


STELLINGEN

I

Enkele hoofdtrekken van de verdeling van kalk in diepzee-
sedimenten worden bepaald door de verzadigingstoestand voor cal-
ciumcarbonaat van het bodemwater.

H. Wattenberg, Fortschr. Mineral., Kristallogr. u. Petrogr., 20 (1936).

I

Variaties in de verhouding van nitraat en phosphaat in zee zijn
voor een deel het resultaat van verschillend ver gevorderde oxy-
datie van stikstofverbindingen.

G. A. Riley, Bull. Bingham Oceanogr. Coll., 13 (1951).
F. Bernard en J. Lecal, Bull. de I’Inst. Océanogr. Monaco, 963 (1950).
I

De verhoogde concentratie aan phytoplankton in de tempera-
tuur-spronglaag van de Noordelijke Noordzee kan zijn veroorzaakt
door groei in deze laag.

J. Krey, Kieler Meeresf., 10 (1954).

IV

Het troebelingsmaximum in de beneden Elbe is het gevolg van
de blokkering van de sediment-afvoer naar zee door het zoute water
dat de rivier binnendringt.

H. Liineburg, Archiv Dtsch. Seewarte, 59 (1939).

V

. De bevissing van de Noordzee kan niet die invloed op de basis-
productie van organische stof hebben, die door Burkenroad voor
mogelijk wordt gehouden.

M. D. Burkenroad, Publ. Inst. Mar. Science, 2 (1951).

VI

Het is onwaarschijnlijk dat het uit sommige visolién verkregen
clupanodonzuur (docosapentaeenzuur) bij de destillatie uit docosa-
hexaeenzuur zou zijn ontstaan en niet in deze olién zou voorkomen.

E. H. Farmer en F. A. van den Heuvel, J. Soc. Chem. Ind. Trans., 57 (1938).
P. Baudart, Compt. Rendus Trav. Fac. Sciences Marseille, 1 (1941).
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VII

Het IJsselmeer bevindt zich sinds de afsluiting in een stadium
van toenemende eutrophie.

VIII

De bijdrage van de Theems tot de voedingsstofvoorziening van
de Zuidelijke Noordzee is te gering om veel invloed te hebben op
de visopbrengst van dit gebied.

K. Kalle, Ber. Dtsch. Wiss. Komm. Meeresf., 13 (1953).

IX

Het afvoeren van industrieel afvalwater naar zee is in principe
even ongewenst als de lozing ervan op het binnenwater.

Adv. Gem. Groningen, N. Rott. Courant, 24-3-1954.
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I. INTRODUCTION

I. DEVELOPMENT AND PURPOSE OF THE INVESTIGATION

This paper is concerned with the hydrography of part of the Dutch
Wadden Sea. During recent years coastal waters and more especially
estuaries have received much attention. One reason is the increased
economic and social importance of these areas, which made a better
knowledge of their hydrographic conditions desirable; the other reason
is the advance of marine science, which contributed to an increased
theoretical interest in estuarine problems.

The present investigation has been stimulated by biological work
carried out by the Zoological Station at Den Helder. The chief line
of research of this institution is the ecology of marine animals, which
requires a profound knowledge of their environment. Bottom structure,
tidal movements, temperature and salinity are among the outstanding
factors regulating the distribution of these animals; the availability of
organic matter and, indirectly, of nutrient salts, determines their
potential growth.

Therefore, many data about these hydrographical elements (in-
cluding bottom structure) have been collected over a number of years.
A study of water movement and the distribution of salinity and tem-
perature has already been published (PostMa and VERWEY, 1950;
PostMA, 1950). The seasonal variation of nutrients in the harbour of
Den Helder was studied by ScHEELE and VERWEY (unpublished). The
composition of suspended matter has been analysed by SCHEELE at the
request of the ‘“‘Rijkswaterstaat”, who were interested in this subject
for reasons of land reclamation.

There is a close interrelation between the above-mentioned subjects,
which makes it difficult to study them separately and renders it valuable
to discuss them as a whole, Above all, knowledge of water movement
is fundamental. Without this knowledge it is impossible to study mat-
ters of transport, to understand the reason for the actual composition
of suspended matter, and toinvestigate the cycle of nutrients. Moreover,
a study of nutrients must remain incomplete, if we do not consider how
they affect the suspended organic material.

The above subjects will therefore bediscussed heresimultaneously,and
stress will be laid on their interdependence. Chapter Il is concerned with
water movement, chapter I1I with the transport and distribution of suspended
matter, and chapter IV with the seasonal cycle of nutrients and organic matter.

1. In studying water movement, the exchange of water between the
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Fig. 1. Location of the area investigated, indicated by the rectangle; the arrows
inthe North Sea refer to the position and length of the sections of Table 13. L indicates
the position of the lightvessel Texel.

Wadden Sea and the open North Sea will be emphasized. The con-
centration within the Wadden Sea of some substance or other (e.g.
a nutrient or river water) depends on the rate of supply of this substance
from, for instance, the main land, and the rate of exchange between
the Wadden Sea and the North Sea. The greater this exchange, the
more important will be the influence of the North Sea on the Wadden
Sea. An attempt will be made to find a quantitative measure for this
rate of exchange.
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2. As regards suspended matter, superficial observations already show
that the water of this region is very turbid. This becomes especially
clear when the area is compared with the open North Sea. In the
Wadden Sea a white disc, lowered into the water, is only visible to a
depth varying between 0.5 and 5 meters, whereas the visibility in the
North Sea mostly extends to ten meters or more. Exact measurements
in many different parts of the Dutch, German and Danish Wadden
Sea have confirmed that large quantities of material are present in
suspension. In chapter III an attempt will be made to explain the
presence of these large quantities of suspended matter. In this connec-
tion knowledge of the water exchange between Wadden Sea and North
Sea is indispensable.

3. As part of the suspended material the organic matter is naturally
subject to the same laws of transport as the suspension itself. The cycle
of nutrient salts and the production of organic matter will be discussed
in chapter I'V. It will appear that a distinction must be made between
the production of organic matter within the Wadden Sea itself, and
the exchange of organic matter and nutrients between the Wadden
Sea and North Sea. It goes without saying that here again knowledge
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Fig. 2. Map of the western part of the Dutch Wadden Sea; intertidal flats are
enclosed by dotted lines of Mean Low Water.



of the rate of water exchange is of primary importance. Of the various
nutrients especially phosphorus was studied in detail.

I owe many thanks to Dr. J. VERwWEY, director of the Zoological
Station, for his stimulating interest taken in my work and his valuable
advice. Thanks are also due to Prof. Dr. G. P. BAERENDs for his critical
reading of the manuscript. The analyses of the large numbers of samples
would not have been possible without the assistance of Miss E. GROEN,
Mr. N. Pgr and Mr. A. DraL. The manuscript and the tables were
typed carefully by Miss T. StoLL. To Mr. J. SPiERERMAN, den Helder,
I am greatly indebted for his thorough correction of the English text.

2. DESCRIPTION OF THE AREA INVESTIGATED

Viewed as a whole the Wadden Sea is an oblong coastal sea, on one
side bounded by the continental coast, on the other separated from
the North Sea by a chain of islands. Its total length from Den Helder,
Holland, to Esbjerg, Denmark, amounts to several hundreds of kilo-
meters, whereas the distance between the coast and the islands is only
some dozens of kilometers.

Between the islands several tidal inlets form the connection with
the North Sea. Every inlet supplies a small region of the Wadden
Sea with water. From the point of view of water movement every area
is well separated from its neighbours and can therefore be considered
an independent unit. As the areas are similar in many respects con-
clusions gained from research in one of them can often be applied to
the others. :

In every area the tidal inflow and removal of water takes place
through a rather complicated system of tidal channels and creeks.
Going inward the channels decrease in capacity until they gradually
merge into large tidal flats (Wadden).

Many parts of the Wadden Sea receive fresh water from the main-
land, some of them in large, others in small or even insignificant
quantities. Generally speaking, the salinity of the Wadden Sea is
therefore considerably lower than of the North Sea.

The investigations here dealt with were chiefly carried out in the
westernmost part of the area. This part is connected with the North
Sea by the tidal inlet of Den Helder (Marsdiep, figs. 1 and 2). Up to
1931 the Zuiderzee —as it still was then — was connected with this
area by a broad open expanse of flats and channels, through which
all water flowing into and leaving the Zuiderzee under influence of the
tides passed. The course of the channels reminds us even at the present
day of that state of affairs. In 1931 the Zuiderzee was closed off by a
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heavy dike, the ‘““Afsluitdijk”’, which turned it into the “‘IJsselmeer”.
The Afsluitdijk thus forms the boundary of the area under discussion.

Fresh water from the IJsselmeer enters the Wadden Sea at low tide
through two sets of sluices, situated at either end of the Afsluitdijk
near Den Oever and Kornwerderzand. The IJsselmeer in its turn

TABLE 1

Numerical data of the Marsdiep area; compare fig. 2.

1. Total area covered . . SR T I 0.69 x 10° m?
2. Dry at mean low water (M L W ) Sl B SN 0.15 X 10° m?
3. Average depth at mean sea level (M. S L ) e T 3.9 m
4. Water volume at M.S.L. . . . P B A 2.7 X 10° m?
5. Average tidal amplitude at Den Hclder BT i St £ 0 1.35 m
6. Water volume at mean high water (M.HW.) . . . . . . 3.1" x.10%m3
7. Water volume at MLW. . . . . . .. .. .. .. 2.2 %X T0%m%

8. Water volume entering the area through the Marsdlep w1th
the flood and leaving with theebb. . . . . . . . . . . 0.93 X 10° m3

" 9. Average discharge per tide of fresh water from the IJssel-
meer (1949, 1950, 1951) . Rt e 25 Gt A 16.8 x 10® m3
10. Fresh water discharged at Den Oever ST o s T 10.3 X 10% m?
11. Fresh water discharged at Kornwerderzand . . . - 6.5 X 10® m3
12. Average discharge per tide of fresh water at Den Helder s 0.8 x 10® m?

Remarks: 1, 2, 3: derived from a chart of the Dutch Hydrographic Office; 5: from tables of the Rijkswaterstaat;
9: unpublished meast of the Rijk erstaat; 10, 11: data from the Dienst Zuiderzeewerken; 12: data
from the Provinciale Waterstaat van Noord Holland.

receives most of its fresh water from the IJssel, a distributary of the
Rhine. Smaller quantities of fresh water reach the Wadden Sea
through locks near Den Helder and at two points on the Frisian coast.
Numerical data about the tidal movements and volumes of water are
given in table 1. The transport of water under influence of the tide is
very considerable; as compared with the total quantity present in the
area, the supply of fresh water is comparatively small. The area is on
the average very shallow, although depths up to 30-50 m occur in the
tidal inlets.

The bottom of the larger part of the area consists of sand; mud is
only found in sheltered places, for example on tidal flats near the
coast and in some dammed-up channels, compare p. 68.

3. SAMPLING AND ANALYSES

Several thousands of water samples have been taken over the whole
area of investigation, the larger part of them between Den Helder and
Den Oever.

Generally speaking, surface samples were taken with a galvanised
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iron bucket. In the case of samples to be analysed for suspended matter,
a special water bottle was used (see below), because when a bucket
is used particulate matter easily sinks down
before the water is transferred to a bottle.

AT - B Surface temperature was determined imme-
l diately after sampling with a frameless and
*_8 verified thermometer divided into tenths of -

- centigrades. Reading was accurate up to about

0.03°C; for series of observations the relative
accuracy was about 0.02°C.
For subsurface samples, except for those to be
analysed on suspended matter, the well-known
| Nansen reversing water bottle with reversing
~—»‘é thermometers was used; the temperature read-
) ings are accurate up to about 0.01°C. Samples
l for determining the quantity of suspended mat-
g ter were obtained with a simple water sampler
of our own design (fig. 3), by means of which
the sample bottles, lowered into the water, were
filled on the spot.
This sampler for particulate matter works as follows. It is lowered into the sea on
a steel wire (A), which is provided with a tripping mechanism (B). Bij means of
a so-called messenger, lowered along the steel wire, a short rope (C), connecting
the sampling apparatus (E) with B, is released from B. E drops down until the
slack lower loop of A is taut. The drop stretches a third line D connecting B with
the rubber hoods closing the bottles, so that the hoods are torn off. Water flows
into the bottles through a long and wide tube, and the air escapes through a short
narrow one; the filling of the bottle requires only a few seconds. When being pulled
up, the instrument is not closed ; nevertheless, no appreciable quantity of suspended
matter “‘rains’ into the bottles during that period.
The instrument functions properly at least to a depth of about a hundred fathoms.

Fig. 3. Sampler for
suspended matter.

The samples were analysed in the laboratory. The various processes
of determinations will be discussed hereafter. Special attention will
only be given to some newly developed or modified methods.

A. Salinity (Chlorinity)

A. Salinity (Chlorinity) was determined according to the wellknown
MonRr-KNUDsEN method for sea water, modified by Van Dawm (1940).
In this modification the KNUDSEN pipette of 15 cm® was replaced by
Van Dawm’s micropipette with a volume of about 1 cm?®. The silverni-
trate solution was diluted accordingly.

The procedure has the advantage of being faster than the standard
one without being less accurate. Accuracy has been maintained by
using potassium chromate in the same quantity as in the standard
procedure. This means a higher concentration of chromate at the end
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point of the titration, the volume being only half as large. Therefore,
the solubility product of silver chromate is easily attained after the
precipitation of chloride has been completed. Moreover, at the end
point of the titration the quantity of silver chloride is much smaller
than is the case in the standard method; the delay of colour change
caused by absorption of chloride ions at the precipitate is therefore
probably shorter.

B. Suspended matter

a. Quantitative determination. Suspended matter was separated from the
water by filtration under suction. Ash-free filter discs with a diameter
of 5cm and of normal gradation (ScHLEICHER and ScHULL, nr. 589)
were used. Compared with very fine-grade filterpaper 39 at the
utmost of the suspended matter was lost in passing through the filter.
This was considered to be a negligible quantity. A greater loss occurs in
fresh water, so that fine-graded filter paper had to be used here. In
this case the filtration of one litre of water sometimes took many
hours; the same volume of seawater is easily filtered within
a quarter of an hour. Since very many samples had to
be analysed rapid filtration was essential and a small
loss of suspended matter had to be accepted.

The dry weight of the suspended matter was determined
as follows.Before use the filter discs were dried at 110-120° C
and weighed. The hygroscopy of the filter paper neces-

sitated precautions against a gain in weight, by weighing
in a closed glass vial. After filtration the discs were cleared
of salt with fresh water, dried at 110-120° for more than
3 hours, and weighed again. The results are reliable up

to about 1 mg/l. The accuracy of the method was
checked regularly.
Before filtration, the suspended matter was mostly
separated into a heavy and a light fraction. Separation .
was carried out by means of a method devised by N. Pijr, AF a4
. . pparatus
analyst at the Zoological Station (fig. 4, table 2). The separa-
sample to be analysed was transferred from the sample tion of sus-
bottle into a strong separation funnel of one litre. A pended
slowly rotating stirrer, performing about one revolution ™Matter into
a light and
a second, prevented attachment of suspended matter to & by
the glass, and kept the light material in suspension. The feaction
heavy fraction settled down and was removed from
the bottom of the funnel together with a small volume of water by
opening the tap for a moment. The light fraction was removed after-
wards with the remaining water.
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This stirring at the rate of about one revolution a second resulted
in a division at a grain size of 40-60 microns. This may seem to be a
somewhat arbitrary size limit, since in soil analyses clay is customarily
defined as the fraction below 16 microns. Separation of the material

TABLE 2

Accuracy of the determination of sand and silt.
Duplicate samples from the harbour of Den Helder.

Sand, mg/l Silt, mg/l

Sﬂn":}’ le I big difference I big difference

1 6.1 6.5 0.4 41.1 40.3 0.8

2 5.8 6.1 0.3 39.1 38.2 0.9

3 4.1 4.7 0.6 38.9 40.6 1.7

4 3.4 4.5 I.1 23.3 21.8 1.5

5 2.3 2.8 0.5 22.3 20.1 2.2

6 6.6 7.4 0.8 39.0 39.9 0.9

7 5.8 5.8 0.0 40.2 38.1 2.1

8 9.7 10.8 1.1 51.3 51.3 0.0

9 8.9 9.9 1.0 49.7 51.7 2.0

10 7.2 7.4 0.2 51.5 50.2 1.3

11 -7.3 8.8 1.5 39.3 38.5 0.8

12 5.3 5.7 0.4 35.0 34.8 0.2

13 3:1 3.1 0.0 20.1 21.8 1.7
14 3.8 4.1 0.3 22.9 20.0 2.9
mean: 0.6 1.4

at this grain size would therefore have given more generally comparable
results. In the Wadden Sea, however, most clay and other particles
combine to form floccules larger than 16 microns. Our interest was
in the first place directed towards problems of transport of suspended
matter and not to its chemical and mineralogical composition. It was
therefore necessary to separate the material into two fractions without
breaking down these floccules. All material behaving like sand grains
larger than 40-60 microns, hereafter to be called sand, actually proved
to consist mainly of sand. Below 40-60 microns sand played only a
secondary roéle and most of the material consisted of clay, iron oxide,
remains of peat and shells, and organic matter. This fraction will be
called si/z.

When checked under the microscope, the separation actually effect-
ed in the apparatus proved to be sufficiently complete. Some sand
grains larger than 40-60 microns were often found in the silt fraction,
but in negligible quantities.

The separation of the material into sand and silt had to take place
within 48 hours after sampling. Further delay was undesirable because
of the decomposition of organic matter and the tendency of silt par-
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ticles to become stuck together or adhere to the glass of the bottle.

b. Chemical composition of the inorganic part. Attention to the chemical
composition of the material in suspension is in this paper given only
in so far as organic matter is concerned. The composition of the latter
is dealt with in chapter IV. A chemical analysis of suspended organic
matter, however, is only possible if also the composition of the inorganic
part is quantitatively known, since the inorganic components, for
example carbon dioxyde, may influence the results.

Determinations by ScHEELE provide some information in this res-
pect. They only refer to material collected in the harbour of Den
Helder. Analyses of suspended matter from other parts of the Wadden
Sea now in progress provide evidence, however, that these determi-
nations are roughly representative of the Wadden Sea as a whole.
ScHEELE’s data, which have been published by VERWEY (1951), are
summarized in table 3.

TABLE 3
Chemical composition of the inorganic part of suspended matter after ignition

according to determinations obtained by ScHEELE in the harbour of Den Helder;
VERWEY, 1952, p. 186.

Depth S8i0, CaO MgO Al Oy Fe,04 Total

0.5 m above bottom (June

2, 3, 7, 8 and g, 1938) 62.98 10.21 0.42 6.80 19.66  100.07
1 m below surface (June

21, 22, 23, 24, 27, 1938)  42.69 6.83  1.41 6.53  38.48 9504
1 m above bottom

(October 21, 1938) 75.6 12.8 trace 2.82 7.65  98.87
1 m below surface
(October 21, 1938) 68.8 21.8 0.2 4.21 2.03 97.76

The main components are: silicate (sand and clay), iron oxide, shell
sand (chiefly CaCO,, some MgCO;), and organic matter. Of these
components clay and iron oxide may interfere with certain determina-
tions of organic matter by loss of combined water at high temperatures;
shell sand may lose carbon dioxide.

c. Suspended organic matter. Two different methods were followed to
determine the quantity of organic material in suspension. This was
necessary since both methods have their disadvantages and in this way
one method could be checked with the other.

A very simple, but rather inaccurate way to determine the quantity
of organic matter is by loss of weight on ignition. The inaccuracy is caused
by simultaneous loss of carbon dioxide and water. Carbon dioxide can
be determined by quantitative carbonate analyses, or removed by an
acid before ignition. The first method was preferred, since the acid
may also react with part of the organic matter. Filtration with 0.05 n
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hydrochloric acid proved to give sufficiently accurate results. Checks
were carried out on some pieces of shell to make sure that ignition
over a Bunsen burner removes carbon dioxide completely. — Unfortun-
ately, loss of combined water during ignition cannot be ascertained
easily, but this loss probably did not influence the results to any consi-
derable extent (see below).

The most accurate method for the determination of organic matter
is by elementary analysis. This procedure moreover provides information
on the chemical composition of the organic matter, as it gives the
proportions of some of the principal elements present. Analyses were
made for carbon, nitrogen and phosphorus. However, the method is
too elaborate to be used for many hundreds of samples and could
therefore be applied only to a few of them. Carbon was determined
according to TER MEULEN and HEsSLINGA (1927), nitrogen by a micro-
Kjeldahl method (catalyst HgO + K,SO,; REerra and WANSINK,
1947 ; Bouman, 1949). The method of phosphorus determination will
be discussed separately hereafter (part C).

A number of determinations are collected in table 4. Comparison
of the vertical columns, indicating respectively organic matter deter-
mined by loss through ignition and by carbon analyses, shows that
both methods give about the same results. It may therefore be con-
cluded, that determination of organic matter by ascertaining the loss
through ignition, and subtracting the loss of CO,, produces more or
less reliable values.

The data on nitrogen and phosphorus and the relation between C,
N and P will be discussed on p. 71.

C. Phosphorus

For phosphate determinations the well-known colorimetric method of
DenNiGEs-ATKINS (compare HARVEY, 1948) was followed. In some cases
a modification developed by Bucr and URrsiN (1948), especially
suitable for brackish water, was used. According to this method all
necessary reagents, with the exception of the reducing reagent stan-
nochloride, are added to 100 ml of the sample. Before addition of the
latter the phosphorus molybdate complex is transferred into 20 ml
ethyl acetate by shaking twice in a separator. Reduction of the com-
pound and development of the blue colour takes place in the acetate
solution. The method is of special advantage in polluted sea water,
since most pollutants are insoluble in ethylacetate. An undisturbed
development of the blue colour is obtained even in fresh or brackish
water coloured yellow by humic compounds. A second advantage of the
method is that the phosphate of a 100 ml sample is concentrated to
20 cc, and the blue colour is more intensive accordingly. Another ad-
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II

TABLE 4

Chemical composition of suspended organic matter. Surface samples of 10 1.

