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Abstract

The chlorophyll a content and two operational fractions of carbohydrate (water extractable and EDTA extractable)
were measured every three months during one year along transects on a tidal flat in the Ems-Dollard estuary
(The Netherlands). Chlorophyll  was used as an indicator of microphytobenthos biomass, which was composed
predominantly of epipelic diatoms. Both carbohydrate fractions correlated significantly with chlorophyll a. EDTA
extractable carbohydrates were more resistant towards degradation than the water extractable fraction. During
most of the year, concentrations of chlorophyll a and carbohydrates were low, but in June, high concentrations
of up to 90 pg chlorophyll a/g sediment were found in a narrow zone running parallel to the channel. Maximum
concentrations of water extractable carbohydrates and EDTA extractable carbohydrates ranged between 800-1200
and 600—800 p.g/g sediment, respectively. The mud content was high (&= 90%) at the margin of the tidal flat. This
was not limited to the growth season of the diatoms, but was observed throughout the year. This indicated that the
high mud content at the mudflat margin was mainly caused by hydrodynamic factors, and not by biostabilization. In
June, exceptionally high diatom densities were found in sediment with a high mud content. There was only minor
evidence that biostabilization by epipelic diatoms lead to a further increase in the mud content of the sediment.

Introduction

Transport of cohesive sediments in estuaries is
strongly affected by sedimentation and erosion of sed-
iment particles on tidal flats, Erosion of sediment
occurs whenever the shear stress exerted on the bed by
waves or currents exceeds a threshold value, known
as the critical bed shear stress for erosion. The critical
bed shear stress depends on physical factors, such as
dewatering due to evaporation, rainfall and consolida-
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tion (Anderson, 1983). In addition, there is increasing
evidence that several biological processes have an im-
pact on the critical bed shear stress (Montague, 1986;
Dade et al., 1990; Paterson, 1997).

An important biological process is the secretion of
extracellular polymeric substances (EPS) by epipelic
diatoms. When the sediment surface is covered by a
biofilm of cells and polymers (mainly polysacchar-
ides), sediment particles are trapped in the exopoly-
saccharide matrix. It has been shown that this process
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Figure 1. Ems-Dollard estuary (a) and Dollard (b) indicating the
approximate location of transects I-IV on the Heringsplaat. Dotted
line indicates mean low water mark.

substantially increases the resistance of the sediment
bed against erosion (Holland et al., 1974; Grant et al,,
1986; Paterson, 1989; Sutherland et al., 1998).

On the Heringsplaat, a tidal flat in the Ems-Dollard
estuary (The Netherlands) (Fig. 1), Kornman & De
Deckere (1998) observed that the stability of the sedi-
ment bed was highest in the April-June period, when
the density of benthic diatoms was also highest. In
order to assess the impact of benthic diatoms and
exopolysaccharide on sediment stability and trans-
port, more information is needed about the spatial
distribution of benthic diatoms and associated ex-
opolysaccharides. Several reports deal with spatial
distribution of microphytobenthos on tidal flats. For
instance, Cadée & Hegeman (1977) and Guarini et
al. (1998) assessed the consequences of spatial vari-
ability of microphytobenthos biomass for estimates of

primary production. Brotas et al. (1995) and Colijn
& Dijkema (1981) studied the relationship between
microphytobenthos and sediment characteristics. They
showed that diatom concentrations were correlated to
the mud content of the sediment. However, no inform-
ation on carbohydrates was provided in these reports.
Therefore, a sampling program was carried out along
transects located on the Heringsplaat. In this paper, we
report on the distribution of diatoms, carbohydrates
and mud along these transects,

Materials and methods

Study area and sampling

Study area

The Ems-Dollard estuary (500 km?) is situated in
the N-E part of the Dutch Wadden Sea. The Dol-
lard (approx. 100 km?) is the upper reach of the
Ems-Dollard estuary (Fig. 1) and consists 85% of
intertidal mudflats. Measurements were performed on
the Heringsplaat, located in the central part of the
Dollard (Fig. 1b).

