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Abstract

Observations of resuspended diatoms in the shallow waters ( < 60 cm) of the turbid tidal edge are described for single

sites on two tidal flats– the Molenplaat in the Westerschelde estuary, and the Hond in the Ems-Dollard estuary, The

Netherlands. High concentrations of chlorophyll-a (chl-a) were observed in the trailing edge of the ebbing tide in water

depths of < 20 cm, after which concentrations decreased markedly. Peak mean values were 19 Ag chl-a l� 1 in 10 cm of

water at the Molenplaat, and 45 Ag chl-a l� 1 in 5 cm of water at the Hond. Similar trends were observed on the flooding

tide, although peak values were far less pronounced (6 and 30 Ag chl-a l� 1 respectively). Microscopic examination of the

diatom community within the turbid tidal edge at the Molenplaat revealed that peaks in biomass were caused by suspended

benthic diatoms, as well as the large centric diatom Coscinodiscus sp., particularly on the ebb tide. Planktonic diatoms other

than Coscinodiscus sp. were more randomly distributed and did not appear to follow any particular trend. It would seem that

as the tide recedes, resuspended benthic diatoms and large Coscinodiscus sp. cells become concentrated in the shallow water.

However, the virtual absence of Coscinodiscus sp. from the leading edge of the flooding tide suggests that most of the

resuspended cells do not settle to the seabed, but are washed away into the channels. The small peak of benthic diatoms at

the leading edge of the flood tide is most likely resuspended locally from the sediment, along with large numbers of diatom

frustules.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding the cycle of erosion, transport and

deposition of sediments and associated biological

particles in estuarine tidal flats is of fundamental

importance for measurements of sediment stability,

water quality (suspended particulate load, nutrients
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and sediment-bound contaminants), fluxes of par-

ticles between tidal flats and the main estuary, and

food quality and quantity available to benthic and

pelagic food webs. Resuspension occurs as a result

of tidal currents and wave action. Although waves in

shallow water may not be very large, they can cause

considerable resuspension in general (De Jonge,

1995), and in just a few centimetres of water due

to their turbulent action (Dyer, 1989). High concen-

trations of suspended sediment are often found at the

leading edge of tidal waters due to a combined
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action of local current speed and wave action, or

advection of accumulated suspended material onto

the tidal flat. These may potentially deposit large

quantities of material across the tidal flat. Neverthe-

less, as Christie and Dyer (1998) pointed out, inter-

actions between the seabed and combined wave and

current action in shallow water ( < 1 m depth) are not

well understood, and very few measurements are

available.

It is well known that resuspended benthic diatoms

temporarily enhance phytoplankton populations, and

in shallow estuaries much of the spatial variability in

chlorophyl-a (chl-a) concentration occurs as a result

of resuspended benthic cells (Shaffer and Sullivan,

1988) being redistributed to and from the tidal flats.

For example, De Jonge and Van Beusekom (1992)

estimated that benthic diatoms contributed up to 60%

to total water column chl-a in the Ems estuary. The

principal mechanisms of benthic diatom resuspension

are tidal currents (Baillie and Welsh, 1980; Lucas et

al., 2000) and wind-generated waves which increase

turbulent action at the seabed (Demers et al., 1987;

De Jonge and Van Beusekom, 1995), especially in

shallow ( < 1 m) waters. What is not generally

considered is that resuspension of microbial popula-

tions may occur as the incoming tide advances

across a tidal flat (but see Gallagher, 1975). These

mechanisms are likely to be influenced by the

cohesive properties and depositional history of the

sediment, as well as the presence of bioturbators

(Blanchard et al., 1997).

Although epipelic diatoms are characterised by

endogenous tidal and diurnal migratory rhythms

(Paterson, 1986) resulting in downward migration

into the sediment as the incoming tide approaches,

some diatoms may still be resuspended. During the

ECOFLAT Project, small sections of diatom biofilm,

as well as detritus and sand grains were observed in

the leading edge of the tide as it advanced over the

tidal flat, apparently picked up in the surface tension

of the water. Christie and Dyer (1998) also com-

mented on such observations at the Skeffling mudflats

in the Humber estuary. This paper describes semi-

quantitative measurements and observations made of

this phenomenon at two locations: the Molenplaat

tidal flat in the Westerschelde estuary, and the Hond

tidal flat (near the Hond-Paap) in the Ems-Dollard

estuary of the Dutch Wadden Sea.
2. Materials and methods

2.1. Study sites

The Molenplaat tidal flat is located in the mid-

region of the Westerschelde estuary, SW Netherlands

(Fig. 1). The majority of the tidal flat is situated

between � 1 and + 1 m mean tide level, and the tidal

range is f 5 m. The sediment consists mainly of

fine to very fine sand, although silt ( < 63 Am)

accumulation occurs in the central region during

the summer months (NIOO Progress Report, 1996;

