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The research described in this report is carried out within the framework
of WAter BASIn Model (WABASIM). WABASIM is orgahized as a multidiscipli-
nary coproject of the Environmental Division of the Delta Department
(DDMI) and the Environmental Hydraulies Branch of the Delft Hydraulics
Laboratory (DHL), and is financed by the Delta Department.

The project aims at the development of aquatic ecological and water quali-
ty models, which can serve as tools in providing adequate guidelines for
environmental management in the (future) water basins in the Delta area,
This report deals with the influence of nutrient availability on the eco-
system behaviour of Lake Grevelingen, Data analysis and model formulation
with respect to relations between nutrient availability and the primary
producers in Lake Grevelingen are reported.

The research and reporting are carried out by:

Drs., I. de Vries, drs C.F, Hopstaken and drs. M. Veul,

The research activities are executed In cooperation with the WABASIM~salt
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1. INTROBUCTION

Lake CGrevelingen is a stagnant salt water lake in the Delta region, situ-
ated in the south westerh patrt of the Netherlands. It was created by the
construction of two dams: the Grevelingen dam on the east side {closed in
1964), and the Brouwers dam on the west side (closed in 1971).

The average depth of the lake is 5.3 m. The geomorphology of the lake
still reflects its estuarine origin. It is characterized by gullies (up to
a depth of more than 40 m,) and shallow areas. Since 1978 a sluice in the
Brouwers dam for flushing with sea water has been put in operation,
because the salinity of the lake steadily decreased since the clostre in
1971, Flushing has increased the salinity within the lake to about North
Sea level. Differences in salinity between the brackish lake water and the
North Sea water caused salt stratification during the summers of 1978 and
1979. This salt stratification enforced the regular occurring thermal
stratification, especially in the deeper parts of the lake. Therefore
flushing with seawater is at the moment limited to the winter periods.

Several models and submodels related to the aquatic ecosystem of Lake Gre-
velingen have bean constructed or are under construction., An overview of
the most important components and their interrelations of the Grevelingen
ecosystem is given in Fig. l.1. An annual carbon budget model (CABAMOD)
has been developed to identify the importance of the various components 1n
the Grevelingen foodweb (de Vries, 1984). CABAMOD gives a description of
the annual fluxes in the organic carbon cycle. It provides an overall pic-
ture of the distribution of carbon on a high aggregation level of the var-
ious ecosystem components, This model is used as a framework for the
development of submodels on the component level,

The submodels developed within the WABASIM~salt program are also outlined
in the figure, The broken lines enclose the components and relations that
are taken into account in the balance calculations presented in this
report, Other components for which mathematical models are being devel-
oped up till now are eelgrass (Verhagen and Nienhuis, 1983) and macrozoo-
benthos (Verhagen, 1983), These two submodels are also represented by
broken lines in fig. 1.1,

The following objectives for development of a model of nutrients and pri-
mary producers can be formulated,

1. Conceptualization and formulation of the principal processes related
to nutrient- and algal dynamics,

2. Presentation of existing knowledge 1n a model.

3, Description of the behaviour of the system under changing conditions.

Besides data from DDMI the modelling activitiles are based on data result-
ing from biological investipgations carried out in Lake Grevelingen by
DIHO, Also the joint research program 'ZOWEC' of DDMI and DIHO has to be
mentioned because this salt water ecological research program was espe-
cially directed towards experimental investigation in Lake Grevelingen.
Available biclogical data, relevant for modelling activities with respect
to nutrlent avallabllity and primary producers, only concern the period
1977-1980, Therefore the reported balance calculations are restricted to
this perioed.



1] ASE GREVELINGE

From 1872 on monitoring programs have been set up by PDMI for Lake Grevel-
ingen, The DDMI program consists of several sampling stations which are
spread over the entire lake. An extensive evaluation of the DDMI data is
given by van der Meulen (1980) over the period 1972-1977, Water quality
characteristics in the Grevelingen are described and process knowledge of
the ecosystem is described by means of mass balances of the lake.

The biological data monitored by DIHO, in combination with routine water
quallity variables, are available for the period 1977-1980,

1) SITIC

An attempt has been made to collect data, relevant for ecological studies
concerning the Grevelingen, that cover the periocd 1971-1980. The data atre
stored in a computerized data base enabling easy retrieval of information,
In the Grevelingen data base, water quality data, biological data, mass
balance data and meteorological data are available. The data are provided
by DDMI, DIHO, KNMI and DIV (see footnete),

A summary of the data available in the GREVELINCEN DATABASE is given in
table 2.1. The sequence of activities concerning the data acquisition is
shown in Fig. 2.1. The locations of water quality monitoring stations in
the Lake Grevelingen are presented in Fig. 2.2.

Hatar quality Data.

As shown in table 2.1. water quality data are provided by DDMI and DIHC
for the years 1972 - 1980 (DDMI) and 1976 - 1980 (DIHO). The water quality
data of DDMI are data from the WAKWAL DATABASE and are stored on magnetic
tape by DIV at Rijswijk. The WAKWAL DATABASE contains the water quality
data of the routine sampling network of state waters in the Netherlands.
These data were read from tape at DHL and processed to the GREVELINGEN
DATABASE by SAS converslon routines., Tables 2.2 - 2.8 show for each DDMI
sampling station a summary of all the DDMI water quality data in the GRE-
VELINGEN DATABASE. Measurements at 3 depths are available, which are
Jjoined in the frequency tables, Each value presents the frequency of sam-
pling for each depth per year.

DIHO water quality data are provided on laboratory output sheets, Tabhlaes
2.9 and 2.10 show for each DIHO sampling station a summary of all the DIHO
water qualilty data in the GREVELINCEN DATABASE, There are measurements at

DDMY: Environmental Division of the Delta Department of the Ministery
of Public Works at Middelburg.

DHL: Delft Hydraulics Laboratory

DIHO: Delta Institute for Hydrobiological Research at Yerseke,

DIV: Department for information processing of the Ministery of the
Public Works,

KNMIL: Royal Dutch Meteorological Institute at de Rilt,

8AS: Statistical Analysis System

WAKWAL® Waterquality data of the Ministery of Public Works.



more than 3 depths, which ate joined in the frequency tables., Each value
presents the frequency of sampling for each depth per year,

Biological Data.

As shown in table 2.1, biplogical data are provided by DDPMI and DIHO for
the vyears 1972 - 1980 (DDMI) and 1976 - 1980 (DIHO). DDMI data are
ratrieved from the WAKWAL data base (DLV),

DIHO data are provided on data sheets and stored in the GREVELINGEN DATA-
BASE by means of hand typing, Most of the biological DIHO data are
directly stored., An exception is made for the Bottom-POC and the Bottom-
pigment measurements, These observations are averaged to values (per sta-
tion) for an upper sediment layer (0-2 cm) and a deeper sediment layer
(3-5 cm),

Tables 2,11-2.15 show a summary of all biological data in the GREVELINGEN
DATABASE for each sampling station. The values are the sampling frequen-
cies per vear.

Laadings and wWithdrawals.

Mass balances for the Grevelingen on the basis of data concerning loadings
and withdrawals for the period 1977-1980 are also stored in the data base.
These data are provided by DDMI.

On a monthly hasis the following sources of loadings and wilthdrawals are
incorporated in the mass balances,

Polderwater discharges.

Gross precipitation,

Surface run off from the areas outside the dikes,

Waste water dlscharges.

Seepage via the Grevelingen dam and the Brouwers dam from the North

8ea Eastern Scheldt.

Leakage from the lake through the dikes to the neighboring polders,

+ Intake of water via the sluice in the Grevelingen dam necessary for
regulation of the water level of the lake and lock operation,

¢« Intake and outlet of water through the sluice in the Brouwers dam

{since 1978),

Nutrient fluxes related to the water balance of Lake Grevelingen are cal-
culated for the variables: dilssolved inorganic silicon, dissolved inor-
ganic and total nitrogen and dissolved orthophosphate,

Mataorclogical pata.

The data are provided on tape for the period 1971-1930 by the KNMI, The
global radiation data are from the KNMI stations Naaldwijk and Oostvoorne
and the wind velocity data are from the KNMI stations Hellevoetsluils and
Zlerikzee (Fig. 2.3). The original data have been converted teo time
serles representative for the whole lake (weekly totals for total radi-
ation and daily averages for wind velocity).



-8 I NIPULATIO

Interpolation

Interpolation is the generation of function values at stations and/or at
times where no observations are available, The method used for interpo-
lation is strongly dependent on the use that will be made of the generated
function values, If for physical or computational reasons & smooth curve
is needed (e.g. for the computation of derivatives), high order polynomial
approximations, Fourier series or similar smooth functions will be chosen
to compute milssing values. The interpolating function will be fitted
exactly through the available observations 1f the observations are
obscured only by a negligible amount of noise. If however the observations
contain a large amount of hoise it 1s better to choose an interpolating
function which does not pass through the ohservations exactly but instead
Fits the observations as good as possible in some sense, Often least
squares criteria are used for this purpose.

A specilal class of interpolating polynomials 1s formed by the so called
smoothing spline functions, where plecewise third order polynomials are
used. At the base points the first and second derivatives of the polyno-
mials are the same, By that no discontinuities occur at the base points
when these polynomials are linked together., TFurthermore the total curva-
ture in the interpolating function is made a&s small as possible. The
result is an Interpolating function with a very satlsfactory smooth beha-
viour,

If it is not necessary to generate smooth curves, a much simpler way of
interpolation can be used. Computationally the simplest form is the so
called piecewise linear interpolation. In that case missing values are
replaced by linear interpolation hetween two adjacent base points where
observations are avallable, The Interpolating Function is formed by
piecewise linear functions between the base points with generally more or
less sharp transitions at the base points. 1In case of the water quality
variables investigated in this report, this method is reasonably well bal-
anced between the given accuracy of the observations at one hand and the
amount of programming and computational effort on the other hand.

Missing data of variables which are used as model input have been gener-
ated by application of linear interpolation,

Moving Aveprage

Time series of chemical and blologlcal variables can show strong vari-
ations within short periods, These variations are due to the variations in
time and space, In order to analyse the influence of chemical and biolog-
ical processes, it is necessary to average over the spatial variation with
little influence on the time serles, This can partly be realized by means
of a moving averaga procedure, This procedure calculates mean values for
subsequent partly overlapping periods. By this, rapid fluctuations are
filtered out, The procedure is frequently used for presentation of meas-
ured data. Moving averages are calculated over J-waek periods, A weight-~
ing factor of two is assigned to the intermediate observation.



3. HORIZONTAL HOMOGENIT D_COMPARIS OF DIHO AND DD A SETS

The modelling activities are primarily based on the DIHO data set, From
this data set, which consists of "routine' water quality monitoring obser-
vations and data of biclogical variables, primary production and algal
biomass are the most important for the balance calculations reported here.
The data set of DDMI is used for comparison with the DIHO data set and as
option for modelling 1979-1980 with DDMI primary production data, Both
data sets are used for calibration of the balance calculations,

In this chapter the following items are discussed,

+ Presentation of the DIHO data set, that provided most of the input
data for the model, and the DDMI data set,

* Horizontal homogenity of water quality variables in the upper water
layer of the lake,

* Comparison of the DIHC and DDMI data.,

Aspects of vertical (in)homogenity are deseribed in the next chapter.

3 R TION DIHO-

The DIHO data set combines measurements of water quallty variables with
biological measurements such as primary production and biomass of phyto-
plankton,

From 1976 till 1980 a moniltoring program has been in operation at sampling
location G11, Sampling station Gi1 consists of two sites situated close to
each other, one in a gully (depth 22 m.) and the other above a shallow
area {Fig, 2.2). The sampling frequency was about once a week during the
summer and biweekly in the winter. The gully is sampled at 6 or 7 depth
levels and the shallow area at 2 or 3 depths,

To get an overview of the avallable data, variables are plotted as func-
tion of time and water depth. The plots are consttucted by means of a mov-
ing average procedure with a 3 week interval.

The water column of sampling site G11 is divided by depth in 3 layers to
visualize depth dependency.

The variables temperature, chloride, pH, suspended sclids, oxygen, ortho-
and total phosphate, ammonium, nitrite, nitrate, total inorganle nitro-
gen, silicon, chlorophyll, POC, phytoplankton-C and phytoplankton net
primary production are presented (Fig. 3.1-3.15, 3.18).

The water quality variables measured at the shallow area are not included
in the filgures, because the observations in the shallow area overlap with
the data of the upper water layer (0-3 m.) in the gully. (see also memo
ML-58).

The general ahnual patterns of the nutrients silicon, nitrogen and phos-
phorus will be described in the introduction of the nutrient balances (see
chapter 3). Some remarks however can be made concerning the water quality
tendencies in Lake Grevelingen,

Apart from the increase of salinity since 1978, an obvious trend in the
whole period is the yearly occurrence of stratification during the summer,
outlined by most variables. In 1977 stratification 1s not observed, but
measurements beneath 12 meter are missing. The DDMI data of a neighboring
sampling station however show a pronounced stratification in this year.
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A factor analysis, applied to the DINO data set, outlined 3 factors which
suggest the following trends (see memo ML-358):

1. A coupling of biological variables such as chlorophyll, POC and phyto-
plankton cell counts with the variables nitrate and ammonium.

2, Phosphorus dynamics behave independent from other nutrient and
biological variables,

3. Yearly occurrence of stratification in the deeper parts of the lake.

3. SE aN PHI~D

The DDMI monitoring network comprises 7 stations (Fig, 2.2), which were
sampled weekly or blweekly in the period of 1972-1976. From 1877 the sam-
pling frequency is reduced to once & month., Sampling occurs at 3 depths
(surface, half water depth and bottom).

As an addition on the DIHO data, suspended particulate hitrogen and total
manganese of the DDMI data are presented (Fig. 3.16-3.17}. Alike the DIHO
measurements these DDMI measurements are split up by depth, in most cases
causing averages of less than 7 stations,

In order to get an impression of the variation of the observations In the
upper water layer, the measurements of the 7 (or less) DDMI-stations are
averaged by week and confidence limits are calculated,

The distribution of all the measured values of nutrient concentrations can
be described as lognormal (memo ML-58), A similar distribution is assumed
for the variation between the 7 DDMI stations at one time, For these var-
iahles mean and confidence limits are calculated for the log~transformed
variables, resulting in a geometric instead of an arithmetic mean, and an
asymmetrical confidence interval., The asymmetry 1s however hardly visi-
ble, because the interval in most cases 1s very small.

For the varlation of other variables, in most cases not influenced by
biological mechanisms, a4 normal distribution is assumed,

The 95% confldence intervals are constructed by means of the critical val-
ues of the Student’s t-distribution,

The results for the variables temperature, chloride, acidity, oxygen,
orthophogphate, total phosphate, inorganic nitrogen, silicon, chlorop-
hyll, partlculate organic-C and primary production are presented in the
fiaures 3.19-3.29.

The presentation is limited to the period 1976-1980 to enable comparison
with the DIHO-data. For 1979 and 1980 no surface observations are avail-
able from station G11. In this period sampling of the water column started
at 2.5 meter water depth,

3. OMOGENITY O UPPER_ MWATER E

The description of the morphology of the lake by the mean depth obscures
its estuarine origin., The morphology 1s characterized by large shallow
areas cut by deep pullies which are remnants of the former tidal motions.
The surface-depth ratic (van der Meulen, 1980) indicates that approxi-
mately 657 of the lake area has a depth of less than 5 meter. About 107 of
the lake arca is deeper than 15 meter,

Stratification is known to occur in the gullies. The question of horizon-
tal homogenity in the lake is therefore only relevant for the upper water
layer of the lake.



From the DDMI data presented, can be concluded that variation in the
ohservations of the upper water layer at the 7 stations Is rather small,
This 1is especially the case for the variables temperature, chloride,
ortho-phosphate and total phosphate, which are not or only slightly influ-
enced by biological processes (see chapter 3).

The oxygen measurements vary considerably between the 7 stations, This
variation however is probably not due to horizontal ilnhomogenity of oxygeh
(i.e. variation in space) but may be attributed to rapid diurnal fluctu-
ations (i.e, variation in time) of oxygen, reflecting the sampling sched-
ule during a monitoring cruise,

The variation in the POC and chlorophyll measurements 1s considerable,
The variability is probably due to geographical variation,

Based on the DDMI data the conclusion can be drawn that the upper water
layer (above the gullies) is rather homogeneous over the entire Lake Gre-
velingen.

& COMPARISOMN OF DDMI- AND DIHO-D 1976=-1989

Comparison of the nutrient balance calculations with DIHO data, is based
on the assumption that DIHO sampling statlon G11 1s representative for at
least the central part of the Grevelingen basin. Therefore the assumed
representativity of Gi1 is evaluated by means of a comparison with the
DDMT data set.,

As to this comparison the following remarks can be made.

¢ The comparison of the two data sets 1s limited to the upper water lay-
er.

