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Abstract

Water works during the 1960s and 70s changed thibara part of the Rhine-Meuse estuary
in the south-west of the Netherlands into a fresenake, from west to east divided into
three basins called the Haringvliet, the Hollanasptand the Biesbosch. Concurrently water
quality parameters (e.g. nutrients and pollutachginged drastically during the last 50 years.
This study combines macrozoobenthic monitoring ffata the region from 1960 to 2001
with trends in abiotic parameters to evaluate histtevelopments of the communities,
including densities, species numbers and diveraitg, assess future developments as a first
step to a rehabilitation of the estuary as plarfoedanuary 01, 2008. During the 1960s, the
macrozoobenthic densities of Oligochaeta and/oydPaleta dominated communities
increased with a gradual decrease of salt watersiain and salinity variability. The first
years after the basins became stagnant, the specisers per sample and the Shannon
diversity were high due to coexistence of salt fiadhwater species. An increase in nutrient
and pollutant loads led to a decrease in the maolmnthos densities. As water and sediment
quality gradually improved, nowadays the formeuasf contains high diversity high density
macrozoobenthic communities, whereas OligochaetéoaRolychaeta were dominant in the
1960s, and Bivalvia and Gastropoda were more almtrchlaing the 70s. Macrozoobenthic
communities moved from the east to west with a tiage which may primarily be attributed
to changing salinities, salinity variances and @tytevels. Therefore, the current
communities of the Haringvliet show similaritiesthvthe communities that occurred already
during the 1960s in the Biesbosch. This study shbewalue of macrozoobenthos
monitoring data over longer periods. The possilmpact of a new salt water inlet in the west
of the Haringvliet, allowing in the near futuretsahter to enter 11.5 km eastward, yet
alternated by frequent flushing with freshwateasgertain that the salt intrusion does not
reach further, on the development of the macrozsiddeommunities is discussed.

Keywords. benthic macrofauna, density, diversity, long-teaimptic changes, estuary
closure, SW-Netherlands

1. Introduction

Following the flood disaster of 1953 in the delfdle rivers Rhine and Meuse in the
Netherlands, drastic measures have been takenhiiNgeeand Smaal, 1994). Constructions
were made to meet a certain safety level for thabitants of the delta, and to ascertain
freshwater availability (Ferguson and Wolff, 198%iney comprised amongst others the
construction of dams and weirs changing severdi@Dutch estuarine inlets into fresh- and
salt water lakes (Saeijs and Stortelder, 1982). Gtwetinuous salt-to-fresh-water gradient of
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the Rhine-Meuse estuary consisting of the basingghdiet, Hollands Diep and Biesbosch,
between the North Sea (Haringvliet pre-delta) dnadrivers, gradually changed into a
freshwater lake, as construction works took sewegrats. With the complete closure, salinity
dropped rather sharply in large parts of the egt(Reelen, 1970), but a further decrease went
slowly (Tonis et al., 2002). From 1970 on the watewvements in the Rhine-Meuse estuary
were fully controlled with the completion of theaHngvliet dam’ (Nienhuis et al., 2002).
Simultaneously the tidal currents almost completidappeared, resulting in increased
sedimentation and altered water quality (Fergusah\&olff, 1984; Smit et al., 1995). The
composition of the incoming river water in termsnatrient and pollutant loads did also
drastically change during and after the completibthese infrastructures. Water quality
firstly decreased until the eighties due to théinfof polluted river water and subsequently
improved again from the eighties as a result obe&d sanitation measures (Nienhuis et al.,
2002; Bij de Vaate et al., 2006).

Long-term monitoring series of macrozoobenthos ldgveent in estuaries, and in
particularly of communities in water bodies subgectirastic changes in nature, are scarce
(Tapp et al., 1993; Mees et al., 1995). Especfalifhe Dutch delta, monitoring projects on
macrobenthic communities were mostly of short-tasmthey were restricted to the period
during and just after the water works (Lambeck,2t98eire et al., 1994; Seys et al., 1994)).
Later studies were even more limited in time aracspe.g. Soetaert et al., 1994; Smit et al.,
1995) and/or restricted to certain groups of orgrasi (e.g. Coosen et al., 1994; Bruyndoncx
et al., 2002). However, transitional waters areaelyidecognized as regions with high
productivity that perform several vital functioresd. nursery - and foraging areas, migration
routes and habitats) for a wide range of speciese@\et al., 1995; Meire et al., 2005). Several
of the species depending on these habitats aheeattt(Masero, 2003; Meire et al., 2005; De
Nooij et al., 2006). Macrozoobenthic species tihatraostly not mentioned in the lists of
endangered species, should not be overlooked imtmatoring of these areas as they
represent important food sources for target sp€diedff and De Wolf, 1977; Lambeck et al.,
1989), might be used as valuable indicators foistatus of the environment (Warwick and
Clarke, 1993, 1995; Occhipinti-Ambrogi et al., 2Dp@ad many of them are of high
economical value (Rueda et al., 2005).

The drastic changes in the Rhine-Meuse estuary hawst had a huge impact on the
macrozoobenthos communities, densities and diyefBite combination of macrozoobenthos
data covering the spatio-temporal extent of thiissitale management manipulation of a
water system together with abiotic data might deatale for determining the effects of the
management, understanding the underlying proceasdgyredicting future developments for
this area and other transitional waters. Gettingennasight in the effects of the past
management on the macrozoobenthic communitiesa hagh relevancy in relation to the
restoration of the estuarine character of this m&gstem by means of the regulated input of
salt water through the inlet in the western pathefHaringvliet as planned for January 01,
2008 (Peijs, 2004). This regulated salt water jmfegant to increase the nature values of the
Haringvliet basin (Jacobs et al., 2003), is knowhe installation of the ‘Chink-regime’ in
the ‘Haringvliet dam’ (Burgers et al., 2004; Vanelugven et al., 2004).

The aims of this study were (1) to clarify histacltanges in macrozoobenthos densities
and diversity between 1959 and 2001 in the Rhineiddesstuary, in relation to the
infrastructure works and environmental conditicanrsg (2) to discuss possible effects of
future management on the ecosystem and more gdartican the macrozoobenthos in the
area.

2. Material & methods
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2.1. Study area

The study area is the main outlet of the riversmBland Meuse in the Netherlands known as
the Haringvliet, Hollands Diep and Biesbosch thiatthe remains of the historically brackish
seaward part, the transitional mainly freshwatet, @ad the freshwater tidal area of the
estuary, respectively (Fig. 1). Although 54 to 6@#the Rhine water reaches the sea by a
more northern route due to the digging of a shorftoum Rotterdam to the sea from the
second half of the f9century on (Peelen, 1974; Ferguson and Wolff, 1984 will call the
study area the Rhine-Meuse estuary further on.r Afiee flood disaster of 1953, it was
decided to turn the Rhine-Meuse estuary into a rootess stagnant freshwater lake. The
historic overview given in Fig. 1, sums up the magbanges in the area since the start of
building the ‘Haringvliet dam’ from 1958 onwardsoi this period on, the salt water
intrusion in the Rhine-Meuse estuary was graduadigked by infrastructure works. Between
1965 and 1970 the free connection between the g\dre and the North Sea was closed step
by step. Already in 1969 the salt water intrusiamf the southern delta was blocked by the
‘Volkerak dam’ leading to the nearly totally fresacoming of half of the basin Haringvliet
(Peelen, 1970).

From the 1990s on, visions on integral water mamege changed. ldeas were raised to
restore natural estuarine conditions in the manenfieeshwater bodies, however under
regulated conditions to ensure freshwater intalssipdities for agriculture and drinking
water. The plan was called ‘tamed tide’ (Van Leenweal., 2004). As a first step, the
establishment of the ‘Chink-regime’ for the sluigeshe ‘Haringvliet dam’ is planned for
January 01, 2008, which will lead to a regulatdtsater inlet (Peijs, 2004). The regime will
be such that salt water intrusion will not be almirto cross the imaginary line ‘Middelharnis
— mouth Spur’, which is approximately 11.5 km landiards from the ‘Haringvliet dam’.
Therefore, sluices will be opened relative to rigdixcharges, and more during low tide than
during high tide. When very low river discharges axpected, there will only be outlet of
water from the basins to the North Sea (Jacobk, &083; Bavelaar and Ligtenberg, 2004).
In 1997 a five days during experiment (‘Chink-expent’) was executed as salt water was
let in to measure and model the salt intrusion. dieintrusion as a result of the experiment
was indeed restricted to the western part of thangaliet (Jacobs et al., 2003).

