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ABSTRACT: This article synthesises a series of studies concerned with physical, chemical and biological 
processes involved in sediment dynamics (sedimentation, erosion and mixing) of the M olenplaat tidal flat 
in the W esterschelde (SW Netherlands). Total sedim ent accretion rate on the flat (sand to m uddy sand) 
was estim ated to be -2  cm yr_1, based on 210Pb and 137Cs profiles. 7Be showed maximum activity in the 
surface sedim ents during summer, reflecting accretion of fine silt at this time of year, and total vertical 
mixing of sediment to be in the order of 50 cm2 yr_1. The extent to which different physical and biological 
processes (tidal currents, air exposure, bio-stabilisation, biodeposition and bioturbation) contributed to
w ards sediment dynamics was estimated. A sediment transport model based on physical factors estimated 
sedim entation rates of 1.2 cm yr_1, but did not account for tidal or seasonal variation in suspended partic
ulate m atter (SPM), w ind or effects of spring-neap tidal cycles. W hen the model was run with an in 
creased critical bed  shear stress due to the microphytobenthos, net sedim entation rates increased 2-fold. 
These higher rates w ere in closer agreem ent with the rates derived from the depth  profiles of radio
nuclides for the central region of the tidal flat (2.0 to 2.4 cm y u 1). Therefore a significant part of the sedi
m entation rate (-50% ) may be explained by spatial-tem poral changes in biological processes, including 
'bio-stabilisation' by microphytobenthos, together w ith the enhanced biodeposition of silt by suspension 
feeders, and offset by processes of 'bio-destabilisation' by grazers and bioturbators. In the centre of the 
tidal flat there was a shift from high sediment stability in spring-sum m er 1996 to low sediment stability in 
autum n 1997, quantified by a significant reduction in critical erosion velocity of 0.12 to 0.15 m s_1, and 
accompanied by a 30- to 50-fold increase in sediment erosion rate. The change was associated with a shift 
from a tidal flat dom inated by benthic diatoms and a low biomass of bioturbating clams (Macoma bal
thica), to a more erodable sedim ent w ith a lower microphytobenthos density and a higher biomass of M. 
balthica. Vertical mixing of sediment and organic matter, studied using a variety of tracers, was rapid and 
enhanced by advective w ater flow at sandy sites and by burrowing polychaetes and bivalves at silty sites.
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INTRODUCTION

Tidal flats form im portant morphological structures in 
meso- and macro-tidal estuaries and coastal systems. 
During each tidal cycle they are exposed to air and can

occupy over half the total area of an estuary. Sand and 
mudflats provide a range of valuable habitats which are 
highly productive areas for benthic organism s (Heip et 
al. 1995), thus providing im portant feeding grounds for 
fishes during high w ater and for birds during low water.
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The sedim ent dynamics and biogeochem istry of tidal 
flats is dependent on the complex interactions betw een 
physical, chemical and biological processes/properties, 
w hich include tidal currents, river flows, storm waves, 
air exposure, dehydration in summer, ice-scour in w in
ter, sedim ent properties (grain size and composition, or
ganic content, nutrient content, redox balance), stabili
sation by biota (algal biofilms, mussel beds, salt marsh) 
and destabilisation by biota (bioturbating bivalves, 
scouring around clumps of animals and plants). To date, 
there have been very few multi-disciplinary studies 
providing an in tegrated  view  of the sedim ent dynamics 
of intertidal mudflats and sandflats. These include the 
C anadian LISP (littoral investigation of sedim ent prop
erties; Daborn 1991), the UK LISP (Black et al. 1998, 
Black 1999), the EU INTRMUD (Dyer 2000) and the EU 
ECOFLAT (Herman et al. 2001) programmes. An impor
tant objective of the ECOFLAT project (eco-metabolism 
of an estuarine tidal flat) was to apply a m ulti
disciplinary approach to investigate the m any complex 
physical, chemical and biological interactions and to 
quantify, understand and model the dynamic behav 
iour of tidal flats as geomorphological and metabolic 
systems (overview by H erm an et al. 2001).