» The input For the nutrient balances I1s based on the DIHO data set,
Biomass and primary producticon data are available for the period
1977-1980., Therefore the investigation of horizontal homogenity and
comparison of both data sets is speclally aimed onto this period., Whe-
re possible the period 1976~1980 is presented,

» The DDMI data set of the period 1972-1977 1s already extensively elab-
orated (van der Meulen, 1980},

The DIHO data set contains one station, namely G11, divided ih two sub-
stations: one in a gully with a water depth of 22 meter and another ih the
heighboring shallow area with a water depth of a few meters, No differ-
ences for the upper water layer between these two substations are noticed.
For comparison the original measurements in the upper water layer at Gi1
for the period 1976-1980 are included in the figures 3.19-3.29. These
data originate from weekly or biweekly measurements at the surface of the
gully. In contrast to the presentation in the figures 3.1-3.15 and 3.18 no
moving average procedure is applied. The following remarks concerning the
comparison can be made,

. Ccmparlson of DIHO and DDMI data-sets Is difficult,

Sampling takes place in a highly active medium. Concentration
measurements represent only an Iinstantaneous observation of a
dynamic system resulting from chemical, physical and biological
processes., This implies differences in observations as a function
of time and space. So differences in measurements may arise from
sampling different waterparcels at different times (patchlness
and daily variation}., For these systematic differences no cor-
rection procedure is applied,

~  The generation of data concerning the same object by two different
institutes provides two different data sets which ideally should
be equal, Explanations for differences are multiple. Apart from



differences in analytical methods other sources of error may
arise from sampling methods and sample handling.

- The camparison involves data sets based on approximately the same
measuring frequencies in 1976-1977 (weekly to biweekly), From
1977 the measurements were reduced to once a month by DDMI, where-
as DIHO maintained a weekly measuring frequency for sampling site
Git.

The temperatura shows & convincing agreement of both data sets, rela-

tive to variation in time,

The chlarida measurements show & systematic looking difference for

1978-1980, This can partly be due to different unlts; permil for DIHO

and g/1 for DDMI,

DDMI averages of 1977 are most times based on less than 3 measure-

ments, or only 1 measurement,

Acidity measurements show & reasonable agreement, though DDMI data

sometimes have a too large interval of measurement,

The comparison of oxygen concentration measurements ls probably ham-

pered by the effects of the diurnal variation of the oxygen concen-

tration. In the first place a relatively large spreading in data can
be remarked, illustrated by the broad range between the 95% confidence
limits. Secondly the DINQO oxygen measurements seem to he systemat-
ically lower in 1977 and higher in 1978 compared to the DDMI-data.

Reasons for these deviations are unknown.

The phesphorus data of DDMI and DIHO correspond well in absolute lev~

els especially in 1978-1980, In 1976-1977 the phosphorus measurements

of both data sets diverge to some extent.

Inarganic nitrogen 1s presented because nitrogen is used only Iin this

manner in the nutrient balances. Specified In nitrate, nitrite and

asmonium some differences between the data-sets are observed.

The DIHO-measurements of ammonium and nitrite are higher than those of

DDMI-data, whereas the nltrate measurements are lower,

As to total inorganic dissolved nittogen the summer levels agree quite

well, whereas the winter levels of the DbMI-data are higher in 1977

and 1979, A

The dissalvad silicon measurements by DIHO and DDMI are similar.

Chlorophyll DDMI data have, like POC, a wide confidence interval, but

nevertheless most DINQ measurements don't fall in this lnterval,

Also the annual path of the DDMI curves differs from the DIHO data

points, Especially in 1979, where DDMI data show low summer concen-

trations and DINO data show high summer concentrations,

The compatrison of the two data sets ls hampered by the high frequency

of varlations in the chlorophyll concentration as shown by the DIHO

data set. The frequency of the DDMI measurements is too low to repre-
sent these variations.

POC measurements of DIHO mostly fall in the broad DDMI interval. DIHO

measurements don't show large concentration differences during the

yvears. DDMI data show a spring peak in 1979, that coihcides with the
chlorophyll peak in the same data set,

Primary production measurements are not similar, Although the range

of primary production between summer and winter is about equal, large

differences In time between production peaks are visible, These dif-
ferences return in the model calculations with DDMI 1979-1980 pro-
duction measurements,

‘An eye strilking production peak is the spring (week 15) peak of 1980

in the DIHO data set, that is not remarked by DDMI,



G, VERTICAL_ GRADIENTS IN THE HWATE oLy

The exchange between the water and bottom compartments, causing the
agbserved varilation in the water quality variables along the vertical in
periods with stratification, seems to be one of the driving and less
understood processes in the ecosystem-dynamics of Lake Grevelingen. An
important and interesting question is the uniformity of the bottom-water
exchange over the entire lake hottom.

Into this respect the following questions concerning the available data
are evaluated:

1. Can the lake be considered as a homogeneously mixed watermass ih ver-
tical direction, with exception of the deep gullies where thermal
stratification is a common phenomenon during the summer period?

2. Are the observed features of the bottom-water exchange limited to the
stratified deep gullles?

3. What kind of additional Iinformation can be obtained by combination of
DDMI and DIHO data sets?

.1 STRATIFICATIO

The ccourrence of thermal stratification in Lake Grevellhngen during the
period 1972-1977 and the implications concerning nutrient availability
are described by van der Meulen {1982). Thermal stratification is observed
every yvear in the deeper parts of the gullies (G2, GB7, G3, GBG), The
observations at the shallow stations (with a water depth of 15 m. or
less), do not show evidence of the occurrence of stratification. However
the observations in the upper water layer and the layer near the bottom
diverge to some extent.

Stratification is also observed at the G11 sampling site (DIHO) during
each summer in the period 1976-1980 except 1977. In that year observa-
tions beneath 12.5 meter are lacking. G111 is situated close to DDMI sta-
tion G2 which has a similar water depth (22 and 24 m.). The ohservations
in 1977 st station G2 show clearly stratified conditlons during the sum-
mer,

During the years 1978 and 1979 stratificatlon became pronounced by chlo-
ride gradients, as a result of flushing with North Sea water. The chlo-
ride increase hear the bottom of G11 during the summer of 1978 (Fig. 3.2)
might be attributed to irregular opening of the sluice in the Brouwers dam
during the months May and June (Stokman 1978). In 1979 the sluice has
been open during the whole year. As a consequence the salinity in the lake
increased to North Sea level, accompanied with steep chloride gradients.
At station G11 effects of chloride stratification are also manifest in the
water layer between 5 and 15 m (Fig. 3.2). To prevent salt stratification
flushing with sea water after 1979 is limited to the winter periods,

.2 VERTICAL GRADIENTS BETHEEN BOTTOM- AND UPPER-WATER_LAYER

Vertical gradlents are obvious for the DDMI stations with a water depth of
more than 20 meter. Ilowever also at the shallow stations the observations
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in the upper water layer and the layer near the bottom seem to diverge
during the summer period, In contrast to the gullies a stable stratifica-
tion is not developed during the summer at the shallow stations,
The DDMI data set provides an opportunity to investigate the differences
in water quality variables of the upper and deeper water layers,

The DDMY data set i1in Lake Grevelingen data base covers the period
1972-1980, It consists of 7 stations which are sampled at 3 depths (up-
per-water layer, half water depth and 1m above the bottom). Sampling fre-
quency was (bi)weekly till 1976. Then the sampling frequency 1s reduced to
once & month. Table 4,1 below glves the water depth of the sampling sta-
tions,

Table 4.1 DDMI sampling stations

station depth (meter)
G1 8.2
G2 24
G3 42
CB4 12.2
GBS 13.5
Gh6 29
GB7 38

For an evaluatlon of the effects of the bottom-water exchange on the
nutrient concentrations in the overlaying water it is important to Khow
whether or not the bottom~water exchange may be considered homogeneous
over the entire bottom area of the lake.

The evaluation of bottom—water exchange in this section 1s restricted to
bottoms deeper than 8 meter, because no continuous data sets are available
for shallow stations. Specific information on bottom-water exchange at
shallow stations can be obtained from Holland and Al (1980). Also the pos-
sible influehce of sediment composition and eelgrass are not discussed in
this report,

The effects of release of nutrients from the bottom into the overlaying
water become evident In case of stratification, Density differences,
resulting from vertical temperature or salinity gradients, cause a stra-
tified water body where exchange between the deeper and upper water layer
is limited. In such a situation the deeper water layer becomes an isalated
system enabling quantification of the effects of bottom-water exchange.
Extrapolation of this exchahge to a shallow, hot stratified situation is
questionable, The exchange may be influenced by processes prevailing in
the water layer near the bottom. Ahaerobiec conditions in this water layer
occur regularly in the deeper parts of Lake Grevelingen, whereas in the
more shallow parts only low but hardly ever zero oxXygen concentrations
near the bottom are observed,

Insight in the differences between the observations in the upper water
layer and near the bottom at stations of different depth, may provide an
opportunity to test the hypothesis of an uniform exchange over the hot-
tom-water interface for the entire lake,

Therefore the variation along the vertical, of water quality variables of
5 stations (G1, 62, G3, GB4 and ©B3), iIs investigated. Differences
between measurements at different depths are calculated for each station.
The differences are averaged by week over a range of 6 years (1972-1977),
The differences for 1979 and 1980 are presented separately, because of the
changed hydrodynamical situation.
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All differences are converted to concentration gradients per meter, by
dividing by the water depth, to facilitate the comparison between statiohs
with different water depths.

The results are presented in the figures 6.1-4.10,

Positive values indicate higher concentrations in the upper water layer
compared to the layer near the bottom (temperature, acldity and oxygen).
Negative gradients result from higher concentrations near the hottom
{chloride, nutrients, manganese and iron), The following remarks can be
made.

¢ These figures give no information on absolute concentrations, they
only reflect pradients, averaged over the total depth interval,

e The DIHO data set is not included because the maximal sampling depth
is mostly 17.5 m. on a total water depth of 22 m, In contrast the DDMI
sampling takes place close to the bottom. For this reason alsa compar-
ison between DIHO and DDMI has been omitted,

¢+ The 5 stations are selected In such a way that observations over
several depth intervals are present. The figures sometimes look a bit
confusing because most gradients are about equal. This only accen-
tuates the most deviating peaks, that are numbered according to the
station number in the legend.

4,2.1 Evaluation of the figures 4.1 = 4.10

Temperature (fig. 4.1) illustrates occurrence of thermal stratification
each year at each station., Striking is the pronounced gradient in 1979,
caused by the chloride stratification. The sequence of the gradients for
each station in this year 1s exactly reflected in the chloride figure,
with the steepest gradients for the shallow stations, In all other yeatrs,
gradlents are about equal (0.1-0.2 degr.C/m) in the summer period, with an
exception for the deepest gully statlon 5 (G3) in late summer (0.2-0,3
degr.C/m). '

Chlaride (fig. 4.2) normally shows no gradients, except the, rain induced,
occasional gradients at the shallow stations,

1979 shows complete chloride stratification, with the steepest gradients
for the shallow stations, In fact there has heen a boundary layer at about
4-5 meters; this depth can be calculated bhased on the gradients in the
figure, Also the DIHO measurements show a gradient (flg. 3.2), but from
this figure the existence of a boundary layer is less obvious. Beneath the
boundary layer there is still & density gradient, instead of homogeneously
mixed salt water.

In 1980 the situation has returned to the situation of 1972-1977. Only
early spring, the statlions 4 (GB3) and 1 (G1) show some stratification:
which is also observed at G11 (fig 3.2), a nearby station, These gradients
may be due to rain, The three stations are situated in the south-east
part of the lake.

The deep gully station 5 (G3) shows a chloride gradient throughout 1980,
probably causing the more pronounced temperature gradient,

Noticable is the strohg reverse chloride gradient in week 10 (1980) at
station 3 (GB5). This gradient and the pronounced temperature gradient at
the same station 6 weeks later, are probably due to fresh water seepage in
this part of the lake (area hetween 'Veermansplaat' and "Slikken van Flak-
kee'). This 1s conflrmed by the chloride gradient at this station in sum-
mer 1979; the chloride concentration below the supposed 5 m, boundary is
0.6 g C1/1 lower than at all other studied DDMI stations, while the tem~
perature gradient is 'normal' for 1979,
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Concentration gradients in pore water also deviate in this area. Kelder-
man (1983) reports a reverse pore water ammonium profile at a station (21)
nearby GB5. Finally salt balances of the lake indicate the occurrence of
runoff or seepage of fresh water from the 1sles and marshes, as 'Veer-
mansplaat’ and 'Slikken van Flakkee' (Van Der Meulen 1980).

Acidity (figure 4.3) gradients are more or less comparable for the 5 sta-
tions. Only station 3 (GB5) deviates by steeper gradients, probably due to
seepage of water with a different chemilcal composition and/or lower pH.
Acidity gradients originate from uptake of CO2 in the upper water layer by
primary producers (pH increase), and the release of C02 by mineralization
of organic matter near the bottom (pH decrease).

oxygen (figure 4.4} gradients are caused by the same processes as acidity
gradients: release of oxygen by photosynthesis and uptake by mineraliza-
tion., Oxygen gradients are steeper at shallow stations, because averaged
by depth photosynthesis and mineralization are more intensive here,
Steeper gradients at station 3 (GB3) may be due to oxygen-poor seepage
water,

Oxygen gradients can induce vertical inhomogenities of other variables
(manganese, iron, orthophosphate, ammonium ete.), especially at the deep-
er stations. There even a moderate oxygen gradlent can result in low oxy-
gen concentratlons near the bottom and anoxic bottom surfaces, promoting
release of reduced substances from pore water,

Orthophosphate (figure 4.5) gradients before and after 1979 are moderate
and comparable for the five stations, The pleture for 1979 is erratic,
caused by the flushing with North Sea water durilng the whole year. North
Sea water accumulates in the deeper water layer as & result of the higher
salt content. Thls has a diluting effect on orthophosphate, because of the
low phosphate concentration in sea water compared with Lake Grevelingen
before the opening of the Brouwers sluice,

Station 5 (G3) shows a steeper gradient in 1972-1977, caused by anoxic
bottom surfaces in the deep gullles, promoting phosphate release, 1In
1979-1980 no steep gradient at this station is observed: an indication of
the flushing with North Sea water,

Station 3 (GB5) again deviates from all other stations, The occasional
highly negative orthophosphate gradlents may be caused by advective
transport of phosphate rich pore water in upward direction due to seepage.

ammonium (figure 4.6) gradlents are comparable with those of orthophosp-
hate, Strong release of ammonlum from deep anoxic bottoms (1972-1977) and
seepage of ammonium rich pore water at station 3 (GB5), also observed by
Kelderman (1983) as reversed ammonium gradients in the pore water profile
of his station 21.

Apparently the bottom-flux of ammonium at station 4 (G2) in 1979 is larger
than the dilution effect of the sea water.

Nitrate (figure 4.7) gradients are almost absent in the period before salt
stratification (1972-1977), In spite of the sharp decrease in spring and
increase in autumn of the nitrate concentration itself (see fig. 3.1),

The small but consistent negative gradient in week 14 must bhe due to
uptake of nitrate during the spring bloom of phytoplankton, The effect of
the spring bloom is also visible in the 1972-1977 fipures of silicon (fig
4.8), acidity (fig. 4.3) and oxygen (fig. 4.4). The negative nitrate gra-
dient in week 25 of 1980 at station 5 (G3), and the absence of an ammonium
gradient at that time, indicate flushing with North Sea water.

silicon {figura 4.8) gradients resemble those of orthophosphate and ammo-

nia, but without the steep gradients at deep stations, Apparently silicon
release from the bottom does not increase (to the same extent) when the
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bottom surface becomes anoxle. However, 1n 1980 gradients of silicon were
comparable with those of ammonium and not with those of orthophosphate.
The absent or sometimes slightly positive silicon gradients at the shallow
station 1 (G1), indicate exchange with silicon rich Volkerak water through
the shipping sluice at Bruinisse.

Total manganese (figure 4.9) gradients clearly reflect the oxygen depend-
ency of the bottom release of manganese. Especially at deep gully station
5 {n 1972-1977 and 1980, due to temperature stratification, the build up
of high total manganese concentrations in the hypolimnion is perfectly
illustrated in fig. 4.9.

In 1979 the dllution of the deeper water layer with sea water must be
responsible for the absence of a manganese gradient at station 3. The
gradients in week 25 (1979) at the shallow stations 1 and 2 indicate the
expansion Iin 1979 of the area with an anoxic bottom sutface to the shallow
parts of the lake.

Total iron (figure 4.10) gradients are less pronounced than those of man-
ganese (one order of magnhitude smaller). The oxygen dependency 1is less
clear, Apparently other factors, that are still unkhown, than oxygen
depletion in the bottom are more Important for the bottom lease of iron,
especlally in spring at station 3 (G3).

The effects of chloride stratification in 1979 on the iron release at the
shallow stations is comparable with manganese., Finally seepapge of pore
water can explain the occasional negative gradients at station 3 (GB3).

- ifaormi of a bhottom-uater cha o trijants

From the presented figures can be concluded that oxygen depletion near the
bottom increases the release of phosphorus gpd ammonium, and only to a
lesser extent the release of silicon.

The bottom-water exchange of phosphorus and ammonium is thus not uniform,
and a distinetion has to be made between oxic and anoxic bhottom surfaces,
Under normal circumstances, without salt stratification, anoxic bottom
surfaces are restricted to bottoms deeper than 20-30 m, (less than
approximately 5Z of the lake area). Observations since 1980, however,
also indicate the occaslonal occurrence of anoxic bottom surfaces in shal-
low parts of the lake.

In years without salt stratification, the increased release of phosphorus
and ammonium from bottoms with anoxic surfaces can thus probably be neg-
lected for the lake averaged nutrient balances.

In 1978 and especially in 1979, higher manganese concentrations are also
observed above shallow bottoms (fig. 3.17 and 4.9), indicating anoxic sup-
faces below a depth of ecirca 10 m. or even less (more than 20% of the lake
area).,

In these years increased phasphorus and ammonlum fluxes during a short
period may have been slgnificant. In 1979 this Increased release is how-
ever counterbalanced by export of these nutrients from the deeper water
layers to the North Sea.