Herman et al., 2001). Benthic diatoms dominate the

microphytobenthos community, although summer

populations of cyanobacteria and Euglena occur in

the sandier regions (Barranguet et al., 1997). Sedi-

ment chlorophyll-a (chl-a) reflects the spatial and

temporal variation in grain size across the Molen-

plaat, with mean values in 1997 ranging from 6.8–

58.9 Ag gDW� 1 in June and 1.9–6.8 Ag gDW� 1 in

September. Particular reference is given to ECO-

FLAT Site 1 (hereafter called ‘MOLEN’) located in

the middle of the southern edge of the flat, where

turbid tidal edge samples were collected. Table 1

summarises the sediment granulometry, water, organ-

ic, and chl-a contents (Lucas et al., 2003), and

erosion thresholds (Widdows et al., 2000) of site

MOLEN.

The Hond tidal flat, located near the Hond-Paap

tidal flat in the Ems-Dollard estuary (Fig. 1) has a

similar range of sedimentological and biological

characteristics to that of the Molenplaat. Tidal range

is f 3 m, and the Hond tidal flat is located between

� 0.2 and 0.0 m mean tide level (De Jonge, pers.

comm., 2003). In June 1998, chl-a content of the

tidal flat ranged between 3.2 and 48.7 Ag gDW� 1 in

the upper 2 mm of the sediment. Particular reference

is given to ECOFLAT Site B (hereafter called

‘HOND’), which was chosen as a sampling site for

turbid tidal edge observations. Although median

grain size data are unavailable, silt (8.1%), ash free

dry weight (1.3%), water (32.8%) and chl-a (11.4 Ag
gDW� 1) contents are similar to those of site

MOLEN for the same time of year. The greatest

difference, however, lies in macrofauna community

structure, with the cockle Cerastoderma edule and

gastropod Hydrobia ulvae present in high densities at

site HOND (Table 1).



Fig. 1. Map of the Netherlands showing the location of the Hond tidal flat in the Ems-Dollard estuary and the Molenplaat tidal flat in the

Westerschelde estuary.
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2.2. Water sampling

Sampling of the tidal edge was carried out in

September 1997 (MOLEN) and June 1998 (HOND).

As the tidal front approached (flooded) or receded

(ebbed) from each site, single water samples were

collected at 5-cm depth intervals between 5 and 60 cm

water depth. A total of 24 samples were collected on
each flood-ebb cycle for each site. A wide-necked

plastic bottle was plunged near to the seabed and

f250 ml of water collected. Chl-a analysis was

carried out in duplicate. Between 25 and 100 ml of

the sample was filtered through a Whatman GF/C

filter (pore size ca. 1.2 Am), depending on the turbid-

ity of the water. (Up to 20–25 cm depth, the water

was extremely turbid.) Two to three drops of MgCO3



Table 1

Summary of the main physical, chemical and biological characteristics of the turbid tidal edge sampling sites at the Molenplaat (1997) and Hond

(1998) tidal flats

Parameter (mean) Month MOLEN HOND

Median grain size (Am) June 156.8 –

September 164.0 –

% Silt ( < 63 Am) June 14.2 8.1

September 14.6 –

% Water June 31.9 32.8

September 32.3 –

% AFDW (of DW) June 1.8 1.3

September 2.0 –

Chlorophyll-a (Ag gDW� 1) (0–2 mm) June 12.6 11.4

September 5.4 –

EPS (Ag gluc.equ. gDW� 1) (0–2 mm) June 38.22 171.7

September 35.39 –

Ucrit (cm s� 1) June 20.4 16.7

September 18.6 –

Macoma balthica (g AFDW m� 2) June 9.1 0.39

September 4.6 –

Cerastoderma edule (g AFDW m� 2) June 0.04 170.8

September 0.02 –

Hydrobia ulvae (no. m� 2) June 0 233000

September 0 –

MOLEN=Ecoflat site 1; HOND=Ecoflat site B; – = no data.
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were added to prevent acidification of the filter, after

which they were folded and frozen at � 70 jC until

analysis. Water samples for diatom identification and

enumeration were transferred into 50 ml brown bottles

and preserved with 2–3 drops of Lugol’s solution.