B-A Organic

. Suspended A Carbonate B Loss on Organic ter, rbon, itrogen, 3
Nr. sample Date Nr. Station' m;;t/z;, (€CO), mgll q’:tll;/?n, m':’g“;[’ ml"czll:ﬂ &, Cam:;; ‘ij‘" P%m C:N:P
I 15-11-1950 17 30.7 2.2 7.4 5.2 % 2.0 — 0.061 83:— 1
30.9 2.5 7.6 5.1 4.1 1.8 0.37 0.035 51 :10.6 : 1
2 15-11-1950 9 43.6 3.4 8.8 5.1 5.0 2.2 0.39 0.051 43 95Tt
— — = - 4.8 2.1 0.42 0.072 29t 58 r
3 15-11-1950 I 60.5 4.2 8.6 4.4 4.6 2.0 — 0.036 55 — i1
55.3 3.8 10.1 6.3 6.0 2.6 0.41 0.072 86 BT LT
4 18-11-1950 Den Helder

Harbour 23.8 1.8 5.7 3.9 3.7 1.6 0.31 —
27.7 2.1 6.3 4.2 2.2 1.4 0.26 0.032 44 8 :1
5 20-1-1951 1 29.0 2.3 4.6 2.5 2.1 0.91 0.13 0.023 89%: 5.7 :1
24.7 2.6 5.7 3.1 3.0 1.3 0.32 0.048 Y B - R ¢

6 20-1-1951 S. Texelstroom  16.3 L6 . 4.2 2.6 2.8 1.2 — —
12.8 1.3 3.4 2.1 2.4 1.05 0.21 0.019 55°% 190 31
7 13-2-1951 1 18.0 2.x 5.2 gl 2.3 1.0 0.17 0.026 38%: 6.5 : 1
12.8 1.1 3.1 2.0 2.2 0.96 0.18 0.021 46 : 8.6 : 1
8 13-2-1951 17 36.5 3.0 5.8 2.8 2.0 0.87 — 0.023° 87— i1
45.7 2.8 5.9 gi1 2.8 1.2 0.19 0.041 297 . 4631
Average o RSL L

! The numbers refer to the stations of fig. 13. ? Calculated from carbon by multiplying with the factor 2.3.



vantage is that a small size colorimeter can be used for the determinat-
ions, whereas the original method requires exceptionally long colori-
meter tubes.

Organic phosphorus was determined on the lines laid down by
HArVEY (1948) by autoclaving the samples for six hours with sulfuric
acid. HArRVEY’s original procedure was modified in some respects.
Samples of 25 ml instead of 67 ml were used. This small volume was
sufficiently large for an accurate determination since the phosphorus
concentration of the area investigated appeared to be considerably
higher than in the English Channel, where HARVEY collected his
samples. The same quantity of sulfuric acid was added as prescribed
by Harvey (1 ml conc. H,SO,,1:1). The higher concentration of
sulfuric acid in the sample can only have accelerated the decomposition
of organic phosphorus to phosphate; it was found that the end point
of decomposition was attained within three hours.

The samples were analysed with and without the removal of sus-
pended matter by filtration. The difference in phosphate content
between the two analyses gives the phosphorus content of the par-
ticulate material. The reliability of the method was tested by filtering
some samples through filters covered with a precipitate of barium-
sulphate. The suspended matter retained by the precipitate was analys-
ed separately, and the quantity of phosphate found was compared
with the difference in phosphorus between the unfiltered sample and
the filtered one (table 5). Both analyses gave about the same results
and the methods followed are therefore considered to be reliable.

TABLE §

Accuracy of the determination of total phosphorus. Duplicate analyses (I and IT)
of samples from the Marsdiep; chlorinity + 17.5 %/g,.

Nr A. Total P, pg-at|l B. Dissolved P,* pg-at|l A-B* Particulate P,*
s pg-at/l
smfile I I  Differene 1 O Difference 1 1 I 74

3.16 2.98 0.18 0.85 0.78 0.07 231 220 2.16 241
2.11 2.03 0.08 0.6 1.02 0.06 1.15 1.01 1.18 1.26
2.14 196 0.18 096 1.08 o0.12 1.18 088 1.13 1.21
1.87 1.83 o0.04 1.13 1.00 0.13 0.74 083 0.78 o0.62
1.82 1.71 o.11 1.02 086 o0.16 o080 0.85 081 o0.75
1.82 1.70 o0.12 0.93 0.81 o0.12 089 089 0.84 o0.71
1.76 1.70 0.06 0.83 1.01 0.18 093 0.69 0.95 0.87
1.73 1.62 o0.19 0.98 1.13 o0.15 0.75 0.39 o0.60 0.76

R YO X R -

1 Including phosphate. 2 Particulate P, determined by subtracting B from A. 3 Particulate P, directly
determined from suspended matter after destruction with cene. H,SO,.

As will be discussed in chapter IV of this paper,.the phosphorus
content of the particulate material is considered to be a rough measure
for the quantity of organic matter present, the phosphorus percentage
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of organic matter being more or less constant. The possibility cannot be
excluded, however, that part of the suspended phosphorus is present
in an inorganic state, for example as iron phosphate.

HaRrvVEY (1937, 1948) determined the dissolved phosphate content of
a turbid sample of coastal North Sea water before and after removal
of the particulate matter. He found respectively 0.35 and o.12 ug-at/l
of phosphate and suggested that the difference was due to particulate
inorganic phosphorus dissolved by the acid reagent.

In the English Channel CoopPer (1948) found a relation between
““abnormal” phosphate values (values
much higher than those of the other *¢*
samples of the same series) and the
presence of particulate iron. On theoret- PHOSPHATE
ical grounds he assumed that iron phos- '
phate is preferably formed in a slightly
acid environment, for example in the
guts of animals, and brought into the
seawater in the form of faeces.

Inview of these assumptions the Wad-
den Sea should be a favourable environ-
ment for the formation of iron phos-
phate. Iron hydroxide is found in large 5 15 20days
quantities in the water as well as in  Fig. 5. Phosphate changes occur-
the bottom and there is a dense populat- oy d:l"kz;‘ 0::‘; rn‘:fi:;‘):fi b
ion of bottom animals, especially  p suspended matter, the other
molluscs. According to our own deter-  without. The unfiltered part con-
minations a water sample, containing tained about 50 mg/l of particu-
30—40 mg/l of suspended matter, shows !ate material, including about
a difference of 0.20-0.40 ug-at/l if trea- 3 i i o
ted with acid before or after filtration. If this quantity were actually
present in an inorganic state, the inorganic fraction would include a
considerable part of all particulate phosphorus present.

In part IV of this paper it will be shown, however, that the organic
carbon-phosphorus relation of the particulate matter is comparable
with the relation generally accepted for phytoplankton. Moreover, in
the same section evidence of a distinct seasonal variation of particulate
phosphorus, which runs parallel with the cycle of organic matter, will
be supplied. Both observations do not point to an important réle of
suspended inorganic phosphorus. It would seem that HARVEY’s sugges-
tion, that all phosphate released from suspended matter by a short
treatment with acid is of inorganic origin, is open to question. Perhaps
part or even most of the phosphate is the product of easily hydrolysed
organic phosphorus. This point deserves further investigation.

OS5t &, unfiltered
filtered
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Phosphate and phosphorus determinations were as a rule made im-
mediately after sampling. Therefore, no measures against decomposi-
tion of organic material were taken. The rate of decomposition in sum-
mer (temperature 17°C) appears from fig. 5. The samples were kept
in closed bottles in the dark. It is interesting to note the difference
between the filtered sample and the unfiltered one. In the first bottle
the phosphate content rapidly decreased to zero, after which an in-
crease took place. According to RENN (1937) this phenomenon can be
explained by assuming intensive absorption of phosphate by bacteria
during the first few days of storage. After this period the number
of bacteria decreases and part of the phosphate is regenerated. — In
the second case it must be assumed that mineralisation of phosphorus
from suspended organic matter prevented the decrease of the phospate
concentration.

D. Chlorophyll

Part of the suspended matter consists of living or dead phytoplankton
or other plant material, containing chlorophyll. For the determination
of the latter a method developed by KrREY (1939) was used. A ten litre
sample proved to be more than sufficient for an accurate determina-
tion, also in winter when the chlorophyll concentration is low. The
suspended matter collected on a filter disc of normal hardness was
dried and weighed, and chlorophyll was extracted by means of methyl
alcohol (15-45 ml). The extraction mostly took place overnight.

The chlorophyll content of the extract was determined by means of
a spectrophotometer at a wave length of 6660 A and a spectral width
of 200 A. For standardization chromatographically pure chlorophyll a
(Sandoz, Basel) was used. The pure chlorophyll was kindly supplied
by Dr. J. B. Tuowmas of the Biophysical Research Group at Utrecht.

II. HYDROGRAPHY; THE EXCHANGE OF WATER BETWEEN
WADDEN SEA AND NORTH SEA

The main purpose of this chapter isto arrive at an estimate of the water
exchange between Wadden Sea and North Sea. The calculations will
be based on salinity figures and the quantities of fresh water supplied
by the IJsselmeer. For the study of salinity the papers published by
VERWEY and the author in 1950 could serve as a starting-point. It is
proposed to follow up a summary of these papers by new observations.

Although not in open communication with a river the Wadden Sea
can be considered an estuary. Therefore, the general principles of
water movement in estuaries will be discussed first. Next, these prin-
ciples will be applied to the Wadden Sea itself. The knowledge of water
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movement obtained in this way will be used to study the transport of
IJsselmeer water through the area under consideration to the North
Sea. It will be shown how the rate of water exchange can be computed
from this transport. The system of calculation followed is generally
applicable to well mixed estuaries.

I. DISTRIBUTION OF SALINITY AND TEMPERATURE

In the Wadden Sea tidal currents continuously transport large volumes
of water. This transport in itselfis enough to cause considerable changes
in the distribution of salinity or other variables from moment to mo-

%sCl,
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16413°C
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Fig. 6. Salinity and temperature along the section indicated in fig. 1 3; A: obser-
vations in spring; B: observations in fall.
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ment. Water temperatures, moreover, vary as a result of warming and
cooling, and salinity varies in consequence of variations in the supply
of fresh water.

Changes in air temperature are followed by the water more closely
oC in shallow than in deep areas.
13 Therefore, in periods of rising
temperature (Febr.—August)the
water temperature increases in
proportion as one moves from
the tidal inlet to the coast (fig.
6 A), whereas the reverse is the
case during the time of falling
temperature (fig. 6 B).

The discharge of fresh water
through the IJsselmeer sluices
causes a considerable decrease
in salinity from the North Sea
inwards (fig. 6 A and B). The
salinity gradient varies along
with the quantity of fresh water
discharged and is greatest in
winter during periods of abun-
dant supply. In summer there

Fig. 7. T-S-relation of the observations are ﬁ-cquent periods in which

of fig. 6. no differences in salinity occur.

If simultaneous observations in one particular Wadden Sea channel
are considered, a close correlation between temperature and salinity
becomes apparent (fig. 7). In summer the water temperature increases
along with a decrease in salinity; the reverse happens in winter. The
relation holds for both bottom and surface samples (fig. 8), but is
different for different channels (PostMa and VERwEY, 1950). This
means that mixing within one channel area is intensive, but that the
water masses of adjoining channels are as a rule well separated from
one another by the intervening flats.

If we compare the readings obtained at any particular point, we
find that the tidal movements cause periodical changes in temperature
and salinity. The geographical distribution of these variables can there-
fore only be found by simultaneous observations, for example at high
tide, in many places. Fig. g shows the distribution of salinity at high
water in the first few days of August, 1948. The isohalines for different
dates may show large variations and the same applies to the isotherms
of different dates, but the general pattern is always more or less the
same (PostMA, 1950).
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The changes in temperature and salinity distribution in the course
of the tide are rather complicated and difficult to describe in detail.
A short and schematic description of some of the principles probably

%.Cl.
21
. « surface
* x bottom
20t
19t
1 12 13 % 15 18 17°C

Fig. 8. T-S-relation of the observations of fig. 11.

involved may suffice here, since the subjectis discussed more extensively
in the papers mentioned before.
To simplify matters we may represent the Wadden Sea as consisting

234-8-48

Fig. 9. Chlorinity distribution at high tide in the early part of August 1948; fresh
water had been discharged at Den Oever and Roptazijl (marked by an arrow),
but not at Kornwerderzand.
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of one tidal inlet and one channel with shallows on both sides. The
shallows are taken to emerge at low tide (fig. 10 a). The flood tide is
supposed to enter the area from the North Sea and the rising water
to spread over the flats. A few isohalines chosen at random will serve
to illustrate the point.

Observations such as those given in fig. g show that the isohalines
move farther inward along the channel than on the flats (fig. 10 b).
To explain this it must be realized that the influence of bottom fric-
tion on water movement is relatively more considerable in shallow
water than it is in deep. Hence currents
have smaller velocities on the shallows
than in the channel.

Further, in shallow water the reversal of
the slope of the area surface at high tide is
immediately followed by a reversal of the
current, whereas in deeper water there is
a considerable time lag between the two
phases (compare figs. 23, 24 and 25). As a
result the ebb tide starts earlier on the flats
than in the channel. This must also be
explained from the fact that bottom fric-
tion is more considerable on the flats than
in the creeks; at the turn of the tide the
energy of the flood current is used up more
NSNS rapidly in shallow than in deep water.
ig. 10. Scheme of the changes  As a result of this phenomenon the water

of isohalines during a tidal i, the channel is still running inward when

P the water on the shallowsis already ebbing.
This causes a marked transformation in the pattern of isohalines. The
strongest deflection is generally observed along the edge of tidal flats,
where the bottom slope is steepest (fig. 10 c). Here a salinity gradient,
which forms a sharp dividing line between the water masses on either
side, is generated. Salinity — hence mostly density — is greatest on the
channel side of this gradient, because the channel water comes from
farther seaward than the water on the shallows.

During the later phases of the ebb the water running back from the
shallows pushes the boundary between the two water masses in the
direction of the channel axis (fig. 10 d). Perhaps this movement is sup-
ported by differences in density, the lighter water moving over the
heavier subsurface water.

After the current in the channel has also turned, the boundary
is shifted seaward and disintegrates gradually. It can be observed,
however, as a streak (SToMMEL, 1951) during a large part of the

e NN
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ebb tide. Flotsam and foam, unable to cross the boundary, are accu-
mulated in these streaks or tide-rips, often forming clearly visible
lines.

The disintegration of the streaks is caused by the strong ebb current.
At the end of the ebb-tide mixing is often complete. If during the ebb-
tide the water is not completely drained off from the tidal flats, new
streaks may develop at low tide. After low tide they move, however,
away from the channel and are therefore not observed so easily.
Measurements have shown that the more saline water in this case
occurs on the shallow side of the boundary.

If for a moment we consider the water on the shallows (at high
tide) and the water in the channel to represent two separate bodies
of water which do not mix, it is of importance to note that the phenom-
enon described must cause a mutual shifting of these two water masses.
The water carried from the channel on to the flats by the flood tide
appears, after its return, to have been displaced seaward in respect of
the water that remained behind in the channel. In a deep channel as
the Texelstroom this displacement may even amount to some 3 kilo-
metres. :

The seaward movement of the water returning from the shallows
after high tide is more or less neutralized, however, after low tide,
since then this water, after leaving the channel, becomes more or less
stagnant, whereas the ebb current in the channel continues. This causes
again a mutual shifting of the two water masses, but now in a reversed
sense: the channel water is displaced seaward with respect to the water
of the flats.

The ultimate effect as regards water movement is therefore practi-
cally nil. The process has, however, an important bearing on water
exchange, since actually the water returning from the flats is mixed
thoroughly with the channel water. Water masses, originally separated
by distances of several hundreds of metres or even some kilometres, are
thus mixed thoroughly. The horizontal exchange of water is strongly
promoted in this way.

It also fits in with the above explanation that differences in salinity
between bottom and surface are mostly greater during the ebb-tide
than during the flood. The water returning from the nearby shallows
has a lower salinity than the channel water, which originates from
farther seaward. As a result, the vertical salinity gradient will therefore
increase after high tide (fig. 11).

This increase, however, might also be explained as follows. The
flood runs with the horizontal salinity gradient, the ebb against it,
while in both cases the current velocity decreases from bottom to sur-
face. Therefore, during the flood the surface water comes on top of
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bottom water of lower salinity than was originally the case, causing a
decrease in stratification, whereas during ebb the upper water layer
comes on bottom water of greater salinity, so that stratification in-
creases.

In the case of fig. 11 it can be shown, however, that the latter effect
cannot play an important réle in causing stratification during the ebb-
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Fig. 11. Observations of vertical and horizontal tide and of salinity at station 3
of fig. 13 (30 March 1950).

tide. Two hours after the beginning of the flooding tide the salinity
rises above 15%y, Cl (14.20 h.). From this moment onwards, until
slack high water, the 159y, isohaline was carried inward along the
channel axis over a distance of about 7.4 km!. Nevertheless, the surface
salinity drops below this value nearly immediately after the beginning
of the ebb movement. During this short period the surface water was
carried back along the channel axis over a distance of only 0.8 km.
One can therefore be sure that this decrease in salinity, and conse-
quently also the ebb stratification, cannot have been caused by water
running back through the channel, but only by the supply of less
saline water from the nearby flats.

! The distances of 7.4 and 0.8 km have been calculated by means of the current

velocity curve on the assumption that this curve is the same over the whole of the

distance; actually, current velocity will decrease toward the Wadden Sea interior,
so that the distances calculated will be somewhat too high.
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2. THE INFLUENCE ON WATER MOVEMENT OF DIFFERENCES
IN DENSITY

Hydrographically the Wadden Sea, being a transition area from river
conditions to the conditions of the open sea, may be defined as an
estuary. The water movement within estuaries has been studied among
others by ALEXANDER, SOUTHGATE and BASSINDALE (1935) in the inlet
of the river Tees (England), by TuLLy (1949) in the Alberni inlet (Ca-
nada), by Kercaum (1951) and StomMMEL (1951) in the New York
Bight and other areas, by PritcHARD (1952) in Chesapeake Bay, and
. by RocHFORD (1951) in several estuaries of the Australian coast. Water
movements in estuaries are to a considerable degree influenced by the
density differences caused by the supply of fresh water. The relatively
light river water remains in the upper water layer. On its way seaward
it becomes progressively mixed with the underlying seawater and the
difference in salinity between surface and lower layers, which is at
first considerable, decreases. The

decrease in stratification depends e SLuice
FRESH

on the intensity of mixing, which )
in its turn mostly depends on tidal > ( ) C /
/’ /

movement. Sometimes wind plays
an important réle.

Salinity always increases sea- SA.T
ward in the upper as well as s the Fig. 12. Scheme of water circulation
lower water layers. The quantity of in a well stratified estuary.
fresh water transported to the seain
unit time must on an average be the same as through every transverse
section of the estuary, and also equal to the quantity flowing from the
river in unit time. The total quantity of water moving seaward in the
upper water layer must increase, since the admixed sea water must be
taken along. The seaward movement of salt water in the upper layer is
compensated by transport of salt water within the lower layers in an
opposite direction (fig. 12). The transport of fresh water to the sea in
the upper layer therefore causes a seawater circulation from the open
sea into the area along the bottom and from the area back to the
open sea along the surface. The energy for the transport of the river
water itself is provided by the field of density. Energy is also required
for the seawater circulation, described above, since bottom water of
high density must be transferred to the surface layer of lower density.
This energy is provided by the forces bringing about vertical mixing,
viz. the tides, sometimes the wind.
It will be clear that in the system described, transport of fresh water
quickens the rate of water exchange between estuary and sea and
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renewal of the subsurface layers. Nevertheless, part of the bottom water
can be stagnant, especially if there is a bottom elevation in the inlet,
as is often the case.

In order to study the question of the transport of fresh water through
the Wadden Sea, a representative section was chosen, running from
one of the IJsselmeer sluices through a tidal channel to the North
Sea. Here, salinity measurements were carried out regularly, especially
around high tide (fig. 13). The marked variations in salinity called
for a long series of observations. These were continued at intervals
of about one month for three years (1949, 1950 and 1951). From these

Fig. 13. Main section of investigation ; location of the stations, where measurements
were carried out monthly during 1949, 1950 and 1951.

data the average curve of salinity given in fig. 14 A was derived. In
order to obtain the average horizontal distribution of salinity of the
area investigated, this curve has been combined with data from salinity
surveys such as the one of fig. g (fig. 14 B). The distribution of fig. 14 B
applies to cases when fresh water is only discharged at Den Oever. The
original data used for the construction of figs. 14 A and B are not given
here in detail, but are on file at the Zoological Station.

Usually large quantities of water are also discharged at Kornwerderzand (table 1).
Probably about one half of the supply from this sluice (3.3 x 10® m?/ tide) moves
seaward through the area investigated, the other half leaving the area through the
Vlie area (Post™a, 1950). Therefore, about 259, of all fresh water present in the
area studied originates from Kornwerderzand and 25 9, from Den Oever. However,

along the section from Den Helder to Den Oever the influence of Kornwerderzand
will be much smaller, probably less than 59,. Another interfering factor is the
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Fig. 14. A: average distribution of salinity along the section of fig. 13. B: average
horizontal distribution of salinity of the area investigated, when fresh water is only
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supply of fresh water at Den Helder (table 1) and south of this town. All things
considered, about 109, of the fresh water along the section studied may not have
originated from Den Oever. As the calculations to be carried out are comparatively
rough, this percentage will be left out of account.

In comparison with horizontal differences, the vertical differences in
salinity are generally low (about 0.5 %4 Cl). A more pronounced
stratification only exists near the IJsselmeer sluice. If we leave this
area out of account for a moment, we find that transport of fresh water
can only take place through the seaward movement of enormous quan-
tities of water at the surface and the opposite movement of similar
quantities along the bottom. This may be elucidated by the following
calculation.

The average chlorinity of the western part of the section Den Hel-
der-Den Oever amounts for the bottom layer to about 16.5, and for
the surface layer to 16 9/y,; the chlorinity of the North Sea water
entering the Wadden sea amounts to 17 %, Cl. From these figures it
can be calculated (in the way to be described on p. 27) that every m3
ofthesurfacelayer contains only
1/17 m3 of fresh water and the
bottom layer only 1/34 m3. For
the transport of 1 m? of fresh
IJsselmeer water it would there-
fore be necessary to move about
34 m? of surface water seaward
and about the same amount of
bottom water in the opposite
N direction. Actually, an average
Fig. 15. Vertical distribution of current ve- of 10 % 10® m3 of fresh water
locity during ebb and flood. For explanation is discharged at Den Oever dur-

see text. ‘ .
ing every low tide (table 1).
This transport would therefore involve an estuarine circulation of
0.34 X 10° m® of Wadden Sea water of 16-16.5 9/, Cl.

If, however, such an estuarine circulation were to go on in addition
to the ordinary movement of water caused by the tides, this would, as is
diagrammatically shown in fig. 15, lead to great differences between
the strength of ebb and flood currents at the bottom and at the surface.
The full-drawn curves in fig. 15 (after VAN VEEN, 1937) schematically
represent the average vertical distribution of current velocity in the
absence of salinity (density) differences (with ebb and flood curves about
symmetrical), while the dotted lines show the approximate deflections
that would be caused by the estuarine circulation (with ebb and flood
curves quite asymmetrical). The estuarine circulation would increase
the ebb current at the surface and the flood current near the bottom,

s————EBB| FLOOD——>
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whereas the flood current at the surface and the ebb current near the
bottom would show a decrease. In our case the velocity of the surface
currents would be about three times greater during the ebb-tide than
during the flood.

Such a difference between the velocities of ebb and flood currents,
though far greater than the possible error of observation, has never
actually been measured. All measurements, on the contrary, indicate
that ebb and flood currents are of about the same strength, for which
fig. 11 may serve as an example. The average flood current at the
surface in this instance amounts to about 60 cm/sec., the average ebb
current to 70. Although the former is indeed somewhat smaller than the
latter, the difference between the two is small, and other measurements,
particulars of which need not be given here, show the same results or
even a smaller difference. This means that this combination of estuarine
and tidal circulation fails to give an adequate explanation of the
transport of fresh water seaward. It must be assumed that the strong
tidal circulation causes such an intense mixing that the fresh water is
divided more or less equally over both surface and bottom water, so
that no estuarine circulation is developed. It will at best play a réle in
the vicinity of the IJsselmeer sluices, where fresh stratification of water
masses goes on all the time.