Sampling

In 1996, samples were taken at 3-monthly intervals
along two to four transects running perpendicular to
the channel. The transects were numbered [-IV, from
south to north and were 50 m apart and approximately
250 m long (Fig. 1b). Samples for analysis of car-
bohydrates, chlorophyll a and grain size were taken
using stainless steel corers of 1.75 or 2.40 cm dia-
meter, The corer was pushed into the sediment, closed
airtight with a rubber stopper and lifted. Each transect
contained nine sampling points, at 20 m intervals for
the five lowest points and 40 m intervals for the other
points, with the lowest sampling point at 20 m from
mean low water. Sampling was done in triplicate. The
cores were subsectioned into three slices (05, 5-10
and 10-20 mm). The triplicate core samples of corres-
ponding depths were pooled. Samples were stored at
—20 °C immediately after slicing.

For correlations of chlorophyll a, carbohydrates
and sediment mud content, additional data were used.
These were collected monthly in 1995 and 1996 from
3 or 2 plots of 100 m?, respectively, and from three
transects sampled in 1997, The transects were sampled
each month from April to October at three points.
Cores were taken in triplicate and the top 5 mm was
pooled. The 100 m? plots were located close to the



transects, and were sampled at monthly intervals. In
1995, sampling was done in triplicate (not pooled) on
three plots and only the top cm was used. In 1996, two
plots were sampled in triplicate (not pocled) and cores
were sectioned into 0-5, 5-10, 10-15 and 15-20 mm
slices.

Analyses

Extraction and analysis of carbohydrate

Sediment samples were freeze-dried prior to the de-
termination of carbohydrate. To 100 mg of dry sed-
iment, 1 ml of distilled water was added. Samples
were incubated for 1 h at 30 °C, followed by cent-
rifugation for 5 min at 20000 g. In order to extract
more more tightly bound carbohydrates, the pellet
was subsequently extracted with 1.5 ml of 100 mm
Nay-EDTA for 12 h at 20 °C, followed by centri-
fugation for 5 min at 20000 g (Underwood et al.,
1995). The carbohydrate concentration in the water
extract and the EDTA extract was determined using
the phenol/H2SO4 assay with glucose as a reference
(Dubois et al., 1956).

Extraction and analysis of chlorophyll a

Chlorophyll a was extracted from freeze-dried sedi-
ment by N,N-dimethylformamide (DMF) (Porra et al.,
1989). After addition of 0.7 ml DMF to 100 mg of
sediment, the samples were incubated for 1 h in the
dark. After centrifugation for 5 min at 20000 g, the
absorption of the extract was determined spectropho-
tometrically at 665 nm. Phaeophytin was determined
by acidification by adding 15 wl HCI (5 M) to 0.5
ml DMF extract and measuring absorption at 665 nm.
Concentrations of chlorophyll @ and phaeophytin were
calculated according to the following equations (De
Winder et al., 1999):

chiorophylla (2171 =k - (En — E2)/A

phaeophytin (g 171) = k - (R - Ea — Eg)/A,

where Ej is extinction of neutral extract, E, is extinc-
tion of acidified extract, A is absorption coefficient of
chlorophyll @ in DMF and K and R are constants. Val-
ues for A, K and R in DMF were 72.114, 2.3 and 1.8,
respectively, and were experimentally obtained using
purified chlorophyll a and phaeophytin (De Winder et
al., 1999).
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Grain size

Grain size was analyzed with a Malvern particle sizer
3600 EC.

Statistical analysis

Level of significance of correlations between vari-
ables was analyzed with the Spearman rank correlation
coefficient (rs) (Sokal & Rohlf, 1981). For signific-
ance testing between sampling seasons, Friedman’s
method for randomized blocks was used (Sokal &
Rohlf, 1981). The transect data could not be pooled
because not all transects were sampled in all seasons,
and because in some instances significant differences
were observed between transects (also tested with
Friedman’s method for randomized blocks, data not
shown). Instead, pairwise comparisons between sea-
sons were made for the transects sampled in those
seasons (Table 1).