2.2. Macrozoobenthos sample characteristics

From the period between 1959 and 2001, 1333 magberahos samples taken in the Rhine-
Meuse estuary were available. The samples wenebdittd over the whole area (Fig. 1).
Table 1 showed that there were differences in sainpénsity between the basins and the
years. Sample availability was concentrated ardabhed.960s and 70s. Additional information
concerning the spatial distribution of these sasiEeagiven in Table 1. In this study, samples
from parts of the surrounding rivers (Dordsche Kiiguwe - and Boven Merwede, Amer,
Maas, Waal, and Afgedamde — and Bergse Maas) Wssreeckoned to the Biesbosch area.
The samples were all taken during monitoring staidied surveys executed by researchers
of the NIOO-CEME and the precursor of this insgtutar most samples were taken with a
0.1 nf ‘van Veen’ grab, a few samples (6) were taken &itian Veen’ grab of 0.093%a
few samples were taken with corers (15 cm diamstedk straight in the sediment (12), or
by corers (8 cm diameter) stuck in the bucket Beameck Boxcorer (40) in 3-fold. All
samples were sieved through a 1 mm mesh and fixédd@o buffered formalin. Exceptions
are the Boxcorer samples which were sieved thr@ugmm mesh, and also stained with
Bengal Rose. All data were stored in our local basa BIS (Benthos Information System,
database, version 1.20.0), and recalculated insities per rh at the species level. The 40
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samples taken with the Boxcorer were all taken0i@12in the Haringvliet. It should be

noticed that besides the mesh of the sieves, tist important difference between the used
techniques is the sample depth, which is approxipétiepending on the sediment cohesion)
15 cm for grab samples, and 25 to 30 cm for thersoAlthough, the larger part of the
animals lives in the topmost few centimeters (Wdlfi73), densities and species numbers
might be slightly underestimated in all years coragao 2001.

2.3. Abiotic data

For all macrozoobenthos samples the date and th (®Atch Ordnance Level) corrected
sampling depths were known. Sampling dates werszggted into years and seasons (Winter
= December — February; Spring = March — May; Summéune — August; Autumn =
September — November). Sampling depths were divildé#ake strataof0-2,2-5,5-10

and >10 meters. The sampling sites were groupeat@dioag to the following sub-regions:
Haringvliet (West, Central-West, Centrum, Centrak& East), Hollands Diep (West, East),
and Biesbosch (Biesbosch East, Nieuwe Merwede, d@emklerwede, Boven Merwede,
Amer, Bergsche Maas, Dordsche Kil, Maas, Afgedamedas, Waal, and Biesbosch West)
(Fig. 1).

Most abiotic data were extracted from Waterbaseptiline database service from the
Institute for Coastal and Marine Management froemmBlutch Ministry of Public Works and
Transportation (RWS-RIKZ) (Waterbase, 2006), inaihdata for our research area were
available from 20 monitoring stations (positiondigated in Fig. 1). We did only extract
variables for which sufficient data from the perit@b9 — 2001 were available; these are at
least 680 measurements, but generally more thad i@@dsurements spread over the three
basins (Fig. 2). In this way sufficient informatiams available to get insight in general trends
of abiotic factors in the basins. The link betwéas abiotic data and the biotic data (for the
regression analyses) was made at the level olthweegjions where the monitoring stations
were situated. The abiotic data obtained from eathregion were averaged by year and
season before analysis. Due to missing data inlifetic measurements, a fraction of the
biotic dataset was excluded prior to perform thdtivariate analyses. The 1333
macrozoobenthos samples were therefore reducesBteamples with associated
environmental characteristics. We also used tHerdifices in biotic values between the strata
for regression analyses, however, these were ctethezthe same abiotic values for the
whole depth range as separate values for stratanedravailable.

Due to thead hoc collection of information, the abiotic dataset sudéfd from several
shortcomings. For some potentially highly relevalpibtic parameters (e.g. N@nd PAHS),
not sufficient data were available for the detettd changes over the study area and for their
connection with biotic information. The concentoat in metal ions were only available in
sufficient amount for analysis from the surfaceavatvhereas sediment concentrations are
expected to be more relevant for the macrozoobentmmunities. The analytical precision
for the abiotic measurements (too rough) did neagt allow the detection of changes in
concentrations against time (Waterbase, 2006) s@heity and salinity range data were
compiled from chlorinity graphs given by Wolff (18)7and Bavelaar and Ligtenberg (2004),
from chloride data given by Smit et al. (1995), uibisshed chloride data from occasional
measurements at macrozoobenthos sample sitespaddativity data from Waterbase
(2006), all recalculated into salinity values aftéilero (1984). The salinity range was
calculated per basin taking the maximum value mthasminimum value per year.

2.4. Data analysis
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The abiotic parameters were plotted per basin theeresearch years to allow a visual
inspection for possible trend-breaks. The trendswere detected were analyzed with linear
regression models and compared for differencesdmtwasins using co-variance analysis
with general linear models (Systat 11 for Windows).

Average macrozoobenthos densities (D in"f),rapecies numbers (S; number of species
per sample) and percentage share of specimenaxmeramical class per year, season,
stratum and/or sub-region were calculated (Micro&dfice Access 2003). It has to be
noticed that the species numbers in the cored sanfpith sampled surfaces of 0.030 or
0.035 M) might be slightly underestimated relatively te tither samples (sampled surfaces
0.1 or 0.093 1), however these are also exactly the samples takararger depth. The
Shannon diversity index (H’) (Shannon and Weav849) was calculated as a measure of
species diversity taking the number of speciesthadalance in numbers between species
into account (Primer 5.2.8 for Windows). Due to khgh number of missing monitoring data
over the years, no trend analysis could be perfdromethe densities, species numbers and
diversity. The differences between the years waadyaed instead by using the non-
parametric Kruskal-Wallis test. When significarffeliences were found, the differences
between pairs of years were separately tested bypsnef ANOVA (Systat 11). In order to
compensate for the artifact of multiple testing Benferroni correction was applied on the
significance levels used for the test: the sigaifice level for separate tested pairs was
therefore 0.05/(n(n-1)/2), with n = number of telstigoups/years per tests of the same context
(Sokal and Rohlf, 1995).

To detect the relations between the environmemigltiae biotic variables and relations
between each of the biotic variables, linear regioes were executed (after visual inspection
using the SPLOM option in Systat 11) on the In(xtrAnsformed densities and species
numbers data called D’ and S’ (species diversita dd’) are already log-transformed),
including only those data where D and S are latiggen 1, to exclude the low-density and
low-species number samples. Relations betweeniabmtiables and the low-density and low
species number samples are tested for with ANO\BAstat 11) comparing the ‘low’ and
‘high’ density, species number and diversity sampheShannon-diversity below 0.1 is
considered ‘low’. In principle, Bonferroni correatis on the multiple tests are taken into
account, however as significance levels were vamy(for the tests concerning the abiotic
variables p< 1.67*16), and Systat did not discriminate between levelaler than 0.001, we
regard these as significantly different. The sigaifice levels of 0.05 and 0.01 are also shown
as these might also indicate possible relationsdxt abiotic variables. We also tested for
possible effects of the sample date, grouped mhsans (winter, spring, autumn, summer),
and sample depth, grouped into four strata (0-26m25-10m, >10m) on densities, species
numbers and diversity using ANOVAs (Systat 11).tapaffects on D, S and H’ were tested
for comparing the sub-regions using ANOVAs in Sista

To detect changes in species composition and siti@&in communities between basins
and years, a Non-metric Multi-dimensional ScaliMpPS) was applied to Bray-Curtis
similarity matrices calculated from the presencseslce species data per basin and year
combination (Bray and Curtis, 1957). The qualitytitd representation obtained with 2D-plot
created with the MDS analysis (Primer 5.2.8 for ¥dws) is indicated by the value of the so-
called stress factor (potentially useful picturevalues lower than 0.2) (Clarke and Warwick,
2001). Before MDS plots were made we checked feside spatial differences within basins
by ANOSIM analyses of the deviation in sub-regiapglied to Bray-Curtis similarity
matrices (Primer 5.2.8 for Windows), taking Bondircorrections into account.