Generally speaking, the fresh water is therefore not transported as
a surface layer, but as part of a mixture which is of about the same
composition near surface and bottom. Exchange of water between
Wadden Sea and North Sea will take place at about the same rate for
both fresh and salt water. Since differences in density may be assumed
not to play an important réle in water movement, the only remaining
forces that can bring about an exchange are tidal movement and wind,
which cause horizontal and vertical mixing of water masses. The
mutual shifting of water masses of channels and tidal flats, described
on p. 19, may have a special bearing in this respect.

The fact that the influence of fresh water on water movement in the Wadden Sea
is of secondary importance becomes especially clear, if we compare tidal forces
with the forces caused by the field of density.

The force exerted by the tide is proportional to the slope of the water surface.
The degree and direction of the slope change in the course of the tide. On an average
however, the slope along the special section studied (compare fig. 13), derived
from tidal gauge observations at Den Helder and Den Oever, is about 3 cm per km
(measured along the tidal channel), directed inward during the flood and seaward
during the ebb. The field of density can be derived from the distribution of salinity
and temperature. The average horizontal distribution of salinity at high tide,
already given in fig. 14, has been combined with details of the vertical distribution
obtained from observations like those of fig. 11. The temperature is considered to
be the same all over the section and equal to the yearly average of 11°C. In that
case the lines of equal density coincide with the isohalines (fig. 16).
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From the field of density the slope of isobaric surfaces can be determined, if the
position of zero level can be indicated. This position is approximately estimated
on the following grounds. Above level surface isobaric surfaces slope in the direction
of the sea and forces are exerted in that direction. Below zero level the reverse is the
case and forces are exerted in the direction of the land. The sum of all horizontal forces
must be about equal, since the ultimate horizontal transport of water is practically
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nil. The small quantity of fresh water discharged is of no importance in this respect.
As bottom friction also exerts a horizontal force, it is difficult to estimate the exact
position of level surface, but it must be situated somewhere between the bottom
and the water surface. Assuming its position to be about g meters below the water
surface (compare fig. 16) it can easily be computed from the field of density that
the relative slope of the upper isobaric surface, which coincides with the water
surface, must be about 0.2 cm per km, near the sluice about 0.5 cm/km. The slope
of all other isobaric surfaces is smaller. ;

The forces exerted by the field of density are proportional to the slope of the
isobaric surfaces. The number of 0.2 cm/km may therefore be compared with the
3 cm/km calculated for the slope caused by the tide. The conclusion can be drawn
that the influence of the field of density on water movement must be smaller than
the influence of the tide.

3. THE TRANSPORT OF FRESH WATER

It may be concluded from the preceding discussion that in the Wadden
Sea vertical mixing prevents the development of marked stratification.
This means that the velocity of transport of fresh water through the
estuary to the sea mainly depends on the rate of water exchange be-
tween Wadden Sea and North Sea. Conversely, it must be possible to
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calculate the water exchange from the rate of transport of fresh water.
The calculation of the latter will be based on the following line of
thought.

From water volumes and salinity one should be able to estimate the
total amount of fresh water present in the part of the Wadden Sea
through which the fresh water from the IJsselmeer is transported to
the North Sea. The relation between this amount and the quantity
discharged per tide would then be known. If the former amount were
three times as large as the latter, this would mean that in the course
of every tide one third of the fresh water present in the Wadden Sea
would be carried to the North Sea. One could also say that the fresh
water requires three tides for passing through the Wadden Sea; this
period has been termed flushing time by KeTrcruMm (1951).

The main difficulty is to estimate the amount of fresh water present.
The calculation will be restricted to water originating from Den Oever
and therefore be based on figs. 14 A and B.

The volume of fresh water, Vi, present within a certain volume V of
estuarine water, can be com-
puted from the salinity, S,, of
the volume in question and the 16
salinity, S, of the sea water out-

side the estuarine region, ac- A ermity

3
o)
30x1d m 20 10 .

cording to this formula: i«

szﬁ_—snxV {1k 13

S

The amount of fresh water pre- g i
sent within the Wadden Sea can 20t
therefore be calculated, if the o
chlorinity of the incoming & rresh water :
North Sea water, and the sali- ik
nity and water volume of the
area concerned are known. The 3

average chlorinity of 179/,
measured in the (tidal) inlet, Fig. 17. Increase of salinity (A) and fall of
will be held to be the chlorinity the concentration of fresh water (B, com-
HF i a it ehkering th puted from A) with increasing volumetric dis-
C7 80 WRKED CRIETIDE e ande 14 Deti Oever; for explanation see text.
Wadden Sea. The average sali-
nity distribution of the area is given in fig. 17 A, which is based on the
following method.
The diagram represents the average chlorinity along the vertical
(average for three years; see table 23) for the section Den Helder-
Den Oever, obtained from figures 14 and 16. Besides the average chlorin-
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ities, however, we should also know the corresponding water volumes.
The horizontal axis of fig. 17 therefore does not represent the geo-
graphical distances between the stations of observation, as is the case
in the above figures, but gives their volumetric distances. The latter
have been obtained as follows.

Viewed from the sluice of Den Oever every isohaline of fig. 14 B
compasses at high tide a certain volume of water, which volume in-
creases with each isohaline. The enclosed volumes can be determined
by means of the bottom topography of the area, which is known from
observations by the Dutch Hydrographic Office. It is convenient to use
these volumetric instead of the geographical distances, since thus the
influence of the geographical character of the estuary is to some extent
eliminated.

The distribution of fresh water within the area can now be estimated
from the salinity distribution of fig. 17A according to formula (1);
the result is given in fig. 17 B. As stated, the horizontal axis of this
diagram gives the volumetric distance to the sluice, which has been
expressed in m3. The vertical axis of fig. 17 B gives the fresh water
content, expressed in m3 per m3 of seawater. Hence, every square of
the diagram represents a certain volume of fresh water. The area en-
closed by the fresh water line and the two axes represents the average
total quantity of fresh water, which is 132 X 10°m?3.

Since the average quantity of fresh water discharged during one
tide amounts to 10.3 X 10® m? (table 1), the total quantity present in
the estuary is 12.8 times this figure. Because the average fresh water
content of the Wadden Sea remains the same, the quantity flowing out
into the North Sea is also 10.3 x 10® m? per tide or 89, of the total
quantity of fresh water present in the Wadden Sea.

It is self-evident that every dissolved substance that has the same
geographical distribution and gradient as the fresh water will be car-
ried along at the same rate as the latter. This will mostly be the case
with dissolved substances distributed homogeneously in the IJsselmeer
water itself, but it may accidentally also hold for substances not
originating from this source. Examples of this kind will be given in the
following chapters. The rate of transport of such a compound can
easily be determined by estimating the total quantity of the material
present in the Wadden Sea and taking 89, of this figure. If a small
percentage of the substance is also present in the North Sea, its con-
centration in the latter must first be subtracted from the values found
in the Wadden Sea. It goes without saying that there is no point in
such estimations, if the rate of transport can be determined directly
from the quantity of the compound supplied to the area in unit time.

An improvement on the above procedure can be obtained, if we
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regard the transport of fresh water to the North Sea as being caused
by a process similar to diffusion. The “‘coefficient of diffusion” C at a

particular place will then be defined by
d V;
R=C e e (2),
where R indicates the quantity of fresh water transported per unit of
time, V; the concentration of fresh water, and x the volumetric
distance from the place in question to the IJsselmeer sluices. The term

% is represented by the degree of slope of the fresh water curve of

fig. 17 B. Its value decreases according as the distance from the sluice
increases. R, which represents the quantity of fresh water discharged
in unit time, e.g. the tidal period, has the same value along the whole
line. Therefore, the coefficient of diffusion increases according as the
distance from the sluice increases, whereas in an ordinary process of
diffusion this coefficient is considered to be constant.

After C has been determined, the equation (2) could be used to
calculate the rate of transport of a foreign substance which has the
same geographical distribution as the fresh water (isographs of the
substance running parallel to the isohalines), but which has a different
gradient. This might for example be the case with an unstable com-
pound discharged with the fresh water from the IJsselmeer, and dis-
integrating gradually during its transport through the Wadden Sea. In
the equation (2), V; should then be replaced by the concentration of
the substance actually observed. C being known, the rate of transport,
represented by R, could be estimated and would in our example turn
out to decrease according as the distance from the sluice increases.

The problem would become more complicated if the substance con-
sidered were to show a geographical distribution different from the
distribution of the fresh water. This will in general be the case with
substances not discharged into the Wadden Sea with the fresh water
itself, but brought into the area at another point. If no direct measure-
ment of the discharged quantities were possible, the order of magnitude
of the transport could nevertheless be roughly estimated from the
distribution of the substance in the Wadden Sea, if we take the coeffi-
cients of diffusion to be about the same as those calculated from the
fresh water distribution.

4. SEGMENTATION AS AN EMPIRICAL APPROACH
TO THE PROBLEM OF WATER EXCHANGE

The conclusions arrived at in the previous section would become more
valuable if it were possible to develop a method which would allow
us to confirm the results obtained along another way.
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An attempt will therefore be made to estimate the relation between
the distribution of salinity observed at a certain moment, and the
quantities of IJsselmeer water discharged in a particular period preced-
ing that moment. This relation can only be estimated if the fate of
every single volume discharged is known. The total volume of fresh
water present in the Wadden Sea at a certain moment is the sum of
fractions of all volumes discharged within a certain period preceding
the moment in question, the fractions being smaller as the discharge
from which they originate is farther back in time. At first, the whole
of a volume will contribute to the fall in salinity; after a few tides,
however, its influence will gradually decrease, since part of it has gone
to the North Sea; after a number of tides it will practically have
disappeared into the latter.

An empirical segmentation method to determine the transport of a

0301, particular volume of fresh wa-

= ter was first developed by

020 KeTcHUM (1951). Here, his

concept has undergone an im-

; portant modification, howev-

¢ er. It starts from the idea that

e e the IJsselmeer water onits way

A RNy through the Wadden Sea can

be followed from tide to tide.
Fig. 18. Division of the Ma_rsdiep area into Tt is assumed that the quantity

segments; for explanation see text. of fresh water discharged in
the course of one tide will within the next tidal period reach the part
of the Wadden Sea immediately adjoining the sluice, which will here
be called the first segment. During the next tide the water of the
first segment — which by then is supposed to have completely mixed
with the fresh water —is assumed to mix completely with that of a sec-
ond, and during the third tide the contents of the second are supposed
to mix completely with those of a third segment, and so on.

The volumes of the segments may conceivably be determined in the
following way. We have seen that the distribution of fresh water
within the area studied can be represented by the diagram of fig. 17 B.
The area enclosed between the lower horizontal axis, the vertical and
the fresh water curve itself represents the total volume of fresh water
present. The amount of fresh water displaced from segment I to seg-
ment II by complete mixing of the two segments is represented by
triangle 1 (fig. 18). The volume of segment I is chosen in such a way
that triangle 1 is just able to take up the amount of fresh water dis-
charged per tide (10.3 x 10® m3, see table 1). The volume of the
first segment can be read off from the horizontal axis, while the total
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amount of fresh water within this segment is represented by the triangle
plus the rectangle below it.

The dimensions of the second and following segments are deter-
mined in the same way as the size of the first, all triangles being as
large as nr. 1. If during the second tide segments IT and III become
completely mixed, this will cause a displacement of an amount of fresh
water of the size of triangle 2 from the inner to the outer segment. If
this process is applied to every pair of segments the result will be a
shifting of all triangles over the distance of one segment. As all triangles
have the same area, the amount of fresh water in every segment will
remain unchanged, the first segment receiving fresh water from the
IJsselmeer, the last segment supplying fresh water to the North Sea.

The dimensions of the segments depend on the slope of the fresh
water line: the steeper this slope, the smaller the range of the segment.
The segments grow larger in the direction of the North Sea; this is
comprehensible since current velocity increases in the same direction
and therefore also intensity of mixing and water exchange. The area
studied is found to contain four complete segments and part of a fifth.
If segment V has about the same range as segment IV, about three
quarters of the former fall within the circumference of the Wadden
Sea.

The above representation of discontinuous water exchange from seg-
ment to segment is only intended to be a useful means for calculations;
it is self-evident that it does not represent the actual process of ex-
change. The very supposition that mixing will be complete over a
certain distance within a certain time, in our case one tide, cannot, of
course, be true. On the other hand, water exchange is not a continuous
process comparable with diffusion, as supposed earlier, but it is con-
nected with the tidal cycle. One particular volume of fresh water can
often be followed for a few tides, becoming progressively mixed with
the seawater, but still clearly distinct from the environment. This
characteristic is brought out better by the segmentation method. Dur-
ing the first high tide after its discharge the volume of fresh water will
find itself within the limits of the first segment, in the next tidal period
its boundaries will have reached the end of the next one, etc.

As stated, the concept of segmentation set forth above has been derived from an
empirical method to investigate water exchange in estuaries, developed by KETcrUM
(1950, 1951). His method of segmentation is, however, quite different from the one
followed above. The limits of his segments are defined by the distance over which
a particle of water moves on the flooding tide. The percentage of water, placed
within a segment during one tide, is determined by the ratio in which the intertidal
volume stands to the high tide volume, the intertidal volume being the volume differ-
ence of the segment between high tide and low tide. A great advantage of the method
is therefore that calculations of the rate of exchange are only based on easily available
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data as volume of river flow, geographical shape of the estuary and the range of
the tide. Computations carried out by KeTrcHuM on a number of different estuaries
showed that the calculated distribution of salinity agrees with the distribution
actually observed.

Although KeTcHum did not express himself in this way, his method essentially
implies that after low tide pure sea water enters the estuary with the flood, covering
the area with a layer of undiluted sea water, which in the first instance does not
mix with the estuarine water. The thickness of this layer, which is assumed to
penetrate as far as the head of the estuary, would be equal to the tidal amplitude.
At high tide complete mixing with the estuarine water would take place. Next,
the mixture is supposed to be transported seaward by the ebb movement.

According to this method every segment is supposed to be in direct contact with
the open sea. Our own method supposes that every segment exchanges water only
with its neighbours. For this reason, mutual comparison of the two procedures is
difficult.

The segmentation of the Wadden Sea, as determined above, will be
used to estimate the transport of a particular volume of fresh water

TABLE 6

The movement through the Marsdiep area of a separate volume of fresh water
sluiced at Den Oever; for explanation see text.

Segment volumes: b I ur w I i pisg v vV

X 10% md: 1.6 3.2 7.2 9.7 1.6 3.2 7.2 9.7 10.0

lTolal lTolal

Tide giked s
Sea, % Sea, %

I 100 — — — 6 TW0. — — - @ — —
2 g8 Bf = v O R B e ke
3 33 225 45 — O 33 225 4.5 — — —
4 185 37 19 255 o 185 37 19 255 — @—
5 185 17 39 o 255 185 17 39 12.5 13.0 —
6 12.0 23.5 16.5 22.5 25.5 12.0 23.5 2I.5 30.0 O 13.0
Vi 12.0 12.5 27.5 O 48.0 12.0 14.0 31.0 15.0 15.0 13.0
8 8.0 16.5 11.5 16.0 48.0 9.0 17.0 19.5 26.5 0o 28.0

9 80 85 19.5 o 640 9.0 11.0 255 13 13.5 28.0
10 5.5 11.0 8.5 11.0 64.0 7.0 130 16.5 22.0 0 41.5
11 55 6.0 135 0 750 7.0 0.0 20.5 I1.0 I11.0 4I.5
12 40 7.5 55 8.0 750 50 11.0 135 180 0 525
13 40 40 90 o 830 50 75 17.0 9.0 0.0 52.5
14 2.5 5.5 4.0 50 830 4.5 80 11.0 150 o0 615
15 2.5 30 6.5 o 8o 45 6.0 130 7.5 7.5 615
16 20 3.5 30 35 8.0 35 70 85 120 0o 69.0
17 20 1.5 50 O 9.5 35 55 11.o 6.0 6.0 6g9.0
18 1.0 2.5 20 30 91.5 30 6.0 70 1000 0O 750
19 — — — — 0945 30 40 9.0 50 5.0 750
20 — — — — — 25 45 6.0 80 o 800

3.0 7.5 4.0 4.0 80.0
3.5 50 6.5 o 84.0
84.0

||
||
||
||
||
5

I
\
l
l
|
|
|
I
I
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discharged at Den Oever. During the first high tide after the discharge
this volume is supposed to be divided evenly over the first segment.
The distribution of the volume at the following tides is determined
on the supposition that mixing of neighbouring segments is completed
in one tidal cycle. The distribution calculated for successive tides after
the discharge is given in table 6, where the initial volume is put at 100.
As can be seen in fig. 18 the Wadden Sea appears to contain between
four and five segments and calculations are therefore given for both
cases.

During the first tide the volume of 100 is supposed to be introduced into segment I.
During the second tide complete mixing of the segments I and IT will distribute
this volume homogeneously over these segments. As segment II has a larger volume
than I (3.2 against 1.6 x 10® m?®), the former will then contain most of the fresh
water (67 against 33). During the third tide mixing of the segments I and II causes
no redistribution of the fresh water over these segments, since they have been mixed
completely already during the preceding tide. Mixing of II and III, however, will
introduce fresh water into III at the expense of II. During the fourth tide mixing
of II and III will have no effect, but mixing of I and II will carry fresh water from
I to II until the ratio 1.6:3.2 has again been attained. During this tide mixing of
III and IV will cause transport of fresh water to segment IV, etc.

Segment V is incomplete and it has therefore been assumed that its volume is
equal to that of segment IV. Exchange between the last segment and the North
Sea has been supposed to deprive this segment of all fresh water supplied to it
during the preceding tidal cycle.

During the first four to five tides there is no loss of fresh water to the
North Sea; after that period the fresh water gradually disappears. The
decline is more rapid with four than with five segments, see also fig. 19,
curves A and B. However, neither curve A, nor curve B indicates the

100y

75

50¢

25

o

5 10 15 20 25 TIDES

Fig. 19. The percentage present in the Wadden Sea of one particular discharge
of fresh water after a number of tides.
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actual decrease. The position of the intermediate curve C, which is
more exact, has been approximately determined by assuming that the
ratio of the difference in volume between the values indicated by A
and C to that between the values of A and B is equal to the ratio of
the volume of the incomplete segment V present in fig. 18 to the volume
of the complete segment V.

Curve C allows us to estimate how much has remained of a particular
volume of fresh water a certain number of tides after the discharge.
After 23 tides about 109, of the original volume is left. If the same
amount of fresh water was discharged at every tide, the quantity of
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Fig. 20. Example of the discharge of fresh water at Den Oever.

fresh water remaining from tide 23 and earlier tides would amount to
about 59, of all fresh water present. For the determination (from
discharge data) of the total amount of fresh water present in the Wad-
den Sea at a given time, it is mostly considered sufficient to take into
account 22 tides previous to that moment.

We shall for a moment assume that at every low tide the same
amount of fresh water is discharged at Den Oever. In that case, and
provided a steady state has been attained, the area below the curve C
of fig. 19 represents the total quantity of fresh water present in the
Wadden Sea. This area is found to be equal to about 13 discharge
units. On p. 28 this quantity has been estimated to amount to 12.8
units. The agreement between the two estimates supports the empirical
segmentation method followed.

After having estimated the rate of transport of one particular volume
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of fresh water, we may in conclusion return to our starting-point, which
was: how to determine the relation between the distribution of salinity
observed at a certain moment and the quantities of fresh water dis-
charged in a particular period preceding that moment.

As has been said before, the salinity figures have been found by
monthly observations around high tide from Den Helder to Den Oever
(table 23); the volumes of IJsselmeer water discharged at Den Oever
are known from measurements by the “Dienst van de Zuiderzeewer-
ken”. Fig. 20 gives an example of this discharge for the month of No-
vember, 1949.

For every monthly set of salinity observations a diagram similar to
that of fig. 17 A, representing the rise of salinity along with increasing
volumetric distance to Den Oever, has been drawn and the corre-
sponding volume of fresh water has been derived from it in the way
described for the average distribution on p. 28. The values found are
given in column 3 of table 7.

The amount of fresh water present within the Wadden Sea as the
remainder of the water discharged during the 22 previous tides is given
in column 4 of this table.

TABLE 7

Comparison of the accumulation of fresh water determined from the salinity surveys
with the accumulation calculated from discharge data; Marsdiep area.

Calculated Calculated Calculated Calculated
Nr. Date from from Nr. Date from from

salinity discharge salinity dischar ge

X 10%m?* X Jjotm?® x 108°m® X 10%°m?3
~, 13~ 7-48 237 257 19 10- 550 354 332
1 26- 1-49 349 213 20 3- 6-50 217 147
2 16- 249 95 133 21 3- 7-50 131 131
3 24~ 2-49 77 6 22 1- 850 234 74
4  6- 549 94 16 23 31- 8-50 98 163
5 14~ 7-49 o o 24 19~ 9-50 20 96
6 27- 7-49 o o 25  19-10-50 190 181
7 13- 9-49 o o 26  15-11-50 48 158
8 20-10-49 o o 27  18-12-50 293 351
9 22-10-49 62 76 28  10- I-51 113 168
10 25-10-49 45 150 29 13- 2-51 133 224
I 1-11-49 359 245 30 28- 2-51 221 231
12 9-11-49 82 33 3r 13- 3-51 213 173
13 12-12-49 180 219 32  17- 4-51 51 236
14 9- 1-50 237 200 33 5- 6-51 118 42
15 .. 7% 1:50 135 69 34 13- 7-51 28 200
16 22- 2-50 205 268 35 29- 8-51 170 198
37~ 13~ . 4750 o o 36 5-11-51 345 272

18 24- 4-50 54 6
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The relation between the total quantities of fresh water determined
from salinity and discharge figures is given in the diagram of fig. 21.
The swarm of points is represented by the dotted line, which is drawn
in such a way that the sum of squares of the perpendiculars from the
points to this line is the smallest possible; the coefficient of correlation,
being 0.722, indicates a significant correlation between the two sets of
data. The deviation of the line from the ideal relation, represented by
the line of equality, is only small.

It must be pointed out here that the two sets of data, correlated
above, have not been obtained independently of each other. The posi-

tions along the horizontal

xi? .. axis have been found from
f; : thedischargedata by means

d of segments. The latter,

- - however, have in their turn
g beendetermined from aver-

9 age salinity figures. The po-

5 sitions along the vertical

e axis are based on the same
B salinity figures. Neverthe-

less, the reliability of the
segmentation method fol-
lowed is demonstrated by
the fact that the dotted line
nearly coincides with the
* caLcuLATED From piscHarce pata  1deal line. Also the signific-
o 700 200 300 0w ance of the correlation be-

Fig. 21. The relation between figures for fresh Fween the two sets of data
water present in the Wadden Sea as computed 18 DOt lessened by the above
from salinity measurements, and the amounts cal- mentioned interdcpenden-
culated directly from discharge figures. ce. This correlation shows
again that the method fol-
lowed gives reliable results, especially since for many individual data
the cause of the deviation from the ideal line can be shown to be
independent of this method. In some cases the value plotted along
the horizontal is too high, because the salinity values were measured
at low instead of high tide. Some other vertical values are too low,
since the salinities were measured on days with strong wind, which
caused an accelerated exchange of water.