Seepage probably induces the second kind of non~uniformity. Station GBS
shows that advective transport of pore water in upward directlon By means
of seepage, probably leads to increased release of orthophosphate, ammo-
nium and/or nitrate and silicon Into the overlaying water., The signif-
icance of this secpage for lake averaged nutrient balances 1is unknown
untill an estimation is made of the percentage bottom area where seepage
0CCurs,
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From the figures &4.1-4.10 the overall conclusion can be drawn that the
bottom release of nutrients is uniform over the entire lake bottom area
with exception of:

« hottoms with anoxic surfaces (normally less than 5% of the bottom
area), especially for orthophosphate. and ammonium,

. bottom areas where seepage occurs, for all three nutrients to the same
extent.

These conclusions are only valid for bottoms deeper than 8 meter, Differ-
ences between these bottoms and more shallow bottoms are not evaluated in
this section.

u o OTTAM=~ ER_EXCHANGE 1

A continuous interaction exists between bottom and overlaying water. Nei-
ther the water phase nor the bottom phase can be interpreted as a closed
system, Both compartments act as an interactive system. Concentration
gradients between pore water and overlaying water, bioturbation, water
turbulence and advective pore water transport by seepage provide mech-
anisms for a bottom-water exchange. Fluxes over this boundary are rather
dynamic and difficult to quantify.

Only in case the water near the bottom is completely isolated from the
overlaying water, the concentratlon increase in the water layer near the
bottom may be used as an estimate for the amount of bottom~water exchange.
This is only the case in the deep parts of the gullies, for instance at
station G3.

The bottom-water exchange at this station however deviates from less deep
parts of the lake, because of the anoxic hypolimnlon and the anoxic bot~
tomsurface, The bottomfluxes estimated for this station can thus nhot be
extrapolated to the entire bottom area of the lake,

During the onset of stratification, accumulation of silicon and nitrogen
1s also obvious at less deep stations, as G111, The DIHO data set of this
station provides an opportunity to estimate bottom fluxes, that are pre-
sumably representative for large parts of the bottom of Lake Grevelingen.
The data set for this station is also more appropriate to calculate bottom
fluxes, because of the higher sampling frequencies compared to DDMI sta-
tions,

The best vyear for an estimation is 1978 (week 20-32), because then the
bottomflux of nutrients is captured in a little volume, This volume is
assumed to be 7 m3 per square meter bottom area (according to the water
layer at 15-22 m. depth), because lithle or no concentration lncrease is
observed in the 5-15 m. water layer (see fig. 3.11 and 3.12),

The results are given in Table %.2, and compared with fluxes calculated by
Kelderman (1983), from concentration gradlents in the pore water of the
upper bottom layer.

The range of the G11 calculations for silicon and nltrogen agrees with the
fluxes calculated by Kelderman for shallow bottoms. But both calculations
are  probably underestimations. Gt1  values because of dif-
fusion/entrainment through the halocline, and the shallow bottom values
because of uptake by benthic diataoms,

When this is true, the data from Kelderman for deep hottoms are the best
estimations for the bottomfluxes of ammonium and silicon in Lake Grevellin-
gen, exclusive the influence of benthic diatoms,
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Table 4.2 Nutrient hottom fluxes

calculated calculated by Kelderman
from G11 March 1982 July 1982

1978 Sh. (X7m) {De. (>7m) | Shallow|Deep(>7m)

gilicon mg Si/m?.day 85 35 110 95 210

ammonium mg N/m?,day 25 35 25 75 105

The differences between bottomfluxes for shallow and deep stations as
observed by Kelderman, should then indicate the influence of benthic dia--
toms.

Phosphorus behaviour 1s different compared to the other nutrients. In the
first place an increase of the maximal phosphorus concentrations in the
water phase 1s observed since the creation of lLake Grevelingen. This
increase ended with the opening of the siuice in the Brouwers dam. Expla-
nations for the longterm accumulation of phosphorus in Lake Grevelingen
are given by Van Der Meulen (1980), Kelderman (1983) and Verhagen (Memo
ML-453, 1980Q),

In the second place the following differences in the seasonal pattern,
compared with the other nutrients, are observed,

» Increase and declihe of the phosphorus concentration is not synchro-
nous with the other nutrients,

) In 1978 and 1979 even a reverse gradlent of phosphorus 1Is present at
the beginning of stratification. 1In 1979 such a gradient is cbserved
during the entire period of stratification. This phehomenon is
already explained by the sea water flushing.

The behaviour of phosphotus in Lake Grevellngen is anhalysed by Kelderman
(1983), He describes the seasonal behaviour with two processes,

* Mobilization, induced by microbial mineralization and therefore tem-
perature dependent, P-mobilization occurs from May to August with a
rate of 12.53 mg P/m2xday.

* Sorption, depending on the phosphorus content of the overlaying water
and depending on the area of sediment available for adsorption, P-ac-
cumulation takes place in the remaining part of the year with a rate
of 5.5 mg P/mxday,

The assumption of minerallzation as the driving mechanism for mobiliza-
tion can be tested by comparing the nutrient concentrations that result
from bottom release to stoichiometric relations., To confirm this assump-
tion the ratios between the nutrient concentrations must reflect the stol-
chiometry of the organic matter being mineralized,

For the deeper water layer during stratified conditions in the 'Veerse
meer', Van Der Meulen (1982) obtained the following concentration ratios:
P:N:Si=11:2,78 ¢ 3.47,

For nitrogen and sillcon these ratios are within the range of algal stoi-
chiometry as given in tabel 5.1, The value for P is higher than the gener-
al range given in this table, .

For Lake Grevelingen linear regression plots are made, using DDMI data

from the deep water layers for 1972-1977, Only the period of 19721977 is
taken into account to avoid the perlod of flushing with sea water, From

16



these years the weeks 20-28 are selected as the main period of linear
increase of nutrient concentrations near the bottom.

The results are presented in figura 4.11 for the stations G2 and GB6 (23
and 28 m. deep), and in figura %.12 for the stations G3 and GB7 (41 and 37
m, deep).

The regression plots of figure 4.12 (deep bottoms) are very scattered,
especially for N/Si and P/N, This is perhaps due to the fact that during
the onset of stratification at the deep stations, the bottom surface
becomes anoxiec (in some of the 6 years), promoting the release of phospho-
rus and ammonium (figure 4.5-4.6, station 5 (G3)). 1In this way data from
two bottom types, oxic and anoxic, are combined in one regression plot,
giving scattered results,

The overall concentration ratios for figure 4.1l are: BP/N = 0.71, P/Si =
0.28 and N/si = 0.27,

As for the 'Veerse meer', the value for P 1s very high, especially in
relation to nitrogen, and compared with algal stoichiometry as presented
in table 5,1,

1t is therefore unlikely that phosphorus fluxes from moderately deep bhot-
toms are directly driven by mineralization of organic matter. This direct
dependency of the phosphorus flux on mineralization was coucluded by Keld-
erman in his analysis of the seasonal behaviour of the phosphorus concen-
tration.

In figure .13 linear tegression plots of dissolved hnutrients are pre-
sented for the anoxic hypolimnion of Lake Grevelingen (unpublished data
from Van Der Metlen).

The overall concentration ratlos for these figures are; P ; N : Sl=1:
3.70 : 1.11, These ratios reflect the fact that especially the release of
phosphorus and ammonium is promoted by an anoxic bottomsurface, The
release of silicon is not promoted to the same extent, causing the devi-
ations of P/Sl and N/8i ratios from algal stoichiometry (see also figures
4.5 - 4.8),
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5. CARBON_AND NUTRIENT CYC G

5.1 INTRODUCTION

Concentrations of dissolved nutrients in Lake Grevelingen show pronounced
fluctuations. The inorganic dissolved fractions of nitrogen (N) and sili-
con (Si) behave more or less similar, Winter concentrations of these
nutrients are rather high, and during summer the inorganic dissolved frac-
tions are almost zero 1n the upper water layer (see Fig. 3.11 and 3.12),
Inorganic dissolved phosphorus (orthophosphate) behaves different. The
cohcentration decrease of orthophosphate starts durihg winter, instead of
during spring at the beginning of the growing season (see Fig. 3.6), The
subsequent concentration increase starts already early summer, whereas
the other two nutrients remain at low levels for still some months, So
nitrogen and siiicon seem to be limiting for primary production in the
water phase during summer, in contrast to orthophosphate.

The amount of nutrients in suspended particulate material during summer is
far less than the quantity that disappears out of the dissolved pools,
The difference between winter and summer concentration of inorganic dis-
solved nitrogen is 0.6 g N/m® or more (see Fig. 3.11)., The increase of the
particulate nitrogen concentration is 0,15 g N/m® or less (see Fig. 3.16),
which is only 25% of the quantity that disappears out of the dissolved
pool.

Comparison 1s also possible with the potential algal biomass, that can be
formed from the avallable nutrients (according to the stolchiometry for
silicon and nitrogen as given in Table 5,2

From the dissolved silicon, available during winter, more than 50 mg chlo-
rophyll/m® of diatoms can be formed. As well an algal biomass of more
than 100 mg chleorophyll/m¥ can be produced from available dissolved inor-
ganic nitrogen, However measured phytoplankton concentrations are lower
than 10 mg chlorophyll/m* (see Fig. 3.13) which is less than 10% of the
maximal possible amount,

Moreover, the net annual nitrogen load to the lake, mainly due to rainfall
and polder water discharges, equals the amount of dissolved inorganic
nitrogen present in the water phase during winter. The net annual load of
silicon, mainly from polder water discharges, is approximately 50% of the
amount present in the water phase during winter,

Thus, large amounts of nitrogen and silicon disappear from the water phase
during spring, and appear again during late summer and autumn. Especially
the spring decrease of silicon is remarkable, since the phytoplankton
spring bloom mainly consists of small flagellates, and hardly any plank-
tonic diatoms are observed at that time (Bakker and de Vries 1984).

Lohg term changes of some characteristics of the lake indicate a slow
eutrophication process. One, the gradual increase of planktonic primary
production, from 60-80 gC/m?.year Iin 1976-1977 up to 225 gC/m2.year in
1981 (Vegter and de Visscher 1984). Two, the increasing winter concen-
tration of dissolved inorganiec nitrogen with approximately 0.4
gN/m?.year, which is 10-15% of the net load., Three, the gradual rise of
the redox discontinuity layer in shallow bottoms from more than 20 cm
depth until December 1977 to less than 5 cm depth from June 1979 onwards,
accompanhied by a distinet concentration of the nematode fauna in the upper
sediment layer {(Willems et al 1984).

To explain the disappearance of nutrients from the water phase during
spring, and to evaluate the possible causes for the above mentioned tend-
encles, nutrient balance calculations are carried out.
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NUTRIE BALANCE MODEL

A nutrient balance model is constructed to evaluate the behaviour of the
nutrient concentrations in relation to primary producers and detritus,
The model has only descriptive value, It is based on a four year dataset
(1977~1980) of biological ﬂgasurements (biomass and praduction of primary
producers), and chemical variables that represent external influences
(net load of dissolved nutrients and particulate organic matter), Purpose
is the integral analysis of the relations bhetween primary producers,
detritus and nutrient dynamics. Two specific questions are analyzed.

1. Is it possible to explain the behaviour of the concentrations of dis-
solved inorganic phosphorus, nitrogen and silicon by uptake by prima-
ry producers (phytoplankton and benthic diatoms) and releasa hy
mineralization?

2. TFor those nutrients that are controlled by these biologlcal proc-
esses: how are these nutrients distributed, in the course of time,
over the inorganic and organic pools that form part of the nutrient
eyele?

The following processes, schematically presented in Fig. 5.1 are incorpo-
rated in the model.

¢« Primary production. Synthesis of living organic matter is incorpo~
rated in the calculations by the use of primary productioh measure-
ments of mierophytobenthos and phytoplankton.

As illustrated by Fig, 1.1 these components are the most important
primary producers in the lake.

e Load represents the net result of loadings and withdrawals on the
nutrient budgets of the lake, The net load of nutrients determines the
external influences on the nutrient cyecles in Lake Grevelingen, The
reliablility of the net load data depends on the accuracy with which
the water balance of the lake is known and the availability of data
concerning the composition of the various incoming and outgoing water
volumes, ‘

» The calculation of mortality and minaralization forms an essential
part of the model because it provides the base for the calculation of
detritus, In contrast to the other components, measurements of detri-
tus derived from primary production of phytoplankton and microphyto-
benthos, are not available.

Mortality is defined as the difference between measured production of
phytoplankton and microphytobenthos and the measured change in algal
blomass. The production of dead organic material by mortality of algae
provides detritus which is distributed over the bottom and water com-
partments by means of sedimentation and resuspension.

Mineralization is the process in the nutrient cycling that determines
the avallability of dissolved inorganiec nutrients for primary pro-
duction. Minerallzatlon is formulated as a function of temperature
and substrate concentratlon. Substrate 1s present in the bottom
resulting from dead microphytobenthos and settled phytoplankton
detritus, Also suspended detritus consisting of dead phytoplankton,
resuspended bottom detritus and imported POC is subject to minerali-
zation.

+ sedimentaticn/resuspension. In shallow lakes a considerable amount
of the particulate organic matter which is produced is decomposed at
and in the bottom as a result of the rapid removal from the water
phase by processes as sedimentation and grazing by filter feeding bot-
tom fauna.,

For sake of simpliclty the distributlon of detritus over a suspended-
and a bottom pool by resuspension and sedimentation is simulated by
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means of net sedimentation only, If the calculated amount of suspended
detritus (derived from phytoplankton and POC-import, after minerali-
zation) 1s larger than the measured concentration of suspended detri-
tus, the surplus is sent to the bottom detritus pool. Occasionally a
negative sedimentation (net resuspension) is calculated,
The overall result is a suspended detritus pool (almost) entirely
derived from phytoplankton, and & bottom detritus pool derived from
microphytobenthos as well as settled phytoplankton and imported POC,
Mebilization. The nutrient exchange to and from the bottom and water
compartment is a mixture of biclogical and physico-chemical proc-
esses, For instance effects of bioturbation and the uptake and release
of nutrients by microphytobenthos from either the bottom= or the water
compartment are difficult to describe in quantitative terms. Mobili-
ration of nutrients which is determined by physical (resuspension)
and chemical processes 1is beyond the scope of the current calcu-
lations, Hence the exchange of dissolved inorganic nutrients over the
bottom-water interface is excluded, Instead the existence of pools of
dissolved nutrients in the bottom is ignored,

This means that the following assumptions are made in the calculations

of the dissolved nutrient pools in the overlaying water,

1. The measured dissolved inorganic nutrient concentration in the
overlaying water at the beginning of 1977 is imposed as initial
value representing the total available amount for the bilological
processes.,

2. The mineralization products from bottom detritus are directly
released into the overlaying water.

3. Both phytoplankton and benthilc diatoms depend on the nutrient

pools in the overlaying water. Thus benthic diatoms are assumed
not to use nutrients from the bottom (pore water),
This assumption seems unreallstic, especially for the summer
periods, when hardly any nutrients are available in the water
phase, However the combination of the assumptions 2 and 3 means
in practice that during summer benthic diatoms (and phytoplank-
ton) are provided with nutrients, mainly by mineralization of
bottom detritus, This is in accordance with observations of for
instance Kelderman (1983) (see chapter 4).

Denitrification, ammonification and nitrification, are processes dis-
tinguishing nitrogen from carbon and other nutrients., Especially den-
letrification 1s of interest, because it provides a pathway for
nitrogen to leave the system. By denitrification nitrate 1s trans-
formed to elemental nitrogen, which enables exchange with the atmos-
phere,
Denitrification is formulated as a function of temperature, according
to Stanford (1975) and substrate concentration, according to van Kes-
sel (1978). 1In the calculation no distinction is made between the
constituents of dissolved inorganic nitrogen (ammonia, nitrite and
nitrate). So the total (calculated) amount of dissolved inorganic
nitrogen 1s regarded as substrate for denitrification,

To simulate the {(possible) limitation of denitrification by inhibi-

tion of nitrification {due to low oxygen concentrations) also an oxy-

gen dependency is incorporated in the denitrification function,

Refractory stlicon: comparison of the loadlng of dissolved silicon on

the lake (see Table 5.4) and the dissolved silicon concentration dur-

ing the subsequent winters (see Fig. 3.12) shows that the loadinp does
het result in an lncrease of the concentration to the same extent.

Apparently some silicon is irreversibly removed from the dissolved

pool every year, In the silicon cycle no release mechanism, like deni-

trification in the nitrogen cycle, can serve as a removal process.,

Therefore it is assumed that every time a dlatom cell is formed, a

certaln amount of silicon is irreversibly fixed in the cell wall. When
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a diatom cell dies, this fraction will not enter the silicon cycle
again, but will 'disappear' in a refractory pool.

such & mechanism leads to enrichment of silicon in detritus, as is
observed in fresh water lakes (De Pinto, 1979).

5.2 Model formulatio

The program listing is presented in the addendum of the report.

Components and processes (see Fig. 8.1), for which no measurements are
available, concern bottom detritus (formation of detritus by mortality,
decay by mineralization, the refractory silicon fraction), denitrifica-
tion and uptake of nutrients by primary producers.

The formation of detritus is deduced from the mortality of phytoplankton
and bottom detritus (equation 5.1).

Detritus is redistributed over the water and the bottom pool by means of
net sedimentation., The amount of suspended detritus is set equal fo the
measured suspended detritus concentration and the surplus 1s sent to the
bottom pool (aquation 5.2),

Decay of detritus 1s simulated by calculatlion of the mineralizatlon of
carbon, nitrogen and phosphorus and dissolution of silicon, The minerali-
zatlon and dissolution rates are formulated as a function of temperatire.
Mortality and mineralization are incorporated in the detritus equatlions
for suspended (incorporated in the sedimentation) as well as bottom detri-
tus (equations 5.2 and 5.3). Optionally the import of particulate organic
matter can be taken into account.