3. Reaults
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3.1. Developmentsin biotic variables

The macrozoobenthos densities in the Haringvligevegnificantly higher in 1983 and 2001
than in the 1960s and 70s (Fig. 3). There wasrdl ti@vards lower densities between 1972
and 1977, than in the period before 1972, howewoesignificant differences between these
years were found. In general, the number of speaidsShannon diversity increased during
the research period, with the lower diversity imgien the 1960s and the higher values for
1971. Also in the Hollands Diep and Biesbosch lagérage densities were found in the
1960s with a trend of lower densities from 1973937, but the variance was large resulting
in few significant differences (Fig. 3). The numloéispecies and the Shannon diversity in the
Hollands Diep were low in the 1960s and much hidien 1972 onwards. Higher species
diversity was in the Biesbosch already found in3L.86d 1966.

Although periods of high densities and low speaesbers and diversity (which are per
definition positively related as H’ is partly dat@ned by S) were observed, e.g. during the
1960s and early 70s, overall densities and specieders and diversity were positively
related (Table 2a). Where generally samples wdintat various depths and dates each year,
it has to be noticed that the number of speciesdmt the 0-2 meters was significantly higher
than the number in the strata below 2 meters (T2leThis also accounted for the species
diversity. The densities appeared to be highetar?-5 m stratum. Significant differences
between seasons were found for the densities, wiech higher in spring than in the other
three seasons. When basins were tested sepafatgly), in general we find the same trends
as for the whole Rhine-Meuse estuary. The numbspeéies, however, appeared to be
significantly higher in summer than in autumn, amdoth seasons higher than in winter, in
the Haringvliet. Species diversity in the HaringtiWwas higher in summer and autumn than in
spring. Additionally in the Hollands Diep also siigant differences in densities were found
between the eastern and the western part with hadgresities in the East, and higher species
numbers and diversity were found in three sub-mregaf the Biesbosch than in some of the
other sub-regions in this basin (results not shown)

3.2. Trends in the abiotic variables

As a consequence of the construction works in tea,dhe salinity level and — variability
sharply decreased during the 1960s in the Rhines®lestuary (Fig. 2). After 1970, when the
salt water inlet was completely blocked, the safidid not exceed the 2.4, and generally also
not the 1.5. In the Biesbosch a slight increasalmity was observed during the 1970s until
halfway the 80s. Simultaneously with the closuréhef‘Haringvliet dam’, the tidal range,
which was about 1.85 to 1.95 meters for the whdderigvliet to Biesbosch area (Peelen,
1970; Wolff, 1973), sharply dropped to 50 centimet® less (Peelen, 1974; Jacobs et al.,
2003). The water temperature gradually increaséd 6 to 2.4 °C during the period 1959-
2005 over the whole research area (Fig. 2), tolwaicseasons contributed. The oxygen
content of the water decreased initially till tregbnning of the 1970s, after which the oxygen
level gradually increased again. It has to be edtihat till 1971 only data for the Hollands
Diep and the Biesbosch were available (Fig. 2)oAle variability of the oxygen level is less
large between approximately 1979 and 2005, thaoréef979. The pH increased in the 1970s
slightly over the whole range. The clarity (Secdfifhe water generally decreased during the
1970s, and increased again during the 1990s. T9peaded matter content was highest
before 1971, although it has to be noticed thag data from the Hollands Diep and the
Biesbosch were available for that period. The dpbwll a content appeared to be higher
during the 1970s and early 1980s, after whichadgally decreased. DOC and TOC
decreased during the 1970s till 1993/1994, aftaclwiOC stabilized and DOC contents
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increased again in the whole estuary. The nutdatda before 1971 show an initial increase of
the NH;, total P and P©concentrations during the 1960s, while the vafoephosphate also
increased in the 1970s. Silicate levels remaintdteratable at a low level. For all metals (or
metal pollutants) and As, a clear decrease (edpeitidhe 1970s and 80s) in surface water
concentrations was found between 1972/73 and 2005%).

Due to their respective locations along the searmgradient the separate basins might
show differences in the changes of their abiotieditions against time. The abiotic
conditions, however, generally followed similarae in all the basins. But for instance
changes in salinity were stronger closer to thersé@ Haringvliet and the Hollands Diep
than in the Biesbosch. Whereas in the Haringvhet the Hollands Diep the salinity and
salinity variability dropped sharply between 196l 4969 after which it remained more or
less stable, in the Biesbosch the salinity sigaiftty increased till halfway the 1980s (the
salinity variability till the end of the 70s) afteuhich it decreased again. Where the clarity of
the Haringvliet and Hollands Diep water decreasathd the years 1971-1988, when the
suspended matter content increased, these parametex more or less stable in the
Biesbosch during these years. After 1988 the glafithe water improved and suspended
matter content decreased in the Biesbosch, whileeiiHaringvliet and the Hollands Diep
stabilization of these parameters was visible. \Wagclarity during the 1970s and 80s was
highest in the Haringvliet, it is nowadays highesthe Biesbosch. Chlorophyll a content was
especially high in the Hollands Diep and the Biesitoat the end of the 1970s and beginning
of the 80s, after which the contents gradually éased to similar levels in the whole research
area (Fig. 2). There was also a clear spatial gradvith increasing concentrations in metals
from the Haringvliet to the Biesbosch. In time #patial differences were however
decreasing. For several metals the surface wabteeotrations are nowadays more or less
similar within the whole estuary.

In summary we found for the abiotic factors in siedied area 1) in the 1960s some
strong changes as lowering salinities and saliratyances (due to increasing enclosure of the
area), decreasing suspended matter content, yebging ammonia concentrations (from
polluted fresh water input), 2) in the 1970s agition stage with slight changes as an
increasing salinity in the Biesbosch and phospleats indicating poorer water quality, yet
at the other hand decreasing ammonia and metaéntrations indicating improving water
quality, and 3) more and more stabilizing valuesott parameters with significantly
improving water quality from the beginning of th@8Ds.

3.3. Reaction of biotic variables to environmental changes

The shifts in the biotic characteristics might bkated to the changes in abiotic conditions as
a consequence of the construction works in the &®@athe samples where more than an
occasional species or specimen was observed ([3 &ig, we see that the densities are
significantly related (p<0.001) to several of thectic variables (Table 2c). Higher densities
are especially related to lower As and metal @G.Pb and Cu) contents, and lower TOC and
nutrient (i.e. B and NH) contents, but to higher Fe and Silicate contélrtte. number of
species is also positively related to the Fe cdraéthe water, and negatively to the Ni
contents. High diversity was more often observedaters with higher oxygen contents and
lower chlorophyll a contents. In search for whiabtic variables determine the absence, or
almost absence, of macrozoobenthos in our samplegound that none of the abiotic
variables alone is responsible for very low deesjtbut the oxygen content connected to the
low number of species and low diversity samplesgsificantly lower than for the other
samples and at low species numbers the salinitysalntity variance is significantly higher
(Table 2d).
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Comparing the communities on basis of the speciesepce/absence we first checked for
possible differences between sub-regions withimisg@®NOSIM). Visually, especially the
data for the Biesbosch are non-homogenous spatiistisibuted (Fig. 1; Table 1). Spatial
intra-basin differences of communities appeardoktoon-significant and much smaller than
the differences between years (results not shommmgh allowed us to aggregate. When the
communities of the different years were comparedgusiDS (Fig. 5), some general patterns
between the basins were observed. The lower pavessine general trend for the three
basins in time, which is however a smoothenindhefgatterns shown by measured data
(upper pane). The communities of the 1960s of ba#ins, Haringvliet and Hollands Diep,
are situated on the left side of the plot. In tB&0s the communities of these basins are
moving to the right and lower middle part of thetplThe communities of 1983 of the two
basins are almost identical in species presertcated in the middle — lower middle part of
the plot, after which the communities of the Havilngf move to the upper right. The
Biesbosch however shows a different pattern. dtriking that the communities in the
beginning of the 1960s in the Biesbosch and théaHd$ Diep were comparable, and that the
communities of the second half of the 60s showerkramnilarities with the situation in the
Haringvliet in 2001. The community of 1972 in thee&bosch showed large similarities with
those found in the other two basins in 1983. Theans that the communities already present
in the 1960s in the Biesbosch appeared with a tagen the more western Hollands Diep
and Haringvliet. Positioning of the communitiesreed to be most related to changes in
salinity (in the MDS plot from bottom left to uppeght) and suspended matter content (in
the MDS plot from lower right to upper left).

