calcium bicarbonate alkalinity was adjusted
weekly to a level of 2 meq I!, by separately adding sodium bicarbonate and calcium chloride
(1:1 equivalent ratios) to each pond. Other chemical parameters of the water were analysed at
the end of the experiment, according to standard laboratory procedures (Van den Brink et al.,
1993).

Tablel, Occurrence of selected macrophytes and annual mean concentrations (and ranges) of sodium
and chloride (in mmol I') at the sampling stations during 1990 (n = 12 measurements,
monthly samples). +: present, -: absent, *: present and sampled at that location.

Pl = P. lucens, P.n. = P. nodosus, P.p. = P. perfoliatus, R.c. = R. circinatus.

Waterbody  Location Pl P.n. Pp. Rc.  Na* Cr

R. Ussel Lat N 52°31°; - * - - 45 48
Long. E5°57’ 2170) (2473)

Wolderwijd Lat N 52°20°; - - * - 28 30
Long. E5°36’ (2.1-35) (2839

Oude Waal Lat. N 51°51°; * - + + 1.6 20
Long. E5°55’ (1.2.25) (1.231)

Duivelswaai  Lat N 51°52’; + - + * 1.5 1.7
Long. E5°48' (1.2-19) (32D
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Growth analysis

The relative growth rate (RGR) (Fisher, 1921; Hunt, 1982) of each individual plant was cal-
culated using the forrmula RGR =(In W - In W)/t where W and W, are the dry weights of the
plants after 0 and t days respectively. Fresh weight-dry weight relationships were used to cal-
culate the dry weights of the plants at the start of the experiment (Wo).

For a further analysis of RGR, the specific leaf area, the leaf area ratio, the net assimilation
rate, and the root:shoot ratio were calculated (Hunt, 1982; Poorter, 1989). The specific leaf
area (SLA) is the leaf area (LA) per unit leaf weight (WL): SLA = LA/WL. The leaf area ratio
(LAR) is the ratio between leaf area (LA) and the total plant weight (W): LAR = LA/W. The
net assimilation rate (NAR) is the increase in plant weight (W) per unit leaf area (LA) and per
unit of time (t) (Hunt, 1982). Thus

NAR = (W-Wo)/t x (In LA; - In LAo)/(LA-LAo)

where LAg and LA, are the total leaf areas per plant after 0 and t days. The RSR is the ratio
between the dry weight of the below- (Wp) and above-ground parts (Wp): RSR = Wg/Wa,
Means of growth parameters (RGR, SLA, LAR, NAR, RSR) and numbers of inflorescences
per species per treatment were statistically compared using a least significant difference (LSD)
test (Sokal and Rohlf, 1981), with the help of the Statistical Analysis System (SAS, 1989).

Results

The main differences in chemical parameters of the water between the experimental and the
control ponds concerned sodium and chloride concentrations (Table 2).

Table2. Physicochemical characteristics of the culture media. Mean values (+ S.D.) of parameters
are given, except for pH (ranges) (n = 4 measurements at the end of the experiment). All
parameters in mmol ', except for NO,, NH, and d-PO, (in wmol I'') and pH (pH-units).

control experimental
pH 7.5-8.5 7.5-85
HCO, 20 (0.5 20 (0.5
Na 24 (04) 80 (04)
K 0.15 (0.02) 0.14 (0.04)
Ca 0.7 (0.05) 0.7 (0.05)
Mg 01 (0.0 01 (0.03)
Cl 14 (0.2) 70 (0.2)
SO, 04 (OO 04 (0.01)
NO,3 30 (8) 20 (8
NH, 6 @ 6 )
d-PO, 03 (.1) 02 (©.1
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Total biomass production in response to increased sodium chloride concentrations was
significantly reduced (p < 0.05) for Potamogeton lucens, P. nodosus and P. perfoliatus, but
not for Ranunculus circinatus (Table 3). It was found that the relative leaf and root biomasses,
unlike the relative stem biomasses, of the Potamogeton species were most affected by salinity
(Fig. 1). The relative growth rates showed the same pattern: a decrease in RGR was found for
the three Poramogeton species, but not for R. circinatus (Fig. 2). The leaf arearatio (LAR), i.e.
the ratio between the total leaf area (measure of total photosynthetic area) and the total plant
biomass, was also clearly reduced (p < 0.05) for the Poramogeton species, but not for R. circi-
natus (Fig. 2). The reduction in LAR resulted from a reduced production of leaves per plant,
whereas the surface area of the leaves was also reduced. The specific leaf area (SLA), i.e. the
ratio between the total leaf area and the total leaf biomass, also showed a decrease with in-
creasing salinity, but was only significantly reduced (p < 0.05) for P. nodosus and for R. circi-
natus (Fig. 2). Under salinity stress the net assimilation rate (NAR) significantly increased (p
< 0.05) for all Potamogeton species, but not for R. circinatus (Table 4).

Table3. Mean total dry weight (in g + 5.D.) of selected species after eight weeks growth at control
(1.4 mmol F' CI') and experimental (7.0 mmol I'* CI') sodium chloride concentrations.
* = significantly different, p < 0.05 (LSD test).

control experimental
Potamogeton lucens 3.91(1.01) 1.78 (1.06)"
Potamogeton nodosus 5.19(1.26) 1.74 (0.72)"
Potamogeton perfoliatus 6.33(2.80) 2.34 (0.69)"
Ranunculus circinatus 10.60 (3.00) 11.35(4.67)

%

100

P. lucens P. nodosus P. perfoliatus R. circinatus
KX floating leaves [___|submerged leaves [7] stems

Figure 1. Relative biomasses (%) of leaves, stems and roots of selected macrophytes in response to
control, low (1) (1.4 mmol I'' Cl) and experimental, high (h) (7.0 mmol ' Cl) chlorinities.

roots
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Tabled4. Mean net assimilation rates (in g m? day™ + S.D.) of selected species after eight weeks
growth at control (1.4 mmol I'' Cl') and experimental (7.0 mmol I CI') sodium chloride
concentrations.

* = significantly different, p < 0.05 (LSD test).

control experimental
Potamogeton lucens 1.7(0.5) 2.4(0.9)
Potamogeton nodosus 6.7 (1.0) 137 42"
Potamogeton perfoliatus 4.0(0.8) 7.1(1.8)"
Ranunculus circinatus 5.9(0.6) 6.6(1.1)

100 - RGR (mg gd™)

75

50

25

90 1~ SLA (m? kg™

60 |-

0

P. lucens P.nodosus P. perfoliatus R. circinatus

Figure 2. Above: Relative Growth Rates (RGR), middle: Leaf Area Ratios (LAR) and below: Specific
Leaf Areas (SLA) of selected macrophytes in response to control (1.4 mmol ' CI') (clear)
and experimental (7.0 mmol I'* CF) (shaded) chlorinities. Asterisks indicate significant
differences between responses at the two chlorinities (p < 0.05; LSD-test).
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In response to salinity, all four species showed an increased RSR (Fig. 3). Species which
flowered during the experiment (P. nodosus, P. perfoliatus and R. circinatus) showed a re-
duced number of inflorescences at the highest sodium chloride concentration (Fig. 4).

2.0 — RSR
1.5
1.0 |-
0.5 |-
*
0.0 —E5E
P. lucens P. nodosus P. perfoliatus R. circinatus

Figure 3. Root:shoot ratios of selected macrophytes in response to control (1.4 mmol I'' Cl') (clear)
and experimental (7.0 mmol I'' CI') (shaded) chlorinities. Asterisks indicate significant
differences between responses at the two chlorinities (p < 0.05; LSD-test).

20 N
15
10
5 L.
i * r%
*
P. lucens P. nodosus P. perfoliatus R. circinatus

Figure 4. Mean number of inflorescences of selected macrophytes in response to control
(1.4 mmol I' Cl') (clear) and experimental (7.0 mmol I Cl') (shaded) chlorinities.
Asterisks indicate significant differences between responses at the two chlorinities
(p < 0.05; LSD-test).



Growth and morphology of freshwater macrophytes under the impact of the raised salinity level

Discussion and conclusions

The morphology and growth of all macrophytes under study were clearly affected by a chlo-
rinity of 7.0 mmol I'! Cl, which is in the range of the sodium chloride concentrations present-
ly occurring in the Lower Rhine (Figs. 1-4, Table 3). Biomass production and RGR of Pota-
mogeton lucens, P. nodosus and P. perfoliatus declined in response to this sodium chloride
concentration, unlike biomass production and RGR of Ranunculus circinatus (Table 3, Fig.
2). The relative biomasses of the leaves of the Potamogeton species decreased, whereas those
of the roots of all selected species increased in response to increased sodium chloride concen-
trations (Fig. 1), indicating similar phenoplastic responses for the various species. The reduc-
tion in RGR of the Potamogeton species concurred with a reduction in LAR, which indicates
that the decline in growth was caused by a decrease in the total photosynthetic area of the
plants (Fig. 2). Most likely this decrease in total photosynthetic area was not compensated for
by an increase in the chlorophyll-a content of the leaves. In a study of the impact of salinity on
the growth of four freshwater macrophytes (including P. perfoliatus) Twilley and Barko
(1990) did not find any significant change in leaf chlorophyll-a content in response to sa-
linities up to 12 %o S. As the reduced growth rate can be attributed to a reduction in the relative
leaf area (LAR) (Fig. 2), the effect of increased salinity on the growth of the Potamogeton
species might be the result of a reduced leaf cell expansion, which might be purely an osmotic
effect (Greenway and Munns, 1980; Rozema and Van Diggelen, 1991). Since we did not
measure concentrations of potential osmotica inside the plants, this explanation remains hy-
pothetical.

The value of SLA, i.e. the ratio between the leaf area and the leaf weight, declined signifi-
cantly (p < 0.05) for P. nodosus and for R. circinatus, but not for the other investigated Pota-
mogeton species (Fig. 2). A reduction in SLA is an indication for the occurrence of leaf suc-
culence, the production of smaller and thicker leaves, and can be induced by an increased
osmolarity of the growth medium (Greenway and Munns, 1980; Rozema and Van Diggelen,
1991). The decrease in SLA of Potamogeton nodosus resulted partly from a loss of the thin
submerged leaves, whereas its thicker floating leaves were still present (Fig. 1). For R. circi-
natus succulence of the same leaf type occurred, which may be an adaptation to increased sa-
linity. It is of interest to note that both P. nodosus and R. circinatus are capable of surviving
periods of drought by producing land forms. Both increased salinity and drought cause water
stress in plants and may induce succulence by way of adaptation.

The tendency of all species under study to reduce their SLA (Fig. 2) with increasing sa-
linity might suggest a general adaptation mechanism, related to leaf morphology. In this con-
text it is of interest to note that most salt-tolerant freshwater macrophytes and all brackish
water macrophytes have relatively small, finely dissected or narrow leaves. In the present
study for example, R. circinatus with its relatively small, finely dissected leaves was found to
be more salt tolerant than the broad-leaved Potamogeton species. In fact, within the genus Po-
tamogeton the brackish water tolerant species are all narrow-leaved species (e.g. P. pectinatus
L., P. mucronatus Schrader ex Sonder and P. pusillus L.) (Van Wijk and Verbeek, 1986), as are
all brackish water macrophyte species (e.g. Ruppia spp., Zannichellia spp.). This suggests
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that the growth form of aquatic macrophytes might be of adaptive value with respect to sa-
linity tolerance.

The relative root biomass increased in response to salinity in all four species (p < 0.05)
(Figs. 1, 3). An increase in RSR has been found for a number of freshwater macrophytes in
response to increased sodium chloride levels, and is probably a response which overcomes a
water deficit by increasing the relative root surface area (Haller et al., 1974; Twilley and
Barko, 1990).

The reduced RGR of the Potamogeton species in response to salinity could not clearly be
related to changes in the NAR (Table 4). The increased NAR of the Potamogeton species in
response to salinity may suggest a more economic carbon assimilation (Causton and Venus,
1981; Hunt, 1982) or may result from an allocation of biomass to non-photosynthetic plant
parts, such as the stems and roots (Lambers et al., 1989). Direct measurements of the photo-
synthetic and respiration rates are needed to provide more insight in this matter (Lambers et
al., 1989).

The mean number of inflorescences per plant was markedly reduced in response to salt
stress (Fig. 4) for all flowering species. Even the most salt tolerant species, R. circinatus, pro-
duced fewer flowers under salt stress compared with normal conditions. A reduction in
flowering in response to salinity has also been reported for P. perfoliatus and for Myrio-
phyllum spicatum L. (Twilley and Barko, 1990). However, it is not very likely that generative
reproduction plays an important role in the persistence of the species selected. Wiegleb and
Brux (1991) state that the reproductive strategies of Potamogeton lucens, P. nodosus and P.
perfoliatus are mainly vegetative, irrespective the degree of either stress or disturbance. Vege-
tative reproduction is also very common for R. circinatus (Hoogers, 1966).

The differences in sodium chloride tolerance between the Potamogeton-species and
Ranunculus circinatus are in agreement with differences in distributional limits between these
species in the Netherlands (De Lyon and Roelofs, 1986). In a study of 600 water bodies in the
Netherlands it was found that P. lucens and P. perfoliatus predominantly occurred in waters
with a moderate chlorinity (range: 0.6-5.0 mmol 1! CI; mean: 2.0 mmol 1! CI'), whereas R.
circinatus was also frequently found in waters with higher chlorinities (range: 0.6-9.0 mmol
I'l CI; mean: 3.0 mmol 1! CI)) (De Lyon and Roelofs, 1986). During a study of the riverine
vegetation in the Netherlands Potamogeton nodosus was found at moderate chlorinities
(range: 1.3-3.1 mmol I'! CI'; mean: 2.0 mmol I'! CI') (Maenen, 1989). In a branch of the
Lower Rhine, the R. Issel, with a mean chlorinity of 4.8 mmol I'! CI- in 1990, Potamogeton
nodosus was found to occur less frequently and in lower densities than in the R. Meuse (mean
1990 chlorinity: 1.8 mmol ! CI"), which suggests that the species is living under salinity
stress in the R. IIssel. In fact, the species has disappeared from many locations along the main
channel of the Lower Rhine since the early 1940s (Maenen, 1989), which might be attributed
to increased salinity. From 1940 to 1990 the annual mean chlorinity of the Lower Rhine in-
creased from 1.7 to 5.4 mmol I'! CI- (Van der Weijden and Middelburg, 1989). Whether or not
the negative impact of the salinity of the Lower Rhine on the occurrence of P. nodosus is part-
ly counteracted by the very high nitrogen levels, which might be utilized in osmoregulation
(Twilley and Barko, 1990), is an item for further study.
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The absence of P. lucens and P. perfoliatus from the main channel and from connected
floodplain lakes along the Lower Rhine might be related to salinity as well, since the maxi-
mum sodium chloride concentrations occurring there in 1990 (7.5 mmol I'! CI') (Heymen and
Van der Weijden, 1990) negatively affected the growth of these species too. However, the ab-
sence of R. circinatus in these waters must be related to factors other than salinity, as this
species is tolerant to the maximum salinities occurring in those waters. The absence of R. cir-
cinatus from the main channel and from connected floodplain lakes along the Lower Rhine
might be the result of the impoverished underwater light climate due to frequent algal blooms
and suspension of clay particles, or of the more dynamic hydrology, as this species does not
tolerate strong currents (Van den Brink et al., 1991a; Van den Brink and Van der Velde, 1991).
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Effects of substrate parameters on growth responses
of eight helophyte species in relation to flooding

Abstract

The interactive effects of substrate parameters (redox potential, organic matter content) and flooding
depths on growth responses and field distribution of eight helophyte species, common in European
floodplains, were studied. These species (Acorus calamus, Carex acuta, Equisetum fluviatile, Sagitta-
ria sagittifolia, Scirpus lacustris, Sparganium erectum, Typha angustifolia and Typha latifolia)
showed distributional differences, which could be related to the hydrological regime and to the redox
potential and organic matter content of the submerged sediment in the littoral of floodplain lakes. The
growth responses of these helophyte species were studied in relation to flooding (plants partially
flooded versus totally submerged) and sediment characteristics (mineral, moderately reductive sedi-
ment versus organic, highly reductive sediment) for eight weeks during the growth season in outdoor
artificial ponds under ambient climatic conditions. Flooding conditions were found to exert a clear im-
pact on helophyte growth responses. In response to total submergence, most species showed shoot
length extensions and restored contact between leaves and air. Shoot fractions were generally lower
under submerged conditions, as a result of growth reduction at prolonged submergence. The impact of
sediment characteristics on growth responses of the species under study depended partly on the flood-
ing conditions. All species under study tolerated prolonged anoxic and toxic sediments, provided the
plants grow emergent. When growing emergent on organic, highly reductive sediments, these species
increased their growth rate and allocated biomass to above-ground plant parts, which suggests a
general adaptation mechanism to hypoxic and toxic conditions. Prolonged submergence on organic,
highly reductive substrates resulted in a growth reduction of all species selected.

Our results indicate that the decline of the helophyte vegetation in moderately dynamic floodplain
lakes along the Lower Rhine and Meuse can be related to the combination of the organic, highly reduc-
tive sediments and the increased incidence of summer floods there in particular. Besides shared
growth responses, species-specific differences in flooding tolerance and field distribution were ob-
served between the selected helophyte species. The experimentally established flooding tolerances
and tolerances to highly reductive substrates were generally larger than predicted by the observations
on the distribution of the species in the field, suggesting that additional factors which restrict the oc-
currence of these species are involved.

Introduction

Helophytes are wetland plants which are normally emergent, i.e. they root in the bottom and
their basal parts are often continually submerged, but their leaves and inflorescences emerge
far above the water surface (Den Hartog and Van der Velde, 1988). As helophytes inhabit the
aquatic-terrestrial ecotone, they are by definition adapted to partial flooding conditions. When
these plants become partially flooded during the growth season, with most of their photosyn-
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thetic surface still emergent, oxygen is transported to their rooting zones to overcome the an-
oxic conditions in the submerged sediment. Flood events which lead to the total submergence
of helophytes hinder the oxygenation of the sediments by the plants and thereby their growth
(Armstrong, 1969; Brindle, 1991). The tolerance of helophytes against total submergence
varies with the species and may depend on the depth, frequency, duration and season of floods
(e.g. Brock et al., 1987; Grace, 1989; Blom et al., 1990; Brindle, 1991; Coops and Smit,
1991; Coops et al., 1991; Van den Brink et al., 1991; Squires and Van der Valk, 1992).

Differences in flooding tolerance between helophyte species may lead to changes in the
marsh vegetation of lakes in response to changes in the hydrological regime. As a result of
river regulation, ‘improved’ drainage in the entire river basin, and floodplain deterioration,
the marsh vegetation bordering floodplain lakes along the Lower Rhine and Meuse has se-
verely declined. This decline has been attributed in particular to an increased frequency, dura-
tion and depth of summer floods over the last decades, leading to prolonged submergence of
helophyte stands in these lakes during the summer season (Van de Steeg, 1984; Brock et al.,
1987; Van den Brink et al., 1991). Field observations suggest that the impact of summer
floods on the survival of helophytes depends not only on the species, and the frequency, dura-
tion and depth of the inundations, but also on substrate parameters, such as the organic matter
content and related parameters like the redox potential and the presence of natural potentially
toxic ions like sulphide in the sediment (Brock et al., 1987; Grace, 1988; McKee et al., 1989;
Weisner and Granéli, 1989; Coops and Smit, 1991; Coops et al., 1991). Submerged reductive
sediments may cause a greater oxygen stress than oxidative sediments, since the oxygen de-
mand of the former sediments is much greater (Armstrong, 1967). Moreover, a combination
of low redox potentials with the presence of natural toxins in the sediment may cause an even
greater stress (Emst, 1990).

Due to interrelations between hydrology and sediment parameters of floodplain lakes
(Rostan et al., 1987; Van den Brink et al., 1993), field observations can only make a limited
contribution to an understanding of the changes in the helophyte vegetation bordering these
lakes. Experimental evidence for an impact of substrate parameters on helophyte growth re-
sponses under flooding conditions is poor; it deals mostly with nutrient limitation, and is
available for a few species only (Grace, 1988, 1989; Pearson and Havill, 1988; Weisner and
Granéli, 1989; Neill, 1990, 1993).

In the present study we tested the hypothesis that the combination of summer floods and
organic, highly reductive sediments may severely hinder the growth of helophyte species bor-
dering floodplain lakes. In order to study species-specific differences in performance and
tolerance to submergence and substrate characteristics, eight helophyte species, common in
European alluvial floodplains, were selected. The combined effects of sediment parameters
and flooding depths on the growth responses and flooding tolerances of Acorus calamus L.,
Carex acuta L., Equisetum fluviatile L., Sagittaria sagittifolia L., Scirpus lacustris L., Spar-
ganium erectum L., Typha angustifolia L. and Typha latifolia L. were examined by: 1. a study
of the field distribution of these species in floodplain lakes in relation to flooding regime and
sediment parameters (organic matter content, redox potential), and 2: mesocosm experiments
on the impact of these sediment parameters on growth responses (relative growth rate, shoot
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length extension, biomass allocation) of the species selected at contrasting flooding depths
(partially flooded versus totally submerged).

Methods

Field distribution

In order to study the occurrence of the species selected in relation to hydrological and sedi-
ment parameters, 114 lakes located in the floodplains of the Lower Rhine and Meuse in the
Netherlands were selected on the basis of their geomorphology and hydrology. These flood-
plain lakes were categorized according to their inundation regime: A = isolated lakes, pro-
tected against inundations by the main dike; B = moderately dynamic lakes, protected against
summer inundations by low dikes or levees, but subjected to winter floods; C = very dynamic
lakes, unprotected by dikes or levees and hence frequently inundated with long-lasting floods,
in summer as well as in winter (Van den Brink, 1990; Van den Brink et al., 1993). These three
categories form an inundation gradient over the lateral dimension of the Lower Rhine and
Meuse floodplains. Group A lakes show only minor water-level fluctuations during the
growth season. Group B lakes show minor water-level fluctuations during the growth season
too, under normal hydrological circumstances. However, the last decades, abnormal high
river discharges during summer occasionally occur within the study area. These high river
discharges lead to exceptionally large water-level fluctuations and to complete submergence
of helophyte stands in group B lakes. Group C lakes show large water-level fluctuations dur-
ing winter and summer. Within each floodplain lake, the presence of the species selected was
recorded during the vegetation periods of 1987 and 1988.

Sediments were collected from below the water layer in the littoral zone, close to the
vegetation stands, by means of a metal tube with a diameter of 7 cm. The upper 10 cm layer of
sediment was sampled. Because of the heterogeneity of the sediment, eight samples per site
were collected and mixed. Sediments were dried at 105 “C for 24 hours. The percentage of or-
ganic matter in the sediment was calculated from the weight loss of the dried sediment after 4
hours heating at 550 °C (=loss on ignition).