The amount of inorganic dissolved nutrients 1s calculated as a function of
uptake of nutrients by primary producers and release of nutrients from
detritus by mineralization and dissolution, Also the net load to or net
export from the lake is taken into account (equation 5.4%),

Denitrification is incorporated in the nitrogen balance by means of a tem-
perature~ (and optionally oxygen-) dependent formulation (equation 5.5).
From the mortality of planktonic and benthic diatoms a fraction of silicon
disappears in a refractory pool and does not enter the silicon cycle again
(equation 5.6).

The timestep (At) 1s chosen in such a way that the model output is inde-
pendent of At.

Equations

Mortality

M(t) = P(t) - AX/Ot , AX = X (t+At) - X&) 5.1
Sedimentation

ASED = (1 - minsxAL)*DETs(t) + Mp(t)+At = DETs (t+At)

(+ QP(t)*At) _ (5.2)

Bottom datritus
DETL(t+At) = (1 - minbxAt)*DETb(t) + Mb(t)xAt + ASED (5.3)

Inorganic dissolved nutrients

NUT(t+AL) = NUT(t) + mins*At»asDETs(t) + minbxAt*asDETb(t)
- P(t)wAtxa + Q(t)*At (5.4)
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Denitrification
ADEN = cden*At»NUT (% ffox) , (ffox=0%X/10) (5.5

Refractory sil{ccn
ASR = ksrwax{M + QP) » At ’ (5.6)

——— o 2 20 o o - . sy g sl Tl P g g e A A g S T rad S L

M = mortality of phytoplankton and benthic diatoms (gC/m?.day)
= net primary production of phytoplankton and benthic diatoms
(gC/m?,day)

X = hiomass of phytoplankton and benthic diatoms (gG/m?)
DETs = suspended dettrltus, measured {gC/m?)

DETh = bottom detritus (gC/m?)

Mp = mortality of phytoplankton (gC/m?)

Mb = mortality of benthic diatoms (gC/m2)

SED = net sedimentation of detritus (gC/m2)

NUT = dissolved inorganic nutrient concentration (g/m2)

Q = net load of dissolved nutrients (g/m2.day)

QP = net load of particulate organic matter (g/m2.day)
DEN = denltrification (gN/m2)

0X = measured oxygen concentration at Gi1, 5-15 m depth (g02/m’)
SR = refractory silicon (g8i/m?)

a = stolchiometric coefficient (8/8Q)

mins = mineralization rate, suspended detritus {(/day)

minb = mineralization rate, bottom detritus (/day)

eden = denitrification rate (/day)

ffox = oxygen dependent coefficient (=)

ksr = coefficlent refractory silicon (=)

At = timestep (day)
Remarks

¢« the equations for mortality, sedimentatlon and hottom detritus are
only given for ¢arbon, The same equations are used for the nutrients,
by multiplication with stoichiometric factors (see Tahle 5.2).

J In the silicon- equations for sedimentation and bottom detrituys not
the total mortality of respectively phytoplankton and bottom detritus
ls incorporated, but mortality mihus the refractory fraction (SR),

. In the nitrogen- equation for inorganic dissolved nutrients also den-
itrification is subtracted.

5.2.2 Input-data and coefficieants

Input-data .

The balances related to the carhon and nutrient cycles are mainly based on
the measurements of the organic carbon ceycle in the lake. These measure-
ments concern:
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¢ Biomass of phytoplankton in wet welght (cell volume) units (data from
Bakker, DIHO, see Bakker and de Vries 1984). These measurements are
converted to g C/m® by using the regression equations of Strathmann
(Parsons and Takahashi, 1973).

s Biomass of microphytohenthos in mg chlorophyll/m2 in the upper 2 cm
sediment layer (see Nienhuis and de Bree 1984). These measurements
are converted to g C/m® by using a chlorophyll to carbon conversion of
40,

. The concentration of suspended dead organic carbon (suspended detri-
tus). These data are obtained by correcting measurements of suspended
particulate organic carbon (POC) for the carbon contribution of liv-
ing phytoplankton.

* production by phytoplankton (see Vegter and de Visscher 1984). The
measured '4C-data are interpreted as net production data. For 1977 the
original production data are used, i.e. not yet corrected for the too
high excretion values which have been measured in that year (annual
report DIHO-1977). This means that the total range of lake~averaged
net production data, which have been used in the balance calculations
vary from approximately 70 g C/m2?/year in 1977 to 200 g C/m2/year in
1980 (see table 5.4).

*  Production by microphytobenthos (benthlic diatoms). These input data

form the weakest part of the balance calculations. Production by
microphytobenthos 1s only measured 1n 1980 by means of a net oxygen
production technique (unpublished data from Lindeboom, DIHO) and in
1979 and 1980 by means of the 14C method (see Nienhuls and de Bree
1984).
These measurements are combined to a 'standard bottom dlatom net pro-
duction curve' (see Fig. 5.2), The shape of this standard curve is
obtained from the 14C-data, the magnitude (approximately 90 g C/m.yr)
from the oxygen production measurements.

Coefficients

The measurements on the organic carbon cycle are converted to nutrients
according to the average stoichiometry of marine algae, obtained from
several literature references,

The stoichiometric data from literature are arranged in three groups:

planktonic non diatoms
planktonic 'spring' diatoms
planktonic "summer' diatoms,

The data from different literature sources are averaged for every species
(or genus) within these three groups, and presented in Table 5.1. a,h,c.
The mean stoichiometric values (and standard deviations) for each of the
three groups are summarized in Table 5.1.d.

By means of calibration (within the range given by the standard deviations
in table 5.1.d) the stoichiometric walues that are used in the halance
calculations are obtained. These values are given in Table 5.2,

In the literature no stolchiometric data are found for marine benthic
(pennate) diatoms. Therefore the same stoichiometric values are used for
planktonice and benthie diatoms.

The coefficients that are used for mlneralization, denitrification and
formation of refractory silicon are given in Table 5.3,

23



No specific literature references can be mentioned for the values that are
chosen by calibration. Therefore the sensitivity of the balance calcu-
lations to variations in the coefficients is examined (see section 5.4).

5.3 RESULTS

The balance calculations are carried out for a period of four years,
1977-1980. The model is applied sequentially for the whole period.

The initial wvalues for dissolved nutrient concentrations, suspended
detritus, and biomass and production of phytoplankton and bottom diatoms
are obtained from the first data for 1977. The initial value for the
amount of bottom detritus is set equal to the calculated amount at the end
of that year (by means of an iteration procedure).

For the calibration of the model the whole period of 4 years is consid-
ered,

The aim of the calibration was the best possible resemblance between cal-
culated and measured concentrations of the dissolved inorganic nutrients,

The effect of the timestep on the calculated dissolved inorganic concen~
tration of nitrogen and silicon is 1llustrated in ¥ig. 5.8. The differ~
ences between the results for timesteps of 1 week or less are minimal. A
timestep of 1 day 1s used for all the calculations.

calibration run
The main results of the calibration run are presented in the figures 5.3 ~
5!7.

) For the figures 5.3 -« 5.5 the phytoplankton production data of DIHO
are used.

e TFor the figures 5.6 - 5,7 production data of DDMI are used for the
last two years.

In the balance figures the distribution of nutrients over the components
or pools that are Incorporated in the calculations is presented. Pool
sizes are expressed in g/m? (= concentration % 5.3 m for the pools ir the
water phase). Starting from the base line, the following pools are plotted
on top of each other,

Phytoplankton, measured cancentration » nutrient stoichiometry.

. Suspended detritus, measured concentration * nutrient stoichiometry.
Benthic diatoms, measured concentration * nutrient stoichiometry.

. The amount of nutrient stored in bottom detritus, calculated.

. Dissolved inorganic pool, calculated.

[, QL3 LIy X RPN

The calculated dissolved inorganic pool sizes are also presented below the
corresponding nutrient balahces, in combination with the measured concen-
tration (x 5,3 m) according to DIHO~- and DDMI-data. For this comparison
the original datasets are used, no interpolation nor moving average proce-
dure is applied,

For the calibration run also additional information is presented in the
figures 5.14% and 5.15: the calculated nutrient fluxes from mineralization
of bottom detritus and the calculated carbon fluxes from mineralization in
water and bottom, in combination with measured ecosystem respiration in
water and bottom 1n 1980-1981,

Finally the annual values of some measured and calculated fluxes and turn-
over rates for the calibration run are summarized in Tabhle 5.4 and 5.5,
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sensitivity analysis

Besides calibration an analysis is carried out to investigate the sensi-
tivity of the model to optional functions and to varlations in the coeffi-
cients. The results of the sensitivity analysis are presented by means of
comparison of the calculated dissolved inorganic pool sizes with the cali-
bration run. The following variations are examined,

. The possible influence of the import of suspended organic matter (fig.
509)0

s Variation of stoichiometric coefficients (fig. 53.10).
variation of mineralization rates (fig. 5.11),
The influence of disappearance of silicon to a refractory pool (fig.
5.12).

¢ The influence of denitrification (fig, 5.13)

The results of the calibration run and the sensitivity anhalysls are pre-
sented in some more detail in the next three sections,

5.3.1 Nutrient balances

§ilicen

The silicon balance and the comparison between calculated and measured
dissolved silicon concentration (see fig. 5.3), shows that the dynamics of
this nutrient can quite well be described in terms of the biological proec-
esses that are taken into account., Apparently about 75X or more of the
silicon that is present in a dissolved form during winter, is stored dur-
ing summer in the bottom detritus pool, During summer nearly all available
silicon 1s allocated in living or dead organic matter., At the end of the
yvear nearly all the sillcon is dissolved again.

Fig. 5.3 and 5.6 differ in that the model input for fig. 5.3 is entirely
derived from DIHO~data, while fig. 5.6 1s partly (1979, 1980) based on
phytoplankton production data from DDMI. The differences between the cal~
culated dissolved concentrations in these figures for the last two years
is of the same order of magnltude as the differences between calculations
and measurements. This means that the resemblance between calculated and
measured concentrations 1s as good as possible for the given accuracy of
the input data.

Figure 5.10.3 shows the large sensitivity of the silicon calculations to
varlatlons of the stoichiometry, within the ranges given in table 5.1,
For the calibration run a variable stoichiometry is used, varying between
a spring-value (0.45 g Si/g C) and a summer-value (0,20 g Si/g C) as a
function of the calculated dissolved concentration. This is illustrated
by fig. 5.10.4d,

Only with this relatively low summer stolchiometry for planktonic and
benthic diatoms a good fit with the measured silicon dynamics can be
cbtained.

Low silicon content of dlatom cells can result from limiting circum-
stances, as illustrated in table 5.t.c. For planktonic diatoms also the
ability to form thin cell walls, resulting in increased buoyancy as an
adaptation in non-turbulent waters, may play a role {(Bakker and de Vries
1984) .

The calculations for silicon are not very sensitive to variation of the

dissolution rates, as far as the dissolved concentration 1s concerned,
This is shown in fig. 5.11,a,.
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The influence of the assumption on refractory silicon is shown in fig.
5,12, Without this assumption the external loading leads to a continuous-
ly increasing dissolved concentration, which is not in accordance with the
measurements. The effects of loading are however reflected by the measured
concentration in another way. The lower concentration during the winter
78-79 compared to the preceding winter 77-78 coincides with a small net
load in 1978 (see Tablae 5.4), This means that the process that removes
silicon out of the cycle, 1s indeed of the same order of maghitude as the
loading, but does not directly depend on the loading itself. This is true
for the way refractory silicon is ihcorporated in the model, as a fraction
(3%) of the mortality of diatoms,

Finally the calculated bottom flux of dissolved silicon, resulting from
dissolution of silicon from bottom detritus, is presented in fig. 5.1%.3,
For this flux estimation an instantaneous release to the water phase is
assumed, without retention in pore water, Retention leads to a lower
release during summer and higher release during winter, Taking this into
account the calculated flux (solid line in the figure) agrees very well
with the fluxes from table 4.3 for deep bottoms as given by Kelderman
(1983).

The broken line in figure 5.14.a represents the bottom £lux corrected for
uptake by benthic diatoms (see model scheme in fig. 5.1), assuming that

s  bhenthic diatoms only use the flux from the hottom for their nutrient
requirements

¢ henthic diatom production is restricted to 607 of the bottom area of
the lake (depth of 4m or less, Nienhuis and de Bree 1984).

The first assumption is not wvalild, and leads to negative bottom fluxes
during spring, These negative values are in fact indications for the peri-
od in which benthic diatoms depend on nutrients from the overlaylng water,
and for the amount of this dependency. The residual positive flux agrees
quite well with the fluxes for shallow bottoms in table 4.3, as given by
Kelderman (1983),

Nitrogen

Like silicon, the dynamics of nitrogen can quite well be described in
terms of bilological processes, as ls shown by fig. 5.4, Storage ln bottom
detritus during summer is also important for nitrogen,

Comparison of fig. 5.% and 5.7 is very illustrative as to the dependency
of the calculations on input data for phytoplankton primary production,

¢ The production peak in spring 1979 according to DIHO-data caluses a
good fit with the measurements {(week 127), This produection peak is
almost absent in the DDMI-dataset, leading to & bad fit in the same
period. .

¢ The situation is reverse in late summer 1979 (week 140), a good fit
based on DDMI-data, and not for DIHO-data,

« The spring peak in 1980 seems to be overestimated by DIHO, ahd not by
DDML.

*+ And the equilizer: the late summer production peak in 1980 according
to DIHO-data, that 1s almost absent in the DDMI-dataset,

Given these deviations, that entirely depend on the input data used, it is
probable that also a production peak of non-diatoms in late summer 1978 is
missing in the DIHO-dataset, leading to the bad fit with the measurements
in this period.

The sensitivity of the nitrogen calculations to variations of the stoi-
chiometry is much less than in case of silicon (see fig. 5.10.b), Also
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the range of different stoichiometric coefficilents that 1s applied (as
obtained from table 5.1) is much smaller, The variable stoilchiometry
between a spring value of 0.17 g N/g C and a summer value of 0,14 g N/g C
that is used for the calibration run is shown in fig. 5.10.d.

The calculations for nitrogen are not very sensitive to variation of the
mineralization rate, as far as the dissolved concentration is concerned.
This is shown in fig. 5.11.h,

Denitrification is a key process 1n the nitrogen cyecle. Without a removal
mechanism like denitrification the dissolved concentration should exhibit
a five-fold increase within four vyears as a counsequence of loading, as
{1lustrated in ¥ig. 5.13. The same figure shows the large sensitivity of
the nitrogen calculations to variation of the denitrification rate,

The annual values for denitrification in the calibration run are, averaged
over the four years, 0.5 g N/m? lower than the net loading (see table
5.4). This difference is almost equal to the increase of the dissolved
lnorganic concentration, as can be seen in fig. 5.4,

In the calibration run the denitrification is calculated without oxyaen
dependancy of this process, This means that the calculated increase of the
dissolved concentration in the winter of '79-'80 compared to the winter
'78-179 (see fig. 5.4), is caused by the relative high load in 1979, and
not by inhibition of denitrification,

In figure 5.13.c the possible influence of low oxygen concentratlons on
denitrification 1s 1llustrated. According to the formulation that is cho-
sen in the model for this dependency, the influence 1s not that large.
However, especlally In the winter '79-~'80, the effect of the low oxygen
concentrations, due to salt stratification in the preceding year, is visi-
hle., The inhibition of denitrification in 1979 and thus the increase of
the subsequent winter concentration is estimated at 0,3 g N/m® (see Table
5.4), a decrease of 107,

In fig. 5.1%.b the bottom flux of dissolved nitrogen is given, resulting
from mineralization of bhottom detritus. The flux of gaseous nitrogen,
resulting from denitrification, is not incorporated in this figure (see
for the denitrification £flux fig. 5.13.1).

As for gilicon, the solid line in fig. 5.14.b represents the flux from
deep bottoms (> 4 m, 40% of the bottom area), the hroken line represents
the flux from shallow bottoms (< 4 m, 60% of the bottom area), corrected
for uptake by bottom diatoms. Again the agreement with the walues in
table 4.3 for deep and shallow bottoms 1s quite good,

Phosphorus

The phosphorus balance (fig. 5.5) confirms the fact that phosphorus is not
limiting for primary production in Lake Grevelingen, The dynamics of
orthophosphate depend only to a minor extent on the uptake of primary pro-
ducers and subsequent release resulting from mineralization,

The calculated orthophosphate concentration illustrates the export of
orthpphosphate to the Notrth Sea, in the few months after the opening of
the Brouwers sluice, (3.5 g P/m* in winter and spring 1979, see table
5.4).. The measured concentration in the subsequent winter is however only
1.5 'g P/m* lower, Also the overall seasonal pattern of concentration
increase during week 20-40 (May-August) and decrease in the rest of the
year remained the same.

Both phenomena, the buffering of the orthophosphate concentration against
net ‘export to the North Sea, and the distinct seasonal pattern, cannot be
described at all in terms of the biological processes that are taken into
account in the balance calculations,

Alsa doubling of the stoichiometric coefficients for phosphorus does not
alter this conclusion (see $ig. 5.10.¢).
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The calculated bottom fluxes, averaged for shallow and deep bottoms (see
fig. 5.14.¢) agree more or less with the mobilization from and accumu~
lation in the bottom according to the model of Kelderman (see section
4.3), When however also uptake by phytoplankton is taken into account,
and subsequent settling of phytoplankton detritus, these bottom fluxes
are far too low to explain the observed increase of the orthophosphate
concentration during May-Aupust, as is shown in fig., 5.5.