It is further interesting to note that the two series of data can best be
represented statistically by a straight line. This indicates that the rate
of transport of fresh water is not influenced considerably by the amount
of fresh water present; otherwise, a curved line would have been ob-
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served. The straight line correlation fits in with the conclusion set
down on p. 19 and 25.

III. DISTRIBUTION AND TRANSPORT
OF SUSPENDED MATTER

In this chapter an attempt will be made to account for the presence
of large quantities of suspended matter in the Wadden Sea and the
quantitative variations occurring from place to place. Stress will be
laid on the study of the light fraction (silt), since the latter comprises
among other things organic matter and clay, which were considered
to be of special interest.

A picture of the distribution of suspended matter throughout the
area of investigation was formed by studying thousands of water sam-
ples. The local variations of suspended matter have been studied by
measurements from anchored ships. Besides, observations have been
carried out on particular distinct masses of water marked by floats.

The most interesting feature of the distribution of silt within the Wad-
den Sea is the existence of a gradient in silt concentration from the
inlets to the interior part. In order to explain this it was necessary to
give attention to details concerning the transport of the silt and to the
composition of the bottom material. These subjects will therefore be
treated in some detail. All this work would not have been possible
without the valuable cooperation of the *‘Studiedienst van de Rijkswater-
staat”.

I. TIDAL VARIATIONS OF SUSPENDED MATTER AT
FIXED STATIONS

The variations in suspended matter in the Danish Wadden Sea have
been studied in detail by Gry (1942). Most of his conclusions are in
agreement with our own observations and therefore seem to hold for
the Wadden Sea as a whole.

The quantity of material in suspension at a certain place depends
in the first place on current velocity. As the current velocity varies
periodically with the tide, observations had to be continued during at
least one tidal cycle. The stations of observation were spread all over
the southernmost part of the Wadden Sea. Their positions are indicated
by numbered bold points in fig. 22. As a rule, samples were taken
every half hour at three points along the vertical: just below the sur-
face, about 1 meter above the bottom and at one third of the distance
from bottom to surface. Simultaneously, the current velocity was
measured with an Ott current meter suspended halfway down the
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water. It is assumed that in this way the approximate average current
velocity along the vertical was found.

In addition to the main stations, fig. 22 shows the positions of a
number of secondary stations, where samples for the determination of
suspended matter were collected just as at the main stations, but here
no current measurements were carried out. These stations were situated

Fig. 22. Location of the stations where suspended matter was measured throughout
a full tidal period; the main stations are indicated by numbered bold points, the
secondary stations alphabetically; see text and table 8.

along sections running across the most important tidal channels of the
area. The stations of a cross-section are marked alphabetically in addi-
tion to the number which they take from the main station situated in
the same section. At the secondary stations samples were taken at in-
tervals of 1-1.5 hours, only at the surface and near the bottom. The
average quantities of silt and sand at all stations are given in table 8.
Only at the main stations was sampling of sufficient frequency to allow
of separation of data for flood and ebb. At most stations salinity and
temperature have also been measured, but these figures will only be
given if they are of importance for the problems under discussion.
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TABLE 8

Average quantities of suspended matter in the Wadden Sea ; for positions of stations
compare fig. 22.

Nr. Date Depth, Silt, mg/l Sand, mg|l
Station HW, m Flood Ebb Full tide Flood Ebb Full tide
I 3I- 5749 o 49 7.7 6.3 3.6 7:5 5.6
6 7.6 10.3 9.0 2% 17.4 22.5
B, 95 8.5 10.0 9.3 35.8 25.9 30.4
1A 3I- 549 o = =z 54 = == 35
B, 5 = == 13.5 = = 9.0
1B 31- 5-49 o — — 5.6 = — 2.8
B, 11 — — 13.0 - = v
1 C 31- 549 o — —_ 6.0 — == 3.6
B, 9 = — 75 = = 7:9
1D 31- 5-49 o = — 5.9 == = 44
B, 6 — — 5.7 == = 14.0
2 1- 6-49 o 4.0 3.5 3.8 3.1 2.3 2.7
20 10.6 5.1 7.9 7.7 7.6 7.7
B, 32 6.9 12.6 9.8 10.9 8.1 9.5
2 A 1- 6-49 o — — 6.1 — — 9.4
B, 12 = — 10.2 == =3 8.5
2B 1- 6-49 o — — 5.3 == = 6.3
B, 32 — — 15.6 == = 14.9
2C 1- 6-49 o — — 6.0 — == 4.3
B, 30 —_— —_— 9.0 = == 6.0
2D 1- 6-49 o = = 22.4 = — 7.4
B, 22 —_ — 34.6 — == 14.2
3 2- 6-49 o 47 5.8 5.3 8.1 10.9 9.5
22 9.2 8.6 8.9 48.2 31.6 39.9
B, 33 9.0 I1.1 10.1 70.7  110.9 90.8
3A 2- 649 o — — 6.9 — — 5.1
B, 28 — — 15.3 — — 32.0
3B 2- 6-49 o — - 5.1 — — 4.1
B, 39 — == 7.8 = — 13.0
3C 2- 6-49 o — — 7.0 — — 6.5
B, 11 — = 9.8 — e 100.1
3D 2- 6-49 o — — 5.7 == — 6.0
B, 6 — == 11.4 == = 20.0
4 3- 6-49 o 6.8 3.5 5.2 6.6 3.9 5.3
18 6.7 5.1 5.9 17.1 6.5 11.8
B, 28 9.5 6.1 7.7 42.6 2I1.1 31.9
4A 3- 6-49 o — - 4.0 — — 2.9
B, 10 — == 9.6 = — 19.8
4B 3- 649 o = == 44 == = 37
B, 12 — == 10.4 s — 13.2
4C  3-6-49 o — = 3.9 == = 3.0
B, 18 — = 5.9 == — 12.1
4D 3- 649 o - = 3.8 = = 45
B, 22 — — I1.1 — — 15.0



Nr. Date Depth, Silt, mg[l Sand, mg|l
Station HW, m Flood Ebb Full tide Flood Ebb Full tide
5 9- 6-49 o 9.3 11.8 10.6 4.7 8.5 6.6
8 17.3 19.0 18.2 9.7 7.4 8.7
12 41.5 29.8 35.7 13.4 11.9 12.7
5A 9- 6-49 o — - 12.9 — — 3.9
B, 2 — — 17.3 == — 17.4
5B 9- 6-49 o — — 10.2 == == 3.0
B, 6,5 — — 23.9 = = 5.2
5C 9- 6-49 o — - 13.0 — — 6.9
B, 12.5 e — 22.7 = e 9.4
5D g- 6-49 o — — 14.3 — — 25.6
B, 6.5 — o 17.9 = = 58.2
6 10- 6-49 o 22.3 13.1 177 2.9 3 3.1
10 14.9 21.8 18.4 2.6 3.3 3.0
B, 16 31.3 30.5 30.9 I1.I 7.8 9.5
6 A 10- 6-49 o — — 14.5 — — 3.2
B, 5 — = 36.9 = = 46.3
6B 10- 6-49 o — = 11.7 = e 2.6
B, 12.5 — = 30.8 — — 16.6
6 C 10- 6-49 o — — 11.8 — = 2.9
B,13.5 — == 25.4 — — 6.0
6D r10- 6-49 o — = 14.6 — = 7.9
B 3 — - 23.8 — — 65.0
7 11- 6-49 o 4.9 ik 6.0 0.9 0.5 1.5
16 7-4 10.7 9.1 2.5 1.3 1.9
B, 24 13.0 19.1 16.1 5.8 2.9 4.4
7A  11- 6-49 o == — 5 By == —_ 1.1
B, 8 — — 21.7 — —_ 10.6
7B 11- 6-49 o — — 12.5 — - 1.8
B, 12 = == 25.8 — — 11.6
7C 11- 6-49 o = — 15.1 — — 1.6
B, 7 = — 26.9 — — 2.3
7D 11- 6-49 o = — 17.4 — — 3.1
B, 9 == — 16.0 — — 4.9
7E 11- 6-49 o — — 7.5 — — 1.6
B, 3 — — 6.2 —_ = 1.5
7F 11- 6-49 o — — 7-3 — — 1.6
B, 7 — — 18.0 — — 3.5
7G 11- 6-49 o — — 7.8 — — 0.7
B, 20 — — 14.2 — —_ 5.2
7H 11- 6-49 o — - 12.3 — — 1.2
B, 27 = — 15.1 — — 3.7
7J  11- 6-49 o — — 10.2 — — 1.4
B, 9 == = 15.9 — — 4.3
8 13- 6-49 o 22.7 14.7 18.7 3.2 2.9 3.1
9 28.6 25.8 27.2 9.3 4.7 7.0
B, 14 36.1 31.3 33-7 24.0 4.1 14.1
8 A 13- 6-49 o — — 20.1 — — 3.4
s 75 0 0 — — 28.2 — — 20.8
8B 13- 6-49 o - — 15.1 — — 4.0
B, 6.5 — — 29.1 — — 5.2
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Nr.

Date

Silt, mg|l

Sand, mg|l

Station HW, m Flood Ebb Full tide Flood Ebb Full tide
8C 13- 6-49 o — — 12.1 —_ == 1.7
B, 7 " po 30.0 == ' 4-4
8D 13- 6-49 o — — 9.6 — — 1.3
B, 2.5 — — 15.7 —_— — 1.5
9 14- 6-49 o0-7 + 25 — + 25 +2 + 2 + 2
9 A 13/14-6-49 o e - 19.0 == = 3.7
B, 7 — — 23.0 — — 17.6
9B 13/14-6-49 o — — 21.0 — — 6.0
B, 65 — — 24.1 — — 5.1
9 C 13/14-6-49 o — — 11.3 — — 1.9
B, 2 — — 20.9 — — 6.3
9D 13/14-6-49 o — — 16.0 — — 3.3
B, 2 — — 38.2 — — 7.9
10 19- 8-49 o 12.7 12.7 12.7 7.9 12.7 10.2
10 14.9 12.9 13.9 II. 12.9 12.3
B, 15 17.4 15.4 16.4 17.6 15.4 16.5
10 22- 8-49 o 16.9 10.7 13.8 3.0 5.1 4.1
10 16.6 13.3 14.9 7-4 4.0 5.7
B, 16 14.2 12.8 13.5 16.5 5.6 —
10 A 19- 8-49 o — — 11.8 — — 2.6
B, 2 — — 14.7 — — 11.8
10B 19- 8-49 o — = 20.0 — — 5.8
B, 15 — - 12.2 — — 9.8
10C 19- 8-49 o — — 13.2 — — 4.0
B, 2 — — 22.3 — — 9.3
10D 19- 8-49 o — — 12.1 — — 4.6
B, 2 — — 16.5 — — 6.5
10E 19- 849 o — — 16.7 — — 11.9
B, 45 — — 16.9 — — 6.0
10F 19- 8-49 o — — 16.0 — — 6.9
B, 2.5 — —= 18.5 — — 10.0
I1 18- 8-49 o 11.8 10.4 I1.1 4.5 5.4 5.0
6 13.0 16.7 14.9 6.9 6.4 6.7
10 17.2 16.3 16.8 7.6 20.8 14.2
11 A 18- 849 o — —_ 12.5 — — 6.6
B, 6 — — 15.5 — — 7.9
11 B 18- 849 o - — 13.8 — == 23
B, 6 — — 15.1 — — 30.7
11 C 18- 8-49 o — — IT.1 — — 9.3
B, 14 — — 14.8 — — 5.1
11D 18- 849 o — — 13.3 - - 6.3
B, 2.5 — — 15.2 — — 7.9
i1t E 18- 849 o — — 13.3 — - 3.4
B, 2.5 — — 14.3 — — 6.8
11 F 18- 849 o == —_ 15.1 — — 5.3
B, 4 — — 13.9 — — 16.
12 20- 8-49 o 15.7 10.8 13.2 2.8 4.3 3.1
5 12.4 13.9 13.2 7.6 5.8 6.7
B, 8 20.4 13.4 16.9 10.8 9.5 10.2



Nr. Date Depth, Silt, mg/l Sand, mg|l
Station HW,m Flood Ebb Fulltide ~ Flood Ebb Full tide
12 A 20- 8-49 o — — 11.0 — — 6.0
B, 3.5 — — 14.6 — — 9.2
12 B 20- 8-49 o — — 12.0 — — 3.9
B, 6 — — 14.4 — — 8.6
12 C 20- 8-49 o — — 10.8 — — 4.9
B, 6.5 — — 13.9 — — 8.5
12D 20- 8-49 o — — 9.8 — — 5.0
B, 3 — — 13.8 — — 5.3
13 23- 8-49 o 14.0 9.0 11.5 12.5 4.0 8.3
4 12.0 13.5 12.8 7.0 9.0 8.0
B, 7 17.0 19.5 18.3 7.5 12.0 9.8
13A 23- 8-49 o — — 9.6 — — 3.7
B, 5 — - 18.6 — — 21.8
13B 23- 8-49 o — — 9.3 — — 3.8
B, 6 — -— 14.2 — — 18.4
13 C 23- 8-49 o — — 10.1 — — 2.8
B, 6.5 — — 13.4 — — 10.3
13D 23- 8-49 o = —— 10.5 — — 3.3
B, 553 — — 11.0 — — 15.6
14 24- 8-49 o 495 b5 555 7.8 215 14.7
3 46.5 58.0 52.3 50.7  118.1 84.4
B, 6 66.5 59.5 63.0 81.0 — —
14 A 24- 8-49 o — — 36.3 —_ — 12.0
B, 3 — — 36.8 — — 45.2
14 B 24- 8-49 o — — 38.7 — — 10.8
B, 5 — == 41.2 — — 1.2
14 C 24- 849 o — — 32.0 — — 8.0
B, 5 = == 37.9 e = 24.6
14 D 24- 8-49 o — — 31.9 — — 6.6
B, 4 — = 46.9 i = 57-6
15 25- 8-490(B, 9.5) 24.8 13.0 18.9 5.0 4.3 4.7
15A 25 8-49 o — — 19.9 — — 3.2
B, 4 — = 35-5 o S 53-2
15 B 25- 849 o == == 30.0 — — 10.4
B, 10 — — 47.1 — — 13.7
15 C 25 8-49 o — — 36.2 — — 31.4
B, 2.5 — = 42.6 — — 45.9
15D 25- 849 o — — 16.8 — — 6.5
15E 25- 8-49 0 — — 16.8 — — 4.3
15 F 25- 849 o — — 12.1 = = 2.9
15G 25 8-49 o - — 11.9 — — 3.1
16 22- 5-51 0 24.7 21.0 45.7 6.3 4.8 I1.1
B, 4.5 238 27.2 51.0 11.8 6.0 17.8
17 22- 5-51I o 14.0 14.3 28.3 6.6 5.8 12.4
B, 8 35.5 30.1 65.6 7.9 7.6 15.5
18 22- 5-5I o 7.6 7.1 14.7 5.5 4.1 9.6
8 II. 11.0 22.6 8.5 8.8 17.3
B, 14 139 I1.9 25.8 17.1 6.6 23.7
19 5- 6-51 o 19.3 12.0 31.3 7.1 4.1 11.2
B, 2 19.5 12.6 32.1 4.4 4.3 8.7
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Nr. Date Depth, Silt, mg/l Sand, mg|l

Station HW, m Flood Ebb Full tide Flood Ebb Full tide
20 5- 6-51 o 13.9 8.1 22.0 7.8 3.3 IT.1
B, 2 20.5 9.4 29.9 10.2 5.6 15.8

21 5- 6-51 o 12.7 7.7 20.4 4.9 4.9 9.8
B, 2 13.5 8.2 2.7 9.7 4.9 14.6

22 25- 5-51 o 11.7 9.2 20.9 5.0 4.9 9.9
B, 11 20.1 11.6 81.7 19.2 9.5 28.7

23 24- 5-51I o 13.3 11.0 24.3 6.3 4.7 11.0
7 18.3 16.1 34-4 6.3 5.9 12.2

B, 11 19.8 15.8 35.6 7.4 6.3 13.7

23 25- 5-51 o 13.9 12.3 26.2 3.0 5.4 8.4
8 18.8 15.5 34.3 6.6 4.7 11.3

B, 12 18.2 17.3 35-5 10.4 6.1 17.5

24 24~ 5-51 o 15.1 12.0 27.1 5.2 5.1 10.3
B;:g 40.2 24.1 64.3 12.1 17.8 29.9

25 6- 6-51 o 13.7 11.4 25.1 5.4 3.8 9.2
B, 1 —_ 13.8 R = 9.7 —

26 6- 6-51 o 10.7 11.4 22.1 4.3 3.7 8.0
B, 45 14.8 18.0 32.8 10.1 8.8 18.9

27 6- 6-51 o 8.2 11.8 20.0 4.6 3.6 8.2
B, 2 13.8 15.1 28.9 3.8 5.1 8.9

28 3- 7-51 o(B, 1) 13.6 9.0 22.6 6.3 8.0 14.3
29 3- 7-51 o 13.4 16.6 30.0 9.1 9.0 18.1
B, 1 23.3 — o 9.9 — —

Observations were carried out at so many points in order to gain
an insight into the geographical distribution of suspended matter in the
area studied. However, the variations in the quantity of suspended mat-
ter at any particular point in the course of the tide will be examined
first. Three stations, numbered 3, 8 and 13, will be taken as examples.
The variables measured are plotted in figs. 23, 24 and 25 respectively.
The diagrams show water level, current velocity and suspended ma-
terial. The rate of transport of water along the main stations, expressed
in kilometers, is given in table 10 A.

The quantity of particulate matter goes up and down with the cur-
rent velocity, although changes are sometimes very irregular. A strong
current brings more material into suspension than a weak one. Evi-
dently, there is constant competition between the turbulent action of
the current which causes an upward movement of suspended matter,
and the force of gravity which causes the particles to settle. It is under-
standable that the concentration of sand and silt decreases upward
along the vertical, and also that this is more the case with the heavier
sand grains than with the lighter silt particles (see table 8).

The suspended matter reacts with a certain inertia to changes of
current velocity. Mostly, there is a lag of time between the turn of the
tide, when current velocity is zero, and the moment at which the
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Fig. 24. Vertical and horizontal tide, and suspended matter at station 8 of fig. 22.
lowest figures for suspended material, especially suspended silt, are
found. Of the three figures 23, 24 and 25, only fig. 24 shows the effect

clearly; the minimum of suspended silt is in this case found from half
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an hour to one hour after the turn of the tide. Table g gives all other
observations available, which point to the same phenomenon; Gry
(1942) also gives a number of examples.

The effect has not been observed at station 3 of fig. 22 and other
stations with low silt concentrations, probably because the rise and
fall of the curve for suspended matter in the course of the tide is slight
and the minimum therefore hardly distinct. At station 13 (fig. 25)
and a number of similar stations the effect is probably indiscernible
because of the irregular variations in the quantity of suspended matter.

The time lag observed can easily be explained from the fact that
in a period of increasing current velocity some time is needed to bring
material intosuspension. On theother hand, when the current decreases,
it takes time before the material has settled. In an area with alternating
currents an equilibrium is therefore never attained.

In this connection it is of importance to consider the rate at which
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TABLE g

The time interval separating the moment of minimum concentration of suspended

matter from the turn of the tide. S D: turbidity measurement with Secchi disc. ;

S: concentration of suspended matter near surface. At the stations of fig. 22, not
mentioned in this table, the time interval was indistinct.

Date Position of Station Depth, m Tide Method of Time interval,
observation minutes
26-6-36  Texelstroom 31 HW SD 15
23-9-36  Marsdiep 39 HW SD 20
23-6-39  Den Helder, harbour 10 HW SD 20
5-6-40  Den Helder, harbour 10 HW SD,S 25.15
20-5-47  Texelstroom 35 HW SD 40
20-5-47 Texelstroom 35 LW SD indistinct
21-5-47 Texelstroom 35 HW SD 45
21-5-47 Texelstroom 35 LW SD indistinct
30-6-47  Den Helder, harbour 10 HW SD 25
21-7-47  Den Helder, harbour 10 HW SD 35
26-6-48 Mal Zwin 12 HW SD  more than 40
14-7-48  Den Helder, harbour 10 HW SD 35
6-8-48 Mal Zwin 12 HW SD 20
6-8-48 Mal Zwin 12 LW SD 15
23-9-48 Oude Vlie 8 HW SD 30
21-3-49  Den Helder, harbour 10 HW S 45
10-6-49 Mal Zwin, station 6, fig. 22 16 LW S 30
11-6-49  Texelstroom, station 7 24 HW S 15
13-6-49 Mal Zwin, station 8 14 HW S 45
13-6-49 Mal Zwin, station 8 14 LW S 30
14-6-49  Amsteldiep, station g o7 HW S 30
28-6-49 Mal Zwin 12 HW SD 45
6-7-49  Den Helder, harbour 10 HW SD 25
7-7-49  Den Helder, harbour 10 HW SD 10
19-8-49  Engelsmangat, station 10, fig. 22 15 LW S 30
19-8-49  Engelsmangat, station 10, fig. 22 15 HW S 45
18-8-49  Vogelzwin, station 11 10 HW S + 40
19-8-49  Vogelzwin, station 11 10 LW S + 30
20-8-49  Vogelzwin, station 12 8 LW S 30
20-8-49  Vogelzwin, station 12 8 HW S indistinct
23-8-49  Vogelzwin, station 13 53 HW S 35
23-8-49  Vogelzwin, station 13 7 LW S o
25-8-49  Jack IJst, station 15 9.5 HW S 30
25-8-49  Jack IJst, station 15 95 LW S o
17-7-50  Den Helder, harbour 10 HW SD,S 25,15
22-5-51  Dove Balg, station 16, fig. 22 45 HW S 40
22-5-51  Dove Balg, station 16, fig. 22 45 LW S o
22-5-51  Dove Balg, station 18, fig. 22 14 HW S 60?
24-5-51  Omdraai, station 23 11 HW S 50
25-5-51  Omdraai, station 23 12 HW S 30
6-6-51  Binnen Breesem, station 26 45 HW S 20
6-6-51  Binnen Breesem, station 27 45 LW S indistinct
28-6-51  Texelstroom 35 LW SD 30
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the suspended particles settle. Though sand grains up to 200 u have
been observed under the microscope in small numbers, the average
grain size of the sand will probably not have surpassed 100 . According
to Stokes’ law sand grains of 100 u diameter sink about 0.5 m/min.;
sand grains of 50 x about 0.1 m/min. On an average, the silt fraction,
consisting of particles smaller than 50 x, may sink some 1-10 cm/min.
During slack water the sand fraction will therefore settle out of the
upper part of the water column within a few minutes. The silt fraction
will need much more time. Hence it is primarily silt which causes the
interval in time between the turn of the tide and the moment of mini-
mum concentration of suspended matter.