The redox potential of the sediment was measured in a selected number of lakes within
abundant monospecific vegetation stands (10-12 stands per species). Redox potential was re-
corded using a platinum redox electrode and a Metrohm 6.0701.100 calomel reference elec-
trode connected to a Consort P914 mV/pH meter. Calibration occurred with a Metrohm
6.2306.020 redox standard solution. Recordings were read after 10 min. equilibration at a
sediment depth of 10-15 cm. Eight recordings were made per vegetation stand.
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Mesocosm experiments

Species

All)lespecies were collected during the period 1-8 July 1990 in the forelands of the river Rhine
near Nijmegen (The Netherlands). Individual plants (= one shoot with a rhizome (when pres-
ent) and roots) were transplanted to PVC pots (diameter 18 cm; height 20 cm) containing
either mineral or organic sediment. A shoot is defined here as the entire set of aboveground
plant parts emerging from one node of the rhizome or roots, including stems and leaves. Shoot
height is defined as the maximum length of leaves. For E. fluviatile and Scirpus lacustris the
tallest ‘stems’, i.e. the above-ground photosynthetic erect stem-like structures, were
measured. Although these structures are not stems in the exact meaning, but include pedun-
cles and leaves as well, we use here the term stem for practical reasons. Due to genotypic and
phenotypic variation, the species selected showed variable shoot heights. For each species, 32
plants were selected with more or less uniform shoot heights (variation: £ 10%). These
heights were as follows: Acorus calamus: 65 cm; Carex acuta: 25 cm; Equisetum fluviatile:
45 cmy; Sagintaria sagittifolia: 40 cm; Scirpus lacustris: 70 cm; Sparganium erectum: 60 cm;
Typha angustifolia; 65 cm and Typha latifolia: 65 cm. The rooted rhizomes of A. calamus, E.
Sfluviatile, Scirpus lacustris, Sparganium erectum, T. angustifolia and T. latifolia were clipped
to a length of 10 cm, the very short rhizomes of C. acuta to a length of 2 cm. Sagittaria sagit-
tifolia has no rhizome: individually rooted specimens were used. The experiments were car-
ried out between 23 July and 18 September 1990, in outdoor ponds on the university grounds,
under ambient climatic conditions. The nomenclature of the species follows that of Van der
Meijden (1990).

Sediments

The mineral sediment consisted of river sand mixed with river clay and the organic sediment
consisted of a mixture of river clay and organic mud. These sediments were collected in river
forelands near Nijmegen. PVC pots (diameter 18 cm; height 20 cm) were filled with either
mineral or organic sediment. Subsequently, one g of a controlled NPK release fertilizer (Os-
mocote Plus; Sierra Chemical Company) was added per pot. Before the start of the transplan-
tation experiments these sediment-filled pots were submerged for one week in tap water.

For a physico-chemical characterization of the sediments used in the experiments, the per-
centage of organic matter, the redox potential and the chemical composition of the interstitial
water were analyzed at the end of the experiment. For these analyses four pots containing
mineral sediment and four pots containing organic sediment were used, in which no plants
had been potted. Redox potential was measured as described above. The other parameters
were measured according to standard laboratory procedures (Van den Brink et al., 1993).

Experimental design

At first, the potted helophytes were randomly distributed over two large artificial ponds
(length: 8 m; width: 2.5 m; depth: 1 m), which were filled with tap water up to a level of 30 cm
(= partial flooding), so that only the lower 10 cm of the stems were flooded. Two series of
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eight species of helophytes were randomly distributed over each pond; one series with the
mineral and the other with the organic sediment. After transplantation the helophytes were
allowed to adapt to this flooding depth in both ponds for two weeks. Subsequently, one pond
was completely filled, so that the water level was 80 cm above the sediment surface and all
helophytes in this pond were totally submerged. The water depth in the other pond was kept at
10 cm above the sediment surface. In this way four experimental treatments were obtained:
mineral sediment, partially flooded; mineral sediment, totally submerged; organic sediment,
partially flooded; and organic sediment, totally submerged. The following parameters were
measured at the start of the experiment and after two, four and eight weeks: length of the
leaves (for E. fluviatile and Scirpus lacustris: length of stems) and number of leaves (for E.
Sfluviatile and Scirpus lacustris: number of stems). For each specimen, dry weight biomasses
of aboveground (stems, leaves) and belowground (thizomes, roots) parts were measured at
the end of the experiment (eight weeks of treatment). These biomasses were determined by
weighing after drying at 105 °C for 24 h.

Growth analysis
In order to study the initial growth responses of the eight species, shoot length extensions over

the first two weeks were analyzed by measuring the shoot length increase. In order to com-
pare growth responses over the entire experimental period (= eight weeks) the relative growth
rate (=RGR in mg g-! day!") was calculated for each individual plant, using Hunt’s (1982) for-
mula RGR =(In W, - In W)/t where W, and W are the dry weights of the shoots after 0 and t
days, respectively. In order to calculate the dry weight of the shoots, total shoot length-dry
weight relationships were used. A good correlation between total shoot length and dry weight
of the shoots was obtained for each species by regression analysis. The correlation coeffi-
cients (r) of these regressions ranged from 0.84 to 0.97. Effects on biomass allocation were
studied by calculating the shoot fraction, i.e. the shoot dry weight biomass as a percentage of
the total dry weight biomass at the end of the experiment.

Statistical analysis

In order to relate the hydrological regime of the floodplain lakes with sediment parameters of
these lakes, and in order to relate the redox potential of the sediment with the percentage of
organic matter in the sediment of these lakes, a Spearman rank correlation test (Sokal and
Rohlf 1981) was applied.

Experimental data, i.e., the initial shoot length extension, relative growth rates after the
first 4 weeks (RGRy 4) and after the next 4 weeks (RGR4 g), and final shoot fraction were ana-
lyzed using a three-way factorial analysis of variance (ANOVA), with species, flooding
depths, sediment types and interactions as the sources of variance (Sokal and Rohlf, 1981).
Statistical analyses were performed using the SAS statistical package (SAS Institute Inc.,
1989).
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Results

Field observations

The redox potential showed a clear negative correlation with the percentage of organic matter
in the sediment of the selected floodplain lakes (Spearman rank correlation test; p < 0.001),
indicating that organic substrates within these floodplain lakes were more reductive than
mineral substrates. The organic matter content and redox potential in the sediment in the lake
littoral were related to the flooding regime of the floodplain lakes (Fig. 1). In general, organic,
reductive sediments were absent from very dynamic floodplain lakes. Highly organic and
highly reductive sediments were found to occur in moderately dynamic lakes only, which
were only occasionally flooded during the growth season (Fig. 1).

The distribution of the selected species in the 114 floodplain lakes showed a transversal
zonation pattern of species over the inundation gradient of lakes (Fig. 2), suggesting a diffe-
rence in flooding tolerance among these species. Acorus calamus and Carex acuta were about
equally present in all three hydrological categories of lakes. Although Sagittaria sagittifolia,
E. fluviatile, Scirpus lacustris and T. angustifolia were found in each hydrological category
too, there was a gradual shift towards less dynamic lakes in which these species were most
frequently found. Equiserum fluviatile and Saginaria sagittifolia were most frequently found
in moderately dynamic lakes. Scirpus lacustris and T. angustifolia were seldomly found in
very dynamic lakes. Sparganium erectum and T. latifolia were not found at all in very dy-
namic floodplain lakes (Fig. 2).

The distribution of the selected species inrelation to the field redox potential showed a zo-
nation pattern too (Fig. 3). C. acuta was most frequently found on moderately reductive to ox-
idative sediments (100 to 250 mV) and not found at all on highly reductive sediments. Sagit-
taria sagittifolia, E. fluviatile, T. latifolia, Sparganium erectum and A. calamus were most
frequently found on reductive sediments (-100 to 100 mV). Scirpus lacustris and T. angustifo-
lia were both found at the lowest sediment redox potentials and occurred on reductive to high-
ly reductive sediments (-200 to 100 mV) (Fig. 3).

Mesocosm experiments

Table 1 shows a physico-chemical characterization of the sediments used in the experiments.
Apart from the percentage of organic matter (expressed as loss on ignition), the main differen-
ces between the organic and mineral sediments were the redox potentials and the levels of ex-
changeable sulphur, iron and manganese in the soil. The organic sediment showed the lowest
redox potential, and the highest concentrations of exchangeable sulphur, iron and manganese.
Free sulphides were detected only in the organic sediment under highly reductive conditions.
The dominant form of nitrogen was also different: nitrate under moderately reductive condi-
tions and ammonium under highly reductive conditions (Table 1).

The results of a three-way ANOVA with species, flooding depths and sediment types and
their interactions as sources of variance (Table 2) showed that growth responses varied with
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Figure 1. Relationships between (above) organic matter content and redox potential (Eh) of the sedi-
ment, (middle) redox potential (Eh) and the flooding regime, and (below ) organic matter
content (Org.) in the sediment and the flooding regime of floodplain lakes. Flooding regime
is expressed as the average mumber of flooding days per year.

species, flooding depths and sediment types. Interactive effects of sediment type and flooding
treatment were clear for initial shoot length extensions and relative growth rates (Table 2).
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Figure 2. Relative occurrence (in %} of selected helophyte species in relation to the flooding regime.

n = number of lakes in which the species was found. A: isolated lakes; B: moderately
dynamic lakes, normally flooded only during winter, outside the vegetation season;

C: very dynamic lakes, flooded during summer and winter,
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Figure 3. Relative occurrence (in %) of selected helophyte species in relation to the redox potential
(Eh in mV) of the sediment. n = number of vegetation stands at which the redox potential
was measured.
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Table1. Physicochemical characteristics of the submerged sediments used in the experiments. Values
of parameters given are means (t S.D.), except for pH (ranges) (n = 8 measurements).

Sediment type mineral organic
Grainssize sand/clay clay

Redox potential (mV) +160 (30) -180 (20)
Moisture content (%) 20 (2) 65 (12)
Loss on ignition (%) 2 ) 1 3
pH 6.57.0 6.5-7.0
K*  pmoll! 460 (30) 380 (40)
NO; umoll! 240 (40) 20 (10)
NH;* pmoll! 120 (10) 100 (5
tP  pmoll! 4 @ 4 (1)
t-S  mmoll! 2 (1 46 (2
Ca®* mmoll! 7 () 9 3
Fe** umoll! 3 35 (10)
Mn?*  pmol I 1 M B0 (10)

Table2. Effects of flooding depth, sediment type and interactions on initial shoot length extension,
relative growth rates and final shoot fraction of eight helophyte species after flooding
treatments. P-values of an ANOVA with species, flooding depth, sediment type and their
interactions as sources of variance.

*** = p < 0.001; **=0.00] <p <0.01; *=0.0] <p <0.05; n.s.= not significant.

Dependent variables

initial RGR RGR final

shootlength 0-4 4-8 shoot
Independent variables df extension weeks weeks fraction
species (sp) 7 L] EL T oKk [
flooding depth (fl) 1 ok *x ok *onk
sediment type (se) 1 n.s. *ak n.s. *
prﬂ 7 sk Wrkk ok ¥k Ak
se X sp 7 ns. ks * ns.
sexﬂ 1 kok Kkk * k¥ n.s.

Initial shoot length extensions were clearly related to flooding depths and varied with the
species (Table 2; Fig. 4). Shoot length extensions were generally largest at the totally sub-
merged treatrnent. All species reached the water surface after two weeks of submergence, ex-
cept C. acuta and E. fluviatile which remained completely submerged during the entire ex-
perimental period. The influence of sediment type on initial shoot length extensions varied
with flooding depths (Table 2). Under partially flooded conditions shoot length extensions for
most species were highest on organic sediments, whereas under submerged conditions vari-
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SHOOT LENGTH EXTENSION (cm )
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Figure 4. Initial shoot length extension (in cm, after two weeks of flooding) of selected helophyte
species in relation to substrate and flooding condition.

ation in shoot length extension due to sediment type was less clear and varied from one
species to another (Fig. 4).
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Sediment type had a clear effect on the relative growth rates during the first four weeks of
growth (RGRgy); its effect on the relative growth rates during the second growth period
(RGR4.g) varied with flooding depths (Table 2). Initial relative growth rates (RGRg4) were
generally higher on organic sediments (Fig. 5), indicating that growth was faster on the or-
ganic, highly reductive sediments than on the mineral, moderately reductive sediments.
Relative growth rates were generally lower during the second part of the experiment (RGR4.g)
than during the initial part (RGRg4), but were again highest on organic sediments under par-
tially flooded conditions. During the second growth period relative growth rates (RGR4.g)
were lowest on the organic sediments under totally submerged conditions (Fig. 5).

The RGRs at the various experimental treatments showed a specific pattern for each
species (Fig. 5). Based on these growth patterns four species groups could be distinguished.
A. calamus, T, angustifolia and Scirpus lacustris showed only minor variations in RGRs at the
various treatments. Sagittaria sagittifolia had its lowest RGRs under partially flooded condi-
tions. This species lost part of its erect emergent leaves during the experiment and produced
floating leaves only under totally submerged conditions. This explains the lower growth re-
duction of Sagittaria sagittifolia under such conditions when compared with prolonged par-
tially flooding conditions (Fig. 5). C. acuta and E. fluviatile had their highest RGRs on or-
ganic sediments under partially flooded conditions and their lowest RGRs on the same
sediments under totally submerged conditions. The same was true for Sparganium erectum
and T. latifolia. The growth pattern of the latter species differed from the former ones in show-
ing high negative growth rates on both sediments under prolonged submerged conditions
(Fig. 5).

The shoot fractions at the end of the experiment varied with species, flooding depths and
sediment types (Table 2; Fig. 6). Shoot fractions of A. calamus, T. angustifolia, Scirpus lacus-
tris and Sagintaria sagittifolia did not show much variation in response to flooding depth.
Those of C. acuta, E. fluviatile, Sparganium erectum and T. latifolia were lower under sub-
merged conditions. In general, shoot fractions were highest for plants growing on organic,
highly reductive sediments, indicating that more biomass was allocated to above-ground
plant parts on organic, highly reductive sediments than on mineral, moderately reductive sedi-
ments (Fig. 6).
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RELATIVE GROWTH RATES (mg g™ day™)
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Figure 5. Relative growth rates (in mg g day™) of eight helophyte species after the first (0-4) and
after the second (4-8) four weeks of growth at two flooding levels and two contrasting
sediments.
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SHOOT FRACTION ( % dry weight )
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Figure 6. Shoot fraction (= the dry weight biomass of the above-ground plant parts as a percentage
of the total plant dry weight biomass) of selected helophyte species after eight weeks of
Jflooding treatment in relation to substrate and flooding condition.
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Discussion

The mesocosm experiments demonstrated a clear combined effect of flooding treatment and
sediment type on the growth responses of helophytes from floodplain areas. Under conditions
normal to helophytes, i.e. partially flooded conditions, shoot length extensions, relative
growth rates and biomass allocation to above-ground plant parts were highest on organic,
highly reductive substrates (Figs. 4, 5, 6). The higher growth rates on the organic substrate
under the partially flooding conditions could not be attributed to a better nutrient supply, as
both substrates were well supplied with nutrients from Osmocote, and concentrations of
NH4*, P and K in the interstitial water of the two sediments were rather similar, whereas NO5~
was highest in the mineral sediment (Table 1). The concentrations measured in these sedi-
ments were within the range of those recorded in the field (Van den Brink, 1990). The dif-
ference in redox potential between the two sediments is a factor more likely to be involved.
The organic sediment showed the lowest redox potential (Table 1), putting a greater oxygen
demand on the roots of the helophytes (Armstrong, 1967), whereas it also showed the highest
levels of sulphide and manganese, which are toxic under these circumstances (Pearson and
Havill, 1988; McKee et al., 1989; Emst, 1990; Koch et al., 1990; Gambrell et al., 1991). Be-
cause all species selected possess intercellular lacunae in their shoots, rhizomes and roots,
oxygen can be transported from the ambient air to their root zones for respiration and detoxi-
fication, as long as the plants are largely emergent (Barclay and Crawford, 1982; Smirnoff
and Crawford, 1983; Studer and Brindle, 1984; Brindle, 1991). This means that it is extreme-
ly important for these species to have enough shoot (stems, leaves) biomass above the water
level to deal with the anoxic and toxic conditions in their rooting zones caused by the highly
reductive flooded sediments. Both growth rate increase and biomass allocation to shoots can
be seen as adaptations to these conditions, which all the species apparently tolerated well. An
increase in plant growth rate in response to reductive and toxic sediment conditions has also
been found in other wetlands plants (Oryza sativa, Aster tripolium) (Tolley et al., 1986; Pear-
son and Havill, 1988), so it may be a general strategy among such plants.

Under submerged conditions, the plants suffered from severe oxygen stress, because
flooded sediments are anoxic (Armstrong, 1967). Prolonged complete submergence on oxi-
dative to moderately reductive substrates is well tolerated by Acorus calamus, Carex acuta,
Typha angustifolia, Scirpus lacustris, Sagittaria sagittifolia, and not tolerated by Equisetum
Sfluviatile, Sparganium erectum and T. latifolia (Fig. 5). In response to submergence all
species, except C. acuta and E. fluviatile, increased their shoot lengths and restored contact
with the ambient air (Fig. 4). Shoot length extension is a common adaptation of wetland
plants to avoid anoxia (Armstrong, 1969; Blom et al., 1990; Brindle, 1991), but is in itself not
a guarantee for flood tolerance. For example, the restoration of the leaf-air contact by shoot
length extension did not prevent the decay of Sparganium erectum and T. latifolia under pro-
longed submerged conditions. Moreover, other adaptations to submergence are also possible.
For example, C. acuta survived the prolonged anoxic conditions on the mineral substrate dur-
ing complete submergence by growth retardment, which can be seen as an adaptation to
flooding conditions too.
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During prolonged submergence all species selected showed their lowest RGRs on the or-
ganic, highly reductive substrate, indicating that they suffered most from oxygen stress on
these highly oxygen demanding and toxic sediments when the air-leaf contact is impaired. A
combination of high water levels leading to prolonged submergence of helophyte stands and
organic, highly reductive substrates is an exceptional situation in the Dutch river forelands.
Normally, high water levels during the growth season occur in the unprotected, very dynamic
floodplain lakes only, where organic, highly reductive substrates are absent (Fig. 1). How-
ever, the last decades abnormal high water levels during the growth season have occurred
more and more frequently in the Lower Rhine and Meuse floodplains (Van de Steeg, 1984;
Brocket al., 1987; Van den Brink et al., 1991). It has been suggested that this change in flood-
ing regime is responsible for the decline of the helophyte vegetation in the moderately dy-
namic floodplain lakes, especially on the organic sediments (Van de Steeg, 1984; Brock et al.,
1987). The present results clearly show that a combination of prolonged submergence and
highly reductive substrates leads to a growth reduction in all species selected.

Species-specific differences in growth responses and tolerance to flooding and substrate
parameters can be related to the distribution patterns of the selected species in the field. The
species which occur over the entire flooding gradient, Acorus calamus and Carex acuta, both
showed tolerance to anoxic conditions when they are experimentally subjected to floods lead-
ing to submergence. A. calamus showed no significant change in growth rate at all under the
various experimental treatments. C. acuta on the other hand, was found to be intolerant to a
combination of prolonged anoxia and the presence of toxins. This intolerance may explain
why C. acuta occurred mainly on mineral, oxidative to moderately reductive sediments in the
Dutch river forelands (Fig. 3). Along the Lower Rhine and Meuse, Equisetum fluviatile, Sa-
gittaria sagittifolia, Scirpus lacustris, Sparganium erectum, Typha angustifolia and Typha
latifolia were absent or very sparse in dynamic floodplain lakes (Fig. 3). Sagittaria sagittifo-
lia, Scirpus lacustris and T. angustifolia showed tolerance to prolonged submergence on
mineral and organic substrate types, unlike E. fluviatile, Sparganium erectum and T. latifolia,
which were intolerant to prolonged submergence on both substrate types (Fig. 5). The ab-
sence of E. fluviatile, Sparganium erectum and T. latifolia from very dynamic lakes might be
related to their intolerance to anoxic conditions caused by prolonged submergence, irrespec-
tive of substrate conditions (Figs. 2, 5; Table 3). The absence of Sagittaria sagittifolia, Scirpus
lacustris and T. angustifolia from very dynamic floodplain lakes might result from an intoler-
ance to the very large water-level fluctuations which occur in these lakes. Apart from an in-
fluence on the air-leaf contact, water dynamics exercise a mechanic influence on these plants,
leading to breakage of culms, or uprooting of entire plants (Coops et al., 1991). In addition,
frequent disturbance of the sediment as a result of scouring during floods might prevent the
establishment of these species in very dynamic floodplain lakes. Furthermore, the influx of
eutrophic river water during floods results in an impoverished underwater light climate (Van
den Brink et al., 1993) which hinders the photosynthesis of submerged plant parts and thereby
their growth.
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Table 3. Synthesis of field and experimental observations on distribution and tolerance of eight
selected helophyte species with respect to flooding conditions and substrate parameters.

DISTRIBUTION EXPERIMENTAL TOLERANCE DISTRIBUTION
in lake categories prolonged submergence on sediments
mineral organic organic
moderately highly highly
reductive reductive reductive
A B C sediments sediments sediments
Scirpus lacustris +=H o+ + + +
Typha angustifolia =+ o+ + + + +
Sagittaria sagittifolia +H =+ o+ + + -
Acorus calamus =+ ++ + + -
Carexacuta ++ 4+ ++ + - -
Equisetum fluviatile = =+ o+ - - -
Sparganium erectum +=+ - - - -
Typha latifolia =+ - - - -

A =isolated lakes; B = moderately dynamic lakes; C = very dynamic lakes;
++ = very common; + = present/tolerant; - = absent/intolerant.

Conclusions

The present study clearly demonstrates that all selected helophyte species show tolerance to
highly reductive and toxic substrates, provided enough shoot biomass is present above the
water surface. Long-term inundations of floodplain areas during the growth season, which re-
sult in partial flooding of these plants, increase growth rates and induce biomass allocation to
above-ground plant parts when they grow on reductive and toxic sediments. Short-term inun-
dations leading to complete submergence are well tolerated on such substrates. Prolonged
total submergence of helophytes on organic, highly reductive sediments results in a growth
reduction for all species selected. This is in accordance with observations of the deterioration
of the helophyte vegetation in the Lower Rhine and Meuse floodplain lakes, in particular on
the organic, highly reductive sediments in response to summer floods.

Besides these shared growth responses the present study clearly demonstrates differences
between the eight selected species with respect to their field distribution and experimental
tolerance to flooding levels and redox potentials of the submerged sediments (Table 3). Scir-
pus lacustris and Typha angustifolia are tolerant to prolonged submergence on mineral,
moderately reductive sediments and on organic, highly reductive sediments. These species
occur in isolated as well as in very dynamic floodplain lakes, but predominantly in isolated
and in moderately dynamic lakes, on mineral to organic, reductive to highly reductive sedi-
ments. Sagittaria sagittifolia is tolerant to prolonged submergence, on mineral, moderately
reductive sediments and on organic, highly reductive sediments. It is distributed in the flood-
plain in isolated as well as in very dynamic lakes, but mainly in moderately dynamic lakes on
mineral to organic, oxydative to reductive sediments. Acorus calamus is tolerant to prolonged
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submergence on mineral, moderately reductive sediments and on organic, highly reductive
sediments. It occurs in isolated as well as in very dynamic floodplain lakes, although it is less
common in isolated lakes. It can be found on mineral to organic reductive sediments. Carex
acuta is tolerant to prolonged submergence on mineral, moderately reductive sediments but
intolerant to prolonged submergence on organic, highly reductive sediments. It occurs in iso-
lated as well as in very dynamic floodplain lakes, on mineral to low organic, moderately re-
ductive to oxidative sediments. Equisetum fluviatile, Sparganium erectum and Typha latifolia
are intolerant to prolonged submergence, irrespective the sediment type. These species occur
in isolated and in moderately dynamic floodplain lakes, on mineral to organic, oxydative to
reductive sediments. E. fluviatile occurs rarely in very dynamic lakes.