The balance calculations confirm the concluslon drawn from the analysis of
the nutrient concentration ratios in the water layer near moderately deep
bottoms (see section 4.3): the bottom flux of phosphorus is not directly
driven by mineralization of organic material., Other, merely physical and
chemical processes must be responsible for the observed seasonal behavi-~
our of the phosphorus concentration in the water column.

2 inflgenc MR o of_sU d 0 ic r

In the calibration run the import of suspended organic matter from the
North Sea is not taken into account, because no informatlon is availlable
on the degradability and the nutrient content of this material. At least
part of the material 1s probably more or less refractory with a low nutri~
ent content,

To investigate anyhow the possible influence of POC~import on the nutrient
balances, a "worst case' caleulation is made. Therefore it is assumed that
nutrient content and degradability of imported POC is comparable with
recently diled phytoplankton (at the same time) within the lake, So 'worst
case' means the maximal possible influence of POC-import on the nutrient
balances.

The results are presented in fig9. 5.9. Only the last two years are of
interest, Before the opening of the Brouwers sluice in December 1978,
there was no POC-import from the North Sea,

The maximal Influence (winter '79-'80) on the dissolved silicon concen~
tration 1s approximately 257, on the dissolved nitrogen concentration
less than 10%. Because these values are overestimations (see above), the
{nfluence of POC-import from the North Sea after opening of the Brouwers
sluice has probably little or no influence on the nutrient dynamies in
Lake Grevelingen.

5.3.3 carbon mineralization

Since minerallzation 1s separately calculated for suspended and bottom
detritus, comparison between the calculated mineralization rates in water
and bottom and measured oxygen consumption rates is possible, Comparing
these rates for both compartments is also the only possible contreol for
this moment, because for Instance the exchange with the atmosphere with
respect to oxygen and carbon dioxide is not iIncorporated in the calcu~
lations., This means that comparlson hetween measured and observed state
varlables (oxygen and alkalinity) 1ls not yet possible,

The calculated mineralization fluxes of suspended detritus from phyto~
plankton and the measured oxygen consumption rate in water (see fig,
5.15.a). are converted to the same carbon units,

These data are derived from the tables given by Gaossens et all (1983).
For the conversion of oxygen to carbon a factor 0.29 is used. The data (g
C/m3/week) are multiplied with the average depth of Lake Grevelingen (5.3
m) to present the data in units (g C/m?/week) that are comparable with the
calculations,
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Fig. 5.15.bh shows the calculated mineralizatioh fluxes of bottom detritus
from settled phytoplankton and microphytobenthos and the measured oxygen
consumption rate in the bottom, converted to the same units,

These data are derived from figures given by Lindeboom et al (1983). 1In
these figures the data are already presented in carbon units. They are
read from the figures and mean values for the stations Hals, Herkingen and
Archipel are calculated, The data from station Monument are not used
because this station is considered representative for only a small part of
Lake Grevelingen.

The shape of the calculated and measured curves is in general more or less
the same, taking into consideration the fact that calculations and meas-
urements concern only partly overlapping perilods.

There are however strong differences between the absolute magnitude of
calculated and measured values, These differences can easily be seen by
comparing the total annual fluxes, which are given in Tahle 5.4,

The differences are further discussed in section 6.5,

£E.3.% Turnover rates of phytoplankton and nutrients

In Table 5.5 turnover rates of phytoplankton biomass and nutrient pools
are given. The turnover rate of phytoplankton biomass is calculated as

ua duc
mean biomass

The turnover rates of the dissolved inorganic silicon and nitrogen pools
as

1 tlon i obt
max. winter cone. + (net load - denitr. or refr, 8i)/2

The turnover rate of phytoplankton lncreases with a factor 2 during the
period of 4 years. Also the turnover rates of the dissolved silicon and
nitrogen pools increase continuously during the four years studied,
although to a lesser extent,

In other words, phytoplankton primary production increases more than pro-
portionally compared with phytoplankton biomass, but also compared with
the size of the dissolved silicon and nitrogen pool, causing faster turn-
over of these nutrients,

29



6., DISCUSSION

6.1 CREASE O E 8ILIC CONCENTRATION IMN SPRING

For the calculations of the available dissolved lnorganic nutrient pool,
the assumption is made that the nutrient concentrations in the overlaying
water during winter provide an estimate of the total amount of nutrients
available for the biological nutrilent cycling. According to this assump-
tion, the decrease of dissolved inorganic nitrogen and silicon at the
beginning of each year is malnly caused by uptake by microphytobenthos, in
stead of uptake by planktonic algae., This feature is repeated each year
during the period 1977-1980,

Since hardly any planktonic diatoms are observed in Lake Grevelingen dur-
ing spring in 1977-1979, the uptake of nutrients from the overlaying water
by microphytobenthos provides an answer for the decrease of silicon in the
waterphase, It makes also probable that nitrogen as well Is taken up dur-
ing spring from the overlaying water by benthic diatoms,

The rapid decrease of nitrogen and silicon in the waterphase during spring
and the zero levels during summer, Indicate that the primary production
and biomass of phytoplankton depends on a balance between accumulation of
detritus in the bottom and release of hutrients due to mineralization.

The difference of one order of magnitude between the decrease of dissolved
nutrients and the increase of phytoplankton biomass during spring, can be
explained by storage of nutrients in the bottom detritus pool.

2_POSSIBLE CAUSES OF IMCREASED oN ODUCTIO

The phytoplankton production has increased with a factor 3 in the period
1976-1981, according to measurements of DIHQ (Vegter and de Visscher,
1984) (see Table 5.5), What may be the reason of this observed production
increase?

The major change within this period is the connection with the North Sea
via a sluice in the Brouwers dam, that has been put in operation at the end
of 1978, The influence of flushing with North Sea water on the nutrient
cycles of nitrogen and silicon is, however, limited. Exchange via the
sluice in the Brouwers dam increases the gross nutrient fluxes, but not
the net import of dissolved inorganic silicon and nitrogen (see Tahle
5,5), Thus, the direct Influence of flushing with North Sea water on the
nutrient availabllity cannot be responsible for the iIncreased primary
production,

Three other possible causes for this example of marine eutrophication are

1. the coantinucus concentration Increase of nitrogen, due to loadings
from other sources than the North Sea

2, anoxic surfaces of shallow bottoms, causing a shift from benthic pri-
mary production to planktonic primary production

3. increasing activity of filter feeding bottom fauna.

The net import of nitrogen from rainfall and polder water discharges,
causes an average increase in the maximum winter concentration of 0.4 g
N/m?,year, The larger availability of nitrogen is probably partly respon-
sible for the observed production increase, Nutrient avallability as
such, however, cannot explain the higher turnover rate of phytoplankton

30



blomass. The relative production increase with a factor 3 is also much
larger than the relative concentration increase of nitrogen (40Z over 4
years), reflected by the higher turnover of the nitrogen pool itself,

The ahsence of tldal water movements in Lake Grevelingen has increased net
settling of suspended sediments and organic particles, Especially in the
gullies, the mud contents and the organic carbon contents of the upper
sediment layer became significantly larger since the closure of the former
estuary in 1971 (Kelderman et al 1984)., The reduction of the current
velocity probably also promoted the net settling of organic matter on
shallow bottoms. The deposition of organically rich faeces and pseudo-
faeces by Ffiltering bottom fauna may be important for the organic enrich-
ment of shallow bottoms too (see section 6.6). The resulting higher oxygen
demand in the bottom may have caused the gradual rise of the redox discon~
tinuity layer, as reported by Willems et al (1984). As a consequence,
anoxic bottom surfaces, a common phenomenon in the deep gullies (less than
57 of the bottom area), are also to be expected in the shallow parts.
Observations since 1980 Indeed indicate the occasional occurrence of
anaeroblc bottom surfaces in shallow parts of the lake.

This leads to the second possible explanation of the increased phytoplank-
ton production. The existing community of benthic diatoms may have shown
decreased survival abilities on an anoxic bottom surface (Admiraal and
Peletier 1979), When this is true, the assumed constant production level
of benthic diatoms, based on measurements in 1980 only, 1is wrong. In
stead, the benthic production may have been higher in the first years
after closure of the Grevelingen estuary, and decreased from 1976-1977
onwards. Reduced benthic production means less influence on the nutrient
fFlux from shallow bottoms during summer, and thus increased nutrient
availability for phytoplankton.

According to this second explanation, the turnover rates of the nutrient
pools did not change during the period 1977-1980, because the total prima-
ry production of small benthic and planktonic algae should have remained
the same, Only a shift should have occurred from benthic to planktonic
production.

Unfortunately, this explanation cannot bhe tested because data of benthic

‘production are only available for 1980. However, as was the case for the

increased nitrogen avallability, the shift from benthic to planktonic
production can only explain a production increase, and not the increased
turnover rate of planktonic algae,

High turnover rates Implies a combination of high production, mortalilty
and mineralization rates. Because primary production during summer 1is
apparently limited by the release of nutrients resulting from mineraliza-
tion, the Iincrease of phytoplankton production at a relatively constant
biomass level must be caused by some factor promoting algal mortality as
well as mineralization of detritus,

This factor may be found in the inerease of blomass and/or activity of
hottom fauna since 1977, The filter feeding bottom fauna is {(directly or
indirectly) an important mortality factor for phytoplankton in Lake Gre-
velingen. Bottom fauna probably also promotes the release of dissolved
nutrients from organic particles by their metabolic activity. Positive
effects on nutrient mobilization by mussels are reported by Kuenzler
(1961) and Jordan and valiela (1982)., Pomroy et al (1983) demonstrated
that the ammonia flux from the sediment of Bristol Channel was signif-
icantly related to blomass of polychaetes, molluscs and other macrofauna,
either by ammonium excretion, or, in addition, by increasing the exchange
of nutrients by biloturbation. Blackburn and Henrilksen (1983) estimated
that benthic infauna ilncreased the ammonlum flux from the sediment in Dan-
ish coastal waters by 50%Z.

Only increasing bottom fauna activity from 1977 onwards can-fully explain
the increasing phytoplankton production, combined with relatively con-
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stant low phytoplankton concentrations, and acceleration of silicon and
nitrogen turnover,

No data on the amount of macrozoobenthos in Lake Grevelingen have as yet
been published. Verhagen (1983) estimated the biomass of the mussel MyLi-
Jus edulis (the main filter feeder 1n the lake in 1977) from biomass meas-
urements in natural mussel beds (236.4 gram dry weight per m?, unpublished
results from Lamheck, Delta Institute for Hydrobiological Research) and
the percentage of the lake bottom covered with dense mussel beds (esti-
mated as 6%, based on measurements of the Institute for Fishery Research).
An estimate of the biomass density of mussels, averaged over the whole
lake area, is therefore about 14 gram dry weight per m?2,

Based on this biomass estimate, Verhagen (1983) concludes that the main
part of the primary production goes into the food chain, and that the fil-
tering bottom fauna is food limited, An additional indication is the
lacation of mussel beds at those places, where the advective transport of
food particles to the bottom is maximal. In such a situatlon, increased
phytoplankton production will induce a higher consumption rate, leading
to a faster turnover of phytoplankton biomass and nutrients,

The different influences of the bottom fauna on phytoplankton and nutrient
cyeling are further discussed in section 6.6,

DENI FICATIO

Denitrification rates are reported to be temperature dependent, and vary
in salt water ecosystems from 3 to 130 mg N/m?.day (Billen, 1978; valiela,
1979; Smits, 1980). For WNorth Sea coastal sediments denitrification
amounts to 25 mg N/m?.day (Billen, 1978).

According to the calculations 3-4 g N/m2,year is yvearly removed from Lake
Grevelingen by denitrification. The calculated denitrification rate is
10-20 mg N/m?,day during summer, with maximal values up to 25 mg N/m2,day,
the same as reported for the North Sea coastal zone.

Combining the results for the three nutrients, nitrogen seems to be the
key factor controlling the behaviour of the ecosystem components that are
incorporated in the balance caleculations. Especially because of (1) the
nitrogen limitation of primary production, (2) the nitrogen load to the
system which is annually as large as the total amount of nitrogen incorpo-~

-rated in the biological cycling and (3) the importance of redox processes

as a removal mechanism of nitrogen out of the system, which can compensate
the net load,

Net loading of nitrogen on the lake is the result of polderwater dis-
charges and rainfall, Flushing of the lake with North Sea water since 1978
causes & considerable import of nitrogen at high tides, but also an export
of the same order of magnhitude at low tides. So the net nitrogen load is
not influenced by flushing.

Net loadings from polder discharges and rainfall will not chahge or may
even increase to a certain extent in the future, Therefore the environ-
mental factors enabling denitrification are important for the consol-~
idation of the process capable to compensate the nitrogen load to the
lake.

A denitrification rate of 3-4 g N/m2,vear is low compared with the range
given in literature, as indicated above, 8o the available substrate, i.e.
the availability of nitrogen in an oxidized form (nitrate) near and in the
bottom probably limits the denitrification rate (Nedwell, 1982; Derks,
1981; Van Kessel, in Smits, 1980).
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Since nitrogen resulting from mineralization is released in a reduced form
(ammonium), the presence of an aeroblc upper sediment layer and aerobic
water near the the bottom is necessary for the nitrification of ammonium,
The activity of nitrifying bacteria in coastal marine sediments dimin-
ishes by decreased oxygen availability, by competition for ammonium, and
by the poisoning effect of hydrogen sulfide (Hansen et al 1981). As a
consequence, planktonic nitrification is far more important to the nitro-
gen budget in waters with anoxiec sediments than the nitrate flux from the
sediment (Somville 1984). Denitrification, on the other hand, is
restricted to anaerobic or nearly anaerobic conditions. Therefore, this
process 1is only investigated for sediments (Billen 1978, Nishio et al
1982, Blackburn and Henriksen 1983, Kaspar 1983).

By the extension of anaerobic conditions in the sediment, denitrification
becomes exclusively dependent on the diffusion of nitrate from the over-
laying water into the sediment, This nitrogen source (nitrate as well as
ammonium), however, is also availlable for benthic and planktonic primary
producers, This will {nitially result in a reduction of the nitrate
avallability in the bottom and by that of the denitrification rate, As a
consequence the nitrogen concentration in the overlaying water will
increase which promotes primary production.

Stratification can cause anaerobic circumstances near the bottom because
of the isolation of oxygen consumption in the deeper water layers from the
upper water layer, where oxXygen production by primary producers and
exchange with the atmosphere takes place,

The area with an anoxic bottom surface extended in summer 1979 to 20Z or
more of the bottom area of the lake, instead of less than 5% in other years
(see section 4.2.2), At the end of 1979 the ammonium concentration dou-
bled, compared with the preceding winter, an increase of more than 1 g
NH4-N/m?, according to DIHO-data,

It seems logical to explain this increase as being caused by inhibition of
nitrification under anaerobic circumstances, The DOMI-data however show a
less dramatic increase, Also the results of the balance calculations sug-~
gest that (see table 5.4 and filg. 5.4 and 5.13.¢):

e the relative high load (4.1 g.N/m%.year) in 1979 causes an increase of
the dissolved nitrogen concentration of approximately 1 g N/m2

. the indirect inhibition of denitrification by ahaerobic circumstances
may have caused an extra increase of approximately 0.3 g N/m2 (a
reduction of 10% of the "normal' denitrification rate)

. the lower denitrification rate in 1979 may have been compensated imme-
diately by a higher rate in the next year, 1980, due to increased
substrate availability, and recovery of the oxygen concentration near
the bottom,

The calculated inhibition of denitrification in 1979 by approximately
10%, combined with the observation that 202 or more of the bottom surface
area of the lake became anoxic during late summer, Indicates a direct
relation between the percentage ahaerobic bottom surface and the percent-
age decrease of denitrification.

Another strong indication of the coupling between nitrification and deni-
trification is given by the preliminary results of the nutrient addition
experiments In the MERL mesocosms (Nixon et al 1984). They found that
ammonia remained more abundant at the higher vrates of nutrient input,
whereas at the lower input rates aover 75 % of the inorganic nitrogen was
transformed to nitrite and nitrate. This suggests that nitrification
could not match the higher loading rates, They also found that denitrifi-
cation, although enhanced by nitrogen addition, could eliminate in the
most enriched mesocosm only 207 of the nltrogen addition, while at low
addition levels 1007 could be eliminated,
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In nitrate enrichment experiments in enclosures in Lake Grevelingen tLigh
ammonium concentrations were also found 1n the enclosures in which the
water column was hot isolated from the sediment {Derks 1981).

These results and references indicate that, in case of a continuous pres-
ence of anoxic sediments and anaerobic conditions near the bottom, the
denitrification rate will be reduced for a certain period, and the nitro-
gen concentration and primary production will increase. A higher overall
nitrogen concentration will be needed to reach again the same denitrifica-
tion rate. Defining the equilibrium concentration of dissolved inorganic
nitrogen as the concentration at which the denltrification rate equals the
net load of nitrogen on the system, a higher equilibrium concentration
will evolve.

In other words, the steady state concentration of dissolved inorganic
nitrogen is positively related to the extension of the area with anaerobic
conditions in and near the bottom. Therefore, management directed to the
avoidance of anaercbic conditions, is crucial for the maintenance of oli-
gotrophic properties of the lake,

70 NCRE NG _TURNOVE ES ON T SILICON CONC ATI

According to the model formulation, refractory silicon is formed by means
of irreversible Ffixation of a certain amount of silicon, every time a dia-
tom cell is Fformed, By this formulation a good fit is obtained between
calculated and measured silicon concentrations, for a continuous perilod
of four years., This formulation is also in accordance with observed
enrichment of silicon in detritus in fresh water lake bottoms (DePinto
1979),

An implication of such a mechanism is an increasing formation of refracto=~
ry silicon at a higher turnover rate of the dissolved silicon pool. This
can even result in a decrease of the dissolved silicon concentration, when
refractory silicon formatlon exceeds the loading. Another consequence
can be a decrease of the portion diatoms in the total phytoplankton assem-
blage, induced by stronger silicon limitation.