Figs 23 and 24 show that the silt concentration is higher at low

Fig. 26, A and B. Distances covered by floats during one tidal cycle; Marsdiep Area,
June 1949.
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Fig. 26 B

tide than at high tide. As will be shown, this difference is caused by
the geographical distribution of the suspended matter, which will
be discussed below.

2. OBSERVATIONS NEAR MOVING FLOATS

In the case of a fixed station, as discussed in the previous paragraph,
one is concerned with samples from different water masses, since during
the observations the water passes by the place of observation. Useful
additional information has been obtained by taking samples from a
special mass of water marked by a float. The float consists of two iron
planes fastened perpendicularly to each other and hanging vertically
from a wire attached to a small buoy. If the planes are large enough,
the movements of the buoy depend on the velocity of the water layer in
which the planes are suspended and not on the current velocity at
the surface. In most experiments the planes hung in the bottom water.

The distances travelled by the floats during approximately one tidal
cycle are given in figs. 26 and 27, and table 10. On the Texelstroom,
the largest channel of the Marsdiep area, distances of more than 20
kilometres were covered; in the smaller channels distances were pro-
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Fig. 27. Distances covered by floats during one tidal cycle; Eyerlandse Gat,
August 1949.

Distances covered by floats; compare figs. 26 and 27.

TABLE 10

Nr. Date 1949 Tidal channel Depth Float, m Flood, km Ebb, km
Experiment

1 31-5 Molengat-Texelstroom 10 — 19

2 1-6 Schulpegat-Texelstroom 10 — 18

3 2-6 Texelstroom 10 24 —_

4 3-6 Texelstroom 10 22 —

5 9-6 Texelstroom-Schulpegat- 10 — 21.5

Mal Zwin

6 10-6 Mal Zwin 6 — —

7 11-6 Texelstroom 10 — 16.5

8 13-6 Mal Zwin 4 — 12.5

9 14-6 Mal Zwin-Amsteldiep 3 — 8.5
10 19-8 Engelsmangat-Vogelzwin 6 11 —
II 18-8 Engelsmangat-Vogelzwin 6 8 —
12 20-8 Engelsmangat 0.8-10 9 —
13 23-8 Vogelzwin 2-10 +10 +10
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portionally shorter. The floats generally followed the same traverse
forth and back; an interesting exception is the experiment of 9-6-1949.
At the turn of the tide the floats turned clockwise as well as counter-
clockwise.

The variations in silt content in a particular mass of water during
the course of a tide are the same as the changes observed at the fixed
stations (figs. 28 and 29). Much silt is brought into suspension when the
force of tide is at its height, whereas shortly after slack water the con-
centration drops to a minimum.

3. GEOGRAPHICAL DISTRIBUTION OF THE SUSPENDED MATTER

The fixed stations were situated all over the Marsdiep area and the
adjoining area of the Eyerland tidal inlet between Texel and Vlieland.
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Fig. 28. Variations of suspended silt during float experiments I, fig. 26 A.
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Fig. 29. Variations of suspended matter during float experiment II, fig. 27.
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The observations at these stations can therefore be used to estimate
differences from place to place in the amounts of suspended silt and
sand. However, if comparisons between the various stations are to be
valid, it must be certain that the differences observed are not caused
by changes in wind force from day to day during the days of observation.

Since no special study of wind influence was made, such data are
hardly available. Long-range observations, also on stormy days, would
be required to gain an insight into the quantitative influence of wind.
It is difficult, however, to continue measurements under bad weather
conditions.

Some information about the influence of wind on the concentration
of suspended matter was obtained from observations in the harbour
of Den Helder. Here, measurements were made at high tide about one
metre below the water surface. It must be realized, however, that the
point of observation is sheltered by the coast from strong winds and
therefore not representative of conditions on the open sea. Moreover,
measurements were made only around the turn of the tide and there-
fore the concentrations measured are below the average. On the other
hand, the harbour, shaped like a canal and open at both ends, formed
a passage to the flats behind it and therefore fully possessed the charac-
teristics of a tidal channel. In this respect, at any rate, it provided a
good opportunity for representative sampling.

The monthly averages of the observations for the years 1949 and 1950
are given in fig. 3o. The quantity of suspended material is higher in
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° o
40 / \ /
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Fig. 30. Monthly averages of suspended matter in the harbour of Den Helder for

the years 1949 and 1950. The samples have been taken from sea water pumped

daily into the aquarium of the Zoological Station around high tide; depth about
1 m below the surface.
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TABLE I1I

Concentration of suspended matter in the harbour of Den Helder around HW
during October 1949; compare fig. 30.

Date, October Total susp. matter mg|l | Date, October ~ Total susp. matter mg|/l | Date, October Total susp. matter mg|l

I 6.4 13 27.0 ‘ 23 39.8
2 9.2 16 12.8 24 89.5
4 7.2 17 26.0 | 25 25.1
5 8.7 18 10.4 ; 26 27.0
8 8.0 ‘ 20 54-4 | 28 25.8
9 6.0 21 58.2 ’ average 25.9
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Fig. 31. Comparison of the concentration of total suspended matter at the stations

13 and 14 of fig. 22, to demonstrate wind influence; average of measurements along
the vertical. Wind force resp. 7 and 12 m/sec., depth 7 and 4 m.
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winter than in summer, with a maximum of about 45 mg/l in Decem-
ber and a minimum of 20 mg/l in August. The individual observa-
tions, however, show much larger differences; an example is given in
table 11. During a heavy storm in March 1949 an exceptional quantity
of no less than 447 mg/l was measured. The next day already this
amount had been reduced to 20 mg/l. Obviously the higher average
values in winter are not caused by a constant higher level of concen-
tration, but by extra high values on days with strong wind. Such days
occur more frequently in winter than in summer.

The observations at the main stations of fig. 22 were carried out on
calm days, with the exception of those at station 14. It is interesting to
compare this station with the nearby station 13, where measurements
were made under normal wind conditions; in both cases the depth
of the water was about the same. On the rough day the concentration
of suspended matter was from 4 to 5 times as high as on the calm day
(table 8; fig. 31). It is clearly to be seen that sand contributes more
to this increase of concentration than the finer material does, probably
because the bottom near the stations is poor in silt.

From the above observations it may be concluded that wind has an
appreciable influence on the amount of material in suspension. Since
most observations were carried out on calm days in summer, the
average silt values found are lower than the true annual average;
judging from figures obtained for the harbour of Den Helder they are
perhaps even twice as low. On the other hand, the constant weather
conditions during the observations increased the probability that the

TABLE 12

The average surface concentration of suspended matter in a section compared with
the concentration in the same section a day or a few days later; for positions of
sections compare fig. 22.

Section First observation mg/l Second observation mg/l Difference,
mg/l

2, A-D 1949, 31 May 17.3 1949, 1 June 15.3 =20
3, A-D 1 June 13.3 2 June 10.7 —=12.6
4, A-D 2 June 8.4 3 June 7-4 — 1.0
5, A-D g June 16.3 9 June 21.7 + 5.4
6, A-D 9 June 15.7 10 June 17.3 + 1.6
7, A-J 10 June 15.1 11 June 12.9 — 2.2
7, A=J 11 June 12.9 13 June 14.0 + LI
8, A-D 13 June 16.0 14 June 14.3 =~ L.
11, A-F 18 August 21.7 19 August 26.3 + 4.7
12, A-D 18 August 22.6 20 August 17.2 — 5.4
13, A-D 20 August 17.6 23 August 13.5 — 4.1
14, A-D 23 August 20.5 24 August 68.4 +47.9
15, A-C 24 August 60.9 25 August 43.9 —I7.0
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measurements are mutually comparable. This was checked by carrying
out measurements twice at the same station. The differences from one
day of observation to the other are low, when compared with the
differences from station to station (table 12).

A comparison of figs. 23 and 24 makes it quite clear already that
sand must have a geographical distribution different from that of silt.
Station 3 of fig. 23, situated in the tidal inlet, shows high values for
sand and low ones for silt. The reverse is the case at station 8 (fig. 24),
situated farther inward. Full particulars about average concentrations
of sand and silt are given in table 8. They show that high sand con-
centrations occur only in the tidal inlet. The quantities of sand in sus-
pension are found to decrease as one moves from the Marsdiep either
to the Wadden Sea or to the North Sea. Obviously, only the strong
currents prevailing in the Marsdiep are able to bring large amounts
of sand into suspension.

The geographical distribution of silt will be discussed in more detail.
Figs. 32, 33 and 34 give the minimum values, the average and the
maximum values respectively. By minimum values are meant the

Fig. 32. Geographical distribution of silt; minimum concentrations.
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Fig. 33. Geographical distribution of silt; average concentrations, compare table 8.

lowest values observed, generally around high water at the end of the
flooding tide. The average values are the arithmetic means of all
figures collected at a certain station during one tidal cycle. Maximum
values indicate the largest quantities of silt, mostly measured during
or shortly after maximum flood or ebb current; the differences between
flood and ebb maxima are mostly small. Both maximum and minimum
values refer to the average concentrations along the vertical.

The geographical distribution of the average silt values shows a
gradual increase of suspended silt from the North Sea inward (fig. 33).
The increase is most pronounced in the direction of the coast and the
Afsluitdijk. At the western end of the dike values up to 60 mg/l are
found. Along the Texelstroom suspended silt increases only slowly. To
give a clear picture of the distribution some isographs are drawn, but
no special importance should be attached to their course.

Roughly the same pattern is found for the geographical distribution
of maximum and minimum values; in the latter case the differences
from station to station are very small. It may therefore be concluded
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Fig. 34. Geographical distribution of silt; maximum concentrations.

that throughout the whole tide the silt concentration within the Wad-
den Sea is on a higher level than in the North Sea and that this con-
centration increases gradually in the direction of the coast.

From fig. 33 and table 8 the average concentration of suspended silt
of the part of the Wadden Sea here studied has been estimated at 18
mg/l. The average concentration of sand is about 5 mg/1 (see table 8),
so that the total average amounts to 23 mg/l. The adjoining part of
the North Sea contains only 6 mg/l of suspended silt or one third of the
Wadden Sea value (see below). It has been remarked already that
these values only hold for calm weather conditions.

Not only in the area dealt with in this investigation, but also in
other parts of the Wadden Sea, is the silt content of the water relatively
high, as appears from observations by GRy (1943) in areas near Esbjerg
(Denmark) and by HaGeN (1856; compare KALLE, 1945) and LUNE-
BURG (1951) for the Jade Bay. Also Kamps (personal communication)
found the same for the eastern part of the Dutch Wadden Sea.

Before we can discuss the cause of these high concentrations, it is
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necessary to know the quantities of suspended silt of the surrounding
areas that exchange water with the Wadden Sea. In this respect the
North Sea and the IJsselmeer are of importance.

North Sea observations were carried out during calm weather in
four sections perpendicular to the Dutch coast, in a section running
parallel with the coast, and from the lightvessel Texel off the Marsdiep
(fig. 1, table 13 and fig. 35). With the exception of those measured close

SUSP MATTER by land, the values for the
MG . total of suspended matter
are low. The above men-

16 tioned value of 6 mg/l has

been accepted as the silt

14 25_6.50 concentration of the wa-

— SURFACE ter ente{'ing the Marsdicg.

- A _ Considerable quanti-

ties of water are further

supplied to the Wadden

10 Sea by the IJsselmeer. A
number of data were col-

8 lected about the fresh wa-

ter discharged at Den
Oever and Kornwerder-
zand (table 14). Suspend-
ed matter was found to
vary between 10 and 30
mg/l, with an average
concentration of about 15
mg/l. It will be observed
that this amount lies be-
o) low the average silt con-

4567 89101121314 15H (enration of the adjoin-

Fig. 35. Variation of total suspended matter near ing part of the Wadden
the Dutch lightvessel Texel; for location compare Ses itself and even below
fig. 1.
% the over-all average of
18 mg/l. No quantities of sand of any importance were found in the
IJsselmeer water.

4. TRANSPORT OF SUSPENDED SILT

For a discussion of the causes of the geographical distribution of silt
observed it will be of importance to know the quantities of silt trans-
ported by the tidal currents and to determine whether there is a signif-
icant difference between the figures for ebb and flood.
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TABLE 13

Total suspended matter in the North Sea near the Dutch coast; compare fig. 1.

Nr. Date Latitude  Distance Depth,  Total suspended matter, mg|l Remarks
Station fmir: ;:‘ad HW,m Surface Bottom

1 23-6-49 52°54° 22 8.5 7.5 16.4 Section off
2 48 115 7.9 18.0 Callantsoog;
3 7.6 18.0 7.9 8.2 average of one tide
4 10.5 19.0 5.3 7.5
5 13.5 22.0 5.9 3.6
6 16.2 24.5 5.5 6.6
7 28-6-49 52° ¢ 3.6 11.5 6.5 19.0 Section off
8 5.1 16.0 6.8 8.4 Wassenaar; average
9 6.5 18.5 5.1 6.8  of one tide

10 7.9 18.5 6.6 6.9

11 9.6 19.0 4.8 5.9

12 11.2  20.0 6.0 7.0

13 24-6-49 8- — 3.8 - 11 Surface samples

: from Den Helder to
Hook of Holland

14 22-8-48 53°22 08 3.5 9.5( 2.2) 12.8( 1.3).Sectionoff Vlieland;

15 1.6 3.5 10.8( 3.1) 12.0 ( 2.7)average of one tide;

16 2.2 3.0 12.7( 4.1) 12.3( 2.0) data on sand in

17 2.9 8.5 11.6( 3.1) 14.2 ( 2.3) parentheses

18 3.3 150 10.2( 2.5) 14.7( 4.2)

19 28 155 9.4(29) 9.7( 1.9)

20 22-8-49 53°18’ 0.4 2.0 19.9(10.9) 26.1 (11.4) Section off Texel;

21 0.8 2.0 15.4/( 5.5) 20.5( 6.2) average of one tide;

22 1.3 5.0 17.3( 9.4) 14.4 ( 4.2) data on sand in

23 1.7 6.5 11.0( 2.9) 19.8 ( 5.8) parentheses

24 3.8 11.5 6.9( 1.6) 12.1( 1.7)

25 4.6 14.5 7.2(39) 81( 18)

26  22-9-49 8- — 5.0 — 9 Surface samples
from Terschelling
to Den Helder

27  22-6-50 13.— 22.0 8.5 16.8 Lightvessel Texel,
H.W., wind force 7

27 25-6-50 13— 22.0 5.7 6.0 Light vessel Texel.
tidal average

28  26-6-50 13.— 22.0 4.5 6.0 Lightvessel Texel,
H.W., wind force
1-3.

The amounts of silt passing the stations of observation during ebb
and flood tide respectively can be found by multiplying the figure for
silt by that for the current velocity measured simultaneously. If silt
concentration is given in mg/l and current velocity in dm/sec the
result can be expressed in milligrams of silt passing every second
through a vertical area of one dm? perpendicular to the current.
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TABLE 14

Total suspended matter in fresh water discharged from the IJsselmeer at Den Oever
and Kornwerderzand around low water.

Date 1950 Den Oever, mg/l l Date Den Oever, mg/l Kornwerderzand, mgfl
1-8 17.9 1 49 — 9.9
2-8 11.9 ' 5-9 9.7 10.1
3-8 12.6 . 5-9 12.9 13.3
4-8 11.7 8-9 14.3 16.5
4-8 21.0 ‘ 8-9 8.0 —
5-8 15.8 " 9-9 9.7 21.4
5-8 11.4 1 11-9 10.6 20.0
7-8 9.2 . 12-9 8.4 22.8
8-8 10.7 12-9 i 10.0

14-8 14.3 13-9 10.4 22.9
15-8 12.8 13-9 12.2 16.5
17-8 11.9 14-9 11.3 14.5
18-8 12.2 14-9 17.0 15.7
19-8 15.2 15-9 10.5 18.6
25-8 13.1 15-9 14.6 —
26-8 . 14.8 18-9 18.2 24.5
28-8 14.7 19-9 — 45.0
29-8 I1.1 19-9 11.6 23.5
30-8 13.3 20-9 — 17.5
30-8 12.0 20-9 15.9 32.0
31-8 11.3 21-9 17.9 22.5
31-8 17.8 ; 22-9 18.4 17.6
1-9 12.6 ‘ 23-9 13.8 14.5
24-9 - 15-4
24-9 18.1 13.3
25-9 13.3 21.7
25-9 I1.1 17.1
26-9 24.0 22.7
26-9 14.7 18.2
27-9 — I1.1
27-9 12.6 14.7
28-9 14.1 23.3
28-9 13.6 22.6
1 29-9 1.5 12.5
29-9 16.3 17.5
‘ 30-9 — 15.6
‘ 30-9 12.9 13.6
| 1-10 13.1 S
Average 13.5 5 13.5 18.8

The example given in fig. 36 is based on data regarding silt and
current found in fig. 23; the vertical mean of silt concentration had
to be used, because only the vertical mean of current velocity was
measured. In the graph the areas enclosed by the horizontal axis and
the curve therefore represent the total quantities of silt transported
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Fig. 36. Transport of silt at station 3 of fig. 22, compare also fig. 23.

through one dm?in flood and ebb direction respectively. The difference
between the two areas represents the residual transport of silt, which
in this particular case is found to be in ebb direction.

In this way the transport of silt has been calculated for most of the
main stations of observation (table 15). In some cases flood transport
is found to be larger than ebb transport, sometimes the reverse is the
case, and a few times there is no appreciable difference. The results
thus provide no general evidence for the existence of a one-sided
transport of silt. Perhaps an exception must be made for some areas,
for example the tidal channel Omdraai, where all observations indicate
a residual transport in flood direction (stations 22, 23 and 24). This
channel forms the connection between the Marsdiep tidal area and
the area of the Vlie tidal inlet and a surplus of silt may therefore be
transported from the former to the latter area. A cross-section of the
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TABLE 15

Transport of suspended silt at the main stations; compare figs. 22 and 37, and

table 8.
Nr. Flood, Ebb, Residual Nr. Flood, Ebb, Residual
Station g/dm* g/dm? transport, Station gldm* g/dm* transport,
g/dm* g/dm*
3 1620 2270 Ebb 650 16 2190 1510 Flood 680
4 1620 = — 17 — 2450 —
5 2920 3580 Ebb 660 18 1590 1680 Ebb 90
6 4210 3720 Flood 490 19 770 1020 Ebb 250
7 - 1620 — 20 550 270 Flood 280
8 3120 3010 Flood 110 21 300 290 Flood 10

9 1060 450 Flood 610 22 2130 900 Flood 1230
10 20920 2200 Flood 630 23 igto 1690 Flood 220
11 2870 3240 Ebb 370 23 2400 1650 Flood 750
It 1730 2540 Ebb 810 24 1230 790 Flood 440

12 1220 2000 Ebb 780 25 — 410 —
13 2170 3210 Ebb 1040 26 1720 970 Ebb 750
14 5010 13220 Ebb 8210 27 — 700 —
15 — 2230 — 28 360 130 Flood 230

29 170 240 Ebb 70

channel formed by the above-mentioned stations covers at mean water
level (N.A.P.) an area of 10® dm? so that roughly 0.7 x 10°® kg of
suspended silt (dry weight) would be transported through the Om-
draai to the north in every tidal period. It is possible, however, that
part of this amount is transported back over the flats; compare stations
18, 19 and 26. =

A comparison of table 15 with table 1o (see also fig. 37) shows that
residual transport of silt is mainly caused by residual transport of
water and not by a larger concentration of silt during one of the
two tidal phases. This shifts the problem mainly to the question of
residual water movement in the Wadden Sea. So far there is no con-
clusive evidence of the existence of such residual transport. On the
contrary, current measurements by Rijkswaterstaat (unpublished re-
ports of VAN VEEN, 1934, and FERGUSON, 1939) show that ebb and
flood transport through the Marsdiep and Vlie tidal inlets do not
differ to a significant degree. According to these observations the total
transport of water through the Marsdiep by the flood tide is 0.875 x
10° m® and by the ebb tide 0.99 X 10° m?, but the possible error of
observation is considered to be too large to attach value to this
difference. In the Vlie tidal inlet these values amount to 0.88 x 10° m3
for the flood and 0.85 x 10? m? for the ebb. Our own observations on
the distribution of salinity and temperature do not point to a net
transport of water in one direction or the other either (compare
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Posrma, 1950). Therefore, residual transport of water, if actually
existing, is considered to be of minor importance. Consequently, the
same applies to the transport of silt.

The transport of silt through the Marsdiep can be roughly estimated
by combining the above figures found by Rijkswaterstaat with the total
average silt concentrationin BT ¥ oD
the transverse section of the gfrt
tidal inlet (table 8, stations
3 and 3A—3D, and fig. 38). i
This average amounts to 8.5
mg/l; the total quantity of .
silt transported in ebb or
flood direction may therefore .
amount to 8 x 10° kg.

Attention may once more be g’é‘g ER .

drawn here to the fact that the - FLooD
observations were carried out °8 7©5 4320,/ 1 234567 Bmf
under normal wind conditions.

However, especially on days with

strong winds or storm, much more L
particulate matter is broughtinto 500
suspension and transported than :
is normally the case. Since most
strong winds blow from the ® .
south-west it is possible that this

causes an over-all transport of 1000
water and silt to the north-east,
that is from the North Sea to the £Es

Wadden Sea and from one part of Fig. 37. Relation between the residual transport
the Wadden Sea to the other. This  of water, expressed in km, and residual trans-
residual transport may quantita- port of silt, expressed in g/dm?, at the main
tively be of much importance. stations of fig. 22.

One might ask whether it means

a gain of silt for the Wadden Sea area. The answer must remain doubtful. The
Marsdiep area will probably lose silt in this way, since North Sea water, relati-
vely poor in suspended silt, will enter the area through the Marsdiep and water
rich in silt is moved to the east.

Another effect of strong winds may be of even more importance. Although these
matters are to be discussed in later chapters it may be mentioned here already
that the quantity of suspended silt present in the Wadden Sea depends among
other things on the rate of water exchange between the Wadden Sea and North
Sea. The rate of exchange is certainly accelerated by strong winds and this will
cause an extra transport of suspended silt back to the North Sea, especially since
it is combined with higher concentrations of silt in suspension.

The quantity of silt supplied to the Wadden Sea by the IJsselmeer
can easily be calculated since both water discharge (16.8 X 108 m?)
and silt concentration (15 mg/l) are known (tables 1 and 14). It
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Fig. 38. Transverse section of the Marsdiep; average concentration of sand and silt
(stations 3 and 2 A—3 D of fig. 22) and grain size of the bottom sediment.

amounts to 0.25 x 108 kg of silt per tide. This is a very small quantity
as compared with the amounts of silt transported in the Wadden Sea
itself.

So far no attention has been given to the transport of sand. Some
information on this point can be obtained from the data of tables 8
and 13. The differences between individual stations as regards the
concentration of sand are much larger than in the case of silt; the
measurements along the cross-section of the Marsdiep may serve as an
illustration (fig. 38). Obviously changes in the disposition of bottom
material are greater in one place than in another; probably channels
and flats become deeper at certain points and are more or less filled
up at others. For example, FERGUsoN (unpublished report of the
,,Rijkswaterstaat”, 1943) has observed that the tidal channel Molen-
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gat, west of the Marsdiep, grew deeper during the period 1935-'38,
while at the same time the Texelstroom, east of the Marsdiep, became
shallower. This may partly be due to transport of sand from one chan-
nel to the other.

