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CHAPTER 2 

Seasonal patterns of benthic diatoms and carbohydrates on an 
intertidal mudflat in the Ems-Dollard estuary 

Abstract 

In order to assess the overall effect of biological processes on morphodynamics of 
intertidal mudflats, information is required on seasonal variability of these 
processes. An important process is exopolysaccharide production by benthic 
diatoms, which decreases sediment resuspension rates and may lead to accretion of 
sediment. In order to determine seasonal variability of growth of benthic diatoms 
and secretion of polysaccharides, pigment and carbohydrate contents were 
monitored on the Heringsplaat, an intertidal mudflat in the Ems-Dollard estuary 
(The Netherlands). During 1996 and 1997 samples of surficial sediment were taken 
at two stations at monthly intervals. High diatom densities were found in early 
summer 1996, whereas during 1997 diatom concentrations remained low 
throughout the year. Carbohydrates were extracted from the sediment in two 
consecutive steps. This resulted in two operationally defined fractions termed 
water- and EDTA extractable carbohydrates. The amount of water extractable 
carbohydrates was closely correlated with chlorophyll a, except in April-May when 
a much higher content of water extractable carbohydrates was found. This 
uncoupling in April-May was possibly related to the clear water phase that occurred 
during that period. Because of this, high light intensities may have reached the 
sediment surface, which may have lead to unbalanced growth resulting in the 
production of excess carbohydrate. The ratio carbohydrate/chlorophyll a was 
therefore not constant, but depended on growth conditions. EDTA extractable 
carbohydrates correlated less well with chlorophyll a. This fraction appeared to be 
more resistant to degradation than water extractable carbohydrates. When diatoms 
were present in high densities, they caused accumulation of mud in the sediment, 
indicating that the presence of benthic diatoms may influence sediment transport. 
However, the large seasonal and interannual variations of benthic diatom growth 
and polysaccharide secretion indicated that, compared to hydrodynamic factors, 
the overall effect of benthic diatoms on sediment transport was probably limited. 

Results presented in this chapter have been submitted for publication in the Journal of 
Sea Research as: 
Staats, N., De Deckere, E., De Winder, B. & Stal, L.J. Seasonal patterns of benthic 
diatoms and carbohydrates on an intertidal mudflat 



chapter 2 

Introduction 

Estuaries are highly dynamic systems that are continuously subject to 
morphological changes. Transport and deposition of sediment in estuaries result in 
the formation of tidal flats. Several studies have been carried out in order to 
understand the processes that cause sediment transport and deposition in estuaries 
(Postma, 1967; Postma, 1980; Dyer, 1986). The majority of these studies has 
focussed on physical processes. However, also biological factors may be important. 
Especially biologically induced changes in sediment bed strength on the intertidal 
mudflats may influence sediment transport between flat and channel (Frostick & 
McCave, 1979; Grant eta/., 1986; Montague, 1986; Paterson, 1997). 

The production of exopolysaccharides by benthic diatoms has now been 
identified as an important process for mudflat morphodynamics (Vos et al, 1988; 
Underwood & Paterson, 1993a; Underwood, 1997). The secretion of carbohydrates 
results in the formation of a matrix (Hoagland et al, 1993) that binds and traps 
sediment particles. As a result, the erosion threshold increases (Holland et al, 1974; 
Sutherland et al, 1998). 

In order to understand the importance of benthic diatom mediated 
biostabilization of mudflats for sediment transport processes, information is 
needed with respect to temporal variability of diatom growth and metabolism. 
Therefore, a field survey was carried out on a tidal flat in the Ems-Dollard estuary, 
during which benthic diatoms, carbohydrates and mud were monitored. 

Materials and methods 

Study area and sampling 

Study area 

The Ems-Dollard estuary (500 km2) is situated in the north-eastern part of the 
Dutch Wadden Sea. The Dollard (approx. 100 km2) is the upper reach of the Ems-
Dollard estuary (Fig. 2.1a) and consists for ± 85 % of intertidal mudflats. 
Measurements were performed on the Heringsplaat, an ebb-dominated mesotidal 
flat located in the central part of the Dollard (Fig. 2.1b). 