Since the sole use of species presence/absenceaskcertain patterns, as no difference
was made in the densities of species, we also zedihe shifts in density distributions
between taxonomical classes. Figure 6 shows thaDtiyochaeta and Polychaeta, dependent
whether the environment was more salt or freshwatated, were highly dominant in
densities in the communities of the 1960s, till 1L.93f the Haringvliet and the Hollands Diep,
and in 1963 in the Biesbosch. Only in the Haringiviln 1960 and 61, the Bivalvia and the
Crustacea appeared to be the dominant classes.1&T&, more and more other classes like
the Bivalvia, the Insecta, the Gastropoda and tlust@cea became relatively more numerous.
It is striking that this trend towards an increasdiversity changes in the second half of the
1970s, especially visible in the Hollands Diep 8v%, and in the Haringvliet in 1977, by a
dominance of the Bivalvia. After that a more eqgiatribution of the densities over several
taxonomical classes returned. In the Biesbosclaagbf dominance by Bivalvia and
Crustacea is found halfway the 1960s, whereas digeese communities could already be
found in 1972.

4. Discussion
4.1. Effects of water works on macrozoobenthos

During the 1960s, a gradual reduction of the saliewinlet, and therewith the reduction of
the salinity variance and the increase of the rifressh-) water influence, led to an increase in
the macrozoobenthos densities in the Hollands Biepthe Haringvliet. The communities
were highly Oligochaeta and/or Polychaeta dominatetat time. With the completion of the
blocking of the saltwater inlet in 1970, the watethe basins became more or less stagnant.
Initially at the beginning of the 1970s salt anelstiwater species could co-exist in the new
stagnant water environment, probably due to hotaand vertical stratification. This
resulted in an increase of the species numbersligadsity. As the conditions became more
stable, especially with respect to the salinityiafaility but also for other parameters, the
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waters became suitable for a wider range of spegradually colonizing the Hollands Diep
and the Haringvliet from the Biesbosch and fromaheounding polders which drain to the
basins (Ferguson and Wolff, 1984). This led tor¢hter increase of the species numbers and
diversity, while the macrozoobenthos compositioangfed from Oligochaeta and/or
Polychaeta dominated communities to more diversenoonities with more Bivalvia,
Gastropoda, Insecta and Crustacea. Simultanedwesiyensities decreased, as a consequence
of lower Oligochaeta and Polychaeta numbers.Jery likely that this transition results in an
increase in biomass. As during the 1970s largetgiesnof pollutants were imported with the
river water and depositing in the Hollands Diep &fadtingvliet basins, the densities remained
low and also the species numbers and diversityedsed again during the second half of the
70s. Bivalvia appeared to dominate the communifibs. slow and gradual colonization of
the Hollands Diep and Haringvliet was also recorogderguson and Wolff (1984), who
characterized the benthic fauna seven years atedisconnection from the sea as generally
still poorly developed. But a significant improvemef the water quality (e.g. nutrient and
pollutant reduction and higher oxygen levels) dutine 1980s led to the establishment of
high density high diversity communities, alreadg®@ivable in 1983, but clearly present in
2001 in the Haringvliet.

Studying the northern delta area as a whole, otfite® basins independently, the
developments started since the 1960s could alwaybberved, first in the east (the
Biesbosch) and than gradually moved to the wesits Tépecies from the Biesbosch might
gradually colonize the Hollands Diep and the Harlreg. This corroborates the colonization
pattern of non-indigenous species that since 188mize the former estuary coming from
the east (Bij de Vaate et al., 2006).

The results show that actually six phases in theroz@obenthos development can be
distinguished. The first phase, an estuary commwifitnarine and brackish water species
tolerant to large salinity variability, with rela@ly low densities and species numbers is
actually only present in the Haringvliet during 0%hd 61. The early transitional (second)
phase in the mid 1960s, at which the variabilitgpn¥ironmental conditions gradually
decreases, is characterized by slightly increag@rgities and species numbers, where
Oligochaeta and/or Polychaeta are dominating thenmanities, dependent whether it is a salt
or freshwater related system. The transitionat@)nphase (in the end 1960s) is actually a
phase of more stable water conditions, in whichvlréability in water conditions is gone,
and therefore densities of species already preseinly Oligochaeta, get high. However, at
high nutrient conditions in these stable waterggex levels might decrease resulting in
mortality. In the next fourth phase (in the begimgnof the 1970s) still some ‘marine’ species
are present (having opportunities to maintain dueotrizontal and vertical stratification)
together with freshwater species that graduallpmiak the newly created freshwater basins.
This results in increasing species numbers andsliyan the initial freshwater phase. As the
water quality in terms of nutrients and pollutantss poor, and these substances increasingly
accumulated to the bottom of the basins, densanelsspecies numbers and diversity did not
increase further, or even decreased during thavirger poor quality (fifth) phase around the
midst 1970s. By the improvement of the water gyatiensities and species numbers and
diversity gradually increased, and increased furt¥teen also the sediment quality improved
by covering up and mixing with cleaner sedimentsti#e other phases, also this (sixth) phase
is first seen in the Biesbosch, and finally alsthie Haringvliet. In this stable freshwater
phase, conditions with high diversity communitiesl &igh densities were reached.

4.2. Data availability and uncertainties
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As monitoring data on macrozoobenthos from the $38@005 were scarce, we can not be
sure on how densities and species numbers andsiiesthave been developed during that
period. A gradual increase in the three biotic peaters is expected, but highs and lows
during the period, or even a recent change ofrdtcan not be excluded, although radical
changes in trends of abiotic parameters are narebd. For instance the so-called Sandoz-
accident in 1986 with a huge impact on the macrbeathic communities of the river Rhine,
might also have caused a decrease in densitiesraspmlcies numbers in the former estuary
(Bij de Vaate et al., 2006). The densities (300aid m? with higher densities at the
Haringvliet sites than at the Biesbosch sites) naw in 1988 (Smit et al., 1995), are in line
with our findings in 1983 and 2001. They also réleal similar assemblages as we found,
dominated by Oligochaeta (Tubificidae) and Bival{iéollusca) with locally higher numbers
of Insecta (Chironomidae).

In our study strong relations between abiotic pa&t@ns and biotic data are absent. This is
partly the result of the fact that they are not saeed at the same sites. As we only have a
few monitoring sites of abiotic variables for edasin, we consequently assume that the
abiotic parameters are similar throughout the b&&natial variability of several of the
parameters might, however, be large. That thisc@gpgays a role is shown by the large
variances shown by most of the parameters, whigldacreasing when the highly variable
estuary is gradually changing into more stablehineger basins. It is, however, expected that
the monitoring stations of abiotic parameters givepresentative view for the basins, and as
measurements are repeatedly executed over longedgat the same stations, the long-term
trends and changes are not overlooked. The satemiye is calculated with pulled data for
whole basins. Therefore the recorded salinity rangé probably be representative for the
western parts of the basins, but overestimateratiges in especially the eastern Haringvliet
and Hollands Diep during the 1960s. Climatic aspatffecting discharges like dry summers
or a large number of freezing days are only pastken into account. Effects of these
temporal events on macrozoobenthic communitiedbeasubstantial. Their effects might be
visible in variables like salinity and temperatusat can become unnoticeable in the year
averages and long-term trends. Also sedimentaaorhave a large influence on the
macrozoobenthic communities. In waters withoutltidluence and relatively stable
currents, the amounts of suspended matter caragiwedication of sedimentation. However,
the higher amounts of suspended matter beforereladithe estuary do not mean that
sedimentation rates were higher. Smit et al. (198&)tions that sedimentation significantly
increased after closure of the estuary, althoughalststarted to erode. Sedimentation rates
were highest in the eastern Hollands Diep durieglt®80s. Further, the abiotic parameters
are measured in the surface water, while for séparameters, and the oxygen contents and
metal pollutants in particular, sediment concemrat might be more relevant. It is expected
that trends in the water phase and in the sediarentelated. It can take much longer before
an increase in the oxygen content in the surfadersas also found at larger depths. It is very
likely that finally a decrease in metal contenthia water phase will lead to a decrease in the
sediment, due to mixing processes and the pershanacter of metal pollutants. A delay in
the reaction of macrozoobenthic communities (deast certain species) to changes in the
water conditions can therefore be expected. Thismdirmed by the study of De Lange et al.
(2004), showing that the productivity of the maokartebrate communities is not hampered,
but the species composition and diversity is atfttcted by the presence of contaminants in
the Biesbosch. Important substances with poteatiatts on macrozoobenthic communities,
but not taken into account, are the organic miatupants. It is however expected that these
substances show similar trends, that is a decs#ase the 1970s, as the metal pollutants.
This is supported by measurements in the river &{t#y de Vaate et al., 2006), the main



499 supplier of water entering the Biesbosch, the HokaDiep and the Haringvliet delivering
500 approximately 3/ of the total water mass (Peelen, 1974).