Results

High concentrations of chlorophyll a (up to 90 ng/g
sediment) were found in June (transects I and III),
whereas in March, October and December concen-
trations were low: less than 10 wpg/g sediment (all
transects) (Fig. 2a). Microscopic observations of fixed
sediment samples indicated that the phototrophic com-
munity consisted primarily of epipelic diatoms. The
high chlorophyll a concentrations in June were ob-
served between approximately 50 and 150 m from
the channel. Within 50 m from the channel and
at distances greater than 150-200 m, concentrations
along the transects sampled in June decreased to less
than 20 pg/g sediment. The. same pattern was ob-
served for the water extractable carbohydrate fraction
(Fig. 2b). Concentrations of EDTA extractable carbo-
hydrates were also higher in June (up to 800 ng/g
sediment), but compared with chlorophyll @ or water
extractable carbohydrates, the differences in concen-
trations between June and other sampling periods were
less pronounced (Fig. 2¢). In addition, the concen-
tration of EDTA extractable carbohydrates was also
relatively high close to the channel and at increasing
distance from the channel, compared with the zone
between 50 and 150 m. This spatial pattern suggested
that EDTA extractable carbohydrates were less closely
linked to chlorophyll a than water extractable carbo-
hydrates, however this was not apparent from correl-
ation coefficients between both carbohydrate fractions
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Table 1. Level of significance of differences between seasons for all variables in
the upper 5 mm, sampled along transects in 1996

March June October

chlorophyll a June p<0.05

water extr. carbohydrate p<0.005

EDTA extr. carbohydrate p<0.005

mud content ns
(n=16)

chlorophyll a October p<0.005 p<0.01
{(r=31) (n=17)

water extr. carbohydrate ns p<0.005
(n=31) (n=17)

EDTA extr. carbohydrate p<0.005 p<0.005
(r=31) (n=17)

mud content ns ns
(n=33) (n=16)

chlorophyll a December  ns ns ns
(n=17)

water extr. carbohydrate ns ns ns
(n=17)

EDTA extr. carbohydrate ns p<0.005 p<0.005
(n=17)

mud content p<0.01 ns ns
(n=18) (n=8) (n=17)

n: number of data.
ns: not significant.

For design of statistical analysis: see ‘Materials and methods’ section.

and chlorophyll @ (Fig. 3). Water extractable carbo-
hydrates correlated significantly with chlorophyll a
(p<0.01; r5=0.21; n=161), but not when data from
the transects sampled in June were omitted (r;=0.12;
n=146) (Fig. 3a). The correlation of EDTA extractable
carbohydrates with chlorophyll a was also significant
(p<0.001; r=0.46; n=159) (Fig. 3b), and remained
significant when the data from the June 1996 transects
were omitted (p<0.001; rg=0.45; n=143).

Table 1 lists the results of significance testing
between seasons. These confirmed the differences
between June and other seasons: significant differ-
ences were found for all variables except mud content
when June was compared to March or October (the
lack of significance for chlorophyll @ and water ex-
tractable carbohydrates when June was compared to
December can probably be attributed to the small size
of the dataset (Table 1)).

At low concentrations of chlorophyll @, no clear
depth distribution could be observed, but in the zone of
of high chlorophyll a concentrations in June, chloro-

phyll a was almost completely restricted to the top
5 mm of the sediment (Fig. 4a). The same pat-
tern was observed for water extractable carbohydrates
(Fig. 4b). In contrast, EDTA extractable carbohydrates
were found in similar concentrations throughout the
top 2 cm of the sediment even in the zone of high
concentrations found in June (Fig. 4c).

The mud content in the upper sediment layer de-
creased with increasing distance from the channel
(Fig. 5). In most cases, this was a more or less gradual
decrease, however transect III sampled in June showed
a slightly different pattern, when the landward gradual
decrease in mud content was interrupted by a zone
of high mud content, coinciding with the zone of
high chlorophyll a concentrations (50-150 m from the
channel, cf. Figs 5 and 2a). However, significance
testing yielded no significant differences in mud con-
tent between data obtained in June and other sampling
periods (Table 1). When chlorophyll a was plotted
against mud content (Fig. 6), it became clear that
high values of chlorophyll a were only found only
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Figure 2. Chlorophyll a (a), water extractable carbohydrates (b)
and EDTA extractable carbohydrates (c) in the upper 5 mm along
transects sampled on 5 March, 26 June, 6 October and 4 December
1996.

at high mud values. In contrast, a broad range of
mud content values was observed at low chlorophyll
a concentrations. There was no significant correlation
between chlorophyll @ concentration and mud content
both when the data from the transects from June 1996
were included (rs=0.01; »=158) or when these were
omitted (rg=—0.06; n=142).