The transport of sand into the Wadden Sea has been discussed in
greater detail by VAN BENDEGOM (1950), who supposes that the Wad-
den Sea bottom follows the rise in mean sea level, which would involve
a transportation of sand from the North Sea to the flats. This sand is
provided by the Dutch North Sea coast. From the rate of coastal
recession during the last 100 years VAN BENDEGOM calculated that
every year about 3.5 X 10® m® of sand would be available for the
western Wadden Sea. Of this amount about 1.75 X 10® m? of sand/
year or about 2.5 x 10°% kg (dry weight) per tide may enter the area
through the Marsdiep. The amount of water transported through this
tidal inlet by ebb and flood being about 10? m3, a surplus concentra-
tion of 2.5 mg/l during the flooding tide would be sufficient to bring
about such a movement of sand. Actually, the average concentration
of sand in the water passing through the Marsdiep amounts to about
30 mg/l (table 8, stations 3 and 3A—3D, and fig. 38), so that a dif-
ference of 2.5 mg/l might easily escape observation, especially because
much sand may be transported along the bottom, and therefore not be
observed in sampling. Therefore the data for sand, in contrast to those
for silt, have little value for transport calculations.

5. THE ACCUMULATION OF SUSPENDED SILT

It has been shown on p.57 (figs. 32, 33 and 34) that the concentration
of suspended silt in the Wadden Sea is considerably higher than in the
North Sea. As the exchange of water between the two areas is intensive
(see chapter II), this ought to cause a residual transport of silt along
the gradient from the former area to the latter. In trying to evaluate
the extent of such a residual transport we may assume that the distribu-
tion of suspended silt agrees with that of the fresh water (compare
figs. 33 and 14 B). In that case during every tide about 89, of the
excess of suspended silt in the Wadden Sea must be transported to the
North Sea. If the surplus concentration of silt is taken tobe 18 — 6 = 12
mg/l (pp. 57 and 58), and the high tide volume of the Marsdiep area
is put at 3.1 X 10° m? (table 1), the surplus transport by the ebb
movement should amount to 3 X 10° kg per tide.

It may be assumed for a moment that this amount of silt is actually
transported in the course of every tide to the North Sea. In that case
this loss should be neutralized by a gain from some source or other.
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Since high silt concentrations are related with low salinity values, it
may be asked whether the supply of silt from the IJsselmeer yields
sufficient quantities. As a matter of fact, the amount of 0.25 x 10° kg
per tide found on p. 64 is almost negligible if compared with the quan-
tity of 3 X 10° kg to be accounted for. Besides, no considerable quan-
tities of fresh water are discharged into the eastern part of the Dutch
Wadden Sea, where the silt concentrations are also high.

The suggestion might be made that fresh amounts of silt are con-
stantly brought into suspension by abrasion from the bottom of the
Wadden Sea or certain sections of the coast. This appears to be the
case in the Danish Wadden Sea, according to Gry (1943). However,
neither extensive changes in bottom configuration nor coastal erosion
take place in the Marsdiep area.

As no other sources for the supply of silt than the above-mentioned
ones are available, one is led to the conclusion that eventual losses
to the North Sea must be balanced by a gain from the same area.
This conclusion is also supported by the observations on p. 63, which
show that the amounts of silt transported through the tidal inlet by
the ebb tide and the flood tide are approximately equal. As the total
transport of silt during ebb or flood is 8 x 10° kg, an ebb surplus of
3 % 10°% kg would most probably not have escaped observation.

If, however, no excess transport of silt to the North Sea should
exist, this would mean that silt is accumulated within the Wadden Sea
against its own gradient. In others words, the levelling effect of the
water exchange between Wadden Sea and North Sea would be opposed
by a force causing accumulation of silt, especially in the interior part
of the Wadden Sea. A state of equilibrium would be reached if the
two forces neutralized each other.

In this connection the following argument may be enlightening. We
may for a moment assume that some dissolved, non-suspended sub-
stance is present in a higher concentration in the Wadden Sea itself
than in the North Sea, for example because a surplus of the substance
is temporarily introduced into the area together with the fresh water.
In fact, fresh water itself may be regarded as a “‘negative’ dissolved
substance. It is self-evident that some time after the supply has been
cut off, the higher concentration of the Wadden Sea will have dropped
again to the concentration of the North Sea. If, therefore, such a
levelling effect is not found in the case of'silt, one may well ask whether
this can be due to the fact that silt is not a dissolved, but a suspended
substance. Contrary to the concentration of most dissolved substances,
the concentration of suspended substances increases downwards from
the surface to the bottom. Moreover, the concentration of the latter
is subject to tidal variations (see figs. 23, 24 and 25). The accumulation
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of silt may therefore either be caused by the gradient of silt along the
vertical or by tidal differences in silt concentration. Both possibilities
will be discussed here.

1. An increase in silt concentration from the water surface to the
bottom could result in an accumulation of silt, if the bottom water
were to show an over-all transport in the direction of the interior of
the Wadden Sea and the surface water a similar transport in the
opposite direction. This would cause a surplus transport and an accu-
mulation of suspended silt inward. In a state of equilibrium the loss in
one direction would neutralize the surplus transport in the other.

The above-mentioned circulation of water frequently occurs in
estuaries, but is not found in the Wadden Sea, with the exception of
the areas quite near the IJsselmeer sluices. Therefore, the explanation
offered certainly does not hold for the Wadden Sea as a whole. A
second objection is the existence of high silt concentrations near the
Frisian coast, where no large quantities of fresh water are discharged
and, consequently, no circulation of the type discussed above exists. It
must therefore be concluded that the explanation suggested is not
capable of general application.

Attention may be drawn here to another effect of fresh water on suspended silt.
It is generally assumed that mixing of fresh and salt water causes colloidal and
finely divided suspended matter to combine to particles of larger size. Such particles
will settle more easily. The same accumulation of silt results from the activity of
molluscs, which with their filtering mechanisms produce faecal pellets (VERWEY,
1952). These processes probably support the accumulation of silt both at the bottom
and in the water, but they do not provide an explanation for the mechanism of
this accumulation.

2. It may also be suggested that the transport of silt into the Wadden
Sea against the gradient is in some way or other caused by the varia-
tions in silt concentration during the tidal cycle. This transport may
be supposed to neutralize an equally large loss of silt in an opposite
direction, caused by the water exchange in the same direction as the
silt gradient.

The tidal variations of silt must then be supposed to act in such a
way that the pattern of behaviour exhibited by ebb and flood in rela-
tion to silt is asymmetric, the ebb tide not being able to carry back all
the silt carried inward by the flood.

In this connection attention may be drawn to fig. 39, which shows
the percentages of silt in bottom samples taken by the Zoological
Station for biological purposes (see also HANSEN, 1952). Unfortunately
the samples are not divided equally over the area, data relating to
flats being scarce. Nevertheless, the difference between the distribution
of sand and that of silt is clearly brought out. This divergence is in the
first place caused by the progressive decrease of water movement from
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Fig. 39. Mud content of bottom samples collected with a Van Veen bottom sampler,

primarily for biological research. Large circles indicate mud to half sand—half mud,

smaller circles half sand-half mud to sand with little mud, smallest circles sand with
very little or no mud, points coarse sand, often with gravel and shell remains.

the North Sea to the Wadden Sea interior. A soft bottom can never
exist in places frequently exposed to the impact of waves or places
where strong currents prevail. Silty areas are therefore restricted to
flats protected against strong winds by the coast and some places near
the coast too deep for the impact of waves to have any effect, and with-
out strong currents (for example Vlieter and Amsteldiep, fig. 2).

If fig. 39 is compared with fig. 33, we are struck by the fact that the
distribution of bottom silt corresponds to a notable degree with the
distribution of suspended silt. The effect that creates the silt gradient
may therefore also be connected with decreasing water movement
from the outer to the inner part of the Wadden Sea. This point of view
is also supported by the fact that the tidal flats in the eastern Dutch
Wadden Sea, better sheltered from strong winds than those of the
western Wadden Sea, besides being more silty, are also marked by very
high quantities of suspended silt (Kawmps, personal communication).
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In view of these considerations we may try to base an explanation
on what we know about the inertia exhibited by suspended silt in
reacting to changes of currents, discussed on p. 43—48. It has been shown
that the amount of silt in suspension at each phase of a period of in-
creasing current velocity is constantly lower than the amount found
for the corresponding velocity after the steady state has been attained;
during decreasing current velocity the reverse was found to be the case.

If we follow up this line of thought, the behaviour of a certain mass
of water during its displacement by the flood may be studied. As long
as the mass of water is travelling in the large channels, its flow is much
faster than it becomes farther inward, and it contains the amount of
silt appropriate to the turbulence caused by this rate of flow. More or
less gradually, however, the mean current velocity decreases. The silt
content being too high in relation to this slower rate of flow, part of it
will slowly settle to the bottom. Because silt reacts so slowly to velocity
changes, however, it will be transported farther in flood direction than
would have happened if sinking took no time.

After the turn of the tide the mass of water will move in an opposite
direction. However, the inert reaction of the silt to the decrease of
current velocity during the transport inward has caused the silt to
settle in places, where the current is actually too weak to carry it away.
Therefore, if ebb and flood have about the same current velocity, a
certain fraction of silt is left behind on the bottom. The latter therefore
receives a second enrichment of silt above the one caused in the first
instance by the decrease in water movement towards the Wadden Sea
interior. The process repeats itself during every tidal period, until the
bottom has become so silty, and the concentration of silt in the water
overhead has become so high, that the gradient of silt thus generated
neutralizes the residual transport inward.

The explanation of silt accumulation as developed above, if true,
will hold for the whole of the Wadden Sea, since it is based on the
progressive decrease of water movement towards the coast. In different
localities, however, other forces may also play a réle or be of even more
importance. Near the mouths of the rivers Ems, Weser and Elbe, the
supply of fresh water may exert a much greater influence than in the
Dutch Wadden Sea and the explanation given on p. 67 may be valid.
As said before, GrRy (1943) has shown that in the northern part of the
Danish Wadden Sea high concentrations of suspended silt are caused
by erosion of coastal marshes. The same may be the case in other areas.

It may further be remarked that according to the above theory the
silt gradient depends not only on the decrease in current velocity or,
to put it more generally, on the decrease in water movement inward,
but also on the concentration of suspended silt in the North Sea.
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It may finally be observed that accumulation of silt in either the
first or the second way discussed above may also occur in other estuaries
than those of the Wadden Sea region. Especially the accumulation of
suspended matter caused by estuarine water circulation (p. 24) may
be of more widespread importance. The Nieuwe Waterweg near Rot-
terdam may serve as a fine example, compare CANTER CREMERS (1921).
Many coastal harbours where fresh water is discharged may provide
other instances.

IV. THE CYCLE OF ORGANIC MATTER

From a biological point of view organic matter constitutes the most
important part of the suspended material. Sessile plants being practi-
cally absent, the production of particulate organic material by phyto-
plankton organisms forms the basis of animal life and determines its
density. The main purpose of this chapter will be to gain an insight
into this organic production.

Particulate organic matter, from a non-biological point of view,
behaves as part of the suspended matter. This point will be treated
in detail. Moreover, a study will be made of the seasonal variations
of organic matter caused by varying rates of decomposition and product-
ion in the course of the year. Further, the exchange of organic matter
between Wadden Sea and North Sea will be discussed. It will be shown
that there is a residual transport of organic matter from the North
Sea into the Wadden Sea. An attempt will be made to evaluate the
quantitative importance of this transport and, further, to determine
total phytoplankton production and mineralization of organic matter
in the Marsdiep area. In this connection a study was made of the cycle
of phosphorus and of chlorophyll, the former being a factor regulating
production, the latter being a measure for the amount of phytoplankton.

Observations on organic matter, phosphorus components and chlo-
rophyll were mostly carried out along the same section where also
salinity data were collected (fig. 13). To supplement these observ-
ations a number of measurements were carried out in other parts of the
Marsdiep area, especially in the harbour of Den Helder, which pro-
vided a convenient opportunity for daily observations. The complete
data are on file at the Zoological Station.

I. QUANTITY AND COMPOSITION OF PARTICULATE
ORGANIC MATTER

If suspended matter is examined under the microscope, sand grains,
pieces of shells and living plankton are easily discerned. Besides these,
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a relatively large amount of dead organic matter is found to be present.
It will be referred to hereafter as detritus, which consists of dead or-
ganisms and all kinds of organic debris. The quantitative relation be-
tween dead and living organic matter is difficult to determine, but in
the Wadden Sea the dead material certainly forms the major part,
possibly up to more than 9o'%, of the total (p. 98). For the North Sea
VAN Goor (1923, p. 173) estimated that the aggregate of organic
detritus is 50-100 times as large as the amount of plankton organisms;
this value, however, may be rather inaccurate. In the Bay of Kiel more
than g5 9%, of the particulate organic matter consists of detritus (GrLL-
BRICHT, 1951), whereas in the English Channel this percentage
amounts to only 15-30 %, (ARMsTRONG and HARVEY, 1950, p. 151).

VERWEY (1952) assumes that the high percentage of dead organic
matter present in estuarine areas is caused by the mixing of different
water masses. He supposes that part of the plankton organisms are
killed by sudden changes of temperature and salinity (see also BRock-
MANN, 1908, 1929 and KiUHL and MANN, 1953). In addition, however,
the percentage of detritus may be influenced by water movement. In
deep or quiet water plankton debris may disappear from the water
column because it sinks down to the bottom, whereas in shallow areas
settling of detritus may to a large degree be prevented by the influence
of wind and currents.

In the particular case of the Wadden Sea it is further possible that
here much suspended matter, containing living as well as dead organic
material, is filtered from the water through the activity of molluscs,
while only dead organic matter in the form of faecal pellets is returned
(VERWEY, 1952). In this way the quantity of detritus may be augment-
ed at the expense of living organic matter, although faecal pellets are
perhaps not brought into suspension easily. We shall return to these
points on p. 91-93

The chemical analyses of suspended matter have been discussed
already on p. 9. Attention may be drawn here especially to the last
column of table 4, giving the relation of C, N and P for the organic
material. There are considerable differences in chemical composition
from one sample to another, but the average of all determinations, 40:
7.4: 1, does not differ significantly from the relation 41:7.2:1 for living
plankton (CooPER, 1934; FLEMING, 1940; KETCHUM and REDFIELD,
1949; for a summary see SVERDRUP, JoHNsON and FLEMING, 1946, p.
236; for North Sea samples compare also BRanDT and RABEN, 1920).
Since it has been assumed that a large part of the organic matter con-
sists of detritus, the relation apparently also holds for the latter, al-
though, according to SErweLL and SEIWELL (1938), phosphorus may
be mineralized more easily than the other elements.
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The amounts of organic matter present have been determined, first,
byloss through ignition and, secondly, by ascertaining the quantity of
particulate phosphorus. According to table 4, the phosphorus percent-
age amounts to about 19 if the ratio of carbon to organic matter is
put at 1:2.3. Other analyses, to be discussed below, give the somewhat
lower value of 0.7 9.

2. THE RELATION BETWEEN SUSPENDED ORGANIC MATTER
AND THE TOTAL AMOUNT OF SUSPENDED MATERIAL

It may be expected that particulate organic matter follows more or
less closely the quantitative variations of total suspended matter. This

TABLE 16 A

Organic matter, estimated from loss on ignition minus CO,, at the Wadden Sea
stations of table 8; compare also fig. 22.

31-5-49 I 27.8 2.5 8.9 much sand
1-6-49 2 13.8 1.3 9.4
2-6-49 3 32.2 2.6 7.8 much sand
3-6-49 4 22.6 2.0 8.9 much sand
9-6-49 5 30.8 4.1 13-3

10-6-49 6 27.5 44 15.6

11-6-49 7 13.1 2.7 20.7

13-6-49 8 34.6 4.3 12.4

14-6-49 9 27 3.9 14.4 only surface

TABLE 16 B

Organic matter, estimated from loss on ignition minus CO,, at the North Sea
stations of table 13; compare also fig. 1.

23-6-49 1 Surface 7.5 1.2

Bottom 16.4 1.4

Total 12.0 159 10.8
23-6-49 2 Surface 7.9 1.9

Bottom 18.0 3.5

Total 13.0 2.7 20.8
23-6-49 3 Surface 7.9 1.6

Bottom 8.2 1.5

Total 81 1.6 19.8
23-6-49 4 Surface 5.3 0.8

Bottom 7:5 0.8

Total 6.4 0.8 12.5
23-6-49 5 Surface 5.9 0.9

Bottom 3.6 0.9 -

Total 4.8 0.9 18.8
23-6-49 6 Surface 5.5 1.2

Bottom 6.6 0.8

Total 6.1 1.0 16.4
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supposition is confirmed by observations along the section of fig. 13.
The increase in total suspended matter causes an increase of its organic
component, the relation between the two being best represented in
most cases by a curved line, indicating that on the whole organic mat-
ter is more easily kept in suspension than the inorganic material (figs.

40 and 41).

Since it may be assumed that there is a direct correlation between
the quantity of organic matter and the quantity of silt (suspended
matter minus the sand fraction) the geographical distribution of organ-
ic matter will roughly correspond with the distribution of silt. If that
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Fig. 42. The progressive increase of suspended organic matter from the North Sea
to the Wadden Sea, June 1949; based on table 16.

is actually the case, the concentration of suspended organic matter of
the Wadden Sea will be from two to three times higher than that of
the North Sea. This is confirmed by measurements of organic matter
at stations in both areas during a complete tidal period (table 16,
fig. 42).

The conclusion seems justified that the concentration of suspended
organic matter in the Wadden Sea is maintained at its high level in
the same way as described for suspended silt in chapter ITI. However,
in contrast to silt, organic matter is constantly in process of decom-
position and synthetization. Therefore, a larger production of organic
matter in the Wadden Sea itself than in the North Sea may perhaps
also account for this gradient. We shall revert to this point on p 99.

A comparison of the graphs of figs. 40 and 41 makes it seem quite
probable that the amount of organic matter present changes in the
course of the year. The concentration of suspended organic matter is
relatively high in summer and low in winter. A more complete insight
into seasonal changes is obtained by considering all the different types
of observations available. Most of these observations were carried out
along the section of fig. 13; a number of others refer to measurements
carried out at other points of the Marsdiep area, especially in the har-
bour of Den Helder.

For every set of simultaneous observations the average quantities
of both organic and suspended matter were determined. As the average
quantity of suspended matter of the Marsdiep area is 23 mg/l (p 57),
all observations have been reduced to this mean value by means of
graphs like those of figs. 40 and 41. In this way the influence of quan-
titative variations of suspended matter has been eliminated, and the

75



figures for organic matter thus will roughly represent the average
amounts present. The results of the calculations are given in fig. 43,
one curve showing the seasonal changes of particulate P, the other the
quantitative variations of organic matter as derived from the difference
between ignition loss and carbon dioxide content. The latter is assumed
to be constant all the year round and therefore represented by a ho-
rizontal line, indicating the mean of the CO,-analyses, which is 1.8

8 "‘9/L A_IGNITION LOSS
6 \‘ o\.j\
Jo A

O ST NN N R SETS B 0T ST U T DR (PO W | SR S

I
pg-ayL B PARTICULATE P

o8 o~ el
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1949 ’ 1950 ! 1951

Fig. 43. Seasonal variation of organic matter (ignition loss minus carbon dioxide, A)

and suspended phosphorus (B). The large points refer to observations along the

section of fig. 13; the small points mainly refer to observations in the harbour of
Den Helder; the CO,-determinations are indicated by a cross.

mg/l or 87%, of the total of suspended matter. In summer organic
matter is found to amount to about 4 mg/l or 179, of all suspended
material, in winter it decreases to about 1 mg/l or 49,. Suspended
phosphorus shows roughly the same variations. The phosphorus per-
centage of organic matter appears to amount to about 0.7 %, which
is somewhat lower than the figure derived from the analyses of table 4.
Although every single point of fig. 43 is based on a set of observations, the resulting
curves derived are believed to indicate only the general trend of quantitative
changes of organic matter and no special value must be attached to the position
of summer maxima and winter minima.

Doubt may arise, moreover, if it is permissible to assume that the average quantity
of suspended matter amounts to the same value of 23 mg/l the whole year round,
because the winter averages proved to be greater than those of the summer months

76



CL‘._lL;l....- ..I.....l.....l..

1949 1950 1951

Fig. 44. Seasonal variation of phosphate in the Wadden Sea; average of the obser-
vations along the section of fig. 13.

(p- 54). However, this difference is caused by a more frequent occurrence of days
with much wind during the winter months. If these days are excluded, the winter
values for suspended matter are probably not very different from the summer
values. Since observations were nearly always carried out under quiet weather
conditions, also in winter, the summer figures are probably directly comparable
with the winter figures.

So far the following conclusions can be drawn. Generally spcaking, the
quantity of suspended organic matter in the Wadden Sea is roughly
proportional to that of suspended silt. Therefore, the distribution of
organic matter is probably about the same as that of silt as shown in
fig. 33 and the concentration within the Wadden Sea is high as com-
pared with that in the North Sea. Further, suspended orgamc matter
is subject to seasonal variations, the quantities being higher in summer
than in winter.

,ug-ayl_ PO
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1949 1950 1951
Fig. 45. Seasonal variation of phosphate in the harbour of Den Helder; observations
from the water pumped daily at high tide from about 1 m below the surface into
the aquarium of the Zoological Station.
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3. THE CYCLE OF PHOSPHORUS

Since phosphorus is essential to the production of organic matter, more
information on the cycle of organic matter may be obtained by studying
the variations in the components of this element. It is present in an
organic as well as an inorganic form and, besides, in a dissolved and a
particulate condition. Probably, inorganic particulate P is quantita-
tively of minor importance, compare p. 13; thus threeforms of Premain

mug-atf PO
Q7|
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o 1212-49
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o

O4 i
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o3 ---- bottom
= 13.7-51
NORTH SEA ~ DEN OEVER

a bchLAB12345678911131517
Fig. 46. Examples of the phosphate observations along the section of fig. 13.
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to be discussed: phosphate, dissolved organic phosphorus and particu-
late organic phosphorus. These three components will first be discussed
separately; after that their mutual relation will be examined.

A. Phosphate

The seasonal cycle of phosphate was studied by ScHEELE and VERWEY
(unpublished) from 1936 to 1940 in the harbour of Den Helder. This
study was continued in 1948 and extended, moreover, over the whole
of the Marsdiep area. As mentioned before, regular observations were
carried out in the section of fig. 13.

Phosphate is subject to seasonal changes and shows a marked
geographical distribution. The seasonal cycle of phosphate is represent-
ed in figs. 44 and 45. The annual variation corresponds with the
results of similar observations carried out in other places, for example
the English Channel, compare for example ARMSTRONG and HARVEY,
1950. In winter decomposition of organic matter prevails over assimila-
tion and organic phosphorus is mineralized to phosphate; in spring and
summer Wadden Sea phosphate is consumed by phytoplankton. The
maximum occurs in January, the minimum in May. Evidently, phos-
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Fig. 48. Observations in the IJsselmeer near the sluices of Den Oever; phosphorus
compounds.
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phorus is a limiting factor for phytoplankton growth, since in spring
phosphate is completely or nearly used up.