501 The strong changes in community structures in #ny 4960s in the Hollands Diep and
502 the Haringvliet (Fig. 6) might partly be the respfithe limited number of samples available.
503 Itis shown in North Sea studies that benthic comitres are highly variable already on small
504 temporal and spatial scales (Armonies, 2000). En@kility might be less in a more stable
505 environment of freshwater basins. We should howkegep this variability in mind,

506 especially at the time of the area being an optrags In our study for instance in the

507 Hollands Diep the Polychaeta and Oligochaeta daméhduring the early 1960s. The

508 Oligochaeta are more related to freshwater envienig) while the Polychaeta are salt water
509 related. For instance in 1965 all samples werentakéhe eastern part of the Hollands Diep.
510 The positioning and the limited number of samplessis very likely a reason for the

511 deviations of the general observed patterns.

512 The used methodology of sampling macrozoobenthogd®&er instead of ‘van Veen’

513 and sieving over 0.5 mm mesh instead of 1 mm) niglie led to a slight overestimation of
514 the densities and species numbers for 2001 compaitee other years. On the other hand
515 much smaller surfaces, influencing the species mugsihvere sampled. For instance the

516 presence of Nematoda in 2001 and not in the otkarsymight be a result of the different
517 methodology. But the huge increase of the impodarfether groups than Oligochaeta

518 compared to for instance 1983, while Oligochaetgitnbe an important group of which

519 substantial numbers are missed when sieving omemImesh (Ysebaert et al., 2005), shows
520 that large changes in the communities have occurred

521

522 4.3. Potential diversity of the area

523

524 The number of species per sample significantlygased in time, in all of the three basins.
525 Only for the Haringvliet we have an indication abthe current level (humbers in 2001). As
526 the species numbers in the Hollands Diep and Bgsbwere similar to those in the

527 Haringvliet throughout the research period, andahger quality in the three basins has

528 become more similar, we do not expect substantialen numbers in the Hollands Diep and
529 the Biesbosch nowadays. The year-round salinitiamee in the Haringvliet and Hollands
530 Diep was about 16 and 7 respectively (range of.2%9@pendent of the location), and 0.4
531 (range; 0.6-0.1) in the Biesbosch, in the begin0s9@Volff, 1973), and decreased during the
532 late 60s to less than 2.4 in the begin 70s inadirs. Considering these salinity variances, the
533 number of species in the Rhine-Meuse estuary ar@yalmuch lower than the potential

534 number recorded for estuaries, for instance ther Mhames estuary (Attrill, 2002). As it is
535 expected that the-diversity is comparable to the number of specassample, the potential
536 is about 3, 9.5 and 14 species péirfon the Haringvliet, Hollands Diep and Biesbosch

537 respectively in the begin 1960s. These numbersugifdincrease to 15 species per m

538 towards the begin 70s. This means that only lo@dsurements in a limited number of years
539 reached the potentials. Generally the recordedespeambers are at the lower end of the
540 range recorded by Attrill (2002). Wolff (1973) imdites that the potential diversity in the
541 1960s is reached, and in large areas in the Hdragwen surpassed, when the maximum
542 number of species occurring per sample for sefigsnosamples is taken. This method might
543 be a good measure at high sampling intensity.dh¢hse the potential diversity in the

544  Haringvliet might also be reached at present. Tatvextent the measurements in 2001 in
545 Haringvliet give an indication of the diversity gta of the Hollands Diep and the Biesbosch
546 s uncertain.

547

548 4.4. Future developmentsin the area



549

550 OnJanuary 01, 2008, a first step towards restoratf the estuary will be taken by a

551 regulated salt water inlet. This means that thetsdteshwater gradient and the associated
552 tidal salinity variability which is now situated arelatively small area of the Haringvliet Pre-
553 delta (part of the North Sea), at the west siddn@fdam ‘Haringvliet’, will extend its area

554 approximately 11.5 km land inwards in the HaringlzlFor the macrozoobenthic

555 communities in the western part of the Haringulie$ will definitely mean that they will

556 change again. Salt water intrusion and enlargeidbity will probably lead to a decrease in
557 macrozoobenthic densities. Initially the speciesibers and diversity will increase, as

558 ‘marine’ species will colonize this part of the liggvliet, and co-occur with the present

559 freshwater communities. On the longer scale, sétr@shwater species might disappear from
560 the western part of the Haringvliet. For the ba$awmingvliet as a whole the new conditions
561 will lead to an increase of the diversity. Crud@l the stability of the communities, and

562 whether higher densities and diversity can be reddm the longer term in the western part of
563 the Haringvliet, is how often and how severe th&irb&laringvliet will be flushed to

564 freshwater conditions. Flushing the Haringvliegtd rid of the salt water, is a measure that
565 will be taken during the ‘Chink-regime’ that wilelnstalled to cope with periods of low

566 water discharges of the rivers, to prevent salewatrusion land inwards, further than the
567 imaginary line ‘Middelharnis — mouth Spur’ (11.5 Kand inwards from the ‘Haringvliet

568 dam’). Calculations based on historic river disgearshow, that this will happen 2 to 3 times
569 a year, and might last in total up to several metlyear (Bavelaar and Ligtenberg, 2004;
570 Van Leeuwen et al., 2004). Such an arrangemenpvabably result in a lower number of
571 species and densities than such an estuary argaotattially harbor, which also has

572 consequences for the food availability for speoigsigher trophic levels.

573 The ‘long-term large-scale experiment’ executethen1960s and 70s on changing an
574 estuary into a freshwater lake gets a follow-upth@t time ecology was not involved in the
575 decision-making process (Ferguson and Wolff, 1284 ecologists could only monitor the
576 effects. This time, the goal of the measures rebabilitate the estuarine gradient to achieve
577 ecological progress. However, as far as this cascére macrozoobenthos, which has an
578 important role in the estuarine food webs and foamgnportant indicator for the status of
579 the environment, it seems that again we are fagilagge-scale experiment of which the

580 outcome is not necessarily positive. We are nag about the current status of the

581 macrozoobenthic communities, as the sampling irL20@he only indication we have from
582 the last 20 years. Nevertheless, again there appartunity to monitor effects of an

583 interesting and unique ‘large-scale experimentsekms that economical boundaries, that is
584 ascertaining freshwater intake for agriculture dndking water from the largest part of the
585 Haringvliet, again overrule ecological arguments.

586 The current study shows that macrozoobenthos nmargtdata of different origin,

587 covering a larger time span, can be very usefuhf@lyzing historic trends and assessing
588 future developments. However, by covering largmetspans with a limited number of

589 sampling years, the uncertainty of the resultseiases. When new drastic measures are
590 planned, for which an improvement of the ecologgeadlity is the goal, as is the case in the
591 northern delta, at least the situation of befoeertteasures should be established by an

592 inventory. In estuaries an inventory includes tlaerazoobenthic communities, as they are
593 important parts of the food webs, and indicatorgte status of the environment.

594 The results show that the executed works and/oclthages in water quality had large effects
595 on the macrozoobenthic communities, the diverdityhese communities, the number of

596 species and the macrozoobenthos densities.