Discussion

In June 1996, the concentrations of chlorophyll a
and carbohydrates on the Heringsplaat were much
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Figure 3. Water extractable carbohydrates (a) and EDTA extract-
able carbohydrates (b} in the upper 5 mm (data from 1995; upper
10 mm) plotted against chlorophyll a. Closed symbols are data from
June 1996.

higher than during the rest of the year. Several ob-
servations confirmed that this period represented an
exceptional situation: water extractable carbohydrates
correlated significantly with chlorophyll a only when
the data from June 1996 transect were included. Also,
a clear depth distribution of chlorophyll @ and water
extractable carbohydrates was only observed in this
period. Seasonal differences in standing stock and
productivity have frequently been observed for micro-
phytobenthos on tidal flats in the Dutch Wadden Sea
(Cadée & Hegeman, 1974; Colijn & Dijkema, 1981;
Admiraal et al., 1982). However, these are also subject
to large interannual variations, since concentrations of
chlorophyll @ and carbohydrates were much higher in
1996 than in 1997 (data not shown).

Since the phototrophic community consisted pre-
dominantly of epipelic diatoms (Wiltshire et al.,
1998), chlorophyll a could be regarded as a good in-
dication of benthic diatom biomass. Furthermore, the
close coupling of water extractable carbohydrates with
chlorophyll a in June 1996 suggested that this frac-
tion consisted of carbohydrates secreted by benthic
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Figure4. Chlorophyll a (a), water extractable carbohydrates (b) and
EDTA extractable carbohydrates (c) along the transects.sampled in
June 1996 (closed symbols: transect I, open symbols: transect IIT)
at depths of 0-5 mm (circles), 5-10 mm (triangles) and 10-20 mm
(squares).

diatoms. A strong coupling of water extractable carbo-
hydrates and chlorophyll & in fine-grained sediments
was also observed by Underwood & Paterson (1993a)
and Underwood & Smith (1998). The EDTA extract-
able fraction, consisting of carbohydrates more closely
bound to the sediment (Underwood et al., 1995}, also
significantly correlated with chlorophyll a, suggesting
that these carbohydrates were produced by benthic di-
atoms as well. The fact that concentrations of EDTA
extractable carbohydrate were relatively high when
chlorophyll @ was absent (i.e. at increasing distance
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Figure 5. Mud content in the upper 5 mm along transects sampled
on 5 March, 26 June, 6 October and 4 December 1996. Legend to
symbols as in Figure 2.
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Figure 6. Chlorophyll a in the upper 5 mm (data from 1995: upper
10 mm) plotted against mud content. Closed symbols are data from
June 1996.

from the channel or at greater depths), indicated that
this fraction was more resistant towards degradation
than water extractable carbohydrates. This is in agree-
ment with De Winder et al. (1999), who also found
that the ratio of EDTA extractable carbohydrates to
chlorophyll a increased with depth.

Generally, on tidal flats grain size decreases with
increasing elevation due to lower current velocities
(Postma, 1957, Coles, 1977). This has been ob-
served on several tidal flats in the Ems-Dollard estuary
(Colijn & Dijkema, 1981; Delgado et al., 1991) in-
cluding the Heringsplaat (Schroder & Van Es, 1980),
and on the Molenplaat in the Westerschelde (Bar-
ranguet et al., 1997). Contrasting with these findings,
we observed an area of high mud content on the mar-
gin of the Heringsplaat, which has also been reported
for some other tidal flats (Postma, 1957; Vos et al,,



1988). High mud concentrations found on the edge
of a tidal flat in the Wash (England) were ascribed to
accretion of mud by diatoms (Coles, 1977). However,
our data showed that mud content on the margin of the
Heringsplaat was high throughout the year. This phe-
nomenon could, therefore, not be explained by binding
of mud by diatoms. More likely, the high mud content
was caused by hydrodynamic factors. Current velocity
probably decreased from the channel to the flat, which
may have resulted in high sedimentation rates (H. Rid-
derinkhof, pers. comm.). Also, wave action, which is
generally low at the edge of a mudflat (Postma, 1957,
Frostick & McCave, 1979; Anderson, 1983; De Jonge
& Van Beusekom, 1995) could play a role. Postma
(1957) concluded that the margin of a tidal flat in some
cases may be considered an area of low hydrodynamic
energy because of low wave action.