Besides these species-specific tolerances and distribution patterns, discrepancies between
the field distribution and the experimental growth responses were found. For example, Scir-
pus lacustris, T. angustifolia, Sagittaria sagittifolia, A. calamus and C. acuta were found to
tolerate prolonged submergence when growing on a mineral, moderately reductive sediment,
but only the latter two species were commonly found in very dynamic floodplain lakes in
which summer floods are a normal phenomenon (Table 3). Prolonged submergence on or-
ganic, highly reductive sediments were tolerated by Scirpus lacustris, T. angustifolia, Sagitta-
ria sagittifolia and A. calamus, but only the first two species were found to occur on highly
reductive organic sediments in the floodplain lakes (Table 3). The observed discrepancies be-
tween the field situation and the experimental results suggest that apart from flooding depth,
flooding duration, flooding season and sediment characteristics other factors (e.g. germina-
tion requirements, competition, herbivory) which also restrict their occurrence are involved in
the distribution of helophyte species in river floodplain lakes.
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Macrozoobenthos of floodplain waters of the rivers
Rhine and Meuse in The Netherlands: a structural
and functional analysis in relation to hydrology

Abstract

The river systems of the Rhine and Meuse include a large number of floodplain waters showing dif-
ferences in hydrology and geomorphology. A classification of 100 water bodies based on their macro-
invertebrate communities has been worked out as a tool for ecological management. Analyses were
performed on structural (species composition) and functional (trophic relations) aspects of macro-
zoobenthos in relation to hydrological, vegetational and physicochemical parameters. Based on the
classification of macroinvertebrate communities, three major groups of water bodies can be distin-
guished, which are related to the frequency of inundation. The annual flood frequency constitutes the
major environmental gradient which structures the zoobenthos communities in the Dutch floodplain
waters. Faunal composition is mediated by substrate availability, water chemistry, and the availability
of nutritional resources. This typology serves as a basis for the prediction of the impact of hydrology
changes on the macrozoobenthos communities of floodplain waters of highly eutrophic and otherwise
polluted rivers.

Introduction

Many large European rivers have been subjected to anthropogenic influences since Roman
times. Up to the Middle Ages the rivers Rhine and Meuse were natural, meandering streams,
with side channels, cut-off channels, and oxbow lakes. Today these rivers are for the greater
part embanked and regulated, and as a consequence the total floodplain area is fixed and
greatly reduced (Van Urk and Smit, 1989). As a result of both former river activity and human
activities the Netherlands floodplains harbour numerous ‘lentic’ water bodies, which have
different degrees of connectedness with the main channel. In addition to the changes in geo-
morphology, the water chemistry in the main channels of the rivers Rhine and Meuse has also
been drastically altered. Major changes since the beginning of this century include a five to
sixteen-fold increase in chlorinity as a result of mining activities, and a four to fifteen-fold in-
crease in nutrients (P and N) due to increased inputs of agricultural fertilizers, sewage, and in-
dustrial effluents (Van den Brink et al., 1991). In addition to these chemicals, the river water
has also been severely polluted by heavy metals and organic micropollutants (Anonymous,
1988).

It is now generally accepted that large river ecosystems include the entire floodplain area
and not only the lotic component (e.g. Minshall et al., 1985; Amoros et al., 1987; Junk et al.,
1989). However, up to now, studies on the zoobenthos of the rivers Rhine and Meuse have fo-
cused on the main channel (e.g. Peeters, 1988; Schiller, 1990; Tittizer et al., 1990; Van den
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Brink et al., 1990; Van der Velde et al., 1990; Van Urk and Bij de Vaate, 1990; and references
therein). Except for a few studies in some selected water bodies along the German Upper
River Rhine (e.g. Biss and Palm, 1990; Halbfass, 1990; Neugebauer, 1990; Obrdlik et al.,
1990), there is no extensive information on the macrozoobenthos in floodplain waters within
these river systems in relation to hydrology and other physicochemical parameters. Such
basic knowledge is necessary in order to understand the ecological functioning of the entire
river system. Furthermore it serves as a background in assessing the impact of changes in hy-
drology on floodplain waters due to human interferences (Bravard et al., 1986; Amoros et al.,
1987).

Macroinvertebrates are frequently used to describe structural and functional aspects of the
lotic parts of river ecosystems (e.g. Cummins, 1974; Vannote et al., 1980; Cummins et al.,
1984; Ward et al., 1986). However, relatively few attempts have been made to describe struc-
tural and functional relationships within the macroinvertebrate assemblages in ‘lentic’ flood-
plain waters. Most of these studies cover only specific animal groups and emphasize the use
of characteristic species as environmental descriptors (e.g. Richardot-Coulet et al., 1983; Cas-
tella et al., 1984; Castella and Amoros, 1988; Foeckler, 1990), whereas attempts to describe
habitats in terms of nutritional resources based on the total macrozoobenthos composition
have been extremely rare (Gladden and Smock, 1990).

In order to determine the impact of hydrology on the structure and function of Dutch
floodplain waters, the species composition of the macrozoobenthic communities was studied
in relation to environmental parameters. The specific aims of this study were to describe the
relation between the annual flood frequency and (a) structural (species composition, habitat
assemblages) and (b) functional (trophic relationships) aspects of the macrozoobenthic com-
munities.

Study sites and methods
Study sites

Within the floodplains of the rivers Rhine and Meuse ‘lentic’ water bodies can be categorized
according to their geomorphology and hydrology. Sites were selected within the floodplains
of the lowland reaches of the rivers Rhine and Meuse in the Netherlands outside the tidal in-
fluence (Fig. 1). Normally, the Dutch floodplain waters are inundated only during winter and
spring (Fig. 2A). Most waters become isolated from the river during the rest of the year (Fig.
2B), except for water bodies which are in permanently open connection with the main chan-
nel. The latter waters are entirely or partly located between the low summer dikes, i.e. within
the summer bed of the river. Water levels in these water bodies follow the fluctuations in the
main channel, resulting in relatively frequent inundations. In the forelands, the areas between
the summer bed and the main dikes, the inundation frequency is largely dependent on local
hydrological circumstances such as the height of summer dikes and natural levees, together
with actual water-level fluctuations in the main channel. Water-level fluctations in these water
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bodies decrease with increasing distances from the main channel. In general, the water bodies
located on higher grounds in the river forelands are flooded only during high river discharges.
The water bodies behind the main dikes are never flooded, except in very rare catastrophes,
and are normally influenced by secpage only.

Hydrology

A hydrological characterization of the main channels of the rivers Rhine and Meuse is
presented in Van den Brink et al. (1991). In the Dutch sections of the rivers Rhine and Meuse,
water-level fluctuations vary from 0.5 to 9.5 m; in the sections under study from 2 to 6 m. In
order to quantify the hydrological situation of the floodplain waters, the frequency of inunda-
tion by river water was calculated as follows. Firstly, based on river maps, the inundation
level for each site was estimated, which is the lowest river level at which that part of the flood-
plain is inundated. Next, the long term (1901-1985) average annual number of days on which
the water level in the main channel reaches this level of inundation was calculated (= fre-
quency of inundation). Hydrological data for the floodplain waters were derived from the In-
stitute for Inland Water Management and Waste Water Treatment (RIZA, Amhem, The
Netherlands).

Sampling and identification

In order to study the macrozoobenthos, 100 ‘lentic’ water bodies located on the floodplains of
the rivers Rhine and Meuse in the Netherlands (Fig. 1) were selected on the basis of geomor-
phological and hydrological characteristics. The littoral zone of each water body was sampled
for macrozoobenthos with a triangular pond-net (base: 50 cm; height: 30 cm; length: 50 cm;
mesh size: 0.5 mm; length of handle: 110 cm) during the summer period (August-September).
Any macroinvertebrates living on fixed substrates such as stones were sampled by scraping
the substrate. Sampled material was put in plastic bags which were kept cool and transported
to the laboratory. After washing over a 0.5 mm mesh sieve the macroinvertebrates were
sorted out in white trays and preserved in 70 per cent ethanol or in Koenike-solution (water
mites), except for flatworms and leeches, which were identified alive. All specimens were
identified to species level if possible. The following groups were identified: Tricladida, Oli-
gochaeta, Hirudinea, Bivalvia, Gastropoda, Chelicerata (Araneida and Actinedida), Crusta-
cea (Isopoda, Amphipoda, and Decapoda) and Hexapoda (Ephemeroptera, Odonata, Hete-
roptera, Coleoptera, Megaloptera, Diptera, Trichoptera, and Lepidoptera). The nomenclature
used in this paper follows that of Mol (1984). At each site the (semi-) aquatic vegetation was
described. Physicochemical parameters of the water and sediment were obtained by standard
laboratory procedures (Van den Brink, 1990).
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Data analysis

To assess the similarity of the macroinvertebrate species composition between sites, based on
the presence or absence of taxa, samples were classified by hierarchical clustering with the
average linkage between merged groups technique, using Jaccard coefficients (Pielou, 1984;
Jongman et al., 1987). Taxa which occurred in less than 5 per cent of the sites were omitted in
this procedure. Site groups resulting from hierarchical clustering were compared for charac-
teristic taxa, i.e. taxa which occurred significantly relatively more frequent in one of the site
groups, with the use of Fisher’s exact test (Sokal and Rohlf, 1981).

In order to describe the site groups in terms of relative species composition, the species
were divided into three categories: faunal groups, habitat association groups, and functional
feeding groups. For each faunal group the mean number of species per site was calculated. In
order to show the relative importance of the different habitats and nutritional resources for the
macroinvertebrates within the site groups, the calculations for these two categories were
based on the characteristic taxa within the site groups (Table 1) in addition to the common
taxa which occurred in more than 50 per cent of the sites within one site group (Table 2).
Species which belonged to different categories with respect to habitat preference or feeding

w oxbow lake
a claypit
break-th
;re troumpoo!

Figure 1. Map of the sampling sites.
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Figure 2. Schematic view of water bodies within a river system, during winter (A) and summer (B).
1 = main dikes, 2 = summer dikes, 3 = river bed, 4-8 = floodplain waters.
Arrows indicate direction of seepage.

mechanism were included in both categories. The percentages of species per category were
then calculated for each site group.

Results

A hierarchical classification of the sites based on the species composition of the macro-
zoobenthos shows a division into three major site groups (Fig. 3). Characteristic species, i.e.
species which occur significantly more frequently (Fisher’s exact test) in a particular site
group are listed in table 1. A physicochemical characterization of these site groups shows that
there are distinct differences with respect to their frequency of inundation and related physi-
cochemical parameters, such as N, P, Cl and alkalinity (Table 3). Sites of group I are located
outside the ‘active’ floodplain, viz. on the land side of the main dike. These sites are no longer
flooded, but receive seepage water when river discharges are high. The sediment of these sites
consists of a mixture of sand and clay. The helophyte zone is well developed. The aquatic
vegetation is diverse and consists of submerged macrophytes and nymphaeids. Sites of group
IT are located in the active floodplain and are subject to infrequent inundations. The annual
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Table1. Relative frequency of occurrence of characteristic macroinvertebrates within the site groups
Jrom Hierarchical clustering. n = number of sites per group. Only species which are signi-
Sficantly more frequently (+++, ++, +) or less frequently (—, —, —) present (Fisher’s exact

test) within any site group are indicated.
++4+/——:p<0.00l, ++/—: p < 0.0, +/~ p < 0.05.

Site group 1 I m Site group I 11 I
n 24 42 34 n 24 42 34
TRICLADIDA GASTROPODA (cont.)

Dugesia ngrina ++ Buthynia tentaculata —
Dugesia polychroa - +++ - Physella acuta _ = +++
Polycelis tenuis + o Potamopyrgus antipodarum —_— +++
Dendrocoelum lacteum - Lithoglyphus naticordes ++
OLIGOCHAETA ACTINEDIDA

Naus pardalis + Hydrodroma despiciens +4++ —
Psammoryctides albwola + Limneswa undulata ++ _—
Tubificidae + Neumaria vernalis ++

Lumbrniculus vanegatus —_ Piona longipalpis +

Limnodnlus claparedeanus — Hydrachna cruenta + -
HIRUDINEA Hygrobates longipalpis +

Glossiphona heteroclita H+ —— Limnesa maculata +

Helobdella stagnalis e — CRUSTACEA

Erpobdeila testacea ++ Proasellus mendianus +

Erpobdella octoculata + - Asellus aquaticus ++ —
Hemclepsis marginata + Gammarus tigrinus —_ ++
BIVALVIA Atyaephyra desmaresti +
Pistduen milium + EPHEMEROPTERA

Pisudium obtusale + Caenus luctuosa . —
Dreissena polymorpha -_— +++ Cloeon simile +H+ -

Urio pictorum + Caerus horana +

Anodonta anatina ++ ODONATA

Sphaerum solidum ++ Enallagma cyathigerum ++

Pisidwum supinum ++ Erythromma najas ++ _—
Unio turidus + Coenagrion pulchellum + -
Pisidium casertanum + Ischnura elegans -
Prisidium henslowanum + Coenagriomdae ++ -~
GASTROPODA Coenagrion puella -
Planorbss planorbis — Coenagnion spec. -
Bithyrua leach: +H++  — HETEROPTERA

Anusus vortex +H+ — Nyocons cimicordes ++ —
Acroloxus lacustris ++ - Plea minutissima ++ —
Physa fontinalis ++ —_— Gerns thoracicus ++
Gyraulus albus ++ —_ Notonecta glauca LR 2 J——
Bathyomphalus contortus ++ —_ Callicorixa praeusta ++
Planorbarius corneus ++ _ Conixa punctata ++ -
Hippeutis complanatus ++ —_— Hesperocorua linnes ++

Valvata cnistata ++ _— Gerns argentatus +—
Segmentina nitida + Nepa cinerea +

Planorbis cartnatus —_ Mesovelia furcata +
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Tablel. Continued

Site group I 11 1 Site group I II I
n 24 42 34 n 24 42 34
HETEROPTERA (cont.) DIPTERA (cont.)
Sigara fallen: + — Polypedilum uncinatum +
Sigara lateralis + Tanypus kraazi + -
Gerns odontogaster - Cladotanytarsus spec +
COLEOPTERA Clinotanypus nervosus ++ _—
Haliplus flavicollss +++ - - Metriocnemus lsrticollis +
Hyphydrus ovatus ++ _ Chaoborus flavicans + —_
Haliplus immaculatus ++ — Ptychoptera spec +
Haliplus lineolatus ++ Chironomus thummi _—
Halwplus varus ++ Microtendipes chlons -
Tlybuws fenestratus + Paratanytarsus spec -
Helophorus brevipalpis ++ Dicrotendipes nervosus -
Hygrotus versicolor ++ —_ Cricotopus sylvestris —_
Hygrotus decoratus + Glyptotendipes spec -
Laccophius minutus + — TRICHOPTERA
Enochrus testaceus + Cyrnus crenaticorrus +++ —
Hydrobius fuscipes + Molanna angustata -+ -
Peltodytes caesus + Cyrnus flanidus ++
Haliplus ruficollis + Athnpsodes aterrimus ++ —
Laccophius kyalinus - Mystacides mgra ++
Noterus crassicornis — Tnaenodes bicolor ++ —_—
Haliplus gr ruficollis — Agraylea multipunctata +
MEGALOPTERA Agrypria pagetana +
Sialis lutara + — Oecens furva —
DIPTERA Phryganea grandis -
Psecirocladws psilopterus  +++  — Oecens ochracea ++
Psectrocladus obvus ++ LEPIDOPTERA
Ablabesntyia phatta ++ Acentropus niveus =+ —

I

—
n
m
L A
0 1 8

Figure 3. Dendrogram showing site groups from cluster analysis. S = similarity (Jaccard coefficient).
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Table2. Absolute frequencies of occurrence of macroinvertebrate taxa which occur in at least 50 per

cent of the sites within any site group.

Frequency of occurrence: *: 1-25%, **: 26-50%, ***: 51-100% of the sites within one site

group.

Site group I I I Site group  { { I
OLIGOCHAETA ACTINEDIDA (cont.)

Tublﬁcldae xH L2 LE ] Limnesia macula‘a MRk ok L1 2]
HIRUDINEA CRUSTACEA

Glossiphonia heteroclita bl hadd * Asellus aquaticus b xa Lhi
Piscicola geometra EE ] "k = Gammaru.rpule.t Aok ok xk
Erpobdella testacea bl b . Gammarus tigrinus b b
Hemuclepsis marginata w* hadd * EPHEMEROPTERA

Theromyzon tessulatum hs b * Caens luctuosa e * *
Glossiphoma complanata il hhdd had Caentis horana LE s -k *k
Helobdella stagnalis e b A ODONATA

Erpobdella octoculata b hidd b Coenagnonidae o opk o
BIVALVIA HETEROPTERA

Sphaerium comeum * ek ** Sigara fallem: L ok 0
Pisidium casertanum o b o Sigara strata e ok e
Pisidium subtruncatum wox bl ek COLEOPTERA

Pisidium supwnum * * b Haliplus immacularus e *
Dreussena polymorpha * * o Laccophius hyalinus b o *
GASTROPODA Hygrotus versicolor o ok -
Bathyomphalus contortus b b DIPTERA

Buthynia leachs e had * Microtendipes chlons ne Wk =
Hippeuns complanatus o . Polypedilum gr sordens orn e e
Planorbis caninatus ok ok * Chironomus thummi e o -
Anisusvortex e hasd * Endoch Ibip whx % L
Acroloxus lacustris b ok * Glyptotendipes spec o ok xhok
Physa fonanalis ** ik . Polypedilum nubeculosum ~ *** o ok
Valvata cristata ** il * Procladius spec wn i hx
Gyraulus albus b b i Cladotarytarsus spec aah » ook
Buthynia tentaculata ok ok b Tanytarsus spec " o wrh
Radix aurwculana hbad ok i Cricotopus sylvestris o ok e
Radix peregra il b bt Cryptochironomus spec = o wnn
Potamopyrgus antipodarum  *** ok b Dicrotendipes nervosus 2 o e
Valvata piscinalis W e b TRICHOPTERA

Planorbis planorbis ¥ Athnipsodes aterrimus bl

Physella acuta * b Molanna angustata R *
ACTINEDIDA Cyrnus flavidus e a .
Hydrodroma despiciens b * * Mystacides longicormis e 1 ok

average frequency of inundation is less than 20 days per year. These sites are flooded during
winter, but (very) rarely during the growing season. The sediment consists mainly of clay
covered with a sapropelium layer (organic matter content up to 21 per cent). A broad littoral
helophyte zone is present. Nymphaeids are dominant in the water compartment. Sites of
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Table 3. Physicochemical parameters, sediment characteristics and vegetational aspects of the site
groups from the Hierarchical clustering of the sites based on the presence or absence of ma-
crozoobenthos species. Inundation frequency in days per year; NO5 and oPO¢* in umol I'';
Ct and HCOy'in mmol I''; organic matter content in % (all ranges).

Site group I II m
HYDROLOGY

Geographical location land side river side river side
Inundation frequency 0 1-20 21-365
CHEMISTRY

Trophic level medium high very high
NOy <5 5-10 10-100
oPO* <05 1-5 1-5
Chlorinity medium high very high
Cr 0.5-15 1-2 24
Alkalinity high high high
HCOy 2-4 24 1-2
SEDIMENT

Sediment type sand/clay clay sand/clay
Organic matter content 1-26 1-21 1-15
VEGETATION

Helophyte zone rich rich poor
Submerged macrophytes dominant present absent
Nymphaeid macrophytes present dominant present

group III are located in the active floodplain and are subject to (very) frequent inundations.
The annual average frequency of inundation is more than 20 days per year. Floodings occur
during winter and summer. The sediment consists mainly of sand with a small amount of clay.
The helophyte zone is poorly developed and aquatic macrophytes are sparse or absent (Table
3).

In the Dutch floodplain waters relatively high numbers of (semi-) aquatic insect (espe-
cially Diptera) and mollusc species were found (Fig. 4A). Apart from a decrease in the total
number of macrozoobenthos species in site group III, the entire species composition alters
with changing flood frequencies. In general, the relative numbers of mollusc species increase
with increasing inundation frequencies, whereas the relative numbers of water mites and in-
sects (especially Coleoptera and Trichoptera) decrease (Fig. 4B). Although the absolute num-
ber of Diptera species also decreases with increasing flood frequencies (Table 1), the percen-
tage of Diptera species increases, because the decline in numbers of other insect groups is
larger.

A characterization of the three site groups based on the substrate association of the contri-
buting macrozoobenthos species is presented in figure SA. It shows that the species composi-
tion of site groups I and II, with abundant vegetation, is characterized by phytophilous
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Figure 4. Relative composition of major fauna groups (A) and insect groups (B) within the site
groups, based on macroinvertebrate species composition. Numbers of species are given in
brackets. 0, < 20, > 20: inundation frequencies of the site groups.

species, whereas the species composition of site group III, with sparse vegetation, is charac-
terized by psammophilous species. In addition to phytophilous species, site group II shows a
relatively high number of pelophilous species, which correlates with the high organic matter
content in the clayish sediment of these sites.

Figure 5B shows the relative species compositions of the three site groups based on the
functional feeding categories distinguished by Cummins (1974). Most species in site groups I
and II are predators, whereas the species composition of site group III is characterized by fil-
ter-feeding species. The percentages of shredding and scraping species are highest in site
groups I and Il respectively; that of collector-gatherers or deposit-feeders in site group III.

Discussion

Species composition and habitat characterization

Classification of the Dutch floodplain waters, based upon the presence or absence of macro-
zoobenthos species, results in the identification of three major site groups (Fig. 3; Table 1).
Abiotic parameters underlying the division of the floodplain waters into these site groups are
the frequency of inundation and interrelated physicochemical parameters, such as the con-
tents of sodium, chloride, phosphate, and nitrate (Table 3; Van den Brink, 1990). As the flood
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Figure 5. Relative importance of habitats (A) and functional feeding groups (B) within the site
groups, based on macroinvertebrate species composition. Numbers of species are given in
brackets. 0, < 20, > 20: inundation frequencies of the site groups.

frequency increases, the concentrations of these ions in the ‘lentic’ water bodies increase as
well, due to a relatively high input of salts and nutrients from the main channel during floods
(Van den Brink et al., 1991). A structural analysis of the three site groups (Fig. 4) shows that
the mean number of macroinvertebrate taxa per site group decreases with increasing flood
frequencies (Fig. 4A). Moreover, it was found that with changing flood frequencies the per-
centages of various faunal groups change. In non-flooded and infrequently flooded waters the
species composition of the insect fauna is more diverse and the relative contributions of the
various insect groups are more evenly distributed (Fig. 4B). In frequently or very frequently
flooded water the entire macroinvertebrate community is impoverished. Among the (semi-)
aquatic insects, it are especially the Trichoptera and Coleoptera which decrease in species
richness with increasing frequencies of inundation, while a few Diptera species characterize
the insect fauna (Fig. 4B; Table 2).

Several species which are characteristic of one of the site groups (Table 1) can be related
to the presence or absence of specific substrates within such a site group. For example, the
presence in site group I of Cloeon simile, Enallagma cyathigerum, llyocoris cimicoides, Plea
minutissima, Haliplus flavicollis and Acentropus niveus is associated with the occurrence of
submerged aquatic macrophytes (Macan, 1965; Seeger, 1971a, b; Kimmins, 1972; Geijskes
and Van Tol, 1983). Characteristic species of site group II, such as Ischnura elegans, Notonec-
ta glauca, Metriocnemus hirticollis, are associated with a broad helophyte zone (Macan,
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1965; Geijskes and Van Tol, 1983; Moller Pillot and Buskens, 1990). The presence in site
group LI of Pisidium supinum, P. casertanum, P. henslowanum, Sphaerium solidum, Potamo-
pyrgus antipodarum, Lithoglyphus naticoides, and Oecetis ochracea is associated with sandy
substrates (Janssen and De Vogel, 1965; Wallace, 1981; Kuiper, 1986) (Table 3).