597

598 5. Conclusions
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The construction of waterworks during the 1960s #bsl changing the estuary of the rivers
Rhine and Meuse into a freshwater lake had a hagadt on the macrozoobenthic
communities. A gradual diminishing of the salt wat¢rusion and the variability of salinity
levels led to an increase of the macrozoobenthisitles. From 1970, the year that the basins
became a stagnant freshwater lake, up to 1974uimber of species and the species diversity
was high, due to the coexistence of salt and fragtmspecies. A poor water quality in terms
of nutrients and pollutants during the 1970s comtbiwith an increased sedimentation of
these and decreased oxygen levels in the stagreetsyprobably led to a decrease in the
macrozoobenthos densities. As water quality ang Mezly also sediment pollution levels
gradually improved, the macrozoobenthos densgiescies numbers and diversity increased
during the 1980s and probably also later on. Caeatly with the changes in water
parameters, the communities changed from Oligoehaed/or Polychaeta dominated
communities during the transition from dynamic tagmnant water, to more diverse
communities with higher numbers of Gastropoda apeeially Bivalvia during the stagnant
water phase with poor water quality. Improvemerthefwater quality led to the high
diversity communities with high densities. Changethe macrozoobenthic communities
were always first visible upstream, in the easper of the (former) estuary called the
Biesbosch. With a time-lag, the developments atsmoed in the central part (Hollands
Diep) and the west (Haringvliet). Therefore, thereat (2001) communities of the

Haringvliet are most related to the communitiesheflate 1960s of the Biesbosch,
complemented with a series of non-indigenous spetiee planned salt water inlet for
January 01, 2008, and especially the frequentshfhg of the new salt-freshwater gradient to
freshwater conditions will probably lead to a loweimber of species than at present and
lower densities than an ‘unregulated’ estuary pieityn can harbor. The current study also
shows the value of historic macrozoobenthos mangatata available for longer periods.
Although abiotic parameters give strong indicatiforsthe current status of the Haringvliet —
Hollands Diep — Biesbosch basins macrozoobentmmuanities, the lack of data from the
1980s till nowadays in this study however incredbesuncertainties of assessment of future
developments.

Acknowledgements

We would like to thank Vincent Escaravage for losnenents to an early version, and thanks
to Wim Wolff and two anonymous reviewers for theanstructive comments on the
manuscript. This is publication X of the Netherlandstitute of Ecology (NIOO-KNAW),

and Monitor Taskforce Publication Series 2007-Y.

References

Armonies, W., 2000. On the spatial scale needetddathos community monitoring in the
coastal North Sea. Journal of Sea Research 431321-

Attrill, M.J., 2002. A testable linear model forvdrsity trends in estuaries. Journal of Animal
Ecology 71, 262-269.

Bavelaar, A., Ligtenberg, J., 2004. Resultatensumetlberekeningen Zeedelta t.b.v.
HOP2005. Werkdocument Ministerie van V & W, Rijkstiuut voor Kust en Zee (RIKZ),
Den Haag, The Netherlands, 40 pp.
(http://verkeerenwaterstaat.nl/kennisplein/uploaB&dZ/2005-
01/262840/rikzab2004108x.9df




648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697

Bij de Vaate, A., Breukel, R., Van der Velde, Q08&. Long-term developments in
ecological rehabilitation of the main distributaria the Rhine delta: fish and
macroinvertebrates. Hydrobiologia 565, 229-242.

Bray, J.R., Curtis, J.T., 1957. An ordination cé thpland forest communities of Southern
Wisconsin. Ecological Monographs 27, 325-349.

Bruyndoncx, L., Jordaens, K., Ysebaert, T., Mditg,Backeljau, T., 2002. Molluscan
diversity in tidal marshes along the Scheldt est@@he Netherlands, Belgium).
Hydrobiologia 474, 189-196.

Burgers, M., Louwman-Soeters, L., De Meijer, Eqr8t, K., Tiebosch, T., 2004.
Haringvlietsluizen op een Kier. De Kier: doordadben! Eindrapportage planstudie.
Stuurgroep Realisatie de Kier, Notanummer AP/208428 pp.
(http://www.rijkswaterstaat.nl/Images/Eindrapportyphstudie%20def tcm49-84026.pdf
Clarke, K.R., Warwick, R.M., 2001. Change in mareenmunities: an approach to statistical
analysis and interpretation*2dition, PRIMER-E: Plymouth, UK, 178 pp.

Coosen, J., Seys, J., Meire, P.M., Craeymeers&iv.].1994. Effect of sedimentological and
hydrodynamical changes in the intertidal areashi@f@osterschelde estuary (SW Netherlands)
on distribution, density and biomass of five commaacrobenthic specieSpio martinensis
(Mesnil), Hydrobia ulvae (Pennant)Arenicola marina (L.), Scoloplos armiger (Muller) and
Bathyporeia sp. Hydrobiologia 282/283, 235-249.

De Lange, H.J., De Jonge, J., Den Besten, P.Jtefbasn, J., Peeters, E.T.H.M., 2004.
Sediment pollution and predation affect structure production of benthic macroinvertebrate
communities in the Rhine-Meuse delta, The Nethddadournal of the North American
Benthological Society 23, 557-579.

De Nooij, R.J.W., Verberk, W.C.E.P., Lenders, H.JIRuven, R.S.E.W., Nienhuis, P.H.,
2006. The importance of hydrodynamics for proteeted endangered biodiversity of

lowland rivers. Hydrobiologia 565, 153-162.

Ferguson, H.A., Wolff, W.J., 1984. The Haringvi@tject: The development of the Rhine-
Meuse estuary from tidal inlet to stagnant freslew&tke. Water Science and Technology 16,
11-26.

Jacobs, P., Steenkamp, B.P.C., De Goederen, &, Y@@ zoet naar zout in 5 dagen?
Analyse zoutmetingen inlaatproef Haringvliet in md®97. Ministerie van V & W,
Rijksinstituut voor Integraal Zoetwaterbeheer enahivaterbehandeling (R1ZA), Dordrecht,
The Netherlands, RIZA report 2003.001, 95 pp.
(http://rijkswaterstaat.nl/Images/Rapport%20zouttpaoef%202003.001_tcm49-84020 pdf
Lambeck, R.H.D., 1982. Colonization and distribataf Nassarius reticulatus (Mollusca:
Prosobranchia) in the newly created saline lakev&iregen (SW Netherlands). Netherlands
Journal of Sea Research 16, 67-79.

Lambeck, R.H.D., Sandee, A.J.J., De Wolf, L., 198g-term patterns in the wader usage
of an intertidal flat in the Oosterschelde (SW Netéinds) and the impact of the closure of an
adjacent estuary. Journal of Applied Ecology 2&-431.

Masero, J.A., 2003. Assessing alternative anthrepiocghabitats for conserving waterbirds:
Salinas as buffer areas against the impact of alatabitat loss for shorebirds. Biodiversity
and Conservation 12, 1157-1173.

Mees, J., Fockedey, N., Hamerlynck, O., 1995. Coatpe study of the hyperbenthos of
three European estuaries. Hydrobiologia 311, 158-17

Meire, P.M., Seys, J., Buijs, J., Coosen, J., 19pétial and temporal patterns of intertidal
macrobenthic populations in the Oosterscheldethag influenced by the construction of the
storm-surge barrier? Hydrobiologia 282/283, 157-182

Meire, P., Ysebaert, T., Van Damme, S., Van degBeE., Maris, T., Struyf, E., 2005. The
Scheldt estuary: a description of a changing e¢esysHydrobiologia 540, 1-11.




698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746

Millero, F.J., 1984. The conductivity-density-salachlorinity relationships for estuarine
waters. Limnology and Oceanography 29, 1317-1321.

Nienhuis, P.H., Buijse, A.D., Leuven, R.S.E.W., &nA.J.M., De Nooi}, R.J.W.,
Samborska, E.M., 2002. Ecological rehabilitationref lowland basin of the river Rhine (NW
Europe). Hydrobiologia 478, 53-72.

Nienhuis, P.H., Smaal, A.C., 1994. The Oostersehesduary, a case-study of a changing
ecosystem: an introduction. Hydrobiologia 282/2B3A4.