2.3. Laboratory analyses

Filtered samples for chl-a analysis were extracted

in 90% acetone, ultra-sonicated for 30 s, and centri-

fuged at 3000 rpm (2000� g) for 15 min. Chl-a and

phaeopigment concentrations, expressed as Ag l� 1,

were measured fluorometrically using a Turner 10-AU

fluorometer. Samples from the Molenplaat were also

analysed by ion-pairing reverse-phase HPLC using a 5

Am C-18 column (Barlow et al., 1993), to determine

community composition based on algal pigment fin-

gerprints. Pigment analysis was unavailable for the

Hond samples. Details of these procedures are given

in Lucas et al. (2000).

Microscopic examination of the Lugol-preserved

water samples was carried out in duplicate to deter-

mine the composition of resuspended microalgal

material. Each sample was thoroughly mixed before

a known volume was transferred into a settling
chamber and prepared for examination using Ute-

rmöhl settling chambers. The chambers were scanned

at both 100� and 200� magnification using an

inverted light microscope (Leica DMIRB) fitted with

phase contrast and brightfield illumination. In order to

determine the type and quality of resuspended mate-

rial (Lucas et al., 2001) both ‘live’ cells (i.e., contain-

ing chloroplasts) and diatom frustules were identified.

Between 100 and 500 live cells counted per sample.

Initial tests revealed that this protocol produced re-

producible results. Abundance was expressed in no.

cells � 103 l� 1.
3. Results and discussion

Direct comparisons between the Molenplaat and

Hond tidal flats are difficult because, although ex-

tremely poor weather conditions were experienced in

the Ems-Dollard in June 1998 making September

1997 and June 1998 conditions similar, sampling

was carried out at different times of the year. The

amount of surface chlorophyll-a (chl-a) available for

resuspension, macrofauna community composition

and grazing/bioturbation activities, sediment critical



Fig. 2. Mean (F sd) chlorophyll a and fucoxanthin concentrations

in the ebbing and flooding turbid tidal edge at the Molenplaat (site

MOLEN) and Hond (site HOND) tidal flats. Water depth (cm)

serves as a proxy for horizontal distance between the sampling sites

and main channel.
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erosion velocity (Ucrit), and wind (wave) climate are

all likely to differ (De Jonge and Van Beusekom,

1995; Widdows et al., 2000). Additionally, the light

regime and growth status of the diatom community

subsequently affect EPS production (Staats et al.,

2000) and resistance to erosion. Sites HOND and

MOLEN did have similar values of chl a (11.4 Ag
l� 1 and 5.4 Ag l� 1), Ucrit (16.7 cm s� 1 and 18.6 cm

s� 1), water content (32.3% and 32.8%) and other

sedimentological properties (see Table 1), but macro-

fauna composition was significantly different, as

dense populations of Cerastoderma edule and Hydro-

bia ulvae were found at site HOND in June 1998. The

surface deposit feeder H. ulvae grazes on benthic

microalgae, disturbing the sediment surface as they

feed and move, while the suspension feeder C. edule

filters pelagic algae from the overlying water column

(Herman et al., 2000).

Chl-a concentrations in the shallow waters ( < 60

cm) of the turbid tidal edge of flood and ebb tides at

the Molenplaat and Hond tidal flats are illustrated in

Fig. 2. Sites MOLEN and HOND displayed similar

trends, with significant peaks of chl-a biomass in very

shallow water ( < 20 cm), particularly in the trailing

edge of the ebb as the tide receded offshore. During

the ebb tide, peak mean (F sd) chl-a values of

18.6F 2.5 Ag l� 1 (MOLEN) and 45.0F 4.1 Ag l� 1

(HOND) were measured in water depths of 10 cm and

5 cm, respectively. At these shallow depths, the water

was extremely turbid, consisting of fine sedimentary

and detrital material being washed off the tidal flats.

Christie and Dyer (1998) suggest that high concen-

trations on the ebb tide are due to mixing of highly

concentrated near-bed suspensions formed by settling

over slack water periods. The leading edges of the

flood tides were less turbid, with mainly coarser sand

particles and some biofilm being lifted off the sedi-

ment surface. Peak flood chl-a values did occur in

water depths < 20 cm, but these were less pronounced

(5.4F 1.0 and 30.5F 2.4 Ag l� 1 respectively), par-

ticularly at site MOLEN. Chl-a values were relatively

constant between 20 and 60 cm depth on both the

flood and ebb tides.

HPLC analysis of the MOLEN water samples

revealed that diatoms dominated the microalgal com-

munity. Fucoxanthin is a marker pigment for diatoms

(see Jeffrey et al., 1997), and trends in its distribution

were very similar to those of chl-a (Fig. 2). Micro-
scopic examination of the Lugol-preserved samples

confirmed this.