Both phenomena may alternate each other. Periods with a large portion dia-
toms in phytoplankton, exhibiting long term decrease of the silicon con-
centration, followed by a period in which diatoms are less important, and
the silicon concentration increases again,

Perhaps examination of the importance of diatoms in time series of plank-
ton records, 1In combination with the winter concentrations of dissolved
silicon, can give insight in the existence of such a cyclic successional
behaviour,

Both phenomena, mentloned above, are indeed observed (see Tahla 5.8).

* Decreasing silicon winter concentration from 1978 onwards, while in
the same period the nitrogen winter concentration increases.

¢ Decreasing importance of diatoms in the phytoplankton assemblage, in
spite of the import of new species from the North Sea and the increase
of the chloride concentration,

The same phenomena, ot & shorter time scale, i.a, the seasonal succession
within a year, arc discussed by 0fficer and Ryther (1980). They present
arguments that the introduction of nutrients to (marine) aquatic ecosys-
tems leads to the dominance of flagellates in the summer bloom, after a
diatom dominated spring bloom. They suggest that this sequence from one
population to the other 1s controlled by the silicon regeneration cycle,
The time constant of the recycling of silica by re-solution of diatom
tests should be high (45-190 days), compared with the time constants of
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the recycling of phosphorus and nitrogen from decomposition (8,3-13.3
days) and zooplankton grazing (1.0-2,0 days). The high time constants for
silicon regeneration causes depletion in silicon of the nutrient pool for
the summer bloom and a f£lagellate bloom could be anticipated,

More recent references than used by Officer and Ryther, however, lndicate
that silica re-solution might be directly related to biological processes
involved in nitrate and phosphate regeneration (Grill and Richards 1964).
Kamatani (1969) simultaneously studied the regeneration of silicon,
nitrogen and phosphorus from the marine diatoms Skeletonema costatum,
Thalassiosira decipiens and Cha os_gracilis. The first two species

occur in Lake Grevelingen. At 30 degrees Celsius, about 70% of all three
nutrients and carbon was mineralized in the first 10 days. The time con-
stant at 20 degrees Celsius for mineralization of both nitrogen and sili-
con was 14.4 days, i.e. a coefficient of 0,07/day, the same as used in
this study for mineralization of bottom detritus, At the early stage of
the mineralization, the diatom tests began to dissolve silicate into the
medium, even before the liberation of ammonia and phosphate started, Only
about 20-30Z of the silica remained refractory after 25 days. The dissol-
ution rate of diatom frustules in sea water was faster than in distilled
water, explained by the catalizing effect of salts. DePinto (1979)
explains the quick mineralization found by Kamatani by the presence of
normal seawater bacterial populations in his cultures,

Also Nixon et al (1984) conclude from their nutrient addition experiments
that silica is cycled more rapidly than commonly supposed,

Based on these references, in the model formulation a distinction is made
between labile and refractory silicon in diatom tests with a high re-solu-
tion rate for the labile part. The very small refractory part (37,
obtained by calibration) still leads to a significant disappearence of
silicon Into a refractory pool, on average 227 of the sum of the winter
concentration and net loading, due to the fast turnover of phytoplankton
biomass.

In this way the same phenomena as studied by Officer and Ryther (1980)
could be explained. Not as a seasonal succession of a diatom dominated
spring bloom to a flagellate dominated summer bloom, but as a trend over
several years towards a lower silicon concentration and/otr a reduction of
diatams in the phytoplankton assemblage. Not caused by the slow regener-
ation of silicon from diatom frustules, but on the contrary by high turn-
over rates of phytoplankton biomass and both nitrogen and silicon, in
combination with a small percentage of refractory silicon in diatom tests,

) CARBOM MINERALIZATION

The calculated carbon mineralization rates in water and bottom, as gilven
in Figure 5,15.,a,b and Table 5.4 are smaller than the measured mineraliza-
tion rates as reported by Goossens et al (1983) and Lindeboom et al
(1983). These differences may to some extent be caused by the difference
in periods of calculation and measurement and by the conversion from oxy-
gen to carbon units., Far more important, however, is the fact that
several other processes than mineralizatlon of dead organic material con-
tribute to the measured oxygen consumption, on which the overall mlnera11~
zation rates of Goossens and Lindeboom are based.

In the production - mineralization carbon balances presented by Lindeboom
et al (1983) the following processes are mentioned in this respect (the
estimated magnitude of the different processes for 1980/1981 in g
C/m?.year from Lindeboom are also given)

bacterial mineralization in water 160

335



respiration by phytoplankton 135

respiration by zooplankton 10
total mineralization in water column 395
bacterial mineralization in bottom 135
raspiration by eelgrass and macro-algae 70
raegpiration by benthic dlatoms 70
respiration by benthic meiofauna 20
respiration by benthic macrofauna 93
total mineralization in bottom 390

The calculated mineralization rates in this report are based on:

* carbon mineralizatlion coefficients which are assumed equal to the
regeneration (mineralization and dissolution) coefficients for N, P
and Si (see table 5.3).

* calibration of these coefficients on the behaviour of the dissolved
concentrations of N and Si as a function of the biological processes
that are incorporated in the balance calculations.

This implies that the calibrated values of the carbon mineralization coef-
ficients are hased on the combination of processes that regenerate nutri~
ents from organic material. These processes are:

In water: bacterial mineralization
respiration by zooplankton

In bottom: bacterial mineralization
respiration hy benthic melofauna
respiration by benthic macrofauha

For the bottom, the estimated magnitude of these processes in 1980/1981
according to Lindeboom (250 g C/m2.year) agrees very well with the calcu-
lated mineralization rate for 1980 in this report (253 g ¢/m?.year). This
estimation of the intensity of these processes in the bottom is thus con-
sistent with measured oxygen consumption rates in the bottom and the beha-
viour of the dissolved silicon and nitrogen concentration,

For the water column, the estimated magnitude of the nutrient regenerating
processes according to Lindeboom (170 g C/m?,.year) does not agree at all
with the calculated mineralizatlon rate for 1980 in this report (45 g
G/m?.year). Two possible explanations of this difference are:

s Other processes, contributing to the total mineralization rate in the
water column, are not accurately estimated in the carbon balances of
Lindeboom. For instance the assumption that the phytoplankton raspi-
ration 1s only 50% of the net phytoplankton production may be wrong.
Assuming a higher phytoplankton respiration rate automatically
reduces the estimated contribution of other processes in these carbon
balances, because the overall mineralization rate (305 g C/m2,year)
is the fixed number, hased on measurements,

. there are other processes, contributing to the overall mineralizatlon
(oxygen consumption) in the water column, which are not incorporated
in the carbon balances of Lindeboom, One process in particular, nitri-
fication, can be mentioned in this respect, The nitrogen flux from
the bottom at least partly consists of ammonium in stead of nitrate,
The bottom flux of nitrogen in 1980 is estimated at 38.2 g N/m2.year
(table 5.4), When 30-100% of this bottom Fflux is oxidized to nitrate
in the water column, the oxygen consumption by nitrification (con-
verted to carbon unlts) should be 23-46 ¢ C/m?,year (1,83 moles oxygen
per mole ammonium, Smits 1980). Althoupgh this 1s probably an overes-
timation, because of uptake of ammonium by benthiec diatoms and phyto-
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plankton before it is oxidized, nitrification may be a significant
oxygen consuming process in the water column.

Further analysis of the overall carbon balances and overall miheraliza-
tion rates fall beyond the scope of the nutrient balance calculations as
reported here. For the time being the following conclusions can be formu-
lated,

+ The mineralization of suspended organic material forms a minor con-
tribution to the oxygen consumption in the water column, (estimation:
15%) . Respiration by phytoplankton is probably the most important
contribution to the oxygen consumptioh in the water column, OxXygen
consumption by nitrification may be important too.

¢ Mineralization of detritus derived from benthic diatoms, but also
From phytoplankton, mainly takes place on and in the bottom, This
mineralization process (bacterial mineralization and respiration by
benthic fauna) Fforms an important contribution to the oxygen counsump-
tion in the bottom (estimation: 637%).

6.6 TH LE OF BOTTO 4] IN _NUTRIENT CYCLING D_PHYTOP TON_CON-
IROL

Three, direct or indirect influences of bottom fauna on nutrient cycling
are already mentioned in the preceding sections.

1. Acceleration of the flux of particles from the water column to the
sediment by suspension feeding and deposition of faeces and pseudo~
Faeces. This directly affects the nutrient balances by decreasing the
amount of nutrients in living biomass {of phytoplankton) and increas-
ing the storage of organically bound nutrients in the bottom,

2. Accelerated regeneration of nutrients from organic material in the
bottom, either by direct excretion, or by increasing the exchange of
nutrients by bioturbation, or by increased bacterial mineralization
due to extra substrate availability.

3. Increased oxygen consumption in and near the hottom, This promotes the
extension of anoxic conditions, directly by bottom fauna respiration
and indirectly by increased bacterial mineralization, This influence
the nutrient cycling, especilally nitrogen, by the coupling of nitri-
fication and denitrification., As explained in section 6.3, anoxic
conditions in the bottom inhibit nitwification, by which substrate
limitation for the denitrification process is enforced, and the
natural removal of nitrogen out of the system will be reduced.

The possible influence of benthic filter feeding on phytoplankton is dis-
cussed for South San Fransisco Bay by Cloern (1982) and Officer et al
(1982), They conclude that a benthic filter feeding community is impor-
tant as a natural control on eutrophication by reducing phytoplanktan
biomass, especially in shallow waters with long residence times, when the
water recycling time for the benthic community is equal to the time con-
stant of phytoplankton growth,

In Lake Grevelingen these criteria are fulfilled; the average water depth
is slightly more than 5 m, the residetice time is approximately 0.5 year or
longer, the vear averaped time constant (= 1/turnover rate) for phyto-
plankton net production is 1.4-4.6 days {see table 5.5) and it can be
estimated that the benthic suspension feeders filter the whole volume of
the lake in several days (based on the filtering rate equation given by
Verhagen, 1983).
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Also the preliminary results of the nutrient addition experiments in the
MERL mesocosms indicate a controlling role of bottom fauha oh phytoplank-
ton biomass (Nixon et al 1984), They observed that phytoplankton biomass
as well as the diurnal net oxygen production did not increase in propor-
tion to the nutrient loadings, but to a lesser extent, Only the biomass of
benthic macrofauna showed a linear response compared with the loadings,
especially polychaetes and the fast reproducing bivalve Mulines lateral-
is.

It can thus be concluded that benthic fauna may control phytoplankton
biomass, at least in the short term, by their prazing pressure (influence
no 1). Officer et al (1982) explicitly exclude the recycling of nutrients
by benthic excretion from their analysis. But even when nutrients are
regenerated more quickly (influence no 2), the control of phytoplankton
biomass still holds. This is indicated by the fact that the turnover rate
of phytoplankton biomass increases iIn response to increased nutrient
availebility, i.e, net production increases more than proportionally to
the biomass increase, The only criterion is food limitation for the benth-
ic fauna (see sectlon 6.,2). ~

The influence of bottom fauna on the oxygen situation in the sediment
(influence no 3) iIs not taken into account by Cloern (1982) and Officer et
al (1982). This influence may counteract the phytoplankton control, or
may even enhance phytoplankton biomass in the long run by the heightening

. effect on the equilibrium concentration of dissolved Inorganic nitrogen,

as explained in section 6.3.

There are several indications that benthle fauna, at least some species,
adversely affects the oxygen concentration in the bottom, Nixon et all
(1984) mention a large enrichment of the top 1 cm of the sediment with
organic carbon in the nutrient enriched mesocosms, up to an excess of 112
g C/m?.year after the winter/spring bloom in the most enriched mesocosm
compared with the controls., Willems et al (1984) mention the blomass
increase of the cockle Cerastoderma edyle from 1977 onwards as a possible
cause of the observed rise of the redox discontinuity layer in parts of
Lake Grevelingen,

To evaluate in greater detail the influence of bottom fauna on the oxygen
situation in the sediment, a distinction between functional groups has to
be made.

All species increase the oxygen consumption in or near the sediment by
their own respiration, Only suspension feeders lncrease the oxygen con-
sumption In the sediment by bhacterial mineralization due to transport of
suspended organic material to the bottom. On the other hand, some species
promote oXygen transport to the sediment by bioturbation, especially
polychaetes which pump overlaying water downwards, and burrowed bivalves
like Macoma balthica, The exhalent siphon of Magoma does not extend to
the sediment surface and thus discharges oxyginated water and nutrients
into the sediment (Reise 1983). By this, Magcoma promotes meiofaunal abun-
dance and stimulates growth of benthic diatoms, its own food source, a
sa-called 'gardening' effect. The siphon aperture of other burrowed
bivalves like the cockle Cerastoderma edule, extend to the sediment sur-
face. These species discharge water and nutrients directly into the over-
laying water and do not produce oxidized and nutrilent enriched zones in
the sediment like Macoma , and also show no gardening effects (Relse
1983), The same probably holds for non-burrowing species, like the mussel
Mytilus edulis and tunicates,

So, especially suspension feedlng bottom fauna species that do not enrich
the sediment with oxygen and nutrients by bioturbation are important with
respect to influence no 3. There are indications that species from this
functional group Ilncrease in biomass in response to higher phytoplankton
production: Mulinea laterasalis in the nutrient enriched MERL mesocosns
(Nixon et al 1984), Cerastoderma edule in Lake Grevelingen, and tunicates

38



in both the mesocosms (pers, comm, Donaghay) and Lake Grevelingen, These
species may have a competitive advantage in situations with an excess of
suspended food (phytoplankton) available, compared with gardening species
promoting the growth of their own food source.

It can be concluded that on the short term grazing by suspension feeding
bottom fauna may prevent eutrophication effects llke high phytoplankton
concentrations, especially in shallow waters with a long residence time.
Acceleration of nutrient regeneration promotes the turnover of phyto-
plankton biomass, but the phytoplankton control still holds at least when
the bottom fauna is food limited,

On the other hand, deterioration of the oxygen situation in the sediment
by bottom fauna respiration and enhancement of bacterial mineralization
by organic enrichment of the sediment, may affect the coupling between
nitrification and denitrification. This may gradually heighten the equi-
librium concentration of dissolved inorganic nitrogen and by that coun-
teract the phytoplankton control in the 1long run. Especlally
opportunistic species that do not enrich the sediment with oxygen by bio-
turbation are important in this respect. Examples in Lake Grevelingen are

the cockle Cerastoderma edule and tunicates,
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7. COMCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

coneclusions chapter 3

s The upper water layer of Lake Grevelingen can be interpreted as well-
mixed, considering the small differences between the data of the 7
DDMI-stations, which are spread over the lake,

+ Comparison of the DDMI data set and the DIHO data set does not suggest
important differences in measurements of most water quality vari-
ables,

Biological varlables show considerable differences.

» The measurements of most variables in the upper water layer of Gi1 can
be interpreted as representative for the upper water layer in Lake
Grevelingen,

conclusions chapter 4

e The bottom release of nutrients is uniform over the entire lake bottom
area with exception of:
-  bottoms with anoxic surfaces (normally less than 5% of the bottom
area), for ammonium and orthophosphate
- shallow bottoms cavered With diatoms (depth 7 m., or less), for
silicon
-  Dbottom areas where seapage occurs, for all nutrients.

e The ratios between nutrient concentrations near moderately deep bot-
toms (23-28 m,) and especially the high values for phosphorus in these
ratios, indicate that phosphotrus release from the bottom depends on
other sources thah mineralization of recently formed detritus.

¢conclusions chapter 5

+ The seasonal pattern of the dissolved inorganic sillcon- and nitrogen
concentration in Lake Grevelingen 1s to a large extent determined by
uptake by primary producers, and mineralization, More than 752 of
both nutrients present in an inorganic dissolved form during winter,
is stored as detritus in the bottom during the growing season.

) According to the model formulation, on average 1.7 g Si/m?.year is
removed from the silicon cycle as refractory silicon; the measured
average net loadlng of silicon was 2 g Si/m?,.year during 1977-1980,

s+ The calculated denitrification amounted to 13 g N/m? aver four years,
the net loading to approximately 15 g N/m?., The difference of 0,5 g
N/m2.year corresponds with the measured average winter concentration
increase of 0.4 g N/m?.year.
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o The negative influence of salt stratification in 1979 on the denitri-
fication rate, caused by inhibition of nitrification under anoxic
circumstances, is estimated at 10%Z. According to the calculations,
this is almost entirely compensated in the next year, 1980, a year
without salt stratification,

. In contrast to the other two nutrients, phosphorus cycling is only to
a minor extent influenced by the biological processes incorporated in
the balance calculations.

¢ The calculated fluxes of silicon and nitrogen from shallow and deep
bottoms agree quite well with estimates by Kelderman (1983).
The phosphorus flux, calculated in the same way as a result of miner-
alization, also agrees with calculations by Kelderman. These flux
estimations are, however, far too low to éxplain the observed increase
of the orthophosphate concentration during May-August,
This again indicated the importance of physical and chemical proc-
esses ih the phosphorus cycling.

¢ The influence of POC-import from the North Sea after opening of the
Brouwers sluice has probably little or no influence on the nutrient
dynamies in Lake Grevelingen,

Conclusions chapter &

e The decrease of dissolved silicon in the water column during sprirg in
1977-1980, while hardly any planktonic diatoms are present, can be
explained by uptake of silicon by benthic diatoms.