Occhipinti-Ambrogi, A., Savini, D., Forni, G., 2008lacrobenthos community structural
changes off Cesenatico coast (Emilia Romagna, MortAdriatic), a six-year monitoring
programme. Science of the Total Environment 353-348.

Peelen, R., 1970. Changes in salinity in the delta of the rivers Rhine and Meuse resulting
from the construction of a number of enclosing daetherlands Journal of Sea Research 5,
1-19.

Peelen, R., 1974. Data on temperature, oxygennsadiand transparancy of the water in the
northern part of the delta area of the Netherldreta/een 1961 and 1972. Hydrobiologia 45,
115-134.

Peijs, K.M.H. (De Minister van Verkeer en Water$ta2004. Wijziging besluit beheer
Haringvlietsluizen. Staatscourant 31 december, 264,

Rueda, J.L., Smaal, A.C., Scholten, H., 2005. Amginonodel of the cockleQerastoderma
edule L.) tested in the Oosterschelde estuary (The Metids). Journal of Sea Research 54,
276-298.

Saeijs, H.L.F., Stortelder, P.B.M., 1982. Conveytam estuary to lake Grevelingen:
Environmental review of a coastal engineering mijEnvironmental Management 6, 377-
405.

Seys, J.J., Meire, P.M., Coosen, J., Craeymeeis&h,1994. Long-term changes (1979-89)
in the intertidal macrozoobenthos of the Oosterglehestuary: are patterns in total density,
biomass and diversity induced by the constructioth@ storm-surge barrier? Hydrobiologia
282/283, 251-264.

Shannon, C.E., Weaver, W. (1949) The mathematiesry of communication. The
University of Illinois Press, Urbana, USA, 117 pp.

Smit, H., Reinhold-Dudok van Heel, H.C., Wiersmay$ 1995. Sublittoral macrozoobenthic
assemblages in the enclosed sediment-polluted Rinese delta; their relationship to
environmental conditions. Netherlands Journal odi#e Ecology 29, 31-47.

Soetaert, K., Vincx, M., Wittoeck, J., Tulkens, Man Gansbeke, D., 1994. Spatial patterns
of Westerschelde meiobenthos. Estuarine, Coastiabhelf Science 39, 367-388.

Sokal, R.R., Rohlf, F.J., 1995. Biometry: the pites and practice of statistics in biological
research. 8 ed., W.H. Freeman and Company, USA, 887 pp.

Tapp, J.F., Shillabeer, N., Ashman, C.M., 1993.toed observations of the benthic fauna
of the industrialised Tees estuary, 1979-1990.nlwf Experimental Marine Biology and
Ecology 172, 67-80.

Tonis, L.E., Stam, J.M.T., Van de Graaf, J., 200@rphological changes of the Haringvliet
estuary after closure in 1970. Coastal Engineet#hdl91-203.

Van Leeuwen, F., Jacobs, P., Storm, K., 2004. igalietsluizen op een Kier. Effecten op
natuur en gebruiksfuncties. Stuurgroep Realisai&idr, Notanummer AP/2004.07, 52 pp.
(http://rijkswaterstaat.nl/Images/Effectrapportag@i2r%20def_cover_tcm49-94904.pdf
Warwick, R.M., Clarke, K.R., 1993. Comparing theesgty of disturbance: a meta-analysis
of marine macrobenthic community data. Marine EgplBrogress Series 92, 221-231.
Warwick, R.M., Clarke, K.R., 1995. New ‘biodivengitmeasures reveal a decrease in
taxonomic distinctness with increasing stress. MaEcology Progress Series 129, 301-305.




147
748
749
750
751
752
753
754
755
756
757

Waterbase, 2006. Chemical and physical data frensohcalled MWTL programme
(Monitoring Programme of the National Water Systemational Institute for Coastal and
Marine Management (RIKZ) and the Institute for daWater Management and Waste
Water treatment (RI1ZA), The Netherlandsttp://www.waterbase .l

Wolff, W.J., 1973. The estuary as a habitat. Anymms of data on the soft-bottom
macrofauna of the estuarine area of the rivers & feuse, and Scheldt. Zoologische
Verhandelingen 126, Leiden, The Netherlands, p@. 24

Wolff, W.J., De Wolf, L., 1977. Biomass and prodantof zoobenthos in the Grevelingen
Estuary, The Netherlands. Estuarine and Coastahkl&cience 5, 1-24.

Ysebaert, T., Fettweis, M., Meire, P., Sas, M. @08enthic variability in intertidal soft-
sediments in the mesohaline part of the ScheldmestHydrobiologia 540, 197-216.




758 Figurecaptions

759

760 Fig. 1: Situation, subdivision and historic ovewief the Rhine-Meuse estuary in the south-
761 western part of the Netherlands. The macrozoobsrghmple sites are indicated with dots,
762 monitoring sites of abiotic factors are indicateithvplusses.

763

764  Fig. 2: Developments of the abiotic parameterfiefRhine-Meuse estuary during the period
765 1959-2005. Shown are the trends in year averagesand ranges indicated by standard
766 deviations, with exception of the salinity and s&yi variance graphs for which separate
767 trends per basin are shown.

768

769  Fig. 3: Macrozoobenthos densities (f)rmumber of species per sample, and diversity
770 (Shannon index) in the Rhine-Meuse estuary for eathe basins Haringvliet, Hollands

771 Diep and Biesbosch during 1960-2001.

772

773  Fig. 4: Macrozoobenthos densities (ff)imumber of species per sample and diversity

774  (Shannon index) in various strata (1=(0-2 m); 25@y; 3= (5-10 m); 4=(>10 m)) and

775 seasons (1=winter; 2=spring; 3=summer; 4=autummgdch of the basins Haringvliet,

776 Hollands Diep and Biesbosch of the Rhine-Meuseaggtu

777

778 Fig. 5: MDS-plot of macrozoobenthic communitiesdzaen presence/absence data of species
779 inthe basins Haringvliet, Hollands Diep and Biestioper year. Global trends of

780 developments in time are indicated.

781

782 Fig. 6: Percentage share of numbers of macrozobbgispecimens per taxonomical class
783  during the years of monitoring in the basins Havlieg, Hollands Diep and Biesbosch.

784
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Fig. 1:

A o
N o =
4 The |
¢ Netherlands;

Rhine-Meuse
estuary = =1

Historic overview of waterworks in the Rhine-Meuse estuary:
-June 1958: Start building ‘Haringvliet dam’

-Oktober 1965: Closing of the small mouth ‘Zuiderdiep’
-September 1968: ‘Haringvliet dam’ finished; approx 1 km of slui
-November 1968: Closing of the small mouth of ‘Noord-Pampus’
-April 1969: ‘Volkerak dam’ finished

-November 1970: Sluices ‘Haringvliet dam’ only partially opened
freshwater

Haringvliet: HD-E = East
HV-W = West Biesbosch:

HV-CW = Central-West
HV-C = Centrum
HV-CE = Central-East

BB-W = Biesbosch West

BB-NieMer = Nieuwe Merwede
—

BB-BenMer = Beneden Merwede

HV-E = East BB-BovMer = Boven Merwede
Hollands Diep: BB-BerMaas = Bergsche Maas
HD-W = West

BB-Afge = Afgedamde Maas

ces stays opened

during low tide, to release

-March 1997: ‘Chink’-experiment; five days of regulated salt water inlet

-January 2008: Planned start regulated salt water inlet according to adjusted ‘Chink’-regime

BB-E = Biesbosch East
BB-DK = Dordse Kil
BB- Maas = Maas
BB-Waal = Waal
BB-Amer = Amer

‘Haringvliet
dan’