Sampling 

Sampling was performed at two fixed stations of 100 m2 (A and B). The location of 
the stations is indicated in Fig. 2.1b. Station A was located at 50 m from the 
channel, station B at 250 m from the channel. The stations were sampled at 
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Fig. 2.1 Ems-Dollard estuary (a) and Dollard (b) indicating the approximate 
location of stations A and B on the Heringsplaat (H). Dotted line indicates mean 
low water mark. 
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monthly intervals. Samples for analysis of carbohydrates, chlorophyll a and mud 
were taken using stainless steel corers of 1.75 or 2.40 cm diameter. The corer was 
pushed into the sediment, closed airtight with a rubber stopper and lifted. In 1996, 
cores were taken in 5-fold and sectioned into 0-5, 5-10, 10-15 and 15-20 mm slices. 
In 1997, cores were taken in triplicate and the top 5 mm was pooled. Samples were 
stored at -20 °C immediately after slicing. 

&• 

Analyses 

Extraction and analysis of carbohydrates 

Sediment samples were freeze-dried prior to the extraction and analysis of 
carbohydrate. To 100 mg of dry sediment 1 ml of distilled water was added. 
Samples were incubated for 1 hour at 30 °C, followed by centrifugation for 5 
minutes at 20,000g. Subsequently, the pellet was extracted with 1.5 ml of 100 mM 
Na2-EDTA for 12 hours at 20 °C, followed by centrifugation for 5 minutes at 
20,000g. Carbohydrate concentrations in the water extract and the EDTA extract 
were determined using the phenol/H2S04 assay with glucose as a reference 
(Dubois eta/., 1956). 

Extraction and analysis of chlorophyll a 

Chlorophyll a was extracted from freeze-dried sediment by N,N-
dimethylformamide (DMF). To 100 mg of sediment 0.7 ml DMF was added. 
Samples were incubated for 1 hour in the dark. After centrifugation for 5 minutes 
at 20,000g the absorption of the extract was determined spectrophotometrically at 
665 nm. Pheophytin was determined by acidification by adding 15 ul HCl (5 M) to 
0.5 ml DMF extract and measuring absorption at 665 nm. Concentrations of 
chlorophyll a and pheophytin were calculated according to the following equations 
(De Winder eta/., in press): 

chlorophyll a (g f') = k • (E,rE)/A 

pheophytin (g l1) = k • (R • Erl-E,)/A 

with En: extinction of neutral extract, Erl: extinction of acidified extract, A: 

absorption coefficient of chlorophyll a in DMF and k and R. constants. Values 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 pheophytin. 
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Mud content 

Mud content was analyzed with a malvern particle sizer 3600 EC. 

Results 

In Fig. 2.2a chlorophyll a content in the upper sediment layer during 1996 and 1997 
at station A is shown. In 1996 a very high chlorophyll a content of more than 80 Lig 
g1 sediment was observed in June, but in 1997 chlorophyll a remained low 
throughout the year. (Microscopic observations of fixed sediment samples 
indicated that the phototrophic community consisted primarily of epipelic 
diatoms.) The same general pattern was observed for water- and EDTA extractable 
carbohydrates (Fig. 2.2b). This shows that large interannual variations occur in 
diatom growth and secretion. 

Figure 2.3 shows chlorophyll a and carbohydrate content at stations A and B 
during 1996 (Fig. 2.3a: same data as in Fig. 2.2). At both stations, chlorophyll a 

content increased in March. At station A, the highest content was observed in 
June, followed bv a rapid decline. At station B, chlorophyll a content already 
decreased in May. At station B chlorophyll a remained low compared to station A. 
Water extractable carbohydrate content closely followed chlorophyll a content, 
except in April when a distinct peak in water extractable carbohydrates was 
observed at both stations, which was not accompanied by a peak in chlorophyll a. 

EDTA extractable carbohydrates generally correlated less with chlorophyll a than 
water extractable carbohydrates. When chlorophyll a content was low (from July 
onwards), EDTA extractable carbohydrates remained present in relatively high 
amounts. This was the case at both stations. 

Figure 2.4 shows the mud content of the sediment together with chlorophyll a at 
the two stations in 1996. Although mud content at both stations was highly variable 
throughout the year, it was generally somewhat higher at station A than at station 
B. The high diatom densities found in June at station A coincided with a high 
sediment mud content (Fig. 2.4a). 

Discussion 

In 1996 a large peak in chlorophyll a was observed, which was not found in 1997. 