A characterization of the three site groups based on the substrate associations of the
species is presented in figure SA. Phytophilous species are relatively most numerous in site
groups I and II, which are not or infrequently inundated (Fig. SA). Due to several factors
correlating with the frequency of inundation, such as water-level fluctuations, salinity, and eu-
trophication, the (semi-) aquatic vegetation of frequently flooded backwaters is sparse or ab-
sent (Van den Brink et al., 1991). As a consequence, this substrate is of minor importance for
the macrozoobenthos in those waters. Besides phytophilous species, site group II waters are
characterized by a large number of pelophilous species, which are associated with muddy
substrates, such as a clay and sapropelium layer (Fig. 5A; Table 3). Site group HI is charac-
terized by a large number of psammophilous species (Fig. SA), which are associated with the
sandy substrates of the site group III waters (Table 3).

In addition to relations with the available substrates of the sites, there are relations with the
water chemistry, e.g. trophic level and chlorinity. For example, chironomid species character-
istic of site group I, such as Psectrocladius psilopterus, P. obvius and Polypedilum uncinatum
occur predominantly in mesotrophic waters, whereas dominant chironomids of site group III,
such as Cricotopus sylvestris and Dicrotendipes nervosus, are most frequently found in
hypertrophic waters in the Netherlands (Moller Pillot and Buskens, 1990). Several species
characteristic of site group I, such as Dreissena polymorpha, Physella acuta, Potamopyrgus
antipodarum, Gammarus tigrinus and Atyaephyra desmaresti are euryhaline immigrants
(Van den Brink and Van der Velde, 1986; Den Hartog and Van der Velde, 1987; Den Hartog et
al., 1989), nowadays occurring in high numbers in the main channels of the rivers Rhine and
Meuse (Peeters, 1988; Van den Brink et al., 1990; Van Urk and Bij de Vaate, 1990). At pres-
ent, high concentrations of salts and nutrients resulting from anthropogenic sources occur in
the Dutch main channels, favouring the occurrence of euryhaline opportunistic species (Van
den Brink et al., 1990).

From the correlations between species assemblages and the available habitats it can be
concluded that macroinvertebrates are good structural descriptors. Because of the correlations
between the species composition and the water chemistry of the backwaters, the characteristic
species can be used as physicochemical descriptors too (Castella et al., 1984). However, in
order to understand the ecological meaning behind these correlations, more autecological and
ecophysiological data are needed.

Functional feeding groups

According to the River Continuum Concept (Vannote et al., 1980), the relative importance of
macroinvertebrate functional feeding groups changes along the longitudinal course of a river.
In the lowland reaches of the large rivers Rhine and Meuse the faunal composition is domi-
nated by collectors (filter-feeders and deposit-feeders) (Peeters, 1988; Van den Brink et al.,

135



Chapter 7

1990), which is consistent with the RCC (Vannote et al., 1980). Aquatic macrophytes are
nearly absent (Maenen, 1989), whereas phytoplankton is well developed in the Dutch main
channels (De Ruyter van Steveninck et al., 1990), creating good conditions for collectors.
However, because the RCC focuses on the longitudinal processes, it neglects the role of the
transversal river-floodplain interactions, which are of major importance in large river ecosys-
tems (Junk et al., 1989).

In the present study a change in macroinvertebrate functional feeding groups was found
along the transversal dimension of the floodplain (Fig. SB), which shows a flooding gradient
(Fig. 2). Shredder species, which feed on coarse particulate organic matter (CPOM; mainly
leaf litter, particle size greater than 1 mm), are most numerous in non-flooded waters (site
group I; Fig. 5B), which are mesotrophic with a high diversity and a high production of the
(semi-) aquatic vegetation (Van den Brink et al., 1991). Filter-feeding species, which use fine
particulate organic matter (FPOM; particle size less than 1 mm), are most numerous in the fre-
quently and very frequently flooded waters (site group III; Fig. 5B), which are hypertrophic
causing phytoplankton blooms due to a high input of nutrients from the main channel (Table
3). As a result of large water-level fluctuations, high flood frequencies, phytoplankton
blooms, and high concentrations of salts, vegetation is poorly developed (Van den Brink et al.,
1991), so that the possibilities for shredders are limited. Collector-gatherers or deposit-feed-
ing species, which use FPOM as sedimentary detritus, also increase their relative numbers
with increasing flood frequencies (Fig. 5B). Scrapers, or grazing species which feed on epi-
phyton, are most numerous in site groups II and II (Fig. 5B) which are more eutrophic than
site group I (Table 3). Predatory species are scarcely present in site group III (Fig. 5B), which
can be linked to the monotonous habitat, probably resulting in a low prey diversity.

From this functional analysis it appears that energy pools within the floodplain waters
change along the transversal flooding gradient, and are affected directly by the hydrology.
These results are in agreement with the Flood Pulse Concept (Junk et al., 1989), in which the
hydrology (the flood pulse) is the primary factor which controls the composition, productiv-
ity, and interactions of the biota in river-floodplain systems.

Impact of hydrology

From the present study it is clear that the species composition of the macrozoobenthos within
the Dutch floodplain waters can be attributed to a complex of factors which are related to hy-
drology. With changing flood frequencies, the magnitude of physical parameters such as
water-level fluctuations, erosion, sedimentation, turbidity, and chemical parameters such as
salinity and the concentrations of plant nutrients change in the backwaters as well. All these
physicochemical changes have their influence on the macrozoobenthos. Active migrations,
drift, and erosion of macroinvertebrates can occur during high water levels, when the flood-
plain is inundated. During dry periods shallow water bodies can fall dry, which is detrimental
to immobile and non-drought-resistant macroinvertebrates. Sedimentation affects the grain
size of the sediment and consequently the substrate availability for the psammon and pelon. A
high water turbidity can hinder predatory species which hunt their preys on sight. A high sa-
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Figure 6. Schematic diagram of the impact of inundations on energy fluxes within floodplain waters.

linity of the water means an osmotic stress for freshwater macroinvertebrates, but favours the
occurrence of euryhaline species. High concentrations of plant nutrients affect the phyton
substrate and nutritional resources.

Because floodplain waters are open systems it is clear that inundations influence the en-
ergy fluxes within the floodplain waters as a whole (Fig. 6). This is especially true for the
floodplains of highly eutrophic rivers, such as the rivers Rhine and Meuse in the Netherlands.
Inundation results in a large input of plant nutrients (N, P) from allochthonous sources. As in-
undation frequencies increase, the competition between microphytes and macrophytes will
shift towards a phytoplankton-dominated community, thereby influencing the available nu-
trient resources for macroinvertebrates (Fig. 6).

Conclusions

Flood frequency constitutes the major environmental gradient which structures the macro-
zoobenthos communities in floodplain waters of the highly eutrophicated rivers Rhine and
Meuse. The species composition is mediated by substrate availability, water chemistry, and
nutritional resources. As the vegetation declines with increasing flood frequencies, species re-
lated to the phyton habitat decrease in relative importance. With increasing inundations, the
trophic level and chlorinity in the backwaters increase too, favouring the occurrence of toler-
ant and opportunistic species. A division of the macroinvertebrate fauna into functional feed-
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ing groups shows that the percentage of shredding species is highest in non-flooded waters,
whereas that of filter-feeders is highest in frequently and very frequently flooded sites. The re-
lationship between the frequency of inundation and the functional feeding groups shows that
the faunal composition is at least partly mediated by the availability of the nutritional resour-
ces: in non-flooded waters aquatic vegetation is well developed, providing food (CPOM) for
shredders; in frequently flooded waters vegetation is sparse, but phytoplankton, which pro-
vides food (FPOM) for filter-feeders, is abundant.

From results of the present study it can be predicted that the faunal composition of the
Dutch floodplain waters will change if the frequency of inundation changes. Restoration of
the connections between former meanders and the eutrophicated main channels of the rivers
Rhine and Meuse in the Netherlands will probably lead to hypertrophic waters with an im-
poverished, collector-dominated macroinvertebrate fauna. Such restoration measures must go
hand in hand with water quality improvements and should maintain a flooding gradient in
order to get a maximum diversity in the macroinvertebrate communities.
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Macrozoobenthos abundance and community
composition in three Lower Rhine floodplain lakes
with varying inundation regimes

Abstract

The relative importance of lake inundation regime, littoral substrate and season for macrozoobenthos
abundance and community composition was studied in three Lower Rhine floodplain lakes situated
along a flood duration gradient. In each lake the macrozoobenthos density, biomass and community
composition were determined monthly over one year in two contrasting littoral substrates (sandy-
mineral sediments and clayey-organic sediments). The influence of the lake inundation regime on the
macrozoobenthos abundance was tested against those of littoral substrate and season with a three-way
analysis of variance (ANOVA). Between-lake variation in macrozoobenthos abundance was clear for
Bivalvia, Ephemeroptera, Heteroptera and Trichoptera. Bivalvia (Pisidium spec.) were most abundant
in the frequently flooded lake, Heteroptera (Micronecta spec., Sigara falleni (Fieber), S. striata (L.))
in the rarely flooded lake, and Trichoptera (Mystacides longicornis (L.), M. nigra (L.)) and Epheme-
roptera (Caenis horaria (L.), C. luctuosa Burmeister) in the isolated, non-flooded lake, suggesting an
impact of inundation regime on the abundance of these dominant taxa in Lower Rhine floodplain
lakes. In each lake the annual average abundance of macrozoobenthos was dominated by Gastropoda
(Bithynia tentaculata (L.), Potamopyrgus antipodarum (Gray), Valvata piscinalis (Miiller)).

Between-lake variation in the relative densities of macrozoobenthos functional feeding groups
suggests an impact of the inundation regime on the macrozoobenthos communities via the availability
of nutritional resources. Relative densities of filter-feeders (e.g. Pisidium spec.) were highest in the
frequently flooded lake with its high phytoplankton biomass and poorly developed vegetation. Shred-
ders (e.g. Mystacides spec.) were most numerous in the non-flooded lake with its well-developed aqu-
atic vegetation and low phytoplankton biomass.

Within-lake variations in macrozoobenthos abundance could be attributed to littoral substrate and
season. The importance of substrate on macrozoobenthos abundance was most clear for Oligochaeta
and Trichoptera. The importance of season on macrozoobenthos abundance was clear for the total
macrozoobenthos and for all taxonomic groups, except Oligochaeta. Correlations between the total
macrozoobenthos abundance and seasonally fluctuating parameters, i.e., flood pulse duration, water
level, water temperature and vegetational coverage in the lakes, suggest that hydrological parameters
were most important in the frequently flooded lake, whereas vegetational coverage and water tem-
perature were most important in the isolated, non-flooded lake.

Introduction

The importance of floodplains for the structure and functioning of large river ecosystems has
been widely recognized (Minshall et al., 1985; Schiemer, 1985; Amoros et al., 1987; Amoros
and Roux, 1988; Junk et al., 1989; Ward, 1989; Reimer, 1991). The flood pulse is regarded as
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the major environmental parameter influencing the existence, productivity and interactions of
biota in large river ecosystems. During floods exchanges of water, chemicals, sediment and
biota occur between the channel and its associated floodplain lakes (Amoros and Roux, 1988;
Chauvet and Décamps, 1989; Junk et al., 1989; Van den Brink et al., 1993a).

Macroinvertebrates constitute an important link in the trophic dynamics of river-flood-
plain systems by cycling nutrients and by providing food for higher trophic levels, like fish
and birds. The duration, frequency and timing of the flood pulses exert a clear impact on the
macroinvertebrate assemblages in floodplain lakes (Castella et al., 1984; Amoros et al., 1987;
Junk et al., 1989; Van den Brink and Van der Velde, 1991; Bournaud et al., 1992). During
floods, macroinvertebrates are washed out of the floodplain lakes and enter foodwebs in the
main channel, whereas at the same time riverine species enter these lakes for foraging, feed-
ing and/or reproduction (Eckblad et al., 1984; Shaeffer and Nickum, 1986; Junk et al., 1989;
Van der Velde et al., 1990).

Studies on the relation between the flood pulse duration and macrozoobenthos abundance
in floodplain waters are very sparse and deal mainly with temporary and semi-permanent wa-
ters along relatively pristine rivers (Gladden and Smock, 1990; Neckles et al., 1990; Boulton
and Lloyd, 1992; Smock et al., 1992). Information on the relation between the flood pulse
duration and macrozoobenthos communities in permanent floodplain lakes along regulated,
polluted and otherwise deteriorated river-floodplain systems, like the Lower Rhine, is entirely
sparse (Van den Brink and Van der Velde, 1991). Such knowledge, however, is very important
if we wish to restore such degraded river-floodplains (Amoros and Roux, 1988).

Studies of macrozoobenthos communities in the Rhine river system have focused on the
main channel (Kinzelbach and Friedrich, 1990, and references therein; Bij de Vaate and
Greijdanus-Klaas, 1991; Van den Brink et al., 1991, 1993b; Dudok van Heel et al., 1992; Van
der Velde and Van den Brink, 1994), So far, studies of macrozoobenthos abundance in flood-
plain lakes along this river have been carried out in only two water bodies in the Upper Rhine
valley (Obrdlik and Castella, 1991; Obrdlik and Garcia-Lozano, 1992). Recently, the import-
ance of flood pulse duration for the macrozoobenthos species composition in floodplain lakes
along the Lower Rhine has been analyzed (Van den Brink and Van der Velde, 1991).

Like most European rivers, the River Rhine underwent considerable changes under
human impact, especially in its lower reaches. Since the Rhine flows through a densily popu-
lated, strongly industrialized, and an intensive agricultural area, the levels of nutrients, salts
and micropollutants in the main channel water are highest in its downstream section, which is
the Lower Rhine (Van der Weijden and Middelburg, 1989). Due to regulation efforts, em-
bankments and floodplain deterioration, the Lower Rhine floodplains lost much of their orig-
inal character (Van Urk and Smit, 1989). Historical changes in river hydrology and floodplain
geomorphology have influenced the inundation regime of the lakes, whereas the changed
river water quality has influenced the water quality in the floodplain lakes via floods and per-
colation (Van den Brink et al., 1993a). The presence of high main dikes and low summer dikes
are the cause of a relative sharp zonation of floodplain lakes with respect to their inundation
regime.
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An earlier classification of 100 floodplain lakes along the Lower Rhine (and Meuse)
based upon their macrozoobenthos species assemblages showed that the floodplain lakes
could be categorized in three major groups according to their inundation regime (Van den
Brink and Van der Velde, 1991). In order to study the impact of inundation regime on the mac-
rozoobenthos abundance and community composition, three permanent water bodies, each
representative for one of these hydrological classes, were sampled monthly for macrozooben-
thos over one year. Since habitat and season strongly affect the abundance of (semi-)aquatic
macrozoobenthos (e.g. Soszka, 1975; Benke et al., 1984; Cyr and Downing, 1988, 1989; Fin-
dlay et al., 1989; Van der Velde and Brock, 1991), the spatio-temporal variation in macro-
zoobenthos density and biomass within these lakes was also taken into account. The present
paper focusses on the following questions: 1. What is the relative importance of lake inunda-
tion regime, littoral substrate and season on the abundance of macrozoobenthos (total macro-
zoobenthos, taxonomic main groups, functional feeding groups) in Lower Rhine floodplain
lakes? 2. What is the impact of the inundation regime on the macrozoobenthos community
composition (relative densities of dominant species and functional feeding groups) in these
lakes? 3. What is the impact of seasonal fluctuations in hydrological parameters (occurrence
and duration of flood pulses, water level) on the total macrozoobenthos abundance in these
lakes?

Sites and methods
Study sites

The study area is situated on the left bank of the Lower Rhine (the main branch, the River
Waal, which receives 67% of the River Rhine discharge; river ki 876-894) in the Nether-
lands (Fig. 1). In the Lower Rhine the highest water levels usually occur during winter and
spring, i.e., outside the vegetation growth season. Over the years, water level fluctuations of 6
m frequently occur in this river stretch. At a water level of 12 m above sea level (a.s.l.) all
water bodies in the study area are connected to the main channel, except for those which are
situated behind the main dike. Many types of water bodies with varying inundation regimes
occur along this meandering lowland section of the river Rhine. The lakes studied were Lake
Ewijk, which is not protected against flooding by dikes and which is frequently inundated
(connection level above 8 m a.s.l.); Lake Oude Waal, which is protected by a low summer
dike and hence is infrequently inundated (connection level above 11.5 m as.l.), and Lake
Duivelswaai, which is protected against inundation by the main dike (height 15 m a.s.1.) and
which is influenced by the river exclusively via seepage at high water levels in the main chan-
nel. Due to differences in hydrological and geomorphological conditions between these lakes,
in combination with the highly eutrophic main channel, these lakes differ in their trophic
status as well (Tables 1, 2). Lake Ewijk is a former side channel of the Lower Rhine which
silted up at its upstream end around 1900 and at its downstream end about 20 years ago. The
sediment consists predominantly of sand (95%), except for a small littoral zone at the up-
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stream end which is clayey. Lake Oude Waal is a former meandering channel, cut off in the
15th century. The sediment consists predominantly of clay with a thick sapropelium layer, ex-
cept at sites where dike bursts have occurred. These sites are sandy (wash-over deposits) and
make up about 10% of the lake surface area. Lake Duivelswaai originated from a dike burst
before the 18th century. About 60% of the littoral zone consists of sandy sediment (wash-over
deposits). The rest of the littoral zone consists of clay with a sapropelium layer.

-

é 0'/”

NORTH SEA

IJssel

Rhine

Main dike

--------- Low summer dike

Lake Ewijk

Lake Duivelswaai

1 km

| ' Lake Oude Waal

Figure 1. Map of the Lower Rhine near Nijmegen (Waal branch), between river km 876 and river km
894, showing the study sites.
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Table1. Topographical, geomorphological, hydrological and habitat characteristics of three Lower
Rhine floodplain lakes with varying inundation regimes. Location in km's from the source of
the river. Annual flood duration in days per year (average over 1901-1985). Sediment is
expressed as a proportion of the lake surface area (in %). Organic matter content in sediment
in percentage of dry weight (ranges are given).

Lake Ewijk Oude Waal Duivelswaai
Coordinates N51°53° NS51°51° N51°52’

E 545 E 5°55° E 548
Location (km) 893 882 888
Surface area (ha) 10 16 6
Maximum depth (m) 3 5 8
Distance from river (m) 10 500 650
Annual flood duration 67 3 0
Sandy-mineral sediment 95 10 60
Clayey-organic sediment 5 90 40
Organic matter in sediment 2-10 416 414
Submerged vegetation absent sparse(2a) dominant(3a)
Nymphaeid vegetation sparse(1b) dominant(2b) dominant(3b)
Emergent vegetation sparse(lc) abundant(2c) abundant(3c)

(1b): Nymphoides peltata (Gmel.) O. Kuntze; (1c): CarexacutaL.;
(2a) Ranunculus circinatus Sibth., Potamogeton lucens L., P. pectinatus L.; (2b): Nuphar lutea (L.) Sm.,
Nymphaea alba L., Nymphoides peltata; (2¢): Glyceria maxima (Hartman) Holmberg, Phragmites australis
(Cav.) Trin. ex Steudel, Scirpus lacustris L., Typha angustifolia L.,
(3a): Chara vulgaris L., Ch. globularis Thuill., Hippuris vulgaris L., Potamogeton crispus L., P. lucens,

P. pectinatus, P. perfoliatus L., Ranunculus circinatus, Elodea nustallii (Planchon) St. John; (3b): Nuphar lutea,
Nymphaea alba; (3c): Hippuris vulgaris, Phragmites australis.

Table2. Annual mean values (£ S.D.) of monthly recorded physico-chemical parameters of the sur-

Jace water in three Lower Rhine floodplain lakes with varying inundation regimes during
1990 (n= 12 observations). All parameters in umol '\, except for pH (pH-units) and
chlorophyll-a (ug F').

Lake Ewijk Oude Waal Duivelswaai
Na 2100  (500) 1600  (300) 1500  (200)
K 180  (40) 130 (30) 110 (10)
Ca 1100  (300) 1400  (200) 1200  (400)
Mg 400  (70) 400  (100) 410 (90)
cl 2600 (500) 2000 (400) 1700  (200)
HOO, 1800  (300) 2300 (200) 2800 (400)
SO, 420 (100) 410 (130) 370 (90)
NO, 120  (130) 70 (120) 15 (15)
NH, 30 (30) 20 (20) 15 (15)
o-PO, 09 (0.7 03 (0.4) 0.1 (0.0)
pH 8.1 (0.5 79 (02) 8.0 (0.2)
chlorophyll-a 29  (35) 19 (10) 10 O
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Sampling, measurements and physico-chemical analyses

In order to analyze the importance of the littoral substrates for the densities and biomasses of
the macrozoobenthos, one site with a sandy-mineral sediment and one with a clayey-organic
sediment was selected in each lake for monthly sampling over one year (October 1991 up to
September 1992). At low water levels, the littoral zone within these sites down to a depth of 1
m was sampled for macrozoobenthos with a pondnet (as described in Van den Brink and Van
der Velde, 1991). Although this procedure was probable less accurate than taking grabs or
sediment cores, it had several advantages above these methods, such as a larger sampling area
and hence a more complete picture of the benthic fauna as larger and very mobile macroinver-
tebrates are easier collected. The net was quickly pushed through the upper 2 cm of the lake
sediment over a randomly selected surface of approximately 2 m2. From April to November,
during the growing season, when vegetation was present in the selected habitats, sampling oc-
curred between patches of submerged and nymphaeid macrophytes, avoiding sampling of
vegetation, although vegetational debris was sampled this way. At high water levels sampling
was done with the same net by pushing the net through the sediment, using a small rubber
boat. Wooden fences in the landscape, close to the sampling sites, were used as orientation
marks, so that the same areas could be recognized and sampled even when they were flooded.
Sampled material was put in plastic bags which were kept cool and transported to the labora-
tory. After washing over a 500 um mesh sieve the macrozoobenthos was sorted out in white
trays, preserved in 70 % ethanol, identified and counted. Densities were expressed as num-
bers of individuals per m2. All specimens belonging to Hirudinea, Gastropoda, Crustacea
(Isopoda, Amphipoda, Decapoda), Ephemeroptera, Odonata, Heteroptera, Coleoptera and
Trichoptera were identified to species level where possible. Bivalvia and Nematocera were
identified to genus level, Oligochaeta and a rest group including Actinedida, Megaloptera,
Brachycera and Lepidoptera, were not identified any further. All taxa were categorized into
functional feeding groups based on available information (Cummins, 1973, 1974). Taxa
which use more than one feeding mode were assigned to more than one group. Average den-
sity was then allocated equally among the functional groups to which they had been assigned.
Of course this procedure involves approximations based on incomplete information and can-
not be presumed to result in functional group allocations as accurate as would have been pro-
vided by studying food habits of all taxa sampled.

Macrozoobenthos biomass was assessed by taking samples in the littoral zone of the lakes
in a similar way as outlined above during the months of February, April, July and September
1991. Dry weight biomasses were measured in unpreserved macrozoobenthos material, by
drying to constant weight at 105 °C for 24 h. Unionid mussels and crayfish (Orconectes limo-
sus (Raf.)) were excluded from the weight analysis because they had not been sampled adequ-
ately.