“Rotterdam
area

BB-Waal

*The two small mouths ‘Zuiderdiep’ and ‘Hole of Noord Pampus’ are situated at the south-western tip of the ‘Haringvliet dam’.
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"Graphs made from data extracted from the Watert206¥), except for the Salinity (and Salinity rapgalues,
which are combined Conductivity data from Waterbese Chlorinity data after Wolff (1973), Smit et al
(1995), Bavelaar and Ligtenberg (2004), and unghbbli data of the NIOO-CEME. Salinity and Salinayge
data are split up in the three basins; Haringybktck rhombs), Hollands Diep (grey rhombs) andsBasch
(white triangles); notice the different scalestfoe period 1959-1969 and 1970-2005. All other \@eis show
data aggregated from the whole estuary; data coy#ne whole gradient were not always availableef@ry
year (see details in Material and methods).
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Fig. 4:
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*A limited number of less than 5 samples is avddal*A limited number of between 5 - 10 samples is
available (Table 1). Each of the classes Arachrittiglactolaemata, Porifera, Hydrozoa and Echinoédeays
represent less than 1% of the total number of spss, and are therefore combined in the class tO#EY'.
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799 Table 1: Number of macrozoobenthos samples availadal year and per basin.
800

Year Haringvliet Hollands Diep  Biesbosch  Specifics

1960 2 1
1961 29 9
1963 71 32 20 Biesbosch: Only western part sampled
1964 3
1965 8 91 Hollands Diep: Only eastern part sampled
1966 72 42 Biesbosch: Including river samples
1969 78 52
1971 118 81 120 Biesbosch: Including river samples
1972 21 46 35 Haringvliet: Eastern to central-western part saghple
1973 21 27 Haringvliet: Eastern to central-western part sachple
1974 45 37
1975 23 27
1977 23 27
1983 80 52
2001 40 Only western and central-western part sampled
Total 554 471 308 =1333 samples
801
802
803

804 Table 2: Relations and trends in biotic and abiegidables for the gathered data for the
805 whole research period.
806

a) Results regression analyses between biotichlasidor
D>1 and S>1; Significance level after Bonferroni
correction: p<0.0167

n Regression equation ~ Sign. ° R
D-8 163 D'=2.27S'+2.27 ok 0.192
D-H 163 D'=0.366H+0.278 o 0.057
S-H 163 S'=0.787H'+0.827 el 0.726
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onNno

b) Results comparisons of biotic variables for sengharacteristics oo

D S H’ oUJ
Stratum N=429 Sign.=* £0.019 N=419 Sign.=*** R=0.071 N=399 Sign.=***  R=0.078

2-5m <2 and >5m n-n Sign.  0-2m >2m n-n Sign. 0-2m >2m n-n Sign.

126242594 70711547 133-296 * 3.70+4.28 1.97+1.997-322 ok 0.827+0.872 0.446+0.438 88-311 el
Season N=429 Sign.=* °R0.019 N=419 Ns N=399 Ns

Spring Summer-winter  n-n Sign.

1344+1648 805+1977

59-370 *
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Q11
c) Results regression analyses between abiotiablas for D>1 and S>1; Significance level after aroni correction: p<1.67*10 .~
D’ S’ H’ olZ
n Regression equation Sign. 2 R Regression equation Sign. *R  Regression equation Sign. 2R
Salinity 67 Ns Ns Ns
Sal. range 55 Ns Ns Ns
0, (%) 56 Ns S'=0.008x+0.686 * 0.153 H'=0.011x-88L ko 0.241
O,(mgi) 56 Ns S'=0.071x+0.756 o 0.143 H'=0.089x-0.048 ***  0.223
Temp. 59 Ns S'=-0.044x+1.93 * 0.105 H'=-0.048x31. ** 0.132
pH 56 Ns Ns H'=0.551x-3.69 *k 0.123
Secchi 44  D'=-0.222x+8.05 ok 0.236 Ns Ns
Susp. mat. 56 Ns Ns H'=-0.011x+0.793  * 0.074
Chlor. a 25 Ns S'=-0.050x+1.93 * 0.211 H'=-0.083x46 % 0.517
DOC 16 Ns Ns Ns
TOC 30 D'=-0.431x+8.68 ok 0.386 S'=-0.066x+1.86 ** 0.334 H'=-0.044x+1.06 * 0.181
PO, 54  D'=-31.1x+5.34 * 0.101 S'=4.50x+1.38 * 0.087 Ns
Prot 43  D'=-5.78x+6.27 ok 0.328 S'=0.637x+1.42 o 0.156Ns
NH, 56  D'=-1.44x+6.47 ok 0.318 Ns Ns
NO, 29 Nv Nv Nv
SiO, 43 '=1.62x+1.63 ok 0.325 S'=0.149x+1.03 * 0.120 sN
Fe 26  D'=5.26x+2.98 ok 0.740 S'=0.538x+1.10 ok 616 Ns
Zn 23 D’=-0.034x+7.14 i 0.406 S'=-0.005x+1.71 * 244 Ns
Cu 23  D'=-0.415x+8.13 ok 0.481 S'=-0.055x+1.84 * .Z¥Y5 Ns
Cr 23  D'=-0.350x+7.63 ok 0.552 S'=-0.051x+1.80 * 0.379 Ns
Pb 23  D’=-0.363x+7.52 ek 0.530 S'=-0.052x+1.78 ** 0.355 Ns
Cd 23  D'=-2.46x+6.64 o 0.499 S'=-0.302x+1.63 * @2 Ns
Ni 23  D'=-0.298x+7.83 * 0.325 S'=-0.065x+2.02 *** 0.502 H'=-0.047x+1.32 * 0.359
Hg 23 Nv Nv Nv
As 19 D’=-1.33x+10.5 ek 0.945 S'=-0.174x+2.16 * 510 Ns
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814

d) Results of comparisons of abiotic variable Is\mtween high and low densities (D), species nusr({$3 and species diversities (H’); Significance
level after Bonferroni correction: p<1.67*10

D n-n Sign. S n-n Sign. H n-n Sign.

low high low high low high
Salinity Ns 5.0448.72 1.41+4.09 107-182  *** sN
Sal. range Ns 6.05+10.1 1.89+6.00 89-168 Fokk Ns
0O, (%) Ns 66.2+19.5 77.5+14.8 32-118 xk 64.6+21.78.5+13.3 32-115  **
0O, (mg rl) Ns 6.70+2.17 8.34+1.81 32-118 ok 6.461+2.46 4Bt1.60 32-115  ***
Temp. 12.942.35 13.8+3.01 68-102 * 14.6£3.94 13.322 40-121 * 15.4+4.19 12.9+2.23 38-120 **
pH Ns Ns 7.77+0.37 7.92+0.16 32-115 *
Secchi 13.0+4.21 10.6+5.03 54-71 *k Ns Ns
Susp. mat. 8.51+4.41 11.7+#10.1 62-94 *k Ns Ns
Chlor. a Na Na Na
DOC Na Na Na
TOC 8.01+1.30 6.22+3.09 31-43 *k Ns Ns
POy Ns Ns Na
Prot Ns Ns Ns
NH,4 1.36+1.01 0.86+0.82 62-94 *x Ns Ns
NO, Nv Nv Nv
SiOy Ns Ns Ns
Fe Ns Ns Na
Zn 122+135 49.7+440.9 22-30 * Ns Ns
Cu Ns Ns Ns
Cr 10.748.60 6.23+4.78 22-30 * Ns Ns
Pb 9.89+3.59 5.99+4.39 22-30 *k Ns Ns
Cd 1.1440.84 0.45+0.65 22-30 *k Ns Ns
Ni Ns 11.1+0.87 8.67+3.76 4-45 *k 11.1+0.87 88776 4-45 xk
Hg Nv Nv Nv
As 4.63+0.84 3.75+1.58 16-25 * Ns Ns

D’=In(D+1); S’=In(S+1);

Sign.= significance level; * p<0.05; ** p<0.01; *<0.001; Ns = not significant; Nv = no varianceg &l one category not available;

Sal. range = (maximum salinity) — (minimum saliptyhen number of samples larger than 1; Temp. spe&eature in °C; Secchi = visibility in dm;
Susp. mat. = Suspended matter in fhgdhlor. a = Chlorophyll a in pg' Substances DOC, TOC, R®,;, NH,, NO,, Si0, and Fe in mgt;
Elements Zn, Cu, Cr, Pb, Cd, Ni, Hg and As in figkn = sample sizes at the low and high valu@ettiotic variable respectively;

Low density: D<1; High density: B1; Low number of species: S<1; High number of sgeec®1; Low diversity: H'<0.1; High diversity: B1.
"Beware; significance indications are not necessaigjnificant when Bonferroni corrections are takeio account!