* The observed increase in phytoplanktoh primary production with a fac-
tor 3 in the period 1976-1981 cannoct bhe explained by the influence of
flushing with North Sea water and only partly by:

- the continuous net import and concentratlon lncrease of nitro-
gen, .

-  anoxic surfaces of shallow bottoms, causing & shift from benthic
primary production to planktonic primary production,

Only increasing bottom fauna activity from 1977 onwards can fully

explain the increasing production, combined with relatively constant

low phytoplankton concentrations, and acceleration of silicon and

nitrogen turnover.

e The calculated denitrification rate of 10-20 mg N/m2?.day during sum-
mer with maximum values up to 25 mg N/m2.day, aprees very well with
denitrification rates reported for the North Sea coastal zone,

e The reduction in denitrification in 1979, caused by anoxic circum-
stances under stratified conditions, 1s estimated at 107 of the 'nor-
mal' rate. In this year 207 or more of the bottom surface of the lake
became anoxie during late summer, Instead of less than 5% in other
years, This indicates a direct relation between the percentage anoxic
bottom surface and the reduction of denitrification,

. The calculated denltrification rate is on the average 0.5 g N/m*.year
lower than the net load of nitrogen to Lake Grevelingen,
10-15Z of the annual net load is not removed from the lake by denitri-
fication, leading to a continuous concentration increase of disgolved
inorganic nitrogen during the period studied,
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The equilibrium concentration of dissolved inorganic hitrogen can be
defined as the concentration at which the denitrification rate equals
the net load of nitrogen to the system, The equilibrium concentration
is positively related to the extension of the area with anaerobic con-
ditions in and near the bottom, due to the competition for nitrate
between nitrifying bacteria and primary producers.

Therefore, management directed to the avoidance of anaerobic condi-
tions, is crucial for maintening the oligotrophic properties of the
lake.

According to the model formulation a higher turnover rate of silicon

causes an increased formation of refractory silicon. This may lead to:

~ a decreasing silicon concentration,

~ a decreasing importance of diatoms in the phytoplankton assem-
blage,

Both phenomena are observed in Lake Grevelingen during 1977-1980,

The mineralization of suspended organic material forms a minor con-
tribution to the oxygen cohsumption in the water column. {estimation:
152). Respiration by phytoplankton is probably the most important
contribution to the oxygen consumption in the water column, Oxygen
consumption by nitrification may be important too.

Mineralization of detritus derived from microphytobenthos, but also
from phytoplankton mainly takes place on and in the bottom, This min-
ervalization process forms an important contribution to the oxygen
consumption in the bottom (estimatcion: 65%).

Grazing by suspension feeding bottom fauna may control eutrophication
effects like high phytoplankton concentrations in Lake Grevelingen on
the short term. Acceleration of nutrient regeneration promotes the
turnover of nutrients and phytoplankton biomass but the eutrophica~
tion control still holds when at least the bottom fauna is food linit-
ed.

On the other hand, deterioration of the oxygen situation in the sedi-~
ment by bottom fauna respiration and enhahcement of bacterial miner-
alization by organic enrichment of the sediment, may affect the
coupling between nitrification and denitrification, This may gradual-
ly heighten the equilibrium concentration of dissolved inorganic
nitrogen and by that counteract the eutrophication control in the long
run., Especially opportunistic species that do not enrich the sediment
with oxygen by bioturbation are important in this respect. Examples
in Lake Grevelingen are the cockle Cerastoderma edule and tunicates.
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7.2 RECOMMENDATIONS

. Formulation of temperature—, oxygen- and substrate dependent ad- ahd
desorption processes is recommended to enlarge the process knowledge
with respect to the phosphorus dynamics and especially the inter-
action between bottom and water,

¢+ Apart From the nutrients silicon, nitrogen and phosphorus also an oxy-
gen balance should be set up as an overall control on the ecosytem
description because the oxygen cycle 1s involved in hearly all impor~
tant ecological processes,

» TFor the moment measurements of primary production of phytoplankton
and microphytobenthos are used as model input. However measurements
are scarce and interpretable in different ways (gross-net), Model-
ling of salt water algae including competition between bhenthic and
planktonic algae is recommended.

e Verification by means of field and experimental work of the hypotheses
formulated in this report with respect to the nitrogen cycling and the
influence of the bottom fauna, is recommended. This concerns espe-
cially the inhibition of nitrification under anoxic conditions in the
bottom and the subsequent reduction of denitrification caused by
substrate limitaticen,

43



ITERATURE CYTED

Admiraal, W and H. Peletier. 1979, Sulfide tolerance of benthic diatoms in
relation to the distribution in an estuary. British Phycological Jour-
nal 14:;185-196,

Antia, N.J,, C.,D. Me Allister, T.R. Parsons, K. Stephens and J.P.H,
Strickland, 1963, Further measurements of primary production using a
large volume plastic sphere. Limnology and Oceanography 8:163-183,

Bakker, C,, ahd I. de Vries. 1984, Iin press, Phytoplankton- and nutrient
dynamics 1n saline Lake Grevellingen (S-W Netherlands) under different
hydrodynamical conditions in 1978-1980, The Netherlands Journal of Sea
Research.

Bienfang, P., J. Szyper, and E. Laws. 1983. Sinking rate and pigment
responses to llght-limitation of a marine diatom: implications to
dynamics of chlorophyll maximum layers, Oceanologica Acta 6:35-62,

Blenfang, P.K., and P.,J, Harrison. 1984. Co-variatlon of sinking rate and
cell quota among nutrient replete marine plankton. Marine Ecology Pro-
gress Series 14:297-300,

Billen, G, 1978. A budget of nitrogen recycling in North Sea sediments off
the Belgian coast, Estuarine and Coastal Marine Sclence 7:127-146.

Blackburn, T.H., and K. Henriksen., 1983, Nitrogen cycling in different
types of sediments from Danish waters, Limnology and Oceahography
281477493,

Cloern, J.E. 1982, Does the benthos control phytoplankton biomass in South
San Fransisco Bay? Marine Ecology - Progress Series 9:191~202,

DePinto, J.V. 1979. Water column death and decomposition of phytoplank-
ton: an experimental and modelling review, Pages 25-32 in D, Scavia and
A. Robertson, editors. Perspectives on Lake Ecosystem Modeling. Ann
Arbor Science Publishers, Inc., Ann Arbor, Michigan,

Derks, J.A.C. 1981, Het effect van stikstofbelasting en sediment op de
: eutrofiering van het Grevelingenmeer, gesimuleerd in vier ondiepe resw-
ervoirs, DDMI Nota 81.03,

Goossens, J.G,.C.M., R.S. Minnaar en J.C, Verplanke. 1983. Koolstofminer-
alisatle in het water van het Grevelingenmeer (ZOWEC I): eindrapport.
Yerseke/Midelburg, DIHO/DDMI Nota Z.83.1.5.

Grill, E.V., and F.,A. Richards, 1964, Nutrient regeneration from phyto-
plankton decomposing in seawater. Journal of Marine Research 22:51-69.

Hansen, J.I., K, Henriksen, and T.H. Blackburn, 1981, Secasonal distrib-
ution of nitrifying bacteria and rates of nitrification in cocastal
marine sediments, Microbial Ecology 7:267-304,

Holland, A.M.B., en J.P. Al, 1980, De kwalltelt van de onderwaterbodem in

het zuidelijke Deltagebied. REen vooronderzoek naar de spreiding wvan
gehalten per plaats, Middelburg., DDMI Nota 80.01.

bl



» Jordan, E.J., and T. Valiela. 1982, A nitrogen budget of the ribbed mus-
sel, Geukensia demissa, and its significance in the nitrogen flow in a
New England salt marsh. Limnology and Oceanography 27:735-90.

Jorgensen, S.E. 1979. Handbook of environmental data and ecological
parameters. International Society of Ecological Modelling, Copenhagen.

Kamatani, A. 1969, Regeneration of inorganic nutrients from diatom decom~
position. Journal of the Oceanographical Society of Japan 25:63-74.

Kaspar, H.F, 1983. Denitrification, nitrate reduction to ammonium, and
inorganic nitrogen pools in intertidal sediments. Marine Biology
74:133-139.

Kelderman, P. 1983, Bodem~water ultwisseling in de Grevelingen (ZOWEC
IV): Eindrapport. Yerseke/Middelburg., DIHO/DDMI Nota Z.83.IV.5.

Kelderman, P., J. Nieuwenhuize, A,M, Meerman - v.,d. Repe and J.M, van
Liere, 1984, in press,. Changes in sediments characteristics of Lake Gre-
velingen, an enclosed estuary in the SW Netherlands. The Netherlands
Journal of Sea Research.

Kessel, J.F. van, 1978, Gas production in aquatic sediments in the pres-
ence and absence of nitrate, Water Research 12:291-297.

Kuenzler, E.J. 1961, Phosphorus budget of a mussel population. Limnology
and Oceanography 6:400-4135,

Lindeboom, H.J., en H.A.J. de Klerck- van de Driessche, 1983. GC-minerali-
satie op en in de bodem van de Grevelingen (ZOWEG II): Eindrapport., Yer-
seke/Middelburg., DIHO/DDML Nota Z.83.II.5.

Lingeman-Kosmerchock, M. 1978. Phytoplankton cells, their nutrient con-
tents, mineralization and sinking rates. Report R1I31l0-l, Delft Hydrau-
lics Laboratory.

Meulen, J.H.M, van de. 1980, Waterkwaliteltskenmerken en stofbalansen vanh
het Grevelingenmeer over de periode 1972-1977. Middelburg. DDMI Nota
80.16.

Meulen, J.H.M, van de, en P.F, Havermans. 1982, Waterkwaliteitskenmerken
en stofbalansen van het Veerse Meer over de periode 1972-1977, Middel-
burg. DDMI Nota 81.24.

Nedwell, D.B, (1982). Exchange of nltrate and products of bacterial
nitrate reduction between seawater and sediment from an U,K. salt matsh,
Est, Coast., Shelf Sc. 14:557-566.

Nienhuls, P.H,, and B.H.H, de Bree, 1984, in press., Carbon fixation,
including primary production, pigment and organic carbon dynamics in
bottom sediments of brackisch Lake Grevelingen, the Netherlahds. The
Netherlands Journal of Sea Research.

Nisbio, T., I, Koike, and H, Hattori. 1982, Denitrification, nitrate
reduction, and oxygen consumption in coastal and estuarine sediments,
Applied and Environmental Microbiology 43648-653.

Nixon, S.W., M,E.Q. Pilson, C,A, Oviatt, P, Donaghay, B. Sullivan, S.

Seitzinger, D, Rutnick and J. Frithsen, 1984. ERutrophication of a coas-
tal marine ecosystem - an experimental study using the MERL mesocosms,

45



Pages 105-135 1n: Flows of energy and materials in marine ecosyshems.
M.J.R. Fasham, editor., Plenum Publishing Corporation

officer, ¢,B,, and J.H. Ryther., 1980, The possible importance of silicon
in marine eutrophication, Marine Ecology Progress Seriles 3:83-91.

officer, C.B., T.J. Smayda and R. Mann., 1982, Benthic filter feeding: a
natural eutrophication control. Marine Ecology =~ Progress Serles
9:203-210,

officer, ¢.B., R,B. Biggs, J.L. Taft, L.E. Cronin, M.,A., Tyler, and W.R.
Boyton., 1984, Chesapeake Bay Anoxia: Origin, Development, and Signif-
icance, Scilence 223:22-27.

Paasche, E, 1980. Sllicon content of five marine plankton diatom species
measured with a rapid filter method. Limnology and Oceanography
25:474~480,

Parsons, T,, and M. Takahashi. 1973. Biological Oceanocgraphic Processes,
Pergamon Press.

pPomroy, A.J,, I.R., Joint, and K.R, Clark. 1983, Benthic flux in a shallow
coastal environment, Oecologia 60:306-312,

Relse, K, 1983, Biotlc enrichment of intertidal sediments by experimental
aggregates of the deposit-feeding bivalve Macoma balthlca. Marine
Ecology - Progress Series 12:229-236,

Salkshaug, E,, and 0. Holm-Jansen. 1977, The chemical composition of Skele-
tonema costatum and Paviova (Monochrvsis) lutheri, as a function of
nitrate~, phosphate- and iron limited growth Journal of Experimental
Marine Biology and Ecology 2%:1-34,

smits, J.G.C. (1980). Microbial decomposition of organic matter and
nutrient regeneration in natural waters and sediments, Report R131¢-5,
Delft Hydraulics Laboratotry.

Somville, M., t984. Use of nitrifying activity measurements for describing
the effect of salinity on nitrification in the Scheldt Estuary. Applied
and Environmental Microbiolopy 47:424-426.

Stanford, G,, 8. Orienia and R.A. van der Pol., 1975, Effect of temperature
on denitrification rate in soils. Soil Science Society of America Pro-
ceedings 39:867-869,

Stokman, G.N,M, 1978, Gevolgen van het openen van de spuisluls in de Brou-
wers dam in juni 1978, Middelburg. DDMI Nota 78.426.

Strickland, J.D.H. 1960. Measuring the productionh of marine phytoplank-
ton. Fisherles Research Board of Canada. Bulletin 122, Ottawa, Canada.

Strickland, J.D.H,, O, Holm-Jahsen, R,W, Eppley, and R.J, Linn. 1969, The
use of a deep tank in plankton ecology. I. Studies on the growth and
composition of phytoplankton crops at low nutrient values. Limnology
and Oceanography 14:23-34.

Thomson, G.D. 1979, A model for nitrate-nitrogen transport and denitrifi-
cation in the river Thames. Water Research 13:855~863.

valiela, I,, and J.M, Teal, 1979, The nitrogen budget of & salt marsh eco- -
system, Nature 280:652-656.

46



Vegter, F., and P.R.M. de Visscher, 1984, in press, Seasonal periodicity
in phytoplankton primary production in brackish Lake Grevelingen
(Sw-Netherlands) during 1976-1981, The Netherlands Journal of Sea
Research,

Verhagen, J.H.G. 1980, Exchange of phosphate from the water-sediment
interface before and after the closure of the Grevelingen estuary. Memo
HL-45, Delft Hydraulics Laboratory,.

verhagen, J,H.G, 1983, A distribution and population model of the mussel
Mytilus edulis in Lake Grevelingen. Pages 373~383 in W.,K. Lauenroth,
G,V. Skogerhoe, and M. Flug, editors. Analysis of ecological systems:
State-of-the-art in ecological modelling, Elsevier Scientific Publish-
ing Company, Amstetrdam.

Verhagen, J.H.G.,, and P,A, Nienhuis. 1983. A simulation model of pro-
duction, seasonal changes in bilomass and distribution of eelgrass
(Zostera marina) in Lake Grevelingen, Mar, Ecol, Prog: Ser.
16:187-195,

Vries, I. de and M., Veul. 1982, Data analysis of nutrients and primary
producers in Lake Grevelingen. Memo ML-58, Delft Hydraulics Lahorato-~

ry.

Vries, I, de, 1984, in press. The carbon cycle in Lake Grevelingen on an
annual basis., The Netherlands Journal of Sea Research,

Willems, K,A.,, J. Sharma, ¢, Help, and A.J,J. Sandee, 1984, in press.

Long-term evolution of the meiofauna on a sandy station in Lake Grevel-
ingen, the Netherlands. The Netherlands Journal of Sea Research,

47



BIBLYIOGRAPHY LAKE GREVELINGEN

An extensive bibliography (with abstracts) of Lake Grevelingen is recent-
ly published by DIHO:

Pronk, M.A. 1984,
Matiur, Milieu en Landschap van de Grevelingeh: een bibliografisch
averzicht,
Deel I Bibliografie
Deel II Verzamelde samenvattingen
DIHO, Rapport 1984-5 ,

The bibliography in this report only contains a part of the references
mentioned in the DIHO bibliography. Only reports (no articles) related to
the hydrodynamics and nutrient and ecosystem characteristics of Lake Gre-
velingen, published by Divisions of the Ministry of Public Works (RWS),
the Delta Institute for Hydrobioclogical Research (DIHO) and the Delft
Hydraulics Laboratory (DHL) are listed here.

S _(DIVISION W _AND W]

Afvoercoefficient, de; van de Grevelingensluis bij gebruik als spuisliuis.
1982, Dordrecht, Nota 21.001.08,

Chloridegehalten van het pgrondwater in zandplaten en slikken van het Gre-
velingenmeer, 1977, Dordrecht, Nota 51.001.01

Chloridehuishouding, de; van Grevelingenmeer en Haringvliet in verband
met waterbeheersingsplannen in het kader van de ruilverkaveling Midden
Flakkee, 1977, Dordrecht., Nota 21.001.0%.

Doorspoeling van een zout Grevelingenmeer met geringe debieten gedurende
de wintermaanden, 1976. Dordrecht. Nota 21,001.03,

Heteren, J. van., 1979, Snelheldsmetingen en golfrichtingmetingen in het
Grevelingenbekken nabij de Veermansplaat. Waterloopkunde, Den Haag.
Nota 79.027. ‘

Metingen Grevelingenmeer - oktober 1981. 1983. Dordrecht. Nota (+Appen-
dix) 21.901.11,

Representativiteit zoutmeters Brouwersdamsluis. 1979. Dordrecht. Nota
21.001.07

Resultaten van op het Grevelingenmeer uitgevoerde zoutmetingen gedurende
de perloden april~aogustus 1978, Jjanuari-april 1979, mei-september
1979, 1978, 1979, 1979, Interimverslagen 1,2,4, Nota 21.001.05.