The relative abundance of vegetation in the sampling sites was recorded via an estimation
of the percentage coverage of the submerged aquatic macrophytes and the nymphaeid macro-
phytes within a 3 x 3 m plot.
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Figure 2. Seasonal fluctuations in water temperature (above) and water level (below) of three flood-
plain lakes with varying inundation regimes. Connection levels are indicated by horizontal
lines.

Physico-chemical parameters of the surface water (temperature, pH, alkalinity, concentra-
tions of chloride, sodium, calcium, potassium, sulphate, magnesium, nitrate, ammonium, dis-
solved phosphate and chlorophyll-a) were obtained by standard laboratory measurements
(Van den Brink et al., 1993a). Data on water levels of the Lower Rhine at Nijmegen were ob-
tained from The Institute for Inland Water Management and Waste Water Treatment (RIZA-
Lelystad, The Netherlands). In order to obtain data on the flood pulse duration of the three
floodplain lakes within the study period, river maps were used to estimate the connection
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level for each lake, i.e., the lowest water level of the river at which the part of the floodplain
which includes that specific lake is inundated (plotted in Fig. 2). Next, the number of days was
calculated on which the water level in the main channel reached or exceeded this connection
level during a flood pulse (= flood pulse duration).

Statistical analysis

The relative importance of lake hydrological regime, littoral substrate and season on macro-
zoobenthos densities and biomasses, and on densities of macrozoobenthos functional feeding
groups were analyzed by three-way analysis of variance (ANOVA) models (Sokal and Rohlf,
1981). Densities and biomasses were log(n+1) transformed for the ANOVA, because these
were log-normally distributed.

In order to analyze the role of seasonal fluctuating parameters as flood pulse duration,
water level, water temperature and the abundance of aquatic vegetation within the lakes for
the total macrozoobenthos density and biomass, a Spearman rank correlation test was applied
(Sokal and Rohlf, 1981).

Annual and seasonal mean densities were compared with the help of a Wilcoxon test
(Sokal and Rohlf, 1981). Statistical analyses were performed with the General Linear Models
(GLM) procedure, the Correlation (CORR) procedure and with the Nonparametric
(NPAR1WAY) procedure available in the Statistical Analysis System (SAS) software pack-
age (SAS Institute Inc., 1989).

Results

Environmental conditions

The three floodplain lakes clearly differed with respect to their hydrological regime (Table 1).
During the hydrologically normal years 1991 and 1992 Lake Ewijk was frequently flooded,
with floods lasting several weeks, while Lake Oude Waal was flooded only once for a few
days and Lake Duivelswaai was not flooded at all (Fig. 2). Water level fluctuations occurred
in all lakes, due to seepage of river water through the bottom of the lakes. Due to hydrological
differences, in combination with the high nutrient levels of the main channel water, the three
lakes also differed in their water chemistry, their phytoplankton biomass and the relative pro-
portion of the main habitats provided by the type of sediment (sandy-mineral sediment or
clayey-organic sediment) and type of aquatic vegetation (submerged macrophytes or nym-
phaeid macrophytes) (Tables 1, 2). Lake Ewijk is more eutrophic than Lake Oude Waal,
which in tumn is more eutrophic than Lake Duivelswaai. Thus, apart from a hydrology gra-
dient, the three lakes also form a trophic gradient. During the study period there were no clear
differences in water temperature between the sites (Fig. 2). Water temperature was lowest
during winter (34 °C) and highest during summer (20-24 "C). Aquatic vegetation was present
from April to November, with highest coverages during August.
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Between-lake variation

The total macrozoobenthos abundance showed no significant differences between the lakes,
although there was a tendency that annual average total macrozoobenthos densities were hig-
hest in the most dynamic and most eutrophic Lake Ewijk, whereas annual average total mac-
rozoobenthos biomasses were highest in the least dynamic and least eutrophic Lake Duivel-
swaai (Tables 3, 4). Significant between-lake variation in macrozoobenthos abundance
(ANOVA; p < 0.001) was found for Bivalvia, Ephemeroptera, Heteroptera and Trichoptera.
Highest annual mean densities and biomasses of Bivalvia were recorded in the frequently
flooded Lake Ewijk, those of Heteroptera in the rarely flooded Lake Oude Waal and those of
Ephemeroptera and Trichoptera in the non-flooded Lake Duivelswaai (Table 4). After adjust-
ment for relative substrate proportion (Table 1) it was found that Gastropoda (density: 39%,
biomass 65%) and Bivalvia (density: 39%, biomass: 26%) were the dominant groups in Lake
Ewijk, that Gastropoda (density: 35%, biomass 51%) and Heteroptera (density: 13%, bio-
mass: 19%) were the dominant groups in Lake Oude Waal, and that Gastropoda (density:
36%, biomass 58%), Trichoptera (density: 19%, biomass: 33%) and Ephemeroptera (density:
19%, biomass: 2%) were the dominant groups in Lake Duivelswaai (Table 4; Fig. 3).

Table 3. P-values of the ANOVA model for the influence of lake, substrate and season on macro-
invertebrate densities (N) and dry weight biomasses (B).
*xx: p < 0.001; **: 0.00] <p <0.01; *0.0] < p < 0.05.

Independent variables

Lake Substrate Season
Dependent variables N B N B N B
Oligochaeta 0.672 0.844 0.003**  0.004** 0279 0.884
Hirudinea 0.073 0.072 0.357 0.267 0.000***  0.181
Gastropoda 0.050 0.840 0.687 0.618 0.000***  0.033*
Bivalvia 0.000%**  0.044* 0.975 0.641 0.045* 0.004%*
Crustacea 0.086 0.723 0411 0.709 0.014* 0.007**
Ephemeroptera 0.000***  0.000%** 0.962 0.486 0.016* 0.028*
Odonata 0.034* 0.318 0.003**  0.060 0.000*** 0.101
Heteroptera 0.000*** 0.127 0.003**  0.051 0.050* 0.009**
Coleoptera 0.321 0.593 0.002**  0.136 0.011* 0315
Nematocera 0.447 0.340 0.036* 0272 0.000*** 0.071
Trichoptera 0.000***  0.000*** 0.000***  0.000%** 0.034* 0.014*
Total 0.151 0912 0213 0.620 0.000***  0.031*
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Taxonomic groups Feeding guilds
density biomass density

L. Ewijk

L. Oude Waal

X .0::\
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I Bivalvia [ Nematocera M Filter-feeders
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B3 Ephemeroptera E=2 Miscellaneous [ Scrapers
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Figure 3. Macroinvertebrate community composition in three floodplain lakes with varying inun-
dation regimes, adjusted for the relative proportion of sandy and clayey substrates.
Left: relative densities (%) of macroinvertebrate taxonomic main groups; centre: relative
biomasses (%) of macroinvertebrate taxonomic main groups; right: relative densities (%)
of macroinvertebrate feeding groups.

Atotal of 175 taxa were recorded in this study, divided over the following groups: Hirudi-
nea: 9; Gastropoda: 23; Bivalvia 5 (only genus level); Crustacea: 7; Ephemeroptera: 6; Odo-
nata: 8; Heteroptera: 24; Coleoptera: 41; Trichoptera: 25; and Nematocera: 27 taxa (only
genus level). The highest number of taxa (132) was found in Lake Oude Waal, followed by
Lake Duivelswaai (100), while the lowest number of taxa (79) was found in Lake Ewijk. Only
23 taxa show annual mean densities of more than 10 specimens per m? and were considered
dominant (Table 5). These dominant taxa were not evenly distributed over the lakes and habi-
tats, but showed clear preferences. Species such as Physella acuta (Drap.) and Oecetis och-
racea (Curtis) were found exclusively in Lake Ewijk, whereas Caenis luctuosa and Mysta-
cides nigra were found in Lake Duivelswaai only. Caenis horaria was not observed in Lake
Ewijk. Potamopyrgus antipodarum and Tanytarsini were not recorded in Lake Oude Waal,
while Gammarus tigrinus Sexton was not collected from Lake Duivelswaai (Table 5). Several
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Tabled. Annual mean density (N; individuals m*) and annual mean biomass (B; in mg DW m’?) of
macroinvertebrates in three lakes with varying inundation regimes, adjusted for the relative
proportions of sandy and clayey substrates (extremes in parentheses).

Lake Ewijk Oude Waal Duivelswaai
Oligochaeta N 15 18 8
(0-1237) 0-59) (0-37)
B 2 23 4
(043) (0-82) (0-16)
Hirudinea N 3 8 5
(0-295) (0-60) 0-24)
B 2 19 5
0-9) (0-133) 0-32)
Gastropoda N 229 144 158
(0-2302) (2-934) (1-1019)
B 615 731 1010
(97-5435) (154-2091) (41-2211)
Bivalvia N 228 24 13
(0-1028) (2-107) (0-160)
B 243 86 110
(13-358) (0-228) 0-419)
Crustacea N 24 19 17
0-272) 0-89) (0-83)
B 16 10 23
(0-103) 0-52) (0-87)
Ephemeroptera N 3 31 82
0-73) (0-147) (6-337)
B <1 8 23
(0-6) 0-18) (7-58)
Odonata N 1 19 4
©-77) (0-99) (0-25)
B 3 87 15
(0-183) 0-273) (1-41)
Heteroptera N 12 54 7
(0-253) 0-271) (0-48)
B 12 273 26
(0-324) (2-902) (1-84)
Coleoptera N 3 11 7
042) 041D (0-52)
B 2 11 6
(0-84) (0-35) 0-12)
Nematocera N 71 71 47
(0-278) (1-770) (0-145)
B 21 2 20
(347 397 (3-85)
Trichoptera N 20 13 83
(0-75) (0-120) (0-323)
B 22 58 581
(0-69) (0-870) (18-2697)
Total N 591 416 441
(49-3722) (66-1940) (32-1262)
B 939 1429 1739
(118-5988) (271-3224) (117-3850)
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dominant species showed increasing or decreasing densities in the lakes along the inundation
gradient. For example, the annual mean densities of Pisidium spec., Valvata piscinalis and
Gammarus tigrinus were highest in Lake Ewijk and lowest or even zero in Lake Duivelswaai.
Conversely, the annual mean densities of Caenis horaria and Mystacides longicornis were lo-
west in Lake Ewijk and highest in Lake Duivelswaai (Table 5).

Table 5. Annual mean density of dominant macroinvertebrate taxa (individuals m?) in three lakes
with varying inundation regimes, adjusted for the relative proportion of sandy and clayey
substrates. S: preference for sandy habitats (psammon), P: preference for clayey and organic
substrates (pelon), V: preference for vegetation (phyton), -: no preference.

Lake Ewijk QOude Waal Duivelswaai
Gastropoda

Bithynia tentaculata (L.) 2 22 12 -

Physella acuta (Drapamaud) 17 0 0 -

Potamopyrgus antipodarum (Gray) 118 0 103 S

Valvata piscinalis (Miiller) 92 19 15 -
Bivalvia

Pisidium spec. 225 24 12 -
Crustacea

Gammarus tigrinus Sexton 22 5 0 -

Asellus aquaticus (L.) 1 13 12 -
Ephemeroptera

Caenis horaria (L.) 0 5 27 -

Caenis luctuosa Burmeister 0 0 40 -

Cloeon dipterum (L.) 1 15 9 -
Odonata

Ischnura elegans (Van der Linden) 1 15 1 v
Heteroptera

Micronecta spec. 3 14 1 -

Sigara falleni (Fieber) 3 20 4 A\

Sigara striata (L.) 1 9 \'/
Nematocera

Chironomus spec. 3 17 1 P

Endochironomus spec. 1 12 3 PV

Glyptotendipes spec. 4 12 8 PV

Microtendipes spec. 0 4 11 S

Polypedilum spec. 16 3 7 -

Tanytarsini 28 0 4 S
Trichoptera

Oecetis ochracea (Curtis) 18 0 0 S

Mystacides longicornis (L.) 2 4 54 NS

Mystacides nigra (L.) 0 0 17 SV
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The macrozoobenthos densities expressed on the basis of functional feeding group com-
position show that the relative densities of shredders and filter-feeders vary between the lakes
(ANOVA; p < 0.05) (Table 6). If the densities of the macrozoobenthos functional feeding
groups are adjusted for habitat proportion per lake (Fig. 3), it appears that the relative density
(based on annual mean densities) of filter-feeders (e.g. Pisidium spec.) was highest in the fre-
quently flooded Lake Ewijk and lowest in the non-flooded Lake Duivelswaai. Conversely, the
relative abundance of shredders (e.g. Mystacides longicornis, M. nigra) was highest in the
non-flooded Lake Duivelswaai and lower in the other lakes (Fig. 3).

Within-lake variation

Within-lake variation in abundance and community composition could be attributed to both
substrate and season. Densities and biomasses of Oligochaeta and Trichoptera were clearly
related to substrate (Table 3). Highest annual mean densities and biomasses of Oligochaeta
were found on the clayey-organic sediment; highest annual mean densities and biomasses of
Trichoptera (Oecetis ochracea, Mystacides longicornis and M. nigra) were recorded on the
sandy-mineral sediment.

Table 6. P-values of the ANOVA model for the influence of lake, littoral substrate and season on
relative densities of macroinvertebrate functional feeding groups.
k- p < 0.001; **: 0.001 <p<0.0]; ¥0.0] < p<0.05.

Independent variables

Lake Substrate Season
Dependent variables
Predators 0.280 0.020* 0.026*
Shredders 0.000*** 0.141 0.074
Scrapers 0.488 0.832 0.189
Gatherers 0.019* 0.526 0.096
Filterers 0.000*** 0.330 0.725

Clearly, the seasonal variation in total macrozoobenthos abundance was larger than the
variation between the lakes or between the littoral substrates. Highest seasonal total macro-
zoobenthos densities and biomasses were recorded in the frequently flooded Lake Ewijk (Ta-
bles 3, 4). There was a distinct impact of season on abundance of all taxonomic main groups,
except for Oligochaeta (Table 3).

A pattern in seasonal fluctuations of macrozoobenthos abundance was found for each lake
with highest densities occurring during July-August, which is the summer period, and lowest
densities occurring during winter and early spring (January-April) (Fig. 4). However, in detail
there were differences in this pattern between the lakes. A similar seasonal pattern was found
for macrozoobenthos biomasses in lakes Ewijk and Oude Waal, unlike Lake Duivelswaai,
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Figure 4. Seasonal fluctuations in total macroinvertebrate density and biomass in contrasting littoral
substrates within three floodplain lakes with varying inundation regimes.

where highest biomasses occurred in April (Fig. 4). The importance of the seasonal fluctua-
tions in flood pulse duration, water level, water temperature and vegetational coverage for the
macrozoobenthos density and biomass varied between the three lakes (Table 7). In the fre-
quently flooded Lake Ewijk total macrozoobenthos density was most clearly negatively
correlated (Spearman rank correlation; p < 0.001) with the duration of the flood pulses shortly
before the sampling dates, and with the water level during the sampling dates. In the infre-
quently flooded Lake Oude Waal the same negative correlations were found, although less
clear (p < 0.05), whereas no such correlations were found for the non-flooded Lake Duivel-
swaai. In the latter two lakes positive correlations were found between macrozoobenthos den-
sity and water temperature, and between macrozoobenthos density and vegetational abun-
dance. In Lake Duivelswaai the latter correlation was found to be strongest (p < 0.001) (Table
.
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Table7. Spearman rank correlation coefficients between total macrozoobenthos density (data from
both substrates have been pooled for each lake; N; individuals m?; n = 24) and biomass
(B; inmg DW m; n = 8) on the one hand and flood pulse duration, water level, water
temperature and vegetational development on the other, in three lakes with varying
inundation regimes.¥**: p < 0.001; **: 0.001 <p < 0.01; *0.01 <p < 0.05.

Lake Ewijk Oude Waal Duivelswaai

N B N B N B
Flood pulse duration —0.66*** 0,31 -0.50** 0.0 0.0 0.0
Water level —0.63*** —0.31 -042* 051 019 034
Water temperature 0.20 0.10 0.55%*  (.79%* 0.50%* 0.52
Vegetational abundance 041* 038 0.52%%  (.81%* 0.63*** 0,49
Discussion

The impact of lake hydrological regime on the macrozoobenthos abundance in Lower Rhine
floodplain lakes became clear on the community level. Between-lake variation in density and
biomass was highly significant for Bivalvia, Ephemeroptera, Trichoptera, and for Heteroptera
densities (Table 3). The densities of the dominant species within these groups as well as those
of some Gastropoda and Crustacea species were found to change over the horizontal zonation
of lakes according to their hydrological regime (Table 4). This observation suggests that the
lake hydrological regime influences the abundance of these groups and thereby the com-
munity composition of the macrozoobenthos. The densities of Pisidium spec., Valvata pisci-
nalis, Physella acuta, Gammarus tigrinus and Oecetis ochracea increased over the gradient
with increasing flood duration, or were exclusively found in Lake Ewijk, with the highest an-
nual flood duration. All these dominant taxa are nowadays abundant in the main channel of
the Lower Rhine too, predominantly on the sandy and silty flats of the depositional, slow-
flowing or semi-stagnant areas (Smit and Snoek, 1989; Dudok van Heel et al., 1992), habitats
which are morphologically, hydrologically and physico-chemically comparable to those
found in Lake Ewijk. In the Netherlands, Physella acuta, Potamopyrgus antipodarum and
Gammarus tigrinus are euryhalinous immigrants, which were formerly absent from the
Lower Rhine (Van den Brink et al., 1990), so their presence in the frequently flooded Lake
Ewijk must have resulted from a migration of these biota from the main channel to this flood-
plain lake, most probably through floods. In contrast with the above-mentioned species, the
densities of Caenis horaria, C. luctuosa, Mystacides longicornis and M. nigra decreased over
the gradient of lakes with increasing annual flood duration, all being predominantly found in
the isolated, non-flooded Lake Duivelswaai (Table 5). These species are nowadays absent or
extremely sparse in the main channel of the Lower Rhine (Smit and Snoeck, 1989; Van den
Brink et al., 1990; Bij de Vaate and Greijdanus-Klaas, 1991), although they were formerly
very common in the depositional main channel areas (Klink, 1989; Van den Brink et al., 1990;
and literature therein). For phytophilous species like Mystacides longicornis and M. nigra the
deterioration of the phyton habitat in particular may be the cause of their absence in the main
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channel. Besides habitat deterioration the changed water quality is assumed to have affected
the native macrozoobenthos in the main channel of the Lower Rhine too, especially insect
groups, such as Ephemeroptera, Plecoptera and Trichoptera (Klink, 1989; Van den Brink et
al., 1990; Van den Brink and Van der Velde, 1991; Admiraal et al., 1993).

In the Lower Rhine floodplain lakes, Gastropoda made up an important part of the total
densities and biomass of macrozoobenthos, just as in the Upper Rhine floodplain lakes, with
the same dominant species, i.e., Bithynia tentaculata, Potamopyrgus antipodarum and Valva-
ta piscinalis (Table 5; Orblik and Castella, 1991). These species are opportunistic deposit-
feeders which live on sedimentary detritus. However, they may also feed themselves by filter-
ing suspended matter from the water column or by scraping epiphytes from solid substrates
(Fretter and Graham, 1975). This unselective foraging behaviour may explain their high den-
sities and their general occurrence in the sediments of floodplain lakes and depositional main
channel sections (Fretter and Graham, 1975; Kolodziejczyk, 1984; Hoffman and Neumann,
1990; Foeckler, 1991; Van den Brink and Van der Velde, 1991; Dudok van Heel et al., 1992).

The species composition found in the three Lower Rhine floodplain lakes shows much re-
semblance to those found in other floodplain lakes along the rivers Rhine, Meuse, Rhone and
Danube (Castella et al., 1984; Obrdlik et al., 1990; Foeckler, 1991; Van den Brink and Van der
Velde, 1991). In the floodplain lakes of these rivers a gradual change in the species composi-
tion was found over the lateral dimension, suggesting hydrology to be the main environmen-
tal parameter structuring the communities. However, the composition of the macrozooben-
thos communities, which characterize hydrologically different groups of water bodies, varies
in the different river systems, which might be related to differences in parameters co-varying
with hydrology, such as water chemistry. Compared with the other rivers, the Lower Rhine
and Meuse are highly eutrophic, so that in their floodplain lakes a trophic gradient is positiv-
ely correlated with the hydrological gradient, thereby influencing nutritional and habitat re-
sources (Van den Brink and Van der Velde, 1991; Van den Brink et al., 1993a). A comparison
of the macrozoobenthos commmunity composition, based on relative densities of the func-
tional feeding groups (Fig. 3), between the three Lower Rhine floodplain lakes stresses the
importance of this trophic gradient by suggesting that the impact of hydrology on the macro-
zoobenthos communities is mediated by the availability of nutritional resources. The com-
munity in the frequently flooded Lake Ewijk was numerically dominated by filter-feeding
collectors (e.g. Pisidium spec.), which feed on fine particulate organic matter, such as phyto-
plankton. Indeed, Lake Ewijk showed the highest annual mean phytoplankton biomass, but
the lowest abundance of aquatic vegetation (Tables 1, 2). Conversely, the relative importance
of shredders (e.g. Mystacides spec.), which feed on coarse particulate organic matter, such as
vegetational debris, was highest in the non-flooded Lake Duivelswaai. The latter lake showed
the highest abundance of aquatic vegetation and the lowest annual phytoplankton biomass
(Tables 1, 2). It is of interest to note that a similar relationship between feeding guild composi-
tion, nutritional resources and hydrology has been found in studies on the zooplankton and
macrozoobenthos communities within 100 lakes in flooding gradients along the Lower Rhine
and Meuse (Van den Brink and Van der Velde, 1991; Van den Brink et al., 1994). In these
studies, however, the relationship was not based on the relative densities of the feeding guilds,
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but on the relative number of taxa which were assigned to the various feeding guilds. Thus,
the relative number of filter-feeding macroinvertebrate and plankton taxa was found to be
highest in frequently flooded lakes and lowest in infrequently and non-flooded lakes, whereas
the opposite was found to be true for the relative number of shredding taxa (Van den Brink
and Van der Velde, 1991; Van den Brink et al., 1994). The similar results obtained from these
different studies suggest a general transversal zonation pattern of invertebrate feeding guilds
in lakes along flooding gradients within eutrophic river-floodplain systems. Future studies on
invertebrate functional feeding guild zonation patterns over the lateral dimension of other
river-floodplain systems are needed to test the generality of these results.

Within-lake variation in density and biomass was clearest for Oligochaeta, predominantly
occurring on clayey-organic habitats and for Trichoptera, predominantly occurring on sandy-
mineral habitats. Oligochaeta are often associated with clayey-organic soft sediments in
floodplain lakes and sedimentation areas in main channels (e.g. Anderson and Day, 1986; El-
stad, 1986; Schleuter and Tittizer, 1988; Orbdlik and Castella, 1991; Dudok van Heel et al.,
1992), whereas an association of Trichoptera with sandy-mineral habitats can be related to the
fact that all three dominant Trichoptera species (Oecetis ochracea, Mystacides longicornis,
M. nigra) are psammophilous species (Table 5).