There was a distinct spatial distribution in chloro-
phyll @ and carbohydrate concentrations on the Her-
ingsplaat. In June, the density of benthic diatoms was
high in the area characterized by a high mud content.
Vos et al. (1988) observed the same phenomenon on
tidal flats in the Eastern Scheldt: in spring a dense pop-
ulation of epipelic diatoms developed at the margin
of the flat. Epipelic diatoms only seem to reach high
densities in muddy sediment (Colijn & Dijkema, 1981;
Sundbick, 1984; De Jonge, 1985; Brotas et al., 1995;
De Jong & De Jonge, 1995; Guarini et al., 1998). Also,
they are generally encountered in more elevated areas
of low hydrodynamic energy (Sundbick, 1984; Vos
et al., 1988; Underwood & Paterson, 1993b; Brotas
et al., 1995; De Jong & De Jonge, 1995). Possibly,
diatom densities and mud content correlate as a res-
ult of low hydrodynamic energy (Sundbick, 1984;
De Jong & De Jonge, 1995) since epipelic diatoms
are easily resupended when exposed to conditions of
high hydrodynamic energy (Delgado et al., 1991; De
Jonge & Van Beusekom, 1995). On the other hand,
epipelic diatoms may select for sediment of low grain
size. On sediments of different grain size, typical
assemblages of microphytobenthos are often found
(Mclntyre & Moore, 1977; Amspoker & Mclntyre,
1978). Moreover, Watermann et al. (1999) observed
that, in monocultures, the benthic diatoms Nitzschia
sp. and Phaeodactylum tricornutum achieved higher
densities on mud than on sand. The reason for a
preference for muddy sediment may be found in the
higher concentrations of inorganic nutrients in muddy
sediment than in sandy sediment. It has also been sug-
gested that photoperiod length may be an important
factor, since at elevated areas photoperiods are longer
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than in lower areas (Pinckney & Zingmark, 1991).
However, the high densities observed at the margin
of the Heringsplaat indicated that the length of the
photoperiod was not a major factor controlling the
presence of epipelic diatoms. Itis likely, therefore, that
diatom growth was controlled by low resuspension
rates and/or high mud content.

Kornman & De Deckere (1998) showed that sed-
iment stability at the margin of the Heringsplaat was
higher during the period of high diatom biomass and
high concentrations of carbohydrate (April-June) than
during the rest of the year. Some of our data con-
firm these observations, since in June there appeared
to be a broadening of the zone of high mud content,
coinciding with the zone of high diatom biomass and
high carbohydrate concentrations. Apparently, in the
area where during the rest of the year mud was re-
moved, erosion was prevented in June by the presence
of the diatoms. This observation indicated that there
may be an interaction between mud content and di-
atom growth. Van De Koppel (pers. comm.) observed
a positive feedback between mud content and diatom
growth based on both mathematical modelling and
experimental evidence. However, this effect was ob-
served only along one of the two transects sampled in
June, and did not lead to a significant enhancement
of mud content compared to other sampling peri-
ods. Moreover, biostabilization by epipelic diatoms
seemed to be restricted to areas of relatively low hy-
drodynamic energy, which appears to be contradictory
to the widely accepted hypothesis that biostabiliza-
tion by diatom films greatly affect estuarine sediment
fluxes (Coles, 1977; Underwood & Paterson, 1993a;
Underwood, 1997). In order to establish the impact of
biostabilization by benthic diatoms on sediment fluxes
compared to hydrodynamic factors, the large body
of field data available should be used in modelling
experiments.

Concluding, an area of very high mud content was
observed on the margin of the Heringsplaat throughout
the year, also when diatom densities were low. There-
fore, the mud content in this area was determined
by hydrodynamic factors. Diatoms and exopolysac-
charide exhibited a clear seasonal and spatial distri-
bution, with high concentrations only in early summer
(June) and in the area of high mud content, indicating
that the presence of diatoms is dependent on sedi-
ment mud content. We observed no strong effect of
biostabilization on mud content of the sediment.
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