In the very shallow waters ( < 20 cm) of the trailing

edge of the ebb tide, the diatom community was

numerically dominated by benthic diatoms, >60% of

total abundance, consisting of members of the genera

Navicula (25–40% of total diatom abundance) and

Nitzschia (7–21%), as well as the epipsammic form

Rhaphoneis (9–22%) (Fig. 3). Trends in the abun-

dance of the large centric diatom Coscinodiscus sp.

were similar to those of the benthic diatoms in the

trailing edge of the ebb tide. Their contribution to total

abundance was 1.6–7.7%. Although not as numeri-

cally abundant as the benthic species (max. 190� 103



Fig. 3. Abundance (no. � 103 l� 1) of live benthic diatoms, Cos-

cinodiscus sp. and planktonic diatoms (* excluding Coscinodiscus

sp.) in the tidal edge at site 1 of the Molenplaat.
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l� 1 compared with f 1700� 103 l� 1), its consider-

ably larger volume leads one to consider that its

contribution to diatom biomass can be substantial

(see Lucas et al., 2001). The significant contribution

of Coscinodiscus sp. to short-term biomass changes

near the seabed during maximum tidal currents has

previously been described by Lucas et al. (2001), with

up to 78% of diatom biomass in the water above site

MOLEN (ECOFLAT Site 1) resulting from the pres-

ence of Coscinodiscus sp. Planktonic diatoms did not

display any obvious trends with depth, with densities

ranging between 181 and 678� 103 l� 1 on the ebb

tide, and between 102 and 560� 103 l� 1 on the flood

tide. Nevertheless, at depths exceeding 20 cm, plank-

tonic diatoms typically outnumbered resuspended

benthic diatoms by a factor of 2, as benthic diatom

numbers decreased.

As well as observations of the composition of the

diatom community in the turbid tidal edge, the ‘qual-

ity’ (i.e., proportion of live and dead microalgae) of

resuspended material was determined through phaeo-

pigment measurements and diatom frustule counts

(Fig. 4). On the ebb tide, it was clear that resuspended

detrital material was being washed away as the water

left the tidal flat, since frustules outnumbered live

diatoms by nearly 4:1 in the shallow ebbing tide.

Although the incoming water contained considerably

less dead material, a large proportion of frustules were

also observed at the very leading edge of the flood

tide ( < 10–15 cm depth). Visual observations

revealed that these were lifted off with accompanying

sand grains in a surface biofilm, after which they were

rapidly broken up by wave action, and deposited

higher up the flat.

In summary, it appears that as the tide receded from

the Molenplaat tidal flat, resuspended benthic diatoms

and large Coscinodiscus sp. settled out of suspension,

becoming concentrated in the shallow water, account-

ing for up to 68% and 7.7% of total abundance,

respectively. The virtual absence of Coscinodiscus

sp. from the leading edge of the flooding tide

( < 1.5% of total abundance) suggests that these cells

did not settle to the seabed, but continued offshore,

although this would depend on wind conditions prior

to sampling (De Jonge, pers. comm., 2003). It is

supposed that the small peak (38% of total abun-

dance) of benthic diatoms at the leading edge of the

flood tide was supplied locally through resuspension



Fig. 4. ‘Quality’ of diatom biomass in the tidal edge at site 1 of the

Molenplaat, indicated by mean (F sd) total phaeopigments (Ag l� 1)

and the ratio between diatom frustules and live cells.
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of the sediment as a result of turbulent action (Christie

and Dyer, 1998). At site HOND, where Hydrobia

ulvae were present in densities of ca. 233000 m� 2,

chl-a resupension at the leading edge of the flood tide

was also considerable, probably due to their bioturbat-

ing and grazing activities. Although vertical migration

of diatoms down into the sediment during inundation

(Paterson, 1986; Happey-Wood and Jones, 1988)

minimises significant loss through resuspension, the

increased interactions between the seabed and combi-

nations of waves and currents in shallow water would

cause resuspension events. De Jonge and Van Beuse-

kom (1995) found that in the Ems estuary, resuspen-

sion of microphytobenthos from the top 5-mm layer

of sediment could be described as a linear function of
wind speed. It should be noted that in the days leading

up to sampling at site HOND, weather conditions

were windy–near to gale force.

The data presented in this paper show that large

numbers of diatoms can become concentrated in the

very shallow waters of the leading and trailing edge of

the tidal front as it moves across a tidal flat. Factors

such as emersion period, affecting the dehydration and

stabilisation of the diatom biofilm (Paterson et al.,

1990) as well as depositional history of suspended

material, weather conditions (including storms), sea-

bed morphology and tidal currents can all influence

events occurring at the turbid tidal edge. This poorly

studied transport mechanism has implications for the

redistribution of organic matter within and between

estuarine tidal flat systems.
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