For the total macrozoobenthos abundance the seasonal variation was found to be more
important than the spatial variation (ANOVA; p < 0.05). Although a general patten was
found for seasonal changes in total macrozoobenthos density, with highest densities occurring
during summer and lowest densities during winter months (Fig. 4), the relative importance of
seasonally fluctuating environmental parameters for the total macrozoobenthos density was
found to vary among the three lakes (Table 7). In the frequently flooded Lake Ewijk total
macrozoobenthos densities were most strongly correlated (p < 0.001) with the flood pulse
duration, suggesting the role of this hydrological factor to be more important than parameters
as water temperature and vegetational abundance in this lake. In the rarely flooded Lake Oude
Waal factors as flood pulse duration, water temperature and vegetational abundance were all
well correlated (p < 0.01) with macrozoobenthos abundance, suggesting an equal importance
among these parameters in this lake. In the isolated, non-flooded Lake Duivelswaai total mac-
rozoobenthos densities were correlated with vegetational abundance and water temperature
only, and not with hydrological parameters (Table 7), despite the fact that the water level in
this lakes fluctuated by about 2 m, due to inflow and outflow of seepage water through the
floodplain sediment. The observation that the correlations between total macrozoobenthos
abundance and seasonal fluctuating hydrological parameters, such as flood pulse duration and
water level, were most clear for Lake Ewijk, which is the most dynamic lake under study, sug-
gests that the monthly total macrozoobenthos abundance in floodplain lakes is negatively in-
fluenced by inundations.
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Conclusions

The present results indicate that the restoration of connections between the main channel and
infrequently flooded lakes within large eutrophic regulated river systems will lead to an im-
poverishment of the macrozoobenthos fauna in these lakes, whose fauna will then resemble
the present impoverished fauna of the semi-stagnant depositional main channel areas. Such an
impoverishment will not be compensated for by a significant increase in total macrozooben-
thos abundance. Restoration of degraded river ecosystems like the rivers Rhine and Meuse
should therefore focus on water quality parameters, reducing the concentrations of major ions
and nutrients in these systems. The present attempts to restore floodplain habitats, which aim
at an increase in channel-floodplain lake interactions, should only be carried out in frequently
flooded lakes which already have an impoverished macroinvertebrate fauna.
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Impact of hydrology on floodplain lake ecosystems
along the Lower Rhine and Meuse: a synthesis

Introduction

Floodplain lakes contribute significantly to the structure and functioning of large river eco-
systems (Amoros et al., 1987a, 1987b; Junk et al., 1989; Chapter 1). The flood pulse con-
stitutes the overall parameter which influences the existence and productivity of biota in large
river-floodplain systems. Floods offer possibilities for exchange of biota and abiotic substan-
ces between ‘terrestrial’ and ‘aquatic’ and between ‘lentic’ and ‘lotic’ parts of large river eco-
systems. The extent of this exchange capacity is mainly governed by the duration and fre-
quency of the floods. Hydrology constitutes an environmental gradient over the lateral
dimension of the floodplain, thereby influencing the zonation of biota in the aquatic and terre-
strial subsystems (Amoros et al., 1987a; Amoros and Roux, 1988; Junk et al., 1989; this
thesis). In the eutrophicated and otherwise polluted Lower Rhine and Meuse floodplains a
transversal gradient in water and sediment quality runs parallel with the hydrological gradient
(Demon and Van Broekhoven, 1987; Van der Velde et al., 1991; Van den Brink et al., 1993a),
thus forming an additional factor which affects the zonation of communities in floodplain
lakes. The present thesis deals with the extent to which and the various mechanisms by which
hydrology exerts its influence on floodplain lake communities, in particular those along the
eutrophic and regulated Lower Rhine and Meuse. The scope of this thesis has been presented
in chapter 1. The following sections summarize the most important conclusions of the preced-
ing chapters and discuss relevant results of other studies with respect to the impact of hydro-
logy on floodplain lakes.

Impact on water and sediment chemistry (Chapter 2)

Hydrology exerts its influence on the floodplain lake water and sediment chemistry via seep-
age and floods (Chapter 1). At increasing river discharges main channel water percolates
through porous floodplain sediments, so that dissolved chemicals may enter floodplain lakes
via the interstitial water compartment. At high river discharges floodplain lakes may become
connected with the main channel, resulting in an exchange of water masses, dissolved chemi-
cals and suspended sediment particles. Generally, the main source of water and most dis-
solved and suspended substances is the main channel, which in turn reflects the entire catch-
ment area. Thus, under pristine conditions, floodplain lakes derive their basic fertility from
the main channel, via the input of dissolved and particle-bound nutrients in floods (Junk et al.,
1989). In floodplain lakes along industrially, agriculturally, and otherwise anthropogenically
influenced rivers, such as the rivers Rhine and Meuse, floods provide an enormous additional
input of nutrients, especially in the downstream river sections (Van den Brink et al., 1993a).
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The duration of the period of connection with the heavily eutrophicated main channels was
found to be of overriding importance for the annual mean levels of nutrients in the water and
sediment compartments of the associated floodplain lakes (Van den Brink et al., 1993a). In
general, the concentrations of N and P, the main limiting nutrients, in floodplain lakes during
floods are as high as those in the main channel. After the floods, when lakes are disconnected,
the concentrations of these nutrients decrease again because of uptake by primary producers
-phytoplankton and (semi-)aquatic macrophytes (Hamilton and Lewis, 1987; Forsberg et al.,
1988; Van den Brink et al., 1993a)- and sedimentation to the lake bottom. In floodplain lakes
which are permanently connected with the main channel, depletion of nutrients may or may
not occur, depending on the nutrient level in the main channel and the exchange rate between
the main channel and its associated floodplain lake. This exchange rate depends in turn on the
geomorphological situation, such as the width of the connection opening and the distance be-
tween the lake and the channel. In the abandoned channels and sand pits in open connection
with the Lower Rhine and Meuse, depletion of nutrients does not occur, because of the very
high nutrient levels in the main channel (Chapter 1). Differential losses of N and P may occur
within and between floodplain lakes. By decomposition of biota and sedimentation of sus-
pended particles, these nutrients may enter the sediment of floodplain lakes during stable
water periods. During this isolation stage they are at least partially recycled via mineralisation
processes. Depending on the reducing capacity and biological activity of the lake sediments,
N may be transported to the atmosphere by denitrification processes. Another possibility is
that N is removed with the sediment during throughflow (Howard-Williams, 1985). Although
N is normally imported into floodplain lakes by floods, additional N may be imported through
seepage, through fixation of atmospheric N by biota, and by atmospheric precipitation. In the
relatively nutrient-poor Orinoco floodplain lakes, fixation of atmospheric nitrogen into the
lake was found to occur by N-fixing Cyanobacteria such as Anabaena spec. and Anabaenop-
sis spec. (Hamilton and Lewis, 1987). Whether or not this also occurs in eutrophic floodplain
lakes is unknown. P is generally retained in the sediment and may be partially transported to
the main channel again via throughflow (Howard-Williams, 1985). Conversely, P may be re-
generated from the floodplain lake sediment after depletion of this nutrient by primary produ-
cers (Forsberg et al., 1988; Van den Brink et al., 1993a). Regeneration of N and P from the
lake sediment might be enhanced during bioturbation by macroinvertebrates and fish. Flood-
plain lakes along the Lower Rhine and Meuse were found to act as nutrient traps (Van den
Brink et al., 1993a), just like those along the relatively ‘pristine’ rivers Amazon, Orinoco and
Parana (Hamilton and Lewis, 1987; Forsberg et al., 1988; Pedrozo et al., 1992; Furch and
Junk, 1993). In the Orinoco river system there appears to be a net retention of N (27% of an-
nual input) and P (39% of annual input) in floodplain lakes, through conversion of riverine
input of inorganic N and P to organic forms (Hamilton and Lewis, 1987). Along the Lower
Rhine and Meuse, net retention of these nutrients occurs as well, since the levels of N and Pin
the interstitial water of the sediment were found to be highest in the most frequently flooded
lakes, further illustrating the overriding importance of floods in combination with the highly
eutrophic main channels for the eutrophication processes in the floodplain lakes (Chapter 2;
Van den Brink et al., 1993a).
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Floodplain lakes along the industrialized rivers Rhine and Meuse contain extremely high
amounts of dominant ions (Na*, K+, Ca2+, Cl-, SO42"), heavy metals (Cd, Hg, Pb, Zn) and or-
ganic micropollutants (PCB’s, PAH’s, insecticides, herbicides) in their water and sediment
compartments (Chapter 2; Demon and Van Broekhoven, 1987). The concentrations of these
anthropogenically introduced chemicals in the water and/or sediment of the floodplain lakes
were found to increase with increasing flood frequency and duration (Chapter 2, Demon and
Van Broekhoven, 1987). It is especially in the Lower Rhine that the input of the dominant ions
Na* and CI" has increased the salinity of the surface and the interstitial water of the river and
its associated floodplain lakes (Chapter 2). Indeed, within the Lower Rhine floodplain a shift
in ionic composition has been found over the hydrological gradient: the water of frequently
flooded lakes is dominated by sodium chloride, just as in the main channel, whereas that of
rarely-flooded and non-flooded lakes is dominated by calcium bicarbonate, which is the nor-
mal situation in most rivers (Chapter 1; Golterman, 1975; Webb and Walling, 1992). Due to
the industrial pollution in the Rhine and Meuse catchment area, which reached a peak in the
1960s-1970s, the levels of heavy metals and organic micropollutants in floodplain sediments
have reached values that are detrimental to public health, especially in frequently flooded
sediments along downstream river sections (Demon and Van Broekhoven, 1987; Rang and
Schouten, 1989; Anonymous, 1991; Van der Perk et al., 1992).

Impact on phytoplankton and zooplankton (Chapters 2, 3)

As floodplain lakes derive their basic fertility from the main channel, it can be expected that
the phytoplankton development is influenced by hydrology. Indeed, phytoplankton produc-
tivity is enhanced by nutrient replenishment via floods, as has been found in floodplain lakes
along the eutrophic Lower Rhine and Meuse (Chapter 2; Van den Brink et al., 1993a). Dis-
turbance of the sediment by floods may initially reduce phytoplankton productivity via shad-
ing by resuspended clay particles (Wissmar et al., 1981; Cuker et al., 1990). This may explain
why chlorophyll-a levels are generally highest during the isolation phase, when stagnation of
water and sedimentation of clay particles occur (Hamilton and Lewis, 1987; Van den Brink et
al., 1993a; Chapter 2).

In floodplain lakes along the Lower Rhine and Meuse an increase in annual mean phyto-
plankton biomass has been found with increasing annual flood duration (Chapter 2; Van den
Brink et al., 1993a). Increasing annual flood duration and flood frequency correlate with in-
creasing levels of P and N in the water and sediment, so that a trophic gradient runs parallel to
the inundation gradient over the lateral dimension of the floodplains of these rivers. In fre-
quently flooded lakes it was found that P is regenerated from the sediment, after depletion of
this nutrient from the water column by algae, unlike the situation in rarely-flooded and non-
flooded lakes. Because of regeneration of P from the sediment, P-limitation in the water col-
umn is cancelled out, favouring the occurrence of phytoplankton blooms. Indeed, chloro-
phyll-a levels were highest in frequently flooded lakes, after P-regeneration during the
retention period. Phytoplankton and zooplankton productivity are generally higher in associ-
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ated floodplain lakes than in the main channels of lowland rivers (Wibaut-Isebree Moens,
1964; Wissmar et al., 1981; Berndt and Neumann, 1985; Van den Brink et al., 1993a; Vasquez
and Rey, 1992, 1993; Neumann et al., 1994; Van den Brink and Van der Velde, 1994), because
of the more stable environmental conditions. A combination of high nutrient levels and semi-
stagnant water in downstream river sections contributes to high phyto- and zooplankton den-
sities in semi-stagnant depositional main channel areas as well as in floodplain lakes (De
Ruyter van Steveninck et al., 1990; Van den Brink, 1990).

Besides an impact on zoo- and phytoplankton productivity, hydrology was also found to
influence the phyto- and zooplankton community composition in floodplain lakes along the
Lower Rhine and Meuse (Chapter 3; Van den Brink et al., 1994). During floods, when the lake
water is connected with the main channel water, dispersal of very small suspended biota, such
as zoo- and phytoplankton organisms, may easily occur (Visquez and Rey, 1993). The phyto-
plankton communities of frequently flooded lakes showed an abundance of the same centric
diatom species which are presently dominant in the main channels (i.e. Cyclotella spec., Ste-
phanodiscus spec., Aulacoseira granulata (Ehr.) Sim.), suggesting the impact of exchange of
these biota on the community composition (Chapter 3; Neumann et al., 1994; Van den Brink
et al., 1994). The impact of floods was also illustrated by a study of the phytoplankton com-
munities in different parts of the floodplain lake “Oude Waal” along the Lower Rhine (Roijac-
kers, 1985). Shortly after a flood event, the plankton communities showed great resemblance,
unlike the situation after a longer period of retention, when habitat structures provided by
water plants became important (Roijackers, 1985). Apart from the levels of N and P in the
water compartment and the regeneration of nutrients from the lake sediment, nutrient ratios,
i.e., the SN- and Si/P-ratios, influence the phytoplankton community composition. The sum-
mer phytoplankton composition of frequently flooded lakes along the Lower Rhine and
Meuse is dominated by Cyanobacteria (Aphanizomenon flos-aquae (L.) Ralfs, Microcystis
aeruginosa Kiitz.), Chlorophyta (Crucigenia spec., Pediastrum spec., Scenedesmus spec.),
and a few centric diatoms (Aulacoseira granulata, Stephanodiscus spec., Cyclotella spec.),
all favoured by the low SiN- and Si/P-ratios occurring there. The summer phytoplankton
composition of the hydrologically more isolated lakes is dominated by pennate diatoms
(Cymbella spec., Gomphonema spec., Gyrosigma spec., Synedra spec.), which are favoured
by the high Si/N- and Si/P-ratios in these lakes. In these hydrologically more isolated lakes
the chrysophyte Dinobryon divergens Imhof, associated with mesotrophic environments, was
more frequently found than in the other lakes (Chapter 3; Van den Brink et al., 1994). The
complexity of zooplankton and phytoplankton habitats, resulting from the presence of aquatic
macrophytes, can be related to species diversity and community composition. The highest
plankton diversity (species richness) has been found in hydrologically isolated lakes, with a
well developed aquatic vegetation. The relative abundance of sediment-dwelling species and
epiphytes (heleoplankton) was also highest in these lakes. Plankton diversity was lowest in
lakes connected with the main channel, which also have a sparse aquatic vegetation. The
plankton community in these lakes is dominated by open water species (limnoplankon). The
zooplankton community feeding guilds were found to change in response to hydrology (Van
den Brink et al., 1994; Chapter 3). Filter-feeding zooplankton taxa such as the cladocerans
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Bosmina longirostris (Miill.) and Daphnia cucullata Sars were most frequently found in con-
nected and frequently flooded lakes with a high annual phytoplankton biomass and a poorly
developed vegetation, while scraping zooplankton taxa such as the cladocerans Simocephalus
vetulus (Miill.) and Eurycercus lamellatus (Miill.) were most frequently found in rarely-
flooded lakes with a well-developed vegetation but a low annual phytoplankton biomass (Van
den Brink et al., 1994).

Impact on vegetation (Chapters 4, 5 and 6)

The diversity (species-richness) of the aquatic and semi-aquatic macrophytes of floodplain
lakes along the Lower Rhine and Meuse was found to decrease with increasing annual flood
duration and flood frequency (Chapter 4; Van den Brink et al., 1991a), suggesting an impact
of hydrology on the distribution of these plants in the floodplain. Hydrology exerts its in-
fluence on floodplain lake vegetation via physical and chemical disturbance. Summer floods
are most detrimental to vegetation, because they occur in the growth season (Brock et al,,
1987). Inundations may lead to the complete submergence of rooted aquatic macrophytes
with floating leaves, such as nymphaeids, and to partial or total submergence of the emergent
littoral vegetation (e.g. annuals, helophytes, trees). Although these plants are equipped with
various adaptation mechanisms for water-level fluctuations, the frequency, duration, depth
and season of the inundations largely determine their establishment, growth and survival
(Brock et al., 1987; Blom et al., 1990; Briindle, 1991; Van den Brink et al., 1991a; Chapters 4,
6). Physical disturbance caused by inundations may include water currents, i.e., throughflow,
and disturbance of the sediment by scouring, so that weakly rooted macrophytes may be up-
rooted and transported downstream. This type of disturbance was found to be an important
dispersal mechanism for the helophyte Ranunculus lingua L. (Johansson and Nilsson, 1993),
and may be important for the vegetative dispersal of other macrophytes too. Via physical dis-
turbance floods may set back the succession of the wetland vegetation to pioneer stages.

Inundations may lead to an impoverishment of the under water light climate, through re-
suspension of clay particles and the occurrence of long-lasting phytoplankton blooms, in re-
sponse to nutrient input. This may severely hinder the development of submerged aquatic
vegetation. At very low river discharges, large littoral areas of floodplain lakes may fall dry,
leading to desiccation of vegetation, which is most detrimental to several submerged aquatic
macrophytes. Via deposition and erosion hydrology influences the grain size and the nutri-
tional state of the sediment, and thereby the establishment, growth and survival of macro-
phytes. In a study of the impact of hydrology on eight helophyte species, commonly occurring
in European alluvial plains, it was found that the abundance of several species increased with
increasing organic matter content and decreased with annual flood duration (Van den Brink,
unpublished), suggesting an impact of floods via the floodplain lake sediment.

Hydrology may induce chemical disturbance of vegetation through inflow of polluted
river water during floods (Chapters 4, 5; Van den Brink et al., 1991a; Van den Brink and Van
der Velde, 1993). This is very clear for floodplain lakes along the industrial rivers Rhine and
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Meuse. The present high levels of N and P in the main channel water lead to eutrophication of
the floodplain lakes, favouring the planktonic microphytes at the cost of the submerged aqu-
atic macrophytes. The high levels of Na* and CI- in the Lower Rhine have shifted the ionic
composition of frequently flooded lakes from a calcium bicarbonate towards a sodium
chloride dominance, which means an osmotic stress for freshwater plants. Although the pres-
ent high levels of Na* and CI- in the Lower Rhine are not acutely lethal to Potamogeton lucens
L., P. nodosus Poir. and P. perfoliatus L., experimental studies have shown a reduced produc-
tivity of these macrophytes under salinity stress, which could be attributed to a reduced photo-
synthetic capacity (Van den Brink and Van der Velde, 1993; Chapter 5). Such a reduced pro-
ductivity may have contributed to the disappearance of several freshwater macrophytes from
the main channel and its connected floodplain lakes over the last decades (Maenen, 1989; Van
den Brink et al., 1991a).

The present high levels of sulphate in the Lower Rhine and Meuse may have contributed
to the concentration of sulphides in floodplain lake sediments (Van den Brink et al., 1993a).
Sulphides are natural toxins for many aquatic organisms (Ernst, 1990; Van Wijck et al., 1992;
Chapter 6). Wetland plants usually have adaptations in order to survive anaerobic and poten-
tially toxic conditions, provided they are only partially flooded, so that air can be transported
to their root zones for the oxidation of toxic compounds and for root respiration (Brindle,
1991). In an experimental study of the impact of sediment characteristics on the flooding re-
sponses of eight helophyte species, it was found that the possible impact of toxins on growth
rate was most evident when the plants were entirely submerged during floods (Chapter 6).

Impact on macroinvertebrates (Chapters 7 and 8)

The impact of hydrology on macroinvertebrate abundance and community composition in
floodplain lakes is very complex (Van den Brink and Van der Velde, 1991). Hydrology affects
macroinvertebrate habitat structures, possibilities for dispersal, water and sediment quality
and nutritional resources, all of which have their influence on the community composition.

Through inundations, hydrology directly influences the area with floating and emergent
structures, such as nymphaeid and emergent vegetation, which constitute the aquatic-terre-
strial transition zone for many semi-aquatic macroinvertebrates, such as Ephemeroptera,
Odonata and Diptera, by providing important oviposition and emergence sites (Van der Velde,
1980, 1988). Disturbance of the sediment by floods influences sediment inhabitants. The
sediment grain size and the amount of siltation is influenced by the frequency and duration of
the floods, together with the occurrence and rate of throughflow, when the sediment is
scoured by the currents and fine sediments are washed away (Amoros et al., 1987a).

The period of connection of floodplain lakes with the main channel is of interest for the
exchange of macroinvertebrates between these ‘lentic’ and ‘lotic’ subsystems. Macroinverte-
brates may be washed out to the main channel by floods. There they may enter the main chan-
nel foodwebs (Eckblad et al., 1984). Floodplain lakes may also serve as reservoir and refuge
areas during periods of disturbance of the main channel biota (Junk et al., 1989; Kinkopf,
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1993). During the 1960-1970s the water quality of the Lower Rhine and Meuse was very
poor, which led to the disappearance of many species from the main channels. During the
1980s, when the water quality improved, a repopulation of the main channels occurred with
biota from refuge areas, such as floodplain lakes and tributaries (Van den Brink et al., 1990).
Calamities, such as the Sandoz pollution in the river Rhine in 1986, have illustrated the im-
portance of these refuge areas for the entire river system (Klaffke and Abbott, 1992). How-
ever, the present macroinvertebrate communities in the Lower Rhine and Meuse main chan-
nels are dominated by exotic species, such as Corophium curvispinum Sars, Gammarus
tigrinus (Sexton), and Dreissena polymorpha (Pallas) (Van den Brink et al., 1993d). The im-
migration of these not strictly rheophilous allochthonous species have reduced the existing
populations via interspecific competition, not only in the main channel (e.g. Van den Brink et
al., 1990; 1991b, 1991c, 1993d; Van der Velde et al., 1994) but also in their associated flood-
plain lakes (Van den Brink 1990; Van den Brink and Van der Velde, 1991). The replacement of
the freshwater amphipod Gammarus pulex (L.) by the brackish water immigrant G. tigrinus
in the main channel and in the frequently flooded lakes is a good example of this type of
species replacement (Van den Brink, 1990; Van den Brink et al., 1990; Van den Brink and Van
der Velde, 1991; Pinkster et al., 1991). Gammarus pulex is still present in the rarely-flooded
lakes in the active floodplain and in the non-flooded lakes situated behind the main dike in the
ancient floodplain (Van den Brink and Van der Velde, 1991), which have a reservoir function,
Indeed, the rarely-flooded and non-flooded lakes still harbour a number of riverine species
which were formerly characteristic of the slow-flowing and semi-stagnant depositional main
channel areas, but which have disappeared from these areas because of the deterioration of
habitats and water quality (Chapter 8; Klink, 1989; Van den Brink and Van der Velde, 1991).

The water and sediment chemistry of the Lower Rhine and Meuse floodplain lakes in-
fluences the macroinvertebrate populations via its effects on the trophic level (food availa-
bility through nutrient input), via effects on the osmoregulation (salinity level through input
of sodium chloride) and via toxic effects (Chapter 7; Van den Brink and Van der Velde, 1991;
Klink et al., 1991; Van de Guchte, 1993). Nutrient enrichment of floodplain lakes by highly
eutrophic main channels may influence the phyto- and zooplankton abundance and species
composition (Chapters 2, 3) and thereby the food availability of macroinvertebrates. The
present high salinity level in the main channel of the Lower Rhine may have contributed to the
dominance of oligohalinous species in the frequently flooded lakes (Chapter 7). Due to the in-
dustrial pollution of the last decades, the floodplain lake sediments have been loaded with
heavy metals and organic micropollutants (PCB’s, PAH’s, insecticides, herbicides). These
pollutants may induce deformities of the head capsules of larvae of Chironomidae, as well as
areduced productivity of their adults and hence a reduced food availability for higher trophic
levels, including fish and birds (Klink et al., 1991; Van de Guchte, 1993).