Schaap, H, 1971, Gemeten driftstroom en opwaaiing in het Grevelingenbekk-
en tijdens de storm 20-30 november 1971, Waterloopkunde, Den Haag. Nota
71.9058.

Water- en chloridebalans van het Grevelingenmeer gedurende de periode
december 1978 ~ september 1979, 1979, Dordrecht. Nota 21.001.06.

48



Water- en chloridebalans voor een zoet Grevelingenmeer ten behoeve van
studie Grevelingen zout/zoet, 1981, Dordrecht. Nota 21.001.09.

RMS (DIVISION DDMI)

Afvalwater zuivering Grevelingenbekken: systeem €0ZU, (Westdijk). 1971,
Goes. Nota 71-12.

Arkesteijn, L. 1979, De voorjaarsbloei in de Grevelingen. Middelburg.
Interimverslag 1979A.

Arkesteijn, L, 1980. Invloed van stikstof op de samenstelling van vrije en
gebonden aminozuren in en buiten cellen van cultures van Skeletonema
costatum. Middelburg. Interimverslag.

Bannink, B.A., en J, Leentvaar, 1981, Beleidsanalyse van het waterhuish-
oudkundig beheer van het Grevellingenmeer in 1980. Middelburg. Nota
81.13.

Berg, J.A. van de. 1973, Het mlcroklimaat van de 8likken van Flakkee in
1972:; bijlage bij het interim~rapport Landschaps oecologisch Onderzoek
Slikken van Flakkee. 's Heer-Arendskerke, Nota 73.13.

Birnbaum, E., en J,C.H, Peaters., 1978, Lichtmetingen t.b.v het hydrobiol-
ogisch onderzoek in het Deltagebied, Middelburg. Nota 78.11.

Buysrogge, R.A, 1975. Fysiografische beschrijving voormalig slikkengebied
bij Brouwershaven, Middelburg. Nota 75.54.

Buysrogge, R,A,, J.J. Siereveld en J, Visser. 1981, Geomorfologische kar-
tering van drooggevallen gebieden in de Grevelingen. Middelburg. Nota
79.909.

Dek, W.J., en J.C. Speksnijder. 1976, De kwaliteit wvan het polderwater
rondom het Grevelingenmeer gedurende de periode 1972-1974, Middelburg.
Nota 76.43.

Derks, J.A.C, 1981, Het effect van stikstofhelasting en sediment op de
eutrofiering van het Grevelingenmeer gesimuleerd in vier ondiepe reser-
voirs, Middelburg, Nota 81.03.

Derks, J.A.C. 1981. Het effect van doorspoeling van het Grevelingenbekken
op de nutrientbalansen, Middelburg. Nota 81.11,

Feitsma, K.S., J.A. Koning e.a. 1973, De bodempesteldheid, hydrologie en
zouthuishouding van de Slikken van Flakkee in 1972: bijlage bij interim-
rapport Landschap-oeciclogisch Onderzoek Slikken wvan Flakkee, 's
Heer-Arendskerke, Nota 73.13.

Holland, A.M.B., en J.P, Al, 1980, De kwaliteit van de onderwaterbodem in
het zuidelijke Deltagebied. Een vooronderzoek naar de spreiding van
gehalten per plaats, Middelburg. Nota 80.01.

Klomp, R., R. Peelen, 1973. Natuurlijke en kunstmatige destratificatie in

de putten blj Scharendijke en Den Qsgse 1971-1972. 's Heer-Arendskerke,
Nota 73.07.

49



Klomp, R., en J.C, Speksniljder, 1973. 1974, De waterkwaliteit van het Gre-
velingenmeer in 1972, 1973. 's Heer~Arendskerke, Nota's 73.22., 74.12.

Metlen, A., van de. 1977. Chlorositeit bepaald uit geleidendheld (Salini-
teit) voor de CQosterschelde, Grevelingen en het Veerse Meer, Middel-
burg., Nota 77.4%3.

Meulen, J.H.M,, van de. 1980. Waterkwaliteitskenmerken en stofbalansen
van het Crevelingenmeer over de periode 1972-1977. Middelburg. Nota
80- 161

Meys, T. 1976, De voorjaarsbloel in de Grevelingen, Middelburg. Nota
1976h.

Nijboer, S.M. 1980, Management of the Lake Grevelingen. Middelburg. Nota
80.11.

Peeters, J.C,H, 1975. Oorzaken verminderde mosselgroel in Grevelingen
(oostelijk deel). 's Heer-Arendskerke, Nota 75.22,

Projectgroep Grevelingen Zout/Zoet, 1982, Keuze zout of zoet Grevelingen-
meer: Studieopzet en organisatie, Werkgroep Ecologie, Werkgroep Uit-
gangssituaties, Werkgroep Landbouw, Werkgroep Recreatle, Werkgroep
Visserii, Miliey-effectrapport (1983). Middelburg. PGZZ.

Saeljs, H.L.F. (Ed.), P.B.M. Stortelder, J.H.M. van der Meulen., 1980,
Environmental revieuw of the estuary and Lake Grevelingen, Middelburg,
Notg 80.22.

Siereveld, J.J. 1975. Een 1-jarig overzicht van de temperatuurmetingen
van het water op ondiepe plaatsen in de Grevelingen. Middelburg, Nota
75.59.

Speksnijder, J.C. 1972, Onderzoek waterkwaliteit Grevelingenbekken omgev-
ing gemaal Drelschor, 16 mel 1972, 's Heer-Arendskerke, Nota 72.22.

Stokman, G,N.M. 1980, Gegevens lnwinning in het Grevelingenmeer: gedeel-
telijke reportage van de gegevens inwinning in het Grevelingenmeer voor
het project ZOUVER in 1979; gegevensperiode april 1978 - januari 1979,
Middelburg., Nota 80.23.

Uunk, E,J,B, 1979, De waterkwallitelt op een aantal plaatsen in het Grevel-
ingenbelken in de perlode 1973 -~ 1978, Lelystad, RIJP, Werkdoc,
1979-335 AbuM.

vink, J:8.,L., en C.P, de Vas. 1980. Waterkwaliteitsveranderingen in het
Grevelingenmeer tijdens de verversing van het meer met zeewater via de
Brouverspuisluis in de periode 4/12/78 -~ 3/5/79, Middelburg. Nota
8¢.18.

vink, J.S.L., en C,P, de Vos, 1980, Chloride- en zuurstofstratificatie in
het Grevelingenmeer in de zomerperiode 3/5/79 - 3/9/79., Middelburg.
Nota 80.19.

Visgser, J. 1973, De geomorfologie wvan de Slikken wvan Flakkee in 1972:
bijlage bij het interim-rapport Landschaps-oecologisch Onderzoek S1ikic-
en van Flakkee, 's Heer-Arendskevke. Nota 73.13.

Visser, J, 1975, Fyslographische beschrijving van het voormalig slik-
kengebied Brouwershaven, Middelburg, Nota 75.54,

30



Visser, J. 1976. Veranderingen in de oeverzone over de perilode 1972 ~ 1975
op verschillende plaatsen langs de Hompelvoet en de Stampersplaat in het
Grevelingenmeer. Middelburg. Nota 76.02.

Visser, J., en R.A. Buysrogge, 1976, Oppervlakten dieptezones in de Gre-
velingen en Oosterschelde c.a. (n.a.v. Randmodel studies), Middelburg.
Nota 76.03,

visser, J., en J.J. Siereveld. 1976, Oppervlakten oeverlanden in de Oos-
terschelde en de Grevelingen die door peilvariaties beinvlced worden.
Middelburg, Nota 76.49.

Zweverink, B, 1978, Kwallteit vah het polderwater rondom het Grevelingen-
meer 1in de periode 1972 -1976. Middelburg. Nota 78.26.

ZOUEC (RUWS~-DDMI AND DIHO}

Goossens, J,.G,C.M, 1981, 1982, C-minerallsatie in het water van de Grevel-
ingen (ZOWEC 1I): 1e en 2e interimrapport. Yerseke/Middelburg. Nota
2-31-1.3.’ 2.32.1.4-

Goossens, J.G,.C,M., R.8., Minnaar en J.C. Verplanke, 1983, Xoolstofminer-
alisatie in het water van het Grevelingenmeer (ZOWEC I): eindrapport,
Yerseke/Middelburg. Nota Z.83.1.5.

Lindeboom, H.J., en H.A.J, de Klerk- van de Driessche, 1981, 1982, C-min-
eralisatie op in in de bodem van de Grevelingen (ZOWEC 1I): 1e en 2¢
interimrapport. Yerseke/Middelburg. Nota Z.81.1X.3., Z.82.II.%.

Lindeboom, H.J., en H,A,J, de Klerk- van de Driessche, 1983, C-minerali-
satie op In in de bodem van de Grevellngen (ZOWEC 11): eindrapport, Yer-
seke/Middelburg, Nota Z2.83.1I.5.

Doornbos, G, 1981, 1982, Kwantificering van vissen (Z0OWEC III): 1e en 2e
interimrapport. Yerseke/Mliddelburg, Nota Z.81.IIX.3., Z.82.1IX.4.

Doornbos, G, 1981.Verwachtingen voor de ontwikkeling van de visstand in
een zoute of zoete Grevelingen tegen de achtergrond van de veranderingen
die zijn opgetreden in de visfauna in de periode 1960-1980 (ZOWEC IIL).
Yerseke/Middelburg., Nota Z,81.111.6.

Kelderman, P. 1980, 1982, Bodem~water ultwisseling in de Grevelingen
(ZOWEC IV): 1e en 2e interimrapport. Yerseke/Middelburg. Nota
Z.80,1v.3., Z.82.1V.4%. .

Kelderman, P, 1983, Bodem-water uitwissellng in de Grevelingen (ZOWEC
IV): eindrapport. Yerseke/Middelburg, Nota Z.83.IV.S.

Elgershuizen, J.H.B.W, 1980, Geautomatiseerde sestonanalyse (ZOWEC V}: le
interimrapport. Yerseke/Middelburg, Nota Z.80.v.3.

Terland, E.T. wvan. 1981, Geautomatiseerde sestonanalyse (ZOWEC V): 2e
interimrapport. Yerseke/Middelburg. Nota 2.81.V.4.

Ierland, E,T, van, en L, Peperzak., 1982, Scheiding van seston (ZOWEC V):
eindrapport, Yerseke/Middelburg. Nota Z.82.V.5.

51



Duursma, E.K. (8d.). 1978, 1979, 1980, 1981, 1982, Delta Institute for
Hydrobiological Research Progress Reports 1977, 1978, 1979, 1980, 1981,
Reprinted from 'Institutes of the Royal Netherlahds Academy of Arts and
Sciences, Progress Reports 1977, 1978, 1979, 1980, 1981',Yerseke. Pub-
lication 162, 181, 192, 219, 237.

Duursma, E.K,, and E.S, Nieuwenhuize (Eds.)., 1983, Delta Institute for
Hydrobiological Research Progress Report 1982, Reprinted from 'Insti-
tutes of the Roval Netherlands Academy of Arts and Sclences, Progress
Report 1982'.Yerseke, Publication 263.

Bree, B.H.,H, de, en J.M, Verschuure, 1978, Pigment en particulaire organ-
ische koolstof in de bodem wan het Grevelingenmeer in 1976 en 1977,
Yerseke, Rapporten en Verslagen nr. 1978-11.

Kelderman, P. 1979, De fosfaatbalans van het Grevelingenmeer in de periode
mel 1971 - december 1977. Yerseke. Rapporten en Verslagen nr., 1979-9.

Kelderman, P. 1981, Een interstitieel water onderzoek op vi]f permanente
meetplaatsen op de Grevelingenbodem 1n de eerste zes maanden van 1979
(ZOWEC) . Yerseke. Rapporten en Verslagen nr., 1981-4.

Merks, A.G,A., J.J. Sinke en J,0, van de Zande. 1980, De ruimtelijke ver-
deling van enkele chemische milieuparameters in het Grevelingenmeer in
april 1979. Yerseke. Rapporten en Verslagen nr, 1986-7,

Nienhuis, P,H. 1976, De koolstofkringloop in de Grevelingen, met speciale
aandacht voor de primaire produktie door zeegrassen, Yerseke. Rappor-
ten en Verslagen nr. 1976-3.

Nienhuis, P.H, 1978, De Grevelingen, een afgesloteh zeearm. Een overzicht
van 10 jaar aguatisch oecologisch onderzoek. Yerseke, Rapporten en Ver-
slagen nr, 1978-3.

Nieuwenhuize, J,M., J.M. van Liere en A.G, Vlasbhlom, 1980, Een Bodemkaart
van het Grevelingenmeer 1in 1979, Yerseke, Rapporten en Verslagen nr.
1980-6.

Vegter, F., en P,R.,M, de Visscher, 1980, Primaire productie van het fyto-
plankton in het Crevelingenmeer in 1976, 1977 en 1978, Yerseke. Rappor-
ten en Verslagen nr. 1980-§.

Dam, J.W.P., van, en C.J, Visser. 1981, De produktie van raderdieren in de
Grevelingen gedurende het voorjaar. Yerseke. Studentenverslagen nr.
Dg-1%381.

Korte, D. de. 1980. Gesuspendeerd organisch materiaal in de Grevelingen.
Yetseke, Studentenverslagen nr, D3-1980.

Pellikaan, G.C. 1979, Enige aspecten van de decompositie van zeegras,
Yerseke, Studentenverslagen nr, BDli-1979.

Vries, B.J. de. 1983. Nutrientprofielen in de bovenste centimeters van de

Grevelingenbodem, als verklaring voor de plaatsvindende produktiepro-
cessen., Yerseke. Studentenverslagen nr, DI3-1933.

52



DHL EPORTS

R1310-1

R1310-2

R1310-3

R1310-4

R1310-3

R1310-9

R1310-11

R1310-12

Lingeman, M,: Phytoplankton cells, their nutrientcontents,
mineralization and sinking rates. Delft, Waterloopkundig
Laboratorium en Amsterdam, Universiteit, Limnologisch Labora-
toriuvm, 1978,

Lingeman, M.: Light, photosynthesis and carbon/chlorophyll
ratios, A literature review. Delft, Waterloopkundig Laborato~-
rium, en Amsterdam, Universiteit, Limnologisch Laboratorium,
1979 (juni). :

Lingeman, M.: Algal respiration. A literature review., Delft,
Waterloopkundig Laboratorium, 1979 (juni).

Lingeman, M.: Zooplankton feeding., Delft, Waterloopkundig
Laboratorium, en Amsterdam, Universiteit, Limnologisch Labora-
torium, 1979 (september).

smits, J.G6.C.: Microblal decomposition of otrganlc matter and
nutrient regeneration in natural waters and sediments. Delft,
Waterloopkundig Laboratorium, 1980 (september).

Verhagen, J.H.G .: Een model voor de zeegrasgroeil in het Gre-
velingenmeer. Delft, Waterloopkundig Laboratorium, 1981 (no-
vember) .,

Vries, I. de, C.F., Hopstaken and M, Veul: The influence of
nutrient availability on the ecosystem behaviour of Lake Gre~
velingen, Delft, Waterloopkundig Laboratorium, 1984 (August),
Verhagen, J,H.G.: A distribution and population model of Myti-
lus edulis in Lake Grevelingen, Delft, Waterloopkundig Labo-
ratorium, Oct, 1983 (Draft),

DHL, MEMG'S

Memo ML~-36
Memo ML-39
Memo ML-40

Memo ML-43

Memo ML~46
Memo ML~47
Mamo ML-49

Mema ML=30

Memo ML~51

Memo ML-55

Memo ML-56

WABASIM-Zout (vervolg op MD-20-WABASIM), J.H.G, Verhagen en R,
Klomp, maart 1980

Data-inventarisatie en -verwerking Grevelingenmeer, Tes de
Vries, maart 1980

Overzicht van de ecosysteem~gegevens van het Grevelingenmeer,
Tes de Vries, mei 1980

Exchange of phosphate from the water-sediment interface before
and after the closure of the Grevelingen estuary, J.H.G, Ver-
hagen, July 1980

overzicht van aanvullende gegevens Grevelingenmeer (nutrienten
, primaire produktie en vissen), Tes de Vries, september 1980
Ferste concept van een zeegras-model, J.H.G, Verhagen, septem-
ber 1980

Inventory ecosystem-compartments in Grevelingen lake and their
role in the carbon-cycle, Ies de Vries, December 1980
Description of the carbon cycle in the Grevelingen with dif-
ferential equations (on an annual basis, averaged over the
total area), Ies de Vries,. June 1981

Hypothesen over causale factoren met betrekking tot de waarge-
nomen verspreiding van mosselen en kokkels in het Grevelingen-
meer, J,H.G, Verhagen, julil 1981

Long term eveluation of data on silicon, phytoplankton- and
microphytobenthos biomass in Grevelingen lake, Ies de Vries,
Martin Veul, January 1982,

Stand van zaken met betrekking tot de ontwikkeling van een mos-
selmodel wvoor het Grevelingenmeer, J.H.G, Verhagen, januari
1982,

33



Memo ML=-57
Memo ML-58

Memo ML-59
Memo ML~-60

Memo ML-61

A population model of Mytilus edulls, a tentative model ver-
sion, J.H.G. Verhagen, March 1982,

Data-analysis of nutrients and primary producers in Grevelin-
gen Lake, I. de Vries, M. Veul, May 1982.

Data-base Lake Grevelingen, B. de Groot, September 1982,
Carbon and nutrient cycling in Lake Grevelingen, M, Veul, I, de
Vries, September 1982,

The development of the mussel population after the closure of
the Grevelingen, J.H.G. Verhagen, April 1983

54



p.o. box 177 2600 mh delft the netherlands