Apparently, the development of a benthic diatom bloom was subject to 

considerable interannual variations. In several respects, 1996 differed from 1997. A 
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Fig. 2.2. Chlorophyll a (a) and carbohydrates (b, • : water extractable 
carbohydrates, +: EDTA extractable carbohydrates) in the upper 5 mm at station 
A during 1996 and 1997. 

clear water phase was observed in April 1996 but not in 1997. The clear water 
phase was possibly induced by freezing of the tidal flat in January and February 
1996 (Terwindt et al, subm.). This may have led to the extremely high diatom 
densities observed in 1996, in several ways: 1) the induction of a clear water phase 
created favourable light conditions for a rapid development of the diatom 
population, and 2) the development of grazers may have been slowed down. 

The fact that water extractable carbohydrates were closely coupled to chlorophyll 
a during most of the year, was taken as evidence that this fraction consisted of 
carbohydrates produced by benthic diatoms. It could not be excluded that some 
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Fig. 2.3. Chlorophyll a (•) and carbohydrates (A: water extractable carbohydrates, 
+: EDTA extractable carbohydrates) in the upper 5 mm at station A (a) and B (b) 
during 1996. 

intracellular carbohydrates were present in the water extract (Underwood é>/ al, 

1995). However, since the major part of the carbot^drates in the water extract 
precipitated in cold 80 % (v/v) ethanol, while the storage polysaccharide did not 
(Myklestad, 1988; chapter 4 this thesis), it was assumed that the largest part of the 
water extractable carbohydrates represented extracellular polysaccharides. 

In April 1996, water extractable carbohydrate did not correlate with chlorophyll 
a. The time of year suggested that this phenomenon was related to the clear water 
phase that occurred during this period. The concentration of suspended sediment 
particles started to decrease in January, and reached very low values at the end of 
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Fig. 2.4. Chlorophyll a (•) and mud content (A) in the upper 5 mm at station A (a) 
and B (»during 1996. 

March (Terwindt et al, subm.). Then, from the beginning of June, the 
concentration of suspended sediment particles increased again (Terwindt et al, 

subm.). Therefore, light intensities in the water column and on the sediment 
surface during immersion must have been relatively high during April and May. 
Ample supply of light may have resulted in overflow metabolism in the diatoms, i.e. 
an excess production of carbohydrates (Ruddy et al, 1998a). At the end of May, 
when the clear water phase ended, water extractable carbohydrates content again 
quite closely followed chlorophyll a content. However, also changes in species 
composition, or nutrient depletion may have played a role. Our data indicate that 
secretion of carbohydrates may vary considerably, dependent on growth 
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conditions. Since the carbohydrate/chlorophyll a ratio was not constant, 
carbohydrate content cannot be predicted from chlorophyll a, as suggested by 
Underwood & Smith (1998). 

EDTA extractable carbohydrates were to some extent correlated with 
chlorophyll a, suggesting that it contained carbohydrates produced by diatoms. 
However, EDTA extractable carbohydrates appeared less closely coupled to 
chlorophyll a than water extractable carbohydrates. EDTA extractable 
carbohydrate content remained high at low levels of chlorophyll a, indicating that 
these carbohydrates were more resistant to degradation than the carbohydrates in 
the wTater extract. Presumably, extraction with EDTA isolated carbohydrates that 
were relatively tightly bound to the sediment. 

At station B, the development of the diatom bloom ceased, while at station A it 
continued (May). The resulting difference in diatom abundance in June between 
stations A and B was probably related to the mud content of the sediment. It is 
known that epipelic diatoms are generally found in sediment with a high mud 
content (Colijn & Dijkema, 1981; Sundbäck, 1984; De Jonge, 1985; Brotas et ai, 

1995). In turn, it appeared that the diatoms themselves caused accumulation of 
mud. At the extremely high diatom concentration observed in June 1996 at station 
A, also an extremely high mud content was observed. Measurements of sediment 
stability confirmed that benthic diatoms stabilized the sediment in early summer, 
since sediment stability in this area was very high from April to June (Kornman & 
DeDeckere, 1998). 

Concluding, it was shown that benthic diatom growth and secretion were subject 
to large interannual variations. High chlorophyll a and carbohydrate contents were 
found in early summer 1996. More carbohydrates were secreted during the clear 
water phase. Hence, the ratio carbohydrate/chlorophyll a was variable and 
dependent on growth conditions. At high densities, diatoms substantially increased 
the mud content of the sediment. Because biostabilization by benthic diatoms was 
restricted to a short period during the year, the effect of biostabilization on total 
sediment transport was probably limited. 
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