Studies of the impact of hydrology on the macroinvertebrate community composition of
Lower Rhine and Meuse floodplain lakes along an inundation gradient have indicated that the
community composition is at least partially influenced by the availability of nutritional re-
sources (Chapters 7, 8). Filter-feeders, which feed on fine particulate organic matter (FPOM)
such as phytoplankton and suspended and dissolved organic matter, were most abundant
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(densities as well as numbers of taxa) in the frequently flooded lakes with a high phytoplank-
ton biomass and a poorly developed vegetation. Shredders, which feed on coarse particulate
organic matter (CPOM) such as leaf litter, were most abundant in the non-flooded lakes which
harbour a well developed aquatic vegetation and a low phytoplankton biomass (Van den
Brink and Van der Velde, 1991; Chapters 7, 8). However, in each hydrological category of
these floodplain lakes the macroinvertebrate community was numerically dominated by col-
lectors, i.e., filter-feeders and deposit-feeders, both of which feed on FPOM, and subdomi-
nated by scrapers, which feed on epiphyton. Predators, which feed on other animals, and
shredders, which feed on CPOM, were numerically poorly represented (Chapter 8). These re-
sults might support the findings of Hamilton et al. (1992) and Bunn and Boon (1993), who in-
dicate that the major energy source for floodplain lake food webs is formed by phytoplankton
and epiphyton. Further studies on floodplain lake foodwebs, based on, €.g., a combination of
functional feeding guilds and stable isotope analysis, are required in order to confirm this
idea. In the Lower Rhine and Meuse floodplain lakes the lowest species richness was gener-
ally found in the frequently flooded lakes, whereas the total macroinvertebrate density and
biomass did not vary much in response to flood frequency (Chapters 7, 8).

Impact on fish

Floodplain lakes are of vital importance as reproduction and foraging sites for fish (Wel-
comme, 1979; Amoros and Roux, 1988; Bergers, 1991; Schiemer and Zalewski, 1992). They
also offer refuge zones for riverine fish at high water discharges (high current velocities) as
well as areas from which depopulated main channel sections may be restocked after heavy
pollution (Amoros and Roux, 1988; Lelek, 1989). Hydrology exerts its influence on fish com-
munities in river ecosystems by influencing the refuge zones, feeding areas and nursery
grounds during periods of high river discharges, when floodplain lakes are connected with the
main channels. Floodplain lakes which are connected with the main channel all year round
have beenreported to be of greater value for riverine fish than the disconnected, more isolated
lakes which are only flooded at high river discharges (Schiemer, 1985, 1988; Amoros and
Roux, 1988; Lelek, 1989). For example, the production of fish in the river Danube was found
to be greatest in the connected floodplain lakes (Amoros and Roux, 1988). Along the regu-
lated Lower Rhine and Meuse, most side channels and anastomosed channels have been silted
up, so that they are connected with the main channel during floods only. Most lakes which are
at present in open connection with the main channel all year round have been dug for sand and
gravel extraction. These gravel- and sand-pit lakes appear to function as important foraging
biotopes for riverine fish (Bergers, 1991; Staas, 1991; Staas and Neumann, 1994). Because of
their high zooplankton productivity, they are especially attractive for zooplankton-foraging
fish, such as juveniles of bream Abramis brama L. and roach Rutilus rutilus (L.) (Bergers,
1991). Since connected lakes offer migration possibilities between lotic and ‘lentic’ sites all
year round, it can be expected that they are most important for opportunistic species (Staas,
1991). Indeed, strictly rheophilous species and migratory species, which are at present seri-
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ously endangered in many European rivers (Schiemer et al., 1991), are more confined to side
channels, tributaries and natural river banks for their reproduction (Schiemer, 1988; Copp and
Penéz, 1988; Schiemer et al., 1991). Isolated, infrequently flooded lakes appear to function as
biotopes for stagnophilous species, which are not characteristic river species, although they
contribute to the fish diversity of the entire river-floodplain ecosystem (Boving, 1981;
Schiemer, 1985, 1988; Schiemer et al., 1991).

In the Lower Rhine and Meuse floodplain lakes the species composition of juvenile and
small fish was found to change over the lateral dimension of the floodplain (Table 1).
Juveniles of phytophilous and stagnophilous fish species, such as Esox lucius, Tinca tinca,
Cobitis taenia, Rutilus erythrophthalmus and Perca fluviatilis were predominantly caught in
non-flooded and infrequently flooded clearwater lakes which harbour a well-developed aqu-
atic vegetation. These species are associated with clear water lakes as they hunt their preys by
sight (E. lucius, P. fluviatilis), or because they need vegetation stuctures for foraging (R. ery-
throphthalmus), refuge (E. lucius, T. tinca) and/or spawning (C. taenia, E. lucius, P. fluvi-
atilis) (Nijssen and De Groot, 1987; Copp and Pendz, 1988). Juveniles of euryoecious, open
water fish species, such as Alburnus alburnus and Abramis brama, were less restricted in their
distribution, whereas those of riverine species like Gobio gobio and adults of Gasterosteus
aculeatus were predominantly collected in frequently flooded and in connected lakes (Table
1), which have a sparse aquatic vegetation. Despite their preliminary nature, the data
presented in table 1 clearly illustrate the importance of hydrology for the fish reproduction
and nursery biotopes. Moreover, the zonation in fish fry communities depicted here shows
much resemblance with more detailed studies of the ecology of fish spawning and nursery
zones in the floodplain lakes along the Upper Rhéne (Copp and Pendz, 1988), the Danube
(Schiemer, 1985; Schiemer et al., 1991) and the German Lower Rhine (Béving, 1981). In

Table 1. Relation between annual flood duration (in number of days per year) and the percentage of
lakes where juvenile (0+ and 1+ ) and small (2-6 cm total body length) fish were collected
with a dip-net during August-September of 1987-1991 (n = number of lakes sampled).

Annual flood duration 0 1-20 21364 365

(o) (23) “2) a1s (20

Esox lucius L. 22 2 (m,1)
Tinca tinca (L.) 22 26 7 (m, 1)
Cobitis taenia L. 22 17 13 (m,1)
Rutilus erythrophthalmus (L.) 4 17 7 (m,1)
Perca fluviatilis L. 4 5 7 (m, 1)
Alburnus alburnus (L.) 9 21 33 15 (e)
Cyprinus carpio (L.) 5 7 (m, 1)
Abramis brama (L.) 2 7 5 (e)
Gobio gobio (L.) 7 15 (s,1)
Gasterosteus aculeatus L.(*) 25 (a)

(*) =adults only; m = phytophilous species; s = psammophilous species; e = euryoecious species;
1 = stagnophilous species; r = theophilous species; a = anadromous species.
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these studies it was found that the spawning and nursery areas of phytophilous and stagnophi-
lous species like E. lucius and T. tinca were the disconnected, well-vegetated floodplain lakes.
In the connected semi-stagnant floodplain lakes, opportunistic species such as Rutilus rutilus
(L.), Alburnus alburnus, Abramis brama, and Blicca bjoerkna (L.) were found to spawn. Of
course, these species which do not demand much of their environment, were not confined to
these habitats for breeding. The spawning and nursery areas of rheophilous species like G.
gobio, Chondrostoma nasus (L.), Leuciscus cephalus (L.) and L. leuciscus (L.) were side
channels and main channel areas (Schiemer, 1985, 1988; Copp and Penaz, 1988; Schiemer et
al,, 1991).

Transversal zonation patterns

The distribution of aquatic biota in Lower Rhine and Meuse floodplain lakes clearly shows a
transversal zonation pattern, which is perpendicular to the river axis and which is related to
the flood pulse duration (Fig. 1; Chapters 3, 4, 6, 7, 8). Increasing flood pulse duration was

Physical factors: duration of connection with main channel
water-level fluctuations
current velocity during through-flow
erosion
sediment grain size L

Chemical factors: nutrient-level
chlorinity
sediment contamination

Biota: Phyto lankton biomass
ilter-feeding invertebrates (mussels)
turbid-water species

Physical factors: organic matter content of sediment
Chemical factors: bicarbonate level

Biota: diversity and abundance of aquatic and marsh vegetation
diversity of phyto- and zooplankton, macroinvertebrates
shredding invertebrates (aquatic insects)
clear-water species

Figure 1. Schematic view of transversal zonation pattern of Dutch floodplain lakes and the directions
of change in physical, chemical and biotic parameters.
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found to be associated with a shift from a submerged aquatic macrophyte-dominated clear
water community towards a planktonic microphyte-dominated turbid water community over
the lateral dimension. Together with hydrological parameters, such as flood pulse duration,
flood frequency, rate of through-flow and water-level fluctuations, the physicochemistry of
the river water exerts its influence on the biota, resulting in a continuum of species replace-
ments. Based on the species composition of phytoplankton, zooplankton, aquatic and semi-
aquatic macrophytes, macroinvertebrates and juvenile fish, three major hydrological ca-
tegories of floodplain lakes can be distinguished (Fig. 1).

A. very dynamic, frequently flooded lakes

These lakes are frequently flooded, with flood pulses of relatively long duration (longterm
average annual flood duration more than 20 days per year). Several lakes are in open connec-
tion with the main channel all year round. Riverine input and exchange possibilities of aquatic
biota are highest in these lakes, so that there is much resemblance between the communities
in these lakes and the communities in the depositional main channel areas, which are both
semi-stagnant riverine biotopes. Nutrient levels are highest in these lakes, supporting phyto-
plankton production. The phytoplankton community is dominated by Cyanobacteria
(Aphanizomenon flos-aquae) and Chlorophyta (Pediastrum spec., Scenedesmus spec.).
Zooplankton may reach high densities and consists of Cyclops strenuus Kozminski, Bosmina
longirostris, Dapnia cucullata, and several Rotifera species (e.g. Brachionus spec., Keratella
spec.). Aquatic vegetation is sparsely present and may consist of patches of Nymphoides pel-
tata (Gmel.) O. Kuntze (Lower Rhine) and/or Potamogeton pectinatus L.. The helophyte
zone is also poorly developed, and consists of Phalaris arundinacea L. and Carex acuta L.
(Lower Rhine) or Acorus calamus L. (Lower Meuse). The macroinvertebrate community is
numerically dominated by filter-feeders, such as small mussels (Pisidium casertanum
(Malm), P. henslowanum (Sheppard), P. nitidum Jenyns, P. moitessierianum (Paladilhe), P.
supinum Schmidt) and snails (Valvata piscinalis (Miill.), Potamopyrgus antipodarum
(Gray)). Juvenile riverine psammophilous fish species such as Gobio gobio were collected
exclusively in these lakes.

B. moderately dynamic, rarely-flooded lakes

These lakes are normally disconnected and only infrequently flooded, with flood pulses of
short duration (longterm average annual flood duration less than 20 days per year). Riverine
input and exchange possibilities are much lower here, although still recognizable. Nutrient le-
vels and chlorophyll-a levels are much lower than in the more dynamic lakes. The phyto-
plankton community is dominated by epiphytic diatoms (e.g. Cymbella spec., Melosira vari-
ans Agardh.). The zooplankton community consists of the same species as in the frequently
flooded lakes, together with benthic forms like Simocephalus vetulus. Aquatic vegetation is
well developed and consists of large stands of nymphaeids (Nuphar lutea (L.) Sm.), frequent-
ly accompanied by pondweeds (Potamogeton lucens, P. crispus L.). The helophyte zone is

174



Synthesis

also well developed and may consist of large stands of Glyceria maxima (Hart.) Holmb. and
Typha angustifolia L., frequently accompanied by many other helophytes. The macroinver-
tebrate communities are numerically dominated by deposit-feeders, such as snails (Bithynia
tentaculata (L.)), water bugs (Sigara falleni (Fieb.), S. striata (L.)) and midge larvae (Chiron-
omus spec., Endochironomus spec., Glyptotendipes spec.). Juvenile phytophilous fish like
Tinca tinca were most frequently collected in these lakes.

C. isolated, non-flooded or seepage lakes

These lakes are situated in the ancient floodplain, on the land side of the main dike, and are
never flooded, although their water level and water chemistry are influenced via seepage. As
aresult of seepage from the river to the lake through the floodplain sediments, particle-bound
nutrients and toxic compounds are filtered out. Nutrient levels are lowest here, as are phyto-
plankton densities. The phytoplankton community consists of epiphytic diatoms, together
with Pyrrhophyta, of which Ceratium hirundinella (Miill.) Schr. is most conspicious. The
presence of the chrysophyte Dinobryon divergens may be related to the mesotrophic environ-
ment here. The zooplankton species Mesocyclops leuckarti Claus was abundantly found in
these non-flooded lakes only. Aquatic vegetation is well developed and may consist of sub-
merged aquatic macrophytes such as Ranunculus circinatus Sibth. and Myriophyllum spica-
tum L., together with nymphaeids like Nymphaea alba L. and Nuphar lutea, often accompa-
nied by many other species. The helophyte zone shows much resemblance with those of the
rarely-flooded lakes. Flood sensitive species such as Typha latifolia L. are more common
here. A conspicious component of the macroinvertebrate community in these lakes are cad-
disflies (Molanna angustata Curtis, Mystacides longirostris (L.), Mystacides nigra (L.)) and
mayflies (Cloeon simile Eaton, Caenis horaria (L.), Caenis luctuosa Burm.), both of which
show their highest densities and numbers of species in these lakes. The relative abundance of
shredders (e.g. Mystacides spec.) also reaches its peak here, and juvenile phytophilous fish as
Esox lucius were collected most frequently in these lakes.

Biodiversity of aquatic biota in Dutch floodplain lakes

In order to estimate the contribution of floodplain lake species to the total biodiversity of the
entire Lower Rhine and Meuse river-floodplain systems, historical and recent information on
the plankton and macroinvertebrate species in main channels has been compared with recent
data from the floodplain lakes. Such a comparison could not be made for aquatic macro-
phytes, since historical information about macrophytes in the main channels of the Lower
Rhine and Meuse is rather incomplete. Nevertheless, it is beyond doubt that many aquatic
macrophyte species formerly occurred in large stands in the Lower Rhine and Meuse main
channels. For example, palacoecological studies on sediment cores from these rivers revealed
large numbers of fructifications (o6gonia) of Characeae (Klink, unpublished). Historical rec-
ords showed the presence of the running water species Ranunculus fluitans Lamk. and Pota-
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Table2. The number of aquatic macrophyte taxa recently collected in the Lower Rhine and Meuse
channels (Maenen, 1989) in comparison with that recently collected in their associated flood-
plain lakes (Maenen, 1989; Van den Brink, 1990).

Lower Rhine and Meuse, Floodplain waters,

recent recent
Characeae 0 2
Nymphaeaceae 1 3
Ceratophyllaceae 1 1
Ranunculaceae 0 3
Haloragaceae 0 2
Primulaceae 0 1
Menyanthaceae 0 1
Callitrichaceae 1 4
Lentibulariaceae 0 1
Alismataceae 0 1
Hydrocharitaceae 1 4
Potamogetonaceae 6 11
Najadaceae 0 1
Lemnaceae 2 4
Total 12 39

mogeton nodosus at several locations along the large Dutch rivers (Mennema et al., 1980,
1985). Van der Ploeg (1990) mentions the former occurrence of large underwater meadows in
the Lower Rhine and Meuse, consisting of Potamogeton perfoliatus. This species was once so
abundant in the Biesbosch area that it had a bad reputation among local fishermen (Vuyck,
1895, in: Van der Ploeg, 1990). During recent intensive surveys relatively small stands of Po-
tamogeton nodosus, P. pectinatus L. and Nuphar lutea have been found at only a few loca-
tions in the main channels, in addition to nine other species which have only incidentically
been found (Maenen, 1989; Table 2). When comparing the recent main channel species list
with that from the floodplain lakes, it appears that Potamogetonaceae include the largest
species group in both biotopes (Table 2). Although many macrophyte species recorded from
the floodplain lakes still occur abundantly there, several species have declined since the 1950s
(Van der Voo and Westhoff, 1961; Van Donselaar, 1961; Van Donselaar-Ten Bokkel Huinink,
1961; Maenen, 1989; Van den Brink et al., 1991a). Among these, Ranunculus lingua and
Stratiotes aloides L. have disappeared entirely from the Lower Rhine and Meuse floodplain
lakes (Maenen, 1989; Van den Brink et al., 1991a). Undoubtedly, the decline of aquatic vege-
tation must have been largest in the main channel, because hydrological changes, habitat dete-
rioration and water pollution are most evident there. It is therefore not surprising that at pres-
ent the floodplain lakes contribute greatly to the biodiversity of aquatic macrophytes in the
total river-floodplain area (Table 2). At present, about 70% of the species collected in the
Lower Rhine and Meuse river-floodplain area have been found exclusively in the floodplain
lakes.
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Figure 2. Historical and present plankton (above) and macroinvertebrate (below) community
composition of the Dutch main channel sections of the Lower Rhine and Meuse and present
composition in their associated floodplain lakes. N = number of taxa. Only those macro-
invertebrate groups were considered for which historical information was available. Data
from tables 3 and 4.

The present phyto- and zooplankton species richness in floodplain lakes along the Lower
Rhine and Meuse was found to be many times higher than that recorded in the main channels
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Table 3. Numbers of plankton taxa formerly and recently collected in the Dutch sections of the Lower
Rhine and Meuse channels (Peelen, 1975; and references therein) in comparison with those
recently collected in their associated floodplain lakes (Van den Brink, 1990).

Lower Rhine Lower Lower Lower Rhine  Floodplain

and Meuse, Rhine, Meuse, and Meuse, waters,

+1900 recent recent recent recent
Cyanobacteria 2 3 3 3 21
Bacillariophyceae 14 12 15 18 65
Chrysophyceae 2 1 0 1 6
Euglenophyta 2 3 1 3 14
Pyrrhophyta 1 1 0 1 3
Cryptophyta 0 1 (] 1 2
Chlorophyta 10 15 15 17 78
Rhodophyta 0 0 0 0 1
Protozoa 0 2 3 3 15
Copepoda 0 0 0 0 11
Cladocera 2 2 2 2 27
Rotifera 6 11 13 15 34
Total 39 51 52 64 277

(Table 3; Fig. 2). Both in the main channels and in the floodplain lakes, Chlorophyta, Bacilla-
riophyceae and Rotifera showed the highest species numbers (Fig. 2). A comparison of
species lists revealed that all species occurring in the main channels had also been found in the
floodplain lakes (Peelen, 1975; Van den Brink, 1990). Conversely, a large number of plankton
species have exclusively been found in the floodplain lakes. Benthic and epiphytic species in
particular have only sporadically been recorded from the main channels. These species have
been abundantly found in the floodplain lakes along these rivers. They were probably present
in the main channels of the Lower Rhine and Meuse in larger numbers before river regulation
had taken place, i.e., before the 19th century. Evidence for this comes from a palaeolimno-
logical study of sediment cores from the Rhine area (Klink, unpublished), which showed that
epipsammic and epiphytic pennate diatoms dominated the spectrum of diatom frustules in the
sediment deposited in the 19th century, whereas planktonic centric species were numerically
dominant in sediment layers deposited in the 20th century. A striking increase in abundance
from historical to recent core layers was found for the centric diatom species Cyclotella me-
neghiniana Griin. (Klink, unpublished). As this is a brackish-water species, its increased
abundance can be attributed to the increased salinity of the Lower Rhine. At present, the
floodplain lakes contribute 77% to the plankton taxa found in the entire Lower Rhine and
Meuse river-floodplain systems.

As with macrophytes and plankton taxa, the present number of macroinvertebrate taxa in
floodplain lakes along the Lower Rhine and Meuse is higher than that recorded in the main
channels (Table 4). If we compare only taxa for which historical data are available (Table 4;
Fig. 2), it appears that the percentage of common taxa, i.e., taxa which occur both in the main
channel and in the floodplain lakes, has increased (Fig. 3). In other words, the composition of

178



Synthesis

the macroinvertebrate communities in the main channel at present shows a greater similarity
to that in the floodplain lakes. The reasons behind this are the deterioration of habitats and
water quality, which has led to the decline of rheophilous species of mayflies, stoneflies, cad-
disflies and blackflies (Fig. 2). At present, about 56% of the macroinvertebrate taxa collected
in the Lower Rhine and Meuse river-floodplain area are found exclusively in the floodplain
lakes. Clearly, the enormous variety of floodplain lakes, which comprise a complex array of hete-
rogeneous habitats, contributes to the total biodiversity in the river-floodplain systems as a whole.

Tabled. Nianbers of aquatic macroinvertebrate taxa formerly collected in the Lower Rhine and
Meuse channels (palaeoecological and literature data) (Klink, 1989; Van den Brink et al.,
1990; and literature therein) and those recently collected in the main channels of the Lower
Rhine (Hof, 1992; and literature therein) and Lower Meuse (Franzen, 1991; and literature
therein) in comparison with those recently collected in their associated floodplain lakes
(Van den Brink, 1990).

Lower Rhine Lower Lower Lower Rhine  Floodplain

and Meuse,  Rhine, Meuse, and Meuse, walters,
before 1900 recent recent recent recent
Tricladida - 3 (3) 4 @) 6 @ 4
Oligochaeta 10 (1)* 18(11) 13 (5) 23(13) 19
Hirudinea - 10 9 10 (8) 12 9 10
Bivalvia 15(12) 11 (8) 1 9) 16(12) 21
Gastropoda 13(12) 10(10) 15(15) 17(17) 31
Araneida - 0O 0O (UN(1)] 1
Actinedida - 0O 3 3 50
Malacostraca 32 14(10) 9 (8 14(10) 9
Ephemeroptera 25 (3) 4 (1) 5 (3 7 (3) 7
Odonata 5@ 2 (1) 2. 2 () 12
Plecoptera 14 (0) 30 0O 30 0
Heteroptera 1 0 2 (D) 1 Q) 32 31
Coleoptera 7 ©) 2 () 1 ) 2 () 61
Megaloptera 1Q) 1 Q) 0O 1 @) 1
Neuroptera - 0 O 1 0 1 ©) 0
Chironomidae 116 (39) 61(32) 64 (36) 87 (45) 72
Simuliidae 6 (0 1 ©) [N())] 1 0 0
Chaoboridae - 0 O 0 O 0 0) 4
Brachycera - 1 © 2 3 19
Trichoptera 40 (10) 7 (5 10 (5) 10 (7) 29
Lepidoptera - 0O 0 O 0 O 4
Total** >257(81) 149 (94) 149 (94) 204 (125) 385
Total*** 257 (81) 134 (81) 129 (83) 174 (112) 297
- : No data available

*: Numbers of common taxa which occur both in the main channel(s) and in the floodplain lakes are given in
parentheses.

**: Based on all groups

***: Based on groups for which historical information is available.
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HISTORICAL RECENT

|:] Main channel taxa
- Floodplain lake taxa

Common taxa

Figure 3. Relative shares of macroinvertebrate taxa in the Lower Rhine and Meuse main channels
and their associated floodplain lakes in the Netherlands. Total number of taxa is 100%. A
comparison of the present floodplain lake taxa (Van den Brink, 1990) with (left) historical
data on main channel taxa based on dated sediment cores and literature (Klink, 1989; Van
den Brink et al., 1990; and literature therein), and (right) recent data on main channel taxa
based on recent surveys (Franzen, 1991; Hof, 1992; and literature therein).