The data of stations 1—17 of fig. 13 may be used to form an idea of
the quantitative distribution of phosphate. Some series of observations
are given in fig. 46. The differences in phosphate-concentration from
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Fig. 49. Temperature, chlorinity and phosphate concentration of the North Sea

(full-drawn line) compared with the Wadden Sea (dotted line). The North Sea

values refer to observations about 15 km outside the Marsdiep; the Wadden Sea
figures are averages of observations along the section of fig. 13; compare table 17.

station to station are small, although salinity differences are often con-
siderable. Apparently, the phosphate-concentration of the 1Jsselmeer,
contrary to what might be expected, is about as high as that of the
Wadden Sea itself. This conclusion is borne out by measurements in
the IJsselmeer, which show that the concentration is even somewhat
lower there (fig. 47). — Further, phosphate in the North Sea will be
expected to be about as high as in the Wadden Sea. Observations,
however, carried out some fifteen kilometers outside the tidal inlet,
show that PO,-values are somewhat lower here too (fig. 49, table 17).

In view of the difference in phosphate content between thé North Sea and the
Wadden Sea and the exchange of water between the two areas, phosphate concen-
trations would be expected to increase slowly inward into the Wadden Sea. How-
ever, an examination of fig. 46 and all other data available shows that this is the
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case in only a few sets of observations. In about as many cases the reverse is true
and often there is no significant difference. Consequently, the fall from the standard
of concentration of the Wadden Sea to that of the North Sea must take place in the
relatively shortstretch ofabout 15km outside the tidal inlet. The following two reasons
may probably account for this abrupt gradient. First, near the sluice of Den Oever
the phosphate concentration is reduced in periods of a large supply of fresh water,
because the IJsselmeer has a lower phosphate concentration than the Wadden
Sea (fig. 47). Secondly, the fresh water discharged in relatively small amounts
into the harbour of Den Helder contains very large amounts of phosphate, on an
average about 20 ug-at/l (table 18). Therefore, the admixture of even small
amounts of this kind of water already causes an appreciable rise of phosphate. In
this way a phosphate gradient inside the tidal inlet is probably levelled out and the
fall to the North Sea value must take place just outside the tidal inlet.

The fresh water discharged into the harbour of Den Helder originates from the
Noordhollandsch Kanaal. The high phosphate content of the canal is partly caused
by sewage from the town of Den Helder, partly supplied by a large area south of
this town. That large quantities of phosphate may here be involved will appear
from the following computation. The phosphate concentration being 20 pg-at/!
and the water discharge per tide 0.8 x 10° m?, the quantity of phosphate supplied
to the Wadden Sea amounts to 16.0 x 10° ug-at, or 480 kg per tide. For the IJssel-
meer these figures are 0.3—0.4 ug-at/l, 16.9 x 10® m® per tide and 6.8 x ro? pg-at
phosphate or 204 kg of P per tide respectively. The canal therefore supplies more

TABLE 17
Phosphate and dissolved organic phosphorus in the North Sea; compare also fig. 47.

Date Temp.,° C. Cl %0 PO,, Diss.org. P, Total diss. P, Station
ng-atfl ug-at/l ug-at/l

I- 2-50 2.90 18.24 0.60 0.30 0.90  Outer buoy Molengat

I- 2-50 3.15 18.85 0.47 0.21 0.68 Lightvessel Texel
21- 2-50 5.03 17.12 0.60 0.23 0.89 Outer buoy Schulpengat
29- 3-50 7.56  17.43 0.17 0.46 0.63  Outer buoy Schulpengat
12- 4-50 7.88  18.37 0.05 0.63 0.68 Outer buoy Schulpengat
25- 4-50 8.51 18.44 trace - 0.59 0.59 Outer buoy Schulpengat
25- 5-50 12.84 17.83 0.12 0.62 0.77 Outer buoy Schulpengat

7- 6-50  17.21 18.13 0.05 0.41 0.46  Outer buoy Schulpengat
27- 6-50 - 18.10 0.05 — —  Lightvessel Texel
27- 6-50 — 17.04 — 0.58 0.58 Outer bouy Molengat
24- 8-50 18.11 18.18 0.22 0.56 0.78 Outer bouy Schulpengat
11-10-50 17.13 17.22 0.41 0.24 0.66 Outer buoy Schulpengat

20-12-50 4.47  14.64 0.72 — —  Outer buoy Molengat,
surface

20-12-50 4-42 16.68 0.50 0.17 0.67 Outer buoy Molengat,
bottom

20-12-50 6.56 19.19 0.40 0.14 0.44 Lightvessel Texel,
surface

20-12-50 6.71 19.16 0.36 0.14 0.50 Lightvessel Texel,
bottom

3- 1-51 4.18 . 17.04 0.59 — —  Outer buoy Schulpengat

6- 6-51 12.38  18.05 0.00 0.48 0.48 Lightvessel Texel
24- 8-51  18.00 17.27 0.18 0.65 0.83 Outer buoy Molengat
24- 8-51  18.01 17.82 0.21 0.54 0.75 Outer buoy Schulpengat
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phosphate than the IJsselmeer. However, for total phosphorus the quantities are
650 and 1050 kg respectively, because the canal water contains only relatively little
organic P, the IJsselmeer on the contrary considerable amounts (fig. 48).

Inside the harbour of Den Helder the large amounts of phosphate discharged
with the fresh water cause an inverse relation of chlorinity and phosphate (fig 50).
Outside the harbour this relation soon becomes imperceptible.
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Fig. 50. Relation between phosphate, resp. total phosphorus, and chlorinity in the
harbour of Den Helder.

Some sets of observations along traverses, running from Den Hel-
der in a north-easterly direction, show that phosphate is evenly
distributed through the whole Marsdiep area and adjoining areas
(table 19). Higher values near Den Helder may again be explained
from the influence of fresh water from the harbour,

B. Dissolved organic phosphorus

Measurements carried out along the section indicated in fig. 13 tend to
show more pronounced differences in dissolved organic P from one
station to another than in the case of phosphate (fig. 51).

In part these variations certainly represent actual differences, but they
may to some extent, at any rate, also be due to less accurate analyses,
although all determinations were run in duplicate; compare table 5.

Just as in the case of phosphate, the individual observations do not
show a consecutive gradient of dissolved organic P in the direction of
the North Sea or in the opposite direction. Nevertheless, as was shown
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TABLE 18
Phosphorus content of fresh water discharged in the harbour of Den Helder ; surface

samples.
Date 1951 PO,, pg-at/l Diss. org. P, pg-at/l Part. P, pg-at/l Total P, pg-at/l

14-2 18.6 5.1 0.4 24.3
4-4 8.8 4.2 1.6 14.6
21-6 24.3 6.1 0.7 313
4-8 21.5 7.2 4.1 32.8
13-10 20.3 9.1 1.4 30.8
15-12 26.1 1.6 3.3 30.9
average 19.9 5.5 1.9 27.4

TABLE IQ

Phosphate concentrations along a traverse from Den Helder to Terschelling and
back through the North Sea; 21 and 22 September 1949.

Time Temp.,° C. Cl, % g0 PO -, pg-at]l
21 Sept.
14.45 18.35 17.50 0.88 Marsdiep
15.00 18.44 18.28 0.65
15.10 18.32 18.28 0.69
15.30 18.09 18.33 0.56 Texelstroom-Omdraai-Oude Vlie
15.45 18.07 18.33 0.52
16.00 17.7% 18.33 0.42
16.15 17.64 18.41 0.46
16.30 17.83 18.41 0.41
16.45 18.08 18.43 0.43
17.00 18.19 18.48 0.50 Watershed Marsdiep-Vlie area
17.06 17.85 18.43 0.43 Inschot-Vliestroom-Schuitengat
17.20 17.90 18.51 0.41
17.35 17.73 18.49 0.41
17.50 17.84 18.50 0.39
18.05 17.84 18.44 0.45
18.20 17.86 18.42 0.38
18.35 17.82 18.43 0.36
18 50 17.79 18.43 0.57
22 Sept.
6.30 17.40 18.43 0.50
6.50 17.32 18.44 0.39
7.05 17.64 18.46 0.41
7.20 17.88 18.51 0.33 North Sea
7-35 18.09 18.51 0.31 )
7.50 18.25 18.54 0.19
8.05 18.29 18.51 0.35
8.37 18.46 18.53 —
9.07 18.52 18.65 0.26
10.05 18.42 18.63 0.31
10.35 18.40 18.34 0.32
11.20 18.37 18.12 0.44 Marsdiep
11.35 18.29 18.12 0.44
11.50 17.98 18.07 0.55
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Fig. 51. Observations of dissolved organic phosphorus along the section of fig. 12.

by measurements carried out some 15 kilometres outside the tidal inlet,
the concentration of dissolved organic P is lower in the North Sea
than in the Wadden Sea (table 23, p. 100). Just as in the case of phos-
phate, the concentration of dissolved organic P in the IJsselmeer (see
fig. 48) is not very different from that in the Wadden Sea, while the
concentration in the fresh water discharged at Den Helder is higher
(table 18). Thus the absence of a gradient of dissolved organic P may
be explained in about the same way as in the case of phosphate.
The seasonal variation of dissolved organic P is roughly the reverse
of that of phosphate, but runs parallel with that of particulate P (fig.
52). Apparently, the rise in organic suspended matter in spring on ac-
count of increased phytoplankton production is accompanied by a rise
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in soluble decomposition products contammg phosphorus. The maxi-
mum of approximately 0.8 ug-at/l is about as high as the winter value
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Fig. 52. Seasonal variation of dissolved organic
phosphorus; averages of observations along the
section of fig. 13.

for phosphate. In winter the
concentration decreases to
about 0.3 ug-at/l. Thus com-
plete mineralization of all
dissolved organic P is never
attained. Because the sea-
sonal variation in phosphate
content runs counter to that
of dissolved organic phos-
phorus, theseasonal changes
in total dissolved phosphorus

(phosphate plus dissolved orgamc P) are small (fig. 53). An inconspicu-
ous minimum may occur in spring (1950: May—June, 1951: March).
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Fig. 53. Combination of figs. 43B, 44 and 52, to show the seasonal variation of total
phosphorus and total dissolved phosphorus; for explanation see text.

86



C. Suspended organic phosphorus

As has been said before, suspended phosphorus may contain a small
quantity of inorganically combined P, but it is believed to consist
mainly of organic phosphorus. Since this component has been discussed
already on p. 13, a single remark may suffice here.

Maximum concentrations of particulate P occur in spring and sum-
mer when conditions for phytoplankton growth are most favourable
(0.8 ug-at/l, fig. 53); the concentration is at a minimum in winter
(0.2 pg-at/l). Even in summer, however, only a small part of all the
phosphorus present is actually contained in living matter: the particu-
late P itself will partly be present in detritus, while about one half of the
total P will be present as dissolved organic phosphorus.

4. THE EXCHANGE OF PHOSPHORUS BETWEEN WADDEN SEA
AND NORTH SEA

It has been shown in chapter III that the concentration of suspended
matter is higher inside the Wadden Sea than outside. This gradient has
been explained asresulting from the balance of two opposing influences.
One influence, the exchange of water between Wadden Sea and
North Sea, tends to level the gradient. The other, probably connected
with the progressive decrease of current velocities from the tidal inlet
to the coast, tends to accumulate suspended matter against the gradient.
This accumulating mechanism only affects suspended material.

Not only suspended matter, however, but also its organic compo-
nent (including particulate P) and also the dissolved P (phosphate and
dissolved organic P) were found to be present in higher concentrations
inside the Wadden Sea than outside. Though it must be admitted that
the gradient of dissolved P, as compared with that of particulate P,
is only small (no more than about 0.2-0.3 ug-at/l from the inner part
of the Wadden Sea to the outer), even this small gradient must cause
a net transport of dissolved P from the Wadden Sea to the North Sea.

Although the above value of 0.3 ug-at/l is only a very rough estimate,
it will here be used in an attempt to calculate the loss of dissolved P
to the North Sea. This will be done by means of the rate of the exchange
of fresh water, which is 8%, as we found in chapter II. The result of
a computation based on these data will give us some idea of the quan-
tity involved in spite of the fact that the geographical distribution of
dissolved P is different from the distribution of fresh water. As a matter
of fact, the actual distribution of dissolved P even seems to point to a
greater transport to the North Sea than the above 89%,, because com-
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paratively high concentrations of this substance are even found quite
near the tidal inlet.

Since the high tide volume of the Marsdiep area is 3.1 x 10° m?,
the total excess of dissolved P must be about 0.93 x 102 ug-at/l or
30,000 kg dissolved P. On the strength of the above percentage of
8%, we find that about 2400 kg of dissolved P would be transported
to the North Sea in every tidal period.

The question may be asked how this loss is compensated. First of
all it seems natural to suppose that dissolved P is brought into the
area together with the fresh water. Water rich in phosphorus from the
harbour of Den Helder, however, contributes only about 500 kg per
tide (p. 82). The supply from the IJsselmeer cannot increase the amount
of dissolved P in the Marsdiep area, as the concentration in the IJssel-
meer is too low. The supply of dissolved P by the fresh water is there-
fore insufficient to cover the loss.

It might further be supposed that the loss is neutralized at the expense
of the store of phosphorus in the bottom. There is indeed an extensive
exchange of P between the bottom and the water overhead, but it seems
improbable that this exchange should, on the whole, show a balance in
favour of the water rather than the reverse. It is more reasonable to
suppose that on an average the total amount of P in the bottom re-
mains the same.

The improbability of a sufficiently large and continuous supply of
P by the bottom to compensate for a continuous loss of about 1900
kg P per tide can be shown as follows. Determinations on a rather
silty tidal flat near Den Helder enable us to make a rough calculation
of the quantities of P present in the bottom. The total P content of 10
samples, from a traverse 250 meters in length, was found to vary be-
tween 10.8 and 4.9 ug-at/per gram of material - dried and free of salt —
with an average of 7.3 ug-at/g (table 20). Values of the same magnitude
(about 10 ug-at/g) have been found by HANTZSCHEL (1939) ; compare
also Moore (1930, 1931). A bottom layer 1 cm in thickness may there-
fore contain about 73 mg-at or about 2 g¢ P m2. The P-content of bot-
tom animals, which is about 0.2 g P m2, can be left out of account!.
The Mardiep area, covering 0.69 x 10° m? (table 1), may thus con-
tain about 1.4 x 10® kg P in a layer of 1 cm. Therefore, if the bottom
should have to supply 1900 kg P per tide or about 1.4 x 10° kg per
year, every year a layer of about 1 cm would be deprived completely of
phosphorus. Such a process could not possibly continue over many years.

! VERWEY (1952) estimated the density of molluscs in this part of the Wadden Sea
at some 10 individuals per m?; a full-grown animal contains about 1 g of organic
matter with a phosphorus content of about 19,. Hence these 10 animals contain
about 0.1 g P. Other bottom animals may contribute the same amount.
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TABLE 20

Phosphorus content of mud samples collected along a traverse over a tidal flat.
Zuidwal, 11 September 1951.

Nr. Total P, Location [ Total P, Location
Jig-at/g dry material ug-at/g dry material

I 10.8 Edge of bank 7 8.7 175 m

2 5.9 40 m from edge 8 7.6 190 m

3 4.9 70 m 9 6.6 205 m

4 5.8 100 m 10 7.8 220 m from edge
5 7.0 130 m ‘

6 8.2 160 m | average 7.3

Since no sufficient quantities of P are supplied to the water of the
Wadden Sea from the land-side or from the bottom of the Wadden Sea
itself, it only remains possible to assume that the amount of dissolved
P transported to the North Sea returns in some way or other from the
same area.

In this connection the supposition developed in chapter III, that a
balance of suspended matter is maintained between the North Sea
and the Wadden Sea, might provide an explanation. As soon as the
amount of particulate organic matter in the Wadden Sea decreases
as a result of insufficient production, organic matter will be supplied
from the North Sea, until a state of equilibrium is again attained. This
means that the loss of dissolved P to the North Sea is neutralized by the
transport of particulate organic P from the North Sea into the Wad-
den Sea.

The above assumption may also provide an explanation for the
seasonal variation observed in total phosphorus (dissolved P + par-
ticulate P). Unless phosphorus is lost to other areas, the total phos-
phorus content of a certain mass of water will remain constant,
whatever combinations may occur within the water mass itself. It
appears from fig. 53 that in the Wadden Sea total P does not maintain
a constant concentration all the year round, but is subject to seasonal
changes. A minimum occurs in January and a maximum round about
July. Apparently phosphorus is removed from the Wadden Sea water
in autumn and supplied again in spring. We may ask how this is
possible.

It might be suggested, that the seasonal variation in total phosphorus
is caused by an exchange between the bottom and the water overhead,
which would mean that phosphorus is released from the bottom in
spring and taken up again in autumn. However, this is contrary to
what might normally be expected. In spring and summer food is
abundant and the bottom population increases and is more active,
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thus causing the fixation of organic matter, including phosphorus, at
the expense of the water overhead. The reverse may take place in
autumn and winter.

On the other hand the exchange of phosphorus between Wadden
Sea and North Sea might also account for the seasonal changes. In
the author’s opinion it is indeed this phenomenon which is the real
cause of the changes in total P content in the course of the year. On
the strength of the argument set forth in preceding sections we may
assume that part of the suspended organic matter in the Wadden Sea is
provided by the North Sea; a decrease of suspended organic matter in
the North Sea would therefore also cause a decrease in the Wadden
Sea. Since the quantity of suspended organic matter, hence also of
particulate P, in the North Sea is higher in summer than in winter,
the Wadden Sea will follow these variations. In this connection it is of
importance to note that the variation in total P content is in the first
place caused by variations insuspended P. The concentration of dissolv-
ed P in the Wadden Sea exhibits only minor changes (fig. 53). At-
tention may yet be given to the quantitative relation between parti-
culate P, dissolved organic P and phosphate (table 23). In the Wadden
Sea these substances are found in the ratio of 1:0.9:0.8 (average of all
data available), which figures are more in favour of particulate P than
those for the North Sea near the coast, where the ratio is 1:1.6:1.2
(average of data of table 17). To find an explanation for this difference
we may pursue a line of argument analogous to the one followed be-
fore. In the Wadden Sea particulate P is constantly maintained in a
relatively high concentration, which is always about 2—3 times as high
as in the North Sea. Dissolved P, on the contrary, is exchanged freely
and therefore never attains values considerably higher in one area than
in the other.

The question finally arises, why also the concentration of dissolved
P is higher, though only to a small extent, inside the Wadden Sea than
outside.

In this connection it must be realized that the presence of large
quantities of suspended matter within this area may in itself be a
sufficient reason for the occurrence of a high concentration of decom-
position products. If two separate water masses, one containing more
particulate organic matter than the other, are compared under the
same conditions and in a state of equilibrium, it may be expected that
also the quantity of dissolved P in the first volume will be higher than
in the second.

Weshould notunduly simplify matters by assumingthat,if theWadden
Sea were to be separated from the North Sea, the former would (after
some time) contain particulate P and dissolved P in the same ratio
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as the North Sea. Still, if for a moment we allow this assumption, it
may serve to illustrate the following point. The concentration figures
of particulate P and dissolved P in the North Sea are 0.25 ug-at/l and
0.69 ug-at/l respectively (table 23). The Wadden Sea figure for par-
ticulate P is 0.5 ug-at/l; on the above assumption dissolved P ought
to have a concentration of 1.38 ug-at/l. The difference between this
theoretical figure and the concentration of 1.0 ug-at/l actually observ-
ed may be regarded as being due to the exchange of water between-
the two areas, which tends to reduce the value for dissolved P in the
Wadden Sea to the North Sea concentration of 0.69 ug-at/l.

No importance must be attached to the above value of 1.38 ug-at/l.
Nevertheless this hypothetical figure shows that an explanation of the
higher concentration of dissolved P in the Wadden Sea simply as a
result of the higher concentration of particulate organic matter is
possible.

The amount of dissolved P may further be increased at the expense
of particulate P through mineralization of the large amount of dead
and living organic matter present on and in the bottom of the Wadden
Sea. The quantity of organic matter that becomes decomposed will
probably to a large extent be replaced by a supply of particulate P
from the water overhead, although in some places bottom diatoms may
also contribute to this amount (Gréntved, 1949). In this way the amount
of dissolved P in the water may be increased at the expense of parti-
culate P. :

The part of the exchange due to the activity of molluscs allows of
quantitative determination. The cockle (Cardium edule 1..) and mussel
(Mpytilus edulis 1.), which form the greater part of the animal bottom
population, feed on suspended organic matter by filtering particulate
material from the water. VERWEY (1952; see also LINKE, 1940) estimates
that the quantities of suspended matter withdrawn in this way from
the water by their combined filtering activities must be put at no less
than 330 X 10° kg (dry weight) per year or 0.45 x 10°® kg per tide;
11 %, or 50.000 kg of this material per tide is considered by him as con-
sisting of organic matter. However, his calculations refer to the whole
area south of the watershed of Terschelling; if we consider only the
Marsdiep area, this leaves 69/156 X 50,000 = 22,000 kg (compare
table 1). Thisamount s partly used for the metabolism of the animals,
partly converted into living tissue and for the rest rejected with the
faeces. The metabolic products are directly returned to the water, the
other products indirectly after having been stored in the bottom for a
shorter or longer period.

The amount of particulate P strained from the water in this way is
about 19, of the organic matter, or 220 kg P, per tide. The greater
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TABLE 21

The excretion of phosphate by the Cockle (Cardium eduleL.) and the Mussel (Mpytilus
edulis L.).