Fig. 4 illustrates the impact of hydrology on the diversity (species richness) of macroin-
vertebrates, plankton and aquatic macrophytes in floodplain lakes along the Lower Rhine and
Meuse. In both rivers, the biodiversity of the aquatic cenoses was found to decrease with in-
creasing flooding frequencies. Besides species richness, hydrology also clearly influences the
species composition of the floodplain lakes. As can be seen in figure 4, the three hydrological
categories of floodplain lakes along the Lower Rhine show great resemblance to the corre-
sponding categories for the River Meuse. Differences between hydrological categories of
floodplain lakes within one river system were much larger, indicating that the impact of hy-
drology on the floodplain lake communities is more important than the role of river system re-
lated parameters.

Scope for ecological management of Dutch river floodplains

In response to the Sandoz accident on 1 November 1986, the states bordering the river Rhine
agreed on the Rhine Action Programme, in which for the first time an ecological goal for
Rhine management was elaborated. This ecological goal is directed towards water quality
criteria, i.e., a further reduction of the loads of micropollutants and nutrients, but also towards
morphological and hydrological criteria, such as the development of fish passages. Two main
measures have been suggested for the rehabilitation of floodplain habitats (ICPR, 1989): 1.
restoration of connections between the main channels and floodplain lakes, and 2. reactiva-
tion of former side channels. The results of studies presented in this thesis provide clear infor-
mation from which restrictions and recommendations can be deduced with respect to the pro-
posed restoration measures.
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Figure 4. Mean numbers of taxa (= N) of macroinvertebrate, plankton and macrophyte groups in
three hydrological groups of floodplain lakes along the Lower Rhine and Meuse in the
Netherlands. A: very dynamic lakes, unprotected against floods; B: moderately dynamic
lakes, protected against average summer floods by small summer dikes or levees, un-
protected against winter floods; C: isolated lakes, protected against floods by a main dike.

In the Lower Rhine and Meuse floodplain lakes the diversity (species richness) of plank-
ton, aquatic and semi-aquatic macrophytes and macroinvertebrates was found to decrease
with increasing degrees of connection with the main channel (Fig. 4). Moreover, the entire
aquatic community in the floodplain lakes was found to change from a clear-water com-
munity towards a turbid-water community with increasing flooding frequency, as a result of
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the high input of nutrients from the highly eutrophic main channels through floods. Only very
few macroinvertebrate species collected in a total of 100 floodplain lakes were predominantly
found in frequently flooded lakes, whereas many others were characteristic of rarely flooded
and non-flooded lakes (Van den Brink and Van der Velde, 1991). Moreover, the species inha-
biting frequently flooded lakes were also found to occur in the main channels, and appeared to
be mainly invaders from other aquatic systems, not strictly riverine species. At present, 25%
of the aquatic insects, mostly phytophilous species, which formerly lived in the main channel
but have disappeared from there with the decline of the vegetation, can still be found in the
non-flooded and infrequently flooded lakes. The fish fauna in lakes connected with the main
channel of the Lower Rhine is dominated by opportunistic fish species like bream and roach
(Boving, 1981), whereas phytophilous and stagnophilous clear-water species like pike and
tench are confined to isolated and infrequently flooded lakes. Hence, rehabilitation of the
Lower Rhine and Meuse floodplains should initially be directed towards the protection of the
ecological values of non-flooded and rarely flooded lakes (long-term average annual flood
duration less than 20 days per year), by further isolation from the influx of river water and ag-
ricultural influences (Van den Brink and Klink, 1991). Protection and enhancement of eco-
logical values in non-flooded and in rarely flooded lakes is important because these lakes may
function as a reservoir in case of calamities in main channel areas. Moreover, these lakes pro-
vide a variety of wetland functions. Their well-developed aquatic and marsh vegetation pro-
vide important habitats for refuge, nesting, breeding, nursery and feeding for a variety of wet-
land species, including macroinvertebrates, fish, amphibians, reptiles, waterfowl and other
birds, and mammals. Riverine wetlands provide corridors for amphibians and mammals. Fur-
thermore, wetland vegetation provides organic matter in a variety of particle sizes, which may
enter the main channel foodwebs via floods, thereby contributing to the variety of nutritional
resources there (Maurizi and Poillon, 1992; Van den Brink et al., 1993b, 1993c).

The results of the restoration project ‘Duursche Waarden® in the floodplain of the IJssel
branch of the Lower Rhine point to the same direction. As predicted by previous studies,
presented in this thesis, the reconnection of isolated, infrequently flooded lakes with the main
channel resulted in a huge loss of aquatic macroinvertebrate species, an increase in the trophic
level resulting in phytoplankton blooms, and an increase in chironomid head capsule defor-
mations, which might be attributed to an increased sediment pollution in these lakes due to in-
creased influx of polluted river water (Klink et al., 1991).

Consequently, restoration of connections between the main channel and floodplain lakes
should concentrate on the frequently flooded lakes (long-term average annual flood duration
more than 20 days per year), which already have an impoverished aquatic flora and fauna. It
has been argued that connected lakes provide important foraging and nursery sites for fish
which live in the main channels of the Lower Rhine and Meuse (Lelek, 1989; Bergers, 1991;
Staas, 1991; Neumann and Rutschke, 1993; Molls and Neumann, 1994; Neumann et al.,
1994; Staas and Neumann, 1994). This may hold true for gravel-pit lakes in particular, be-
cause these are deep enough to contain water even at very low river discharges. The shallow
backwaters which are still at one end in open connection with the main channel simply empty
themselves at low river discharges. The few studies which have focused on fish diets and fish

182



Synthesis

reproduction in gravel-pit lakes along the Lower Rhine suggest that these biotopes are most
beneficial for opportunistic fish species like bream and roach (Bergers, 1991; Staas, 1991;
Staas and Neumann, 1994). Nevertheless, connected lakes may be important as refuge areas
for all riverine fish, including the juveniles of rheophilous species (Staas, 1991; Molls and
Neumann, 1994; Staas and Neumnann, 1994). Clearly, more research on this topic is needed in
order to know whether and in which direction the riverine fish fauna is manipulated by the
restoration of connections.

Instead by restoring the lake-river connection just at one end, the ecological values of
floodplain lakes might be enhanced by reconnecting the lake at both ends, so that a running
water biotope, a lotic side channel, is re-established. In such a lotic side channel riverine habi-
tats may be restored which have disappeared from the main channel. These habitats include
gravel, sand and clay banks, marsh and aquatic vegetation and riverside forests. It has been ar-
gued that flushing by river water prevents the accumulation of nutrients and toxic compounds
in the sediment of the lotic side channels, unlike the situation in ‘lentic’ ones (Klink, 1991;
Klink et al., 1991). Reactivation of lotic biotopes should initially be directed towards fre-
quently flooded lakes only, because of uncertainty of success. Although the water quality of
the Lower Rhine and Meuse has greatly improved over the last decades, essential further im-
provement may be frustated by diffuse sources and calamities. Nevertheless, it might be
worthwile to start a lotic side channel project in order to study the possibilities of restoration.
Of course such a project should be monitored adequately and should be used to carry out ex-
periments that are designed to accelerate the restoration process.

Ecological research should be integrated into river management as much as possible and
should not be a minor consideration. Such research should be directed at the further improve-
ment of the water quality in the main channels, the restoration of impoverished and degraded
riverine and floodplain habitats, the local improvement of floodplain lake water quality, and
clean-up measures for the polluted sediments of valuable floodplain lakes. A further reduction
of the pollution loads in the entire drainage basin is of overriding importance for the improve-
ment of the Rhine and Meuse river-floodplain ecosystems. This reduction is at present fo-
cused on nutrients, heavy metals and organic micropollutants, but should include a reduction
of the sodium chloride loads too. Restoration of habitats should focus on wetland vegetation,
including aquatic macrophytes, helophytes and trees. Restoration of (semi-)aquatic and terre-
strial floodplain vegetation can partly be achieved by fencing out cattle. For an improvement
of floodplain lake water quality, retainment of the relatively clean seepage water from mo-
raine and riverine hills, or the water from small streams which flow onto the floodplain, can
be used. Dredging of the sediment of floodplain lakes can be used to clean up the polluted
sediments, but also to increase the sediment variability within these lakes, and thereby the
habitat diversity.

More information is needed about the historical and present occurrence of species in rela-
tion to the total array of biotopes, including small side strearmns and temporary floodplain wa-
ters along the entire river basins, in order to provide baseline information on the distribution
of species inhabiting river-floodplain areas and the biodiversity of the entire drainage basins.
In this way, refuge centres from which depopulated areas may be restocked can be located.
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Furthermore, information on food-webs in the floodplain systems might provide clues for an
ecological improvement of floodplain lake functioning. In fact, all these items are prereq-
wisites for the ultimate success of the ecological restoration programmes.
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Samenvatting

Overstromingsvlakten vormen een karakteristick onderdeel van grote rivieroecosystemen.
Naast de hoofdstroomgeul kunnen nevengeulen en afgesneden meanders tot de aquatische
onderdelen van een natuurlijk rivier-oecosysteem gerekend worden. Zoals zoveel grote rivie-
ren elders in de wereld zijn de Rijn en Maas tegenwoordig gereguleerd en genormaliseerd,
waardoor ze niet meer vrij kunnen meanderen en er geen nieuwe geulen meer worden ge-
vormd. De stroomgeul is vastgelegd door kribben, het afvoerregime geregeld door stuwen en
de overstromingsvlakten zijn fors gereduceerd door dijken. Binnen deze bedijkte overstro-
mingsvlakten, ook wel uiterwaarden genoemd, bevinden zich verschillende afgesneden voor-
malige stroomgeulen (oude rivierlopen, strangen, hanken), plassen ontstaan door vroegere
dijkdoorbraken (wielen, kolken, waaien) en gegraven plassen ten behoeve van delfstofwin-
ning (kleiputten, zandputten, grindgaten). De meeste van deze uiterwaardplassen zijn bij lage
rivierwaterstanden geisoleerd ten opzichte van de rivier, maar worden overstroomd bij hoge
rivierwaterstanden en staan dan in open verbinding met de rivier. Andere plassen staan voort-
durend in open verbinding met de rivier. Tenslotte zijn er ook binnendijks gelegen plassen die
door de rivier beinvloed worden via kwel.

Dit proefschrift handelt over de invloed van overstromingen op de aquatische levensge-
meenschappen in binnen- en buitendijks gelegen plassen langs de Nederlandse trajekten van
de Rijn en Maas. Deze invloed geschiedt niet altijd direkt, maar verloopt vaak op een uiterma-
te komplexe wijze, waarbij de gevolgen voor allerlei soorten verschillend kunnen zijn. Een
van de belangrijkste gevolgen van overstromingen is dat er vitwisseling plaatsvindt van wa-
ter, opgeloste en zwevende stoffen, sediment en biota, tussen de stroomgeul en de uiterwaard-
plassen. De mate waarin dergelijke uitwisseling plaatsvindt, hangt nauw samen met de over-
stromingsdynamiek, dat wil zeggen met de duur en de frequentie van de overstromingen.
Deze overstromingsdynamiek wordt bepaald door de afvoerfluktuaties van de rivier, door de
geomorfologie van de uiterwaard, door de aanwezigheid van kaden, sluizen en dijken en door
jaarlijkse klimaatschommelingen.

Overstromingen beinvioeden de aquatische levensgemeenschappen in uiterwaardplassen
direkt door fysische verstoring en indirekt door chemische verstoring. Fysische verstoring
treedt op door waterstandsschommelingen, door de totstandkoming van een direkte verbin-
ding tussen de plas en de stroomgeul, door het tijdelijk optreden van stroming in de plas, en
door erosie- en sedimentatieprocessen. Chemische verstoring treedt op door instroom van
water uit de stroomgeul, dat veelal een andere samenstelling heeft dan dat in de plas.

Door lozingen vanuit de industrie, de landbouw en huishoudens is de waterkwaliteit van
de Rijn en Maas vooral de laatste eeuw drastisch verslechterd. Hoewel het dieptepunt voorbij
lijkt, bevat het water van beide rivieren nog steeds een teveel aan nutriénten, zouten, zware
metalen en organische microverontreinigingen.

De waterkwaliteit van de stroomgeul beinvloedt de water- en bodemkwaliteit in de uiter-
waardplassen via direkte overstromingen en via ondergrondse kwelstromen (Hoofdstuk 2).
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Hoe langer en vaker een plas door de rivier overstroomd wordt, des te hoger zijn de gehalten
aan nutriénten (N, P), zouten (Na, Cl), zware metalen (Zn, Pb, Hg, Cd) en organische micro-
verontreinigingen (PCB’s, PAK’s) in het water, het bodemwater en het bodemslib van de plas.
Ook werd er een significant verband gevonden tussen de overstromingsdynarmiek, het chloro-
fyl-a gehalte van het water, en de vegetatiesamenstelling van de plassen. Hoe vaker en langer
een plas door de rivier overstroomd wordt, des te hoger is het chlorofyl-a gehalte in het water.
Omgekeerd namen de soortenrijkdom en de bedekking van ondergedoken waterplanten af bij
toenemende overstromingsdynamiek. Frequente overstroming met het voedselrijke rivierwa-
ter heeft langdurige fytoplanktonbloei, gedomineerd door cyanobacterién en groenwieren, tot
gevolg bij stagnatie. Als gevolg hiervan verslechtert het onderwaterlichtklimaat, waardoor
ondergedoken waterplanten het op den duur afleggen tegen zwevende algen.

Door het hoge zoutgehalte van de Rijn is de watersamenstelling van frequent overstroom-
de uiterwaardplassen veranderd. Oorspronkelijk werd de waterkwaliteit gedomineerd door
calciumbicarbonaat maar thans door natriumchloride.

De gehalten aan zware metalen en organische microverontreinigingen in onbekade en dus
frequent overstroomde uviterwaarden zijn hoger dan die in bekade uiterwaarden, die op hun
beurt weer hoger zijn dan die in binnendijkse referentiegebieden. Deze emnstige vervuiling is
het gevolg van afzetting van verontreinigd slib via overstromingen en is ten dele een erfenis
uit de 60-er en 70-er jaren.

Behalve via overstromingen wordt de waterkwaliteit van de uiterwaardplassen ook bein-
vloed via kwel. Kwelwater afkomstig van de rivier heeft een betere kwaliteit dan het water in
de stroomgeul zelf, hoewel het hogere gehalten aan natriumchloride en nitraat bevat, dan
kwelwater afkomstig van stuwwallen.

De overstromingsdynamiek heeft een sterke invloed op de soortensamenstelling van het
fyto- en zodplankton van de uiterwaardplassen (Hoofdstuk 3), vooral vanwege het hoge nu-
triéntengehalte (N, P) van het rivierwater. In frequent overstroomde plassen is het fytoplank-
ton tijdens de zomermaanden gedomineerd door cyanobacterién (Aphanizomenon flos-
aquae, Microcystis aeruginosa) en groenwieren (Crucigenia spec., Pediastrum spec.,
Scenedesmus spec.), terwijl de fytoplanktonsamenstelling van weinig dynamische plassen
gedomineerd is door pennate diatomeegn (Cymbella spec., Gomphonema spec., Gyrosigma
spec., Synedra spec.). De zodplanktonsamenstelling van frequent overstroomde plassen be-
staat uit soorten van het open water, voomamelijk filtreerders als de watervlooien Bosmina
longirostris en Daphnia cucullata, terwijl het zodplankton van weinig dynamische plassen
ook benthische epifyton-schrapers als de watervlooien Simocephalus vetulus en Eurycercus
lamellatus omvat.

Effekten van overstromingen op water- en moerasplanten zijn beschreven in de hoofd-
stukken 4, 5 en 6. De soortenrijkdom van de water- en moerasvegetatie van de onderzochte
uiterwaardplassen neemt af bij toenemende overstromingsdynamiek (Hoofdstuk 4). Water-
gentiaan (Nymphoides peltata) en Veenwortel (Polygonum amphibium) behoren tot de weini-
ge soorten die bestand zijn tegen de dynamische omstandigheden in frequent overstroomde
uiterwaardplassen. Uit een vergelijking van vroegere met recente vegetatiegegevens van ui-
terwaardplassen blijkt dat een groot aantal soorten water- en moerasplanten sterk in hun ver-
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spreiding achteruitgegaan is. De oorzaken van deze achteruitgang lijken te kunnen worden
gezocht in de veranderde rivierdynamiek, dat wil zeggen een optreden van zomerhoogwaters
gedurende een aantal opeenvolgende jaren, en in de veranderde rivierwaterkwaliteit, met name
de toename van het gehalte aan eutrofiérende stoffen (N en P) en de toename van de saliniteit.

Hoofdstuk 5 beschrijft een experiment naar de invloed van de saliniteit op de groei en de
morfologie van vier soorten zoetwaterplanten (Potamogeton lucens, P. nodosus, P. perfolia-
tus en Ranunculus circinatus). Deze planten werden in proefvijvers blootgesteld aan (natri-
um)chloride in concentraties als die in Rijnwater (7.0 mmol I'! CI') en als die in hydrologisch
geisoleerde viterwaardplassen (1.4 mmol I'! CI). Bij de hoogste chlorideconcentratie resul-
teerde dit in een verlaagde biomassaproduktie en verlaagde relatieve groeisnelheden van de
Potamogeton-soorten, terwijl er geen overeenkomstige effekten gevonden werden bij R. cir-
cinatus. Bij al deze soorten nam de wortel-spruitverhouding bij de hoogste zoutconcentratie
toe en nam de bloei af. De gevonden effekten suggereren dat het huidige zoutgehalte in de
Rijn een osmotische stress induceert bij de onderzochte waterplanten.

Hoofdstuk 6 beschrijft een experiment naar de rol van het sediment (organisch stofgehal-
te, redoxpotentiaal, gehalte aan natuurlijke toxinen, zoals sulphide en mangaan) bij de over-
stromingstolerantie van acht soorten moerasplanten (Acorus calamus, Carex acuta, Equise-
tum fluviatile, Saginaria sagittifolia, Scirpus lacustris, Sparganium erectum, Typha
angustifolia en Typha latifolia). Planten werden gepoot in potten met een organisch of een mi-
neraal sediment, waarna deze potten over twee proefvijvers verdeeld werden. Het organisch
sediment was sterker reducerend en had hogere gehalten aan natuurlijke toxinen, zoals sulfide
en mangaan, dan het minerale sediment. In de ene vijver werden de planten slechts ten dele
onder water gezet. In de andere vijver werden ze gedurende acht weken geheel onder water
gezet. Uit dit experiment bleck dat indien de planten slechts ten dele onder water staan alle
soorten op het organische sediment het snelst groeiden. Indien de planten geheel onderge-
dompeld werden, groeiden sommige plantesoorten nog steeds het snelst op het organische
substraat, terwijl andere soorten het snelst op het minerale sediment groeiden. De verschillen
in groeisnelheid kunnen worden verklaard door onderlinge verschillen in tolerantie ten aan-
zien van inundatie, een lage redox potentiaal en de gehaltes aan gereduceerde stoffen als sul-
phide en mangaan in het sediment.

De invloed van overstromingen op aquatische macro-evertebraten in viterwaardplassen is
uitermate complex (Hoofdstukken 7 en 8). Overstromingen beinvloeden de soortensamen-
stelling en de dichtheden van macro-evertebraten via de waterkwaliteit, de aanwezigheid en
de kwaliteit van habitats, het voedsel en de mogelijkheden tot uitwisseling van biota met de
stroomgeul. Er zijn aanwijzingen gevonden dat de macro-evertebratenfauna in uiterwaard-
plassen van de Rijn en Maas sterk beinvloed worden door het hoge nutriéntengehalte in de
stroomgeul van beide rivieren. De relatieve soortenaantallen en de relatieve dichtheden van
functionele voedselgilden vertonen een verschuiving over de overstromingsgradiént. Filtreer-
ders, zoals erwtemossels (bijvoorbeeld Pisidium supinumy), die leven van fijn particulair orga-
nisch materiaal, zoals fytoplankton en gesuspendeerd en opgelost organisch materiaal, domi-
neren de macro-evertebratengemeenschap in frequent overstroomde uiterwaardplassen, die
door een hoge fytoplanktondichtheid en een lage waterplantenbedekking gekenmerkt wor-

191



Samenvatting

den. Omgekeerd zijn verknippers, zoals bepaalde soorten kokerjuffers (bijvoorbeeld Mystaci-
des longicornis), die leven van grof particulair organisch materiaal, zoals bladmateriaal, het
meest talrijk in de hydrologisch geisoleerde uiterwaardplassen, die door een lagere fytoplank-
tondichtheid en een hogere waterplantenbedekking gekenmerkt worden. De overeenkomsti-
ge resultaten met betrekking tot de aanwezigheid en de dominatie van bepaalde voedselgilden
zowel bij het zoSplankton als bij de macro-evertebraten vormen een extra aanwijzing dat de
soortensamenstelling van deze gemeenschappen sterk beinvloed worden door de dominante
voedselbron in de plas.

De verspreiding van alle onderzochte levensgemeenschappen (waterplanten, moerasplan-
ten, fytoplankton, zodplankton, macro-evertebraten en juveniele vissen) in de uiterwaardplas-
sen van de Rijn en Maas vertoont een horizontaal zoneringspatroon, loodrecht ten opzichte
van de stroomdraad van de rivier. Dit zoneringspatroon is gerelateerd aan de overstromings-
dynamiek. De uiterwaardplassen binnen de onderzochte riviertrajekten kunnen op grond van
de samenstelling van hun aquatische levensgemeenschappen in drie hydrologische catego-
rieén ingedeeld worden:

A. zeer dynamische uiterwaardplassen: dit zijn onbedijkte plassen die frequent en langdurig
overstroomd worden, gemiddeld meer dan 20 dagen per jaar;

B. weinig dynamische uiterwaardplassen: deze plassen zijn gelegen tussen een zomerkade
en de winterdijk en worden slechts weinig frequent en gedurende korte tijd overstroomd,
gemiddeld minder dan 20 dagen per jaar;

C. geisoleerde uiterwaardplassen: dit zijn binnendijks gelegen plassen en worden derhalve
nooit overstroomd, maar ondervinden rivierinvloeden via kwelstromen.

Met toenemende overstromingsdynamiek verschuift de biocoenose in uiterwaardplassen
van een helder-water gemeenschap, gekenmerkt door ondergedoken waterplanten met geas-
socieérde fauna naar een troebel-water gemeenschap die gedomineerd wordt door planktoni-
sche algen met geassocieérde fauna.

Op grond van de resultaten zoals beschreven in dit proefschrift kan gesteld worden dat na-
tuurontwikkelingsprojecten in uiterwaard(plass)en niet zonder meer volgens het ‘Plan Ooi-
evaar’ kunnen worden uitgevoerd. Enige nuancering met betrekking tot de voorgestelde ver-
hoging van de rivierdynamiek door het doorsteken van zomerkades is hier op zijn plaats. Het
in open verbinding brengen van weinig dynamische plassen met de stroomgeul van de Rijn of
Maas zal leiden tot een achteruitgang van de aquatische natuurwaarden en dient derhalve ach-
terwege te blijven. Dergelijke maatregelen zijn minder schadelijk voor de natuurwaarden van
uiterwaardplassen met een hoge overstromingsdynamick, aangezien deze reeds een verarmde
biocoenose bezitten. Het verdient op de eerste plaats aanbeveling de waterkwaliteit van de
Rijn en Maas verder te verbeteren. Daamaast zouden natuurontwikkelingsprojecten zich kun-
nen richten op habitatverbetering, zoals de aanleg van nevengeulen, een verdwenen compo-
nent van het Nederlandse rivierensysteem. Of de aanleg van dergelijke geulen daadwerkelijk
tot een verhoging van de natuurwaarden zal leiden bij de huidige waterkwaliteit van de Rijn
en Maas dient viteindelijk in de praktijk te worden vastgesteld.
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