Experiment I, 11-7-49. Experiment II, 26-6-50.  Experiment III
18 Cockles, 4 1 sea water 20 Cockles, 4 1 sea water 20 Cockles, 4 1 sea water
t = 16.9°C Cl = 17.96% 4 t = 17.1°C Cl = 17.18%5 t = 17.2°C Cl = 17.18%/,

Time, PO,, POy-increase  Time, PO,, POg-increase  Time, PO, PO -increase
min. rg-at|l per cockle, min. pg-at[l per cockle, min. ng-at|l per cockle,
ug-at/l/h ng-at/lh pg-at/llh
o 0.78 — o 0.87 — o 0.70 —_
6 0.96 0.49 30 1.36 0.20 30 1.05 0.14
20 1.54 0.55 60 1.95 0.24 60 1.40 0.14
35 1.93 0.35 90 1.95 0.00 9o 1.50 0.04
50 2.35 0.37 120 1.95 0.00 120 1.55 0.02
8o 2.60 0.11 150 2.40 0.18 150 1.80 0.10
145 2.80 0.04 180 2.90 0.20 180 2.25 0.18
Average 0.32  Average o.14 Average 0.10

Experiment IV, 26-6-50  Experiment V, 27-6-50 Experiment VI, 27-6-50
20 Cockles, 4 1 sea water 20 Cockles, 4 1 sea water 20 Cockles, 4 1 sea water
t =17.1°C Cl = 17.17%4 t = 17.1°C Cl = 17.19%p t = 17.3°C Cl = 17.15% 9

Time, PO,, PO -increase Tir{u. PO, PO -increase, Time, PO,, PO -increase,

min. ug-atfl per cockle, min. pg-at|l ug-at/llh min. pg-atfl ug-at/llh
pg-at/l/h
o 0.63 — o I.11 — o 0.58 =
30 1.05 0.17 30 1.53 0.17 30 0.99 0.16
60 1.30 0.10 60 1.46 0.00 6o 1.20 0.08
90 1.32 0.01 90 1.82 0.14 90 1.38 0.07
120 .40 0.03 120 2.40 0.23 120 1.69 0.12
150 1.70 0.12 150 2.40 0.00 150 1.82 0.05
180 1.90 0.08 180 2.80 0.16 180 1.60 —
Average 0.09  Average o0.12  Average 0.09

Experiment VI, 27-6-50  Experiment VII, 21-7-49
20 Cockles, 4 1 sea water 18 Mussels, 4 1 sea water
t = 17.3°C Cl = 17.10% t = 16.5°C Cl = 18.51%,

Time, PO,, PO-increase  Time, PO,, PO ,-increase

min. ug-at|l per cockle, min. ug-at/l per mussel,
ug-at/l/h pg-at/lh
o 0.78 — o 0.55 —
30 1.16 0.15 15 0.80 0.10
60 1.35 0.08 45 1.02 0.09
90 1.47 0.05 105 1.45 0.09
120 1.88 0.16
150 1.98 0.04
180 1.80 —
Average 0.09 Average 0.09
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part of it will only return to the water after mineralization to dissolved
P. In a state of equilibrium this amount will also be 220 kg P/tide.

Some laboratory experiments have shown that the cockle and mussel excrete con-
siderable quantities of phosphate {table 21). About 20 cockles, collected on a tidal
flat the morning or the day before the experiment, with an average size of about
3.5 cm, a wet weight without shells of 2 g and a dry weight of 400 mg, were for
about three hours kept in a small aquarium containing 41 of sea water of 17°C.
The water, poor in phosphate, but containing a normal quantity of suspended
organic matter, was kept circulating through the aquarium until the animals had
opened their shells and could be expected to have started pumping; the supply
of water was then cut off.

Apart from the exceptionally high phosphate production in experiment I, it was
found that one cockle produced between o.14 and 0.08 ug-at/l/hour, with an
average of 0.103 ug-at/l/hour, or 0.037 mg/l PO,~P/tide. This is equivalent to
the decomposition of about 3.7 mg (dry weight) or organic matter per tide if the
phosphorus content of the organic matter is assumed to be 19, In this connection
the experiments of MANN (1952), which indicate that cockles consume 180 mg of
oxygen per kg (net weight) per hour are of interest. This figure is supported by
observations on other molluscs (VAN Dawm, 1935, 1938, HAZELHOFF, 1938; WHEDON
and SoMMER, 1938; and KUENEN, 1942). It is equivalent to the decomposition of
4.1 mg (dry weight) of organic matter per tide per cockle of 2 g.

From the figures given by VERWEY (1952, p. 218-221) the number of cockles
in the Marsdiep area can be computed at not less than 2.7 x 10° individuals. As-
suming a consumption of 4 mg per cockle per tide, these animals appear to digest
11000 kg of organic matter/tide. It can also be calculated from VERWEY’s figures,
that these cockles retain on an average 18400 kg of suspended organic matter/tide
if the organic percentage of suspended matter is supposed to be 11 9,. Since VERWEY’s
calculations are minimum estimations, this quantity may actually be twice as high
and then amount to about 36000 kg/tide.

It follows from the above calculation that only part of the suspended organic
matter passing through cockles and probably also mussels is mineralized within
a short period. The residue is retained for a longer time in faeces, pseudofaeces and
animal flesh and will be decomposed only gradually. However, the total amount
of this material present cannot be estimated, the resistance of the faeces against
decomposition under Wadden Sea conditions being unknown.

The figures given by VERwEY, which we used above, are minimum
estimations, so that the actual amount of dissolved P returning from
the bottom to the water may be larger than 220 kg/tide. Other animals
will also make a contribution, so that in all perhaps 500 to 1000
kg P/tide is supplied to the water through the activity of bottom ani-
mals. The latter value is equivalent to 50,000-100,000 kg of organic
matter, or 0.03 mg/l.

The value of 1000 kg dissolved P/tide constitutes about half of the
quantity of 1900 kg dissolved P/tide, supposed to escape to the North
Sea. The activity of bottom animals may therefore form an important
contribution to the maintenance of the gradient of dissolved P from
the Wadden Sea to the North Sea.

Besides through animal activity, dissolved P will be formed in the
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bottom by bacterial decomposition of organic bottom material, origi-
nating from suspended matter which has settled to the bottom without
being filtered by molluscs. The amount of this material is very difficult
to estimate. Apart from this, it will be difficult to determine the rate of
mineralization of this material.

Apart from high concentrations of organic matter, differences be-
tween Wadden Sea and North Sea of chemical and physical factors as
salinity, temperature, and light penetration, might cause less favourable
conditions for the growth of phytoplankton in the former area than in
the latter, or a more rapid decomposition, and hence a higher con-
centration of dissolved P. Very little can be said about these possibili-
ties, but it seems improbable that they will play an important réle.

To sum up the points brought out in the foregoing discussion, wesee
that certain aspects of the phosphorus cycle find a natural explanation,
if they are considered from a point of view that recognizes the close
relation between suspended silt and particulate organic matter and takes
into account the behaviour of suspended silt asdescribed in chapter I1I.

The relations between North Sea and Wadden Sea appear to be
rather complicated. There is probably a slow residual transport of
organic matter from the former to the latter area during periods of
rising concentrations of organic matter, while the reverse occurs when
the concentrations of organic matter are falling. Of much greater
quantitative importance, however, is the constant movement of or-
ganic matter from the North Sea to the Wadden Sea, which balances
the transport of dissolved P in the opposite direction. The latter trans-
port is caused by the fact that the concentration of dissolved phosphorus
is higher in the Wadden Sea than in the North Sea.

The chief cause of the occurrence of this gradient of dissolved
phosphorus is probably the activity of bottom animals, combined with
the decomposition of large amounts of organic matter, accumulated
both in the water and in the bottom of the Wadden Sea through the
constant movement of suspended matter towards the interior. Chemi-
cal and physical differences between the Wadden Sea and the North
Sea probably play only a minor réle in this process.

Most important from a biological point of view is the conclusion
that the production of organic matter within the Wadden Sea must
be smaller than the rate of decomposition. The balance is restored by
organic matter supplied by the North Sea.

5. THE PRODUCTION OF ORGANIC MATTER

From the previous discussion some insight has been gained into the
quantitative difference between production and decomposition in the
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Wadden Sea and its causes. However, this did not lead to a conclusion
as regards the total quantities of organic matter produced or minera-
lized. An attempt will be made below to determine the approximate
extent of organic production.

Because sessile plants are practically absent all organic matter origi-
nates from phytoplankton. To get an insight, therefore, into the pro-
ductive capacity of the Wadden Sea, the quantity of phytoplankton
present should, if possible, be determined. Kreps and VERJBINSKAJA
(1933) and HARVEY (1934) introduced chlorophyll as a means of
measuring this amount. The determination of chlorophyll has been
discussed on p. 14.

In order to determine the amount of phytoplankton by means of chlorophyll it is
of course necessary to know the chlorophyll percentage of phytoplankton.

Some confusion has been caused by the use of HARVEY’s pigment units (HARVEY,
1934). One unit is equal to the green colour of 1 ml of a solution of 430 mg NiSO,.
6 H,O and 25 mg K,Cr,O, in 1000 ml of distilled water. DEUBER (according to
Rirey, 1938) and GuTHRIE (according to HArvEy, 1950) both compared this
solution with pure chlorophyll. DEuBER computed that one pigment unit amounts
to 0.88 x 10°mg of chlorophyll; GuTHRrIE found 3 X 10°mg.

RiLeY (1941), who probably used DeuBgr’s value, found on Georges Bank that
17.44 mg of chlorophyll (for the greater part contained in diatoms) corresponds
with 600 mg of dry organic matter, including the ash; this works out a chlorophyll
content of 2.91 %,. However, the ash content of diatoms may amount to more than
409% (BranDT and RABEN, 1920); for ash-free organic matter the chlorophyll
percentage may therefore rise to about 5 9.

Pace (1941) found for cultures of Nitzschia closterium 2.32 9%, also uncorrected
for ash. He estimated the ash content at roughly 109, which means that for ash-
free organic matter his percentage becomes only 2. 59 %.

HarveY (1950) determined the chlorophyll percentage in the sea off Plymouth
indirectly by means of the relation between organic matter and phosphorus and
between phosphorus and chlorophyll. One pigment unit was found to be equal to
0.0135-0.0175 mg of ash-free dry organic matter. If GuTHRIE’s value were used,
the chlorophyll percentage would amount to about 20 % which is certainly too
large. If DEuBER’s value is used the chlorophyll percentage of ash-free organic
matter decreases to 4.9-6.59%. The value found by DEeuser is therefore certainly
nearer the truth than the one given by GuTHRIE.

From determinations by GiLLBrICHT (1951) in the Bay of Kiel it may further
be concluded that the organic matter of diatoms contains 11.9 % chlorophyll and
that of peridinians 4.0 9.

All things considered, a value of 6 %, seems the best figure to use here
as an approximation of the chlorophyll percentage of ash-free, dry
phytoplankton.

Chlorophyll analyses in the Wadden Sea were started in April 1951;
the observations are still continued. Complete data will be published
in a separate paper, but table 22 and figs 54 and 55 may already give
an idea of the average quantities and seasonal variations.

As can be seen from table 22, containing percentages found at the
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stations 1,9 and 17 between Den Helder and Den Oever (table 13),
the chlorophyll concentration varies considerably from station to sta-
tion with a decrease in the direction of the Wadden Sea interior. Never-
theless, the scarce data collected outside the tidal inlet indicate
that the concentration of chlorophyll is considerably higher in the
Wadden Sea than in the North Sea (fig. 55).

As appears from table 22 and fig. 54 the chlorophyll content of the
Marsdiep area varies between about 30 mg/m?® in summer and 3 mg/m?
in winter, with an average of about 13 mg/m3. Assuming that all
chlorophyll is contained in living phytoplankton and constitutes 6 %,
of its organic part, about 0.5 mg/l of ash-free phytoplankton would be
present in summer and 0.05 mg/l in winter, with an annual average of
0.2 mg/L.

TABLE 22

Chlorophyll concentrations in the Wadden Sea between Den Helder and Den
Qever; stations 1, 9 and 17 of fig. 13.

Date Depth* Station 1 Station 2 Station 3

Chlorophyll /oy CI  Chlorophyll ~ °Jo CI  Chlorophyll ~ °[oq CI
mg[m® mg/m* mg/m®

13- 7-51 S 5 16.55 11 16.65 26 15.32
29- 8-51 S (32) 12.48 15 15.84 14 15.65
5-11-51 S 15 16.03 14 14.38 (42) 1.79
12- 6-52 S 11 16.77 16 16.19 24 16.09
24~ 7-52 S 20 17.14 T4 16.54 6 16.51
B 15 16.88 23 16.38 5 15.67
8- 9-52 S 22 17.68 10 16.91 12 15.41
B 18 17.76 18 16.98 —— -—
24-10-52 S 10 17.87 12 16.24 4 13.80
B 6 17.87 13 16.62 7 14.39
12-12-52 S 4 14.31 5 14.78 7 11.93
19- 2-53 S = = 2 13.92 10 —
B 12 13.15 == = 2 15.27
24- 3-53 S 10 15.47 3 13.86 I 13.82
25- 3-53 S 11 16.27 12 14.22 2 14.08
B — — 12 15.37 1 14.06
1- 5-53 S 19 17.43 = — 8 14.16
B == == 24 17.44 12 15.65
21- 5-53 S 5 17.73 7 17.32 3 16.84
B 9 17.65 21 17.41 7 16.75
3- 7-53 S 20 16.86 21 15.97 7 14.86
B 34 17.11 49 15.91 11 14.66
30- 7-53 S 15 16.13 23 15.75 11 14.28
B 31 16.52 27 15.85 12 14.31
Average? S 15 — 13 — 7 —
B 18 = 23 — o =
1§ = surface sample, B = bottom sample. * Data with surface samples only have been omitted.
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Fig. 54. Seasonal variation of chlorophyll; observations in the Marsdiep during high water.
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Fig. 55. Chlorophyll values of surface samples in a traverse through the Wadden
Sea and into the North Sea.

However, part of the chlorophyll is probably not contained in
living material, but incorporated in detritus. According to Krey
(1951) and GiLLBRICHT (1951) about 509, of the chlorophyll in the
Bay of Kiel may be contained in detritus. RiLEY (1941) on the other
hand puts this figure at 19, for Georges Bank. If the percentage of
50% is applied to the Wadden Sea, the average quantity of phyto-
plankton becomes only 0.1 mg/l; a value between o.1 and 0.2 mg/l
will be adopted for our further considerations. Since the average quan-
tity of organic matter in the Wadden Sea is about 2.5 mg/l, only
4-89, of all suspended organic matter in this area would then consist
of phytoplankton. As the entire volume of the Marsdiep area at high
tideis 3.1 X 10°m?, atotal ofabout 0.3-0.6 x 10°® kg of phytoplankton
would then be present in this area. It goes without saying that this
figure can be no more than a rough approximation.

Having approximately estimated the average amount of phyto-
plankton present, we may return to the question how much organic
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matter may be produced in the Marsdiep area per unit time. Strictly
speaking, a distinction should be made between ‘‘Gross production’
and ‘“‘Phytoplankton production”, in which case the quantitative
difference between the two would be constituted by the consumption
of organic matter by the phytoplankton itself (RiLEY, 1940). It is
phytoplankton production that will be discussed here. To determine
this production the rate of growth of the phytoplankton population
must be known. LoaMANN (1908) observed in the Bay of Kiel an
average daily growth of 309%,; also Harvey (1950), from his own
observations and those of others, assumes a daily production of 30 9,.

This percentage will be applied to the Wadden Sea. It works out at a
daily increase of phytoplankton of 0.03-0.06 mg/l (ash-free, dry
weight), or 100,000—200,000 kg for the whole of the Marsdiep area.
If we translate this into terms of phosphorus, on the assumption that
organic matter contains 1 %, P, the consumption of phosphate—P for
the daily production would amount to 0.0003-0.0006 mg/l/day, or
0.01-0.02 ug-at/l/day or o0.005-0.01 pg-at/l/tide, or 500-1000 kg
P/tide, for the whole area.

Productivity estimates for other areas, comparable with the Wadden
Sea, are scarce. Long Island Sound is probably a good example. RiLEY
(1941), from experiments with light and dark bottles, computes that
the phytoplankton production there is 95-875 g of carbon/m?/year.
The mean depth of the Sound being 20 m, this would be equal to
0.014-0.12 mg/l/day. To find the corresponding figures for organic
matter from these carbon values, the latter must be multiplied by 2.3;
this would give a production of 0.035-0.30 mg/l/day, 3-15 times
higher than the figure given above. However, conditions for phyto-
plankton growth are somewhat more favourable in the Sound than in
the Wadden Sea. PraTT (1950), who carried out productivity ex-
periments in concrete tanks, studied the relation between phosphate
consumption and chlorophyll concentration; it can be derived from
fig. 5 of his paper that phosphate is consumed at a rate of 0.07 ug-at/l/
day if the chlorophyll content is 10 mg/l. This means a production
3—7 times higher than the figure given above. Here, especially light
conditions were more favourable in his tanks than in the Wadden Sea.

Although the figures found should of course be regarded with con-
siderable reserve, we seem to be justified in concluding that the North
Sea makes a significant contribution to the productivity of the Wadden
Sea. For if our figures are approximately right the supply of organic
matter from the North Sea (assumed to be about 2000 kg P/tide; see
p- 88-89) would be of the same magnitude as the production of organic
matter within the Wadden Sea itself (computed at 500-1000 kg P/tide).
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SUMMARY

In this paper an attempt has been made to describe for the Dutch
Wadden Sea water movement, transport of suspended matter and the
cycle of suspended organic matter. Stress has been laid on the fact
that these are related subjects, which therefore ought to be studied in
combination. The discussion was based on observations made in the
years 1949-1951 in the southwestern part of the area. A summary of
the figures found from these observations is given in table 23.

TABLE 23

Comparison of average data for the North Sea, about 15 km outside the tidal inlet,
with data for the Wadden Sea (Marsdiep area).

North Sea Wadden Sea
Chlorinity, ®/og . . . . . . . . . . L .. .. 18 16 ( 9-17)
Salinity, /5. - - « . . o o oL e 0 e e e 32 29 (16-31)
Suspended silt, mg/l . . . . . . . . . . . .. 6 18
Suspended sand, mg/l . . . . . . . . . . .. — 5
Total suspended matter, mg/l1 . . . . . . . . . = 29
Organic matter, summer, mg/l. . . . . . . . . 1.5 4
Organic matter, winter, mg/l . . . . . . . . . — I
Organic matter, average, mg/l. . . . . . . . . — 2.5
Phosphate, summer, ug-at/l . . . . . . . . . . o.05traces 0.10-traces
Phospate, winter, ug-at/l . . . . . . . 5 R 0.60 0.75
Phosphate, average, ug-at/l . s i ® v @ 0.31 0.49
Dissolved organic P, summer, ug-at/l . . . . . . o.60 0.80
Dissolved organic P, winter, ug-at/l. . . . . . . 0.20 0.30
Dissolved organic P, average, ug-at/l . . . . . 0.38 0.53
Total dissolved P, average, ug-at/l . . . . . . . 0.69 1.02
Particulate P, average, pug-at/l. . . . . . . . . 0.25 o.60
Total P, average, ug-at/l . . . . . . . . . . . 0.94 1.62
Chlorophyll, summer, mg/m3 . . . . . . . . . — 30
Chlorophyll, winter, mg/m3 . . . . . . . . . — 3
Chlorophyll, average, mg/m3 . . . . . . . . . — 13

For a good understanding of the results two facts appear to be of
primary importance. First, there is a considerable exchange of water
between Wadden Sea and North Sea, which is constantly at work to
change Wadden Sea conditions, so that they approach those of the
North Sea. Secondly, the concentration of light suspended material
(silt) and of suspended organic matter is, notwithstanding this ex-
change, constantly higher in the Wadden Sea than in the North Sea.

1. Water movement (Chapter II).

In the southwestern Wadden Sea the vertical salinity gradient is only
slight and the transport of fresh water is therefore mainly the result of
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tidal mixing, while transport as a result of differences in density plays
only a minor part. The mixing processes are greatly stimulated by dif-
ferences in water movement between channels and tidal flats.

The rate of the exchange of water between Wadden Sea and North
Sea resulting from these mixing processes was determined from the
distribution of fresh water, which in its turn could be found from
salinity figures. The average quantity of fresh water present in the area
studied is 13 times the average amount discharged from the I[Jsselmeer
during one tide. Therefore in every tidal period 89, of the total quan-
tity of fresh water present within the Wadden Sea is transported to the
North Sea. This percentage can be applied to every dissolved sub-
stance that has the same distribution as the fresh water.

A simple empirical method was developed to calculate the water
exchange in a well-mixed estuary by means of a segmentation method.
The figures calculated by means of this method for the amounts of
fresh water present in the area studied were found to exhibit a signifi-
cant correlation with those calculated from the salinity distribution.

2. Suspended matter (Chapter IIT)

Observations throughout a full tidal period at fixed stations and in
distinct water masses marked by floats provided the basis for the study
of suspended matter. The material was divided into two fractions,
called “‘sand™ and “‘silt”, separated at a grain size of about 50 u.

The amount of material in suspension varies with current velocity.
There is a time lag varying from a few minutes to one hour between
the turn of the tide and the moment at which the minimum concentra-
tion of suspended matter is measured.

Large amounts of suspended matter are transported forth and back
by the tidal streams; the total quantity of silt transported in every
tidal phase through the Marsdiep amounts to 8 x 10% kg of dry weight.
There is no conclusive evidence of a residual transport of silt in one
direction or the other.

Although no substantial quantities of silt are supplied to the area
by the IJsselmeer or by internal abrasion, the concentration of sus-
pended silt is maintained at a higher level in the Wadden Sea than in
the North Sea. The increase of the quantity of suspended silt inward
is gradual and runs parallel with an increase in the silt content of the
bottom.

The higher concentration of suspended silt in the Wadden Sea as
compared with the North Sea is supposed to be caused by an accumu-
lation mechanism resulting from a progressive decrease in water move-
ment (especially a decrease in mean current velocity) from the outer
to the inner part. The concentration actually observed is thought to
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be the result of the balance maintained between this accumulation
and the loss of silt through water exchange. The mechanism does not
prevent the loss of dissolved substances.

3. Organic matter.

The cycle of organic matter was studied by determining the quantities
of organic matter present, and computing the phosphorus content of
water and organic material. The phosphorus is partly present as par-
ticulate P, partly as dissolved P. The particulate P is for the greater
part contained in organic matter, while the dissolved P consists partly
of organic P, partly of phosphate.

The quantities of organic matter, as well as those of the phosphorus
components, are subject to annual variations. The largest quantities
of organic matter and organic P (particulate as well as dissolved) are
found in summer, whereas phosphate attains its maximum in winter.

The concentration of suspended organic matter (as well as suspended
P) parallels the concentration of suspended silt and is therefore higher
in the Wadden Sea than in the North Sea. It is supposed that the
reason for this high concentration is the same as for the high concen-
tration of suspended silt.

The concentration of dissolved P is also, though only slightly, higher
in the Wadden Sea than in the North Sea. Since dissolved substances
are exchanged freely, this causes a residual transport of dissolved P
to the latter area. In every tidal period a net amount of 2400 kg of
dissolved P is supposed to be transported to the North Sea. Fresh water
from the harbour of Den Helder contributes to this quantity to the
extent of about 500 mg/tide; the IJsselmeer, however, does not con-
tribute to this amount, since the phosphorus concentration of the fresh
water from this source is too low. The loss of the remaining 1900 kg of
dissolved phosphorus is probably neutralized by the transport of the
same amount of particulate organic phosphorus, incorporated in or-
ganic matter, from the North Sea to the Wadden Sea.

It follows from the foregoing paragraphs that part of the organic
matter present in the Wadden Sea is formed in the North Sea. Another
part will be synthesized by phytoplankton assimilation in the area
itself. A rough estimate of this phytoplankton production has been
made by means of chlorophyll determinations, which show that prob-
ably only 4-89, of the suspended organic matter consists of living
phytoplankton. The highest phytoplankton concentrations occur in
summer, the lowest in winter. The production of organic matter has
been estimated from these data by assuming a daily growth of phyto-
plankton of 309, of its own weight. The production then appears to
amount to 50,000-100,000 kg of organic matter per tide or 110 g/m?/
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year. This quantity is equal to 500-1000 kg P/tide. The supply of
organic matter by the North Sea, which would amount to some 2000
kg P/tide, would therefore be of the same magnitude as the production
of organic matter within the southwestern Wadden Sea itself.
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