During the EU ECOFLAT project various approaches 
w ere used to investigate the m aterial fluxes and sedi
m ent dynamics of the M olenplaat tidal flat in the West- 
erschelde over different tem poral and spatial scales. 
These included
• long-term  sedim ent accretion (Schmidt et al. 1999);
• short-term  (seasonal) variations in sedim entation 

rates (Schmidt et al. 1999);

• seasonal variations in sedim ent properties and b en 
thic community structure (Herman et al. 1999);

• modelling of sedim ent dynamics (fine silt) as a func
tion of tidal currents (Baptist et al. 1999);

• the impact of currents, m acrobenthos and m icrophy
tobenthos on sedim ent erosion and deposition pro
cesses (Widdows et al. 2000a, Lucas et al. 2003);

• tidal variations in resuspension of m icrophytobenthos 
(Lucas et al. 2000, 2001);

• vertical mixing of sedim ent estim ated by tracer 
experim ents (Herman et al. 2000, M iddelburg et al. 
2000 ) .

In this paper w e present new  data on sediment 
accretion and mixing, sedim ent characteristics (grain 
size, algal pigments, carbohydrates), sedim ent eroda- 
bility, hydrodynamics, sedim ent community respira
tion, organic carbon and nutrient burial, and sim ula
tions w ith a sedim ent transport model. These new 
findings are com bined w ith the results m entioned 
above to present a synthesis and more in tegrated  view 
of erosion, sedimentation, and mixing processes occur
ring on a tidal flat, and the nature of interactions 
betw een physical-biological processes in sediment 
dynamics.

MATERIALS AND METHODS

Site description. The M olenplaat tidal flat (Fig. 1) is 
located in the middle part of the W esterschelde (SW 
Netherlands). This is a m acrotidal estuary w ith a tidal 
range of ca. 5 m, and at the M olenplaat site, salinity

M olenplaat Tidal Flat

0m
2m

2m
0m

North Sea

□ M iddelburg
Molenplaat

Westerschelde

Fig. 1. Location of M olenplaat tidal flat and 5 sam pling sites. Isolines represen t low-tide level (2 m) and mid-tide level (0 m)
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varies betw een 20 and 25. We studied 5 sites (Fig. 1) 
during 4 ECOFLAT field cam paigns in the spring 
(M ay/June) and late summer (August/September) of 
1996 and 1997. The main physical and biogeochemical 
characteristics of the M olenplaat sites are summarised 
in Table 1.

Measurement of long-term and short-term sedi
ment accumulation rates. Deep cores (40 to 120 cm) 
w ere collected at low tide using a hand-driven tube 
(1.2 m length  and 0.1 m diameter) in June  and 
Septem ber 1996 and 1997 at the 5 selected sites on 
the M olenplaat. Cores for radionuclide activity d e te r

minations w ere sliced at a resolution of 1 to 2 cm after 
upw ard extrusion of the cores, and w ere dried at 
60°C. Activities of the radionuclides 137Cs, 210Pb and 
226Ra w ere m easured directly by low -background- 
high efficiency y spectrom etry (for details of sampling, 
processing and radioisotope analysis see Schmidt et 
al. 1999).

The central site, Site 2, had  the highest levels of 
radionuclides and was therefore used for the seasonal 
study of sedim entation of fine silt. We collected 5 cores, 
1 on each sam pling occasion during June 1996, Sep
tem ber 1996, M arch 1997, June  1997 and Septem ber

Table 1. M ain physical, chemical and biological characteristics of sam pling sites on M olenplaat tidal flat in W esterschelde. 
Uclit: critical erosion velocity for bed  sedim ents (suspended particulate m atter threshold of 100 m g T 1). D ata are m eans, w ith SE 

in italics; sem i-range in parentheses; no replication; nd: not determ ined

Parameter Year Site 1 Site 2 Site 3 Site 4 Site 5
Jun Sep Jun Sep Jun Sep Jun Sep Jun Sep

Emersion period per tidal cycle (h) 4.5 7 7 6.5 7.5
Min. and max. current velocities (m s_1) 0.06--0.38 0.04- 0.36 0.02- 0.36 0.04--0.40 0.OS--0.35

10 cm above bed tor spring tides
Sediment grain size 1996 87 91 68 61 85 89 nd nd 99 99

(% sand >63)mi) 0.8 0.4 2.5 2.3 0.4 0.55 (0.0) 0.2
1997 88 88 75 59 94 nd 99 99 99 nd

0.3 0.6 0.5 2.9 0.1 0.1 0.0 (0.0)
% ash-tree dry wt in sediment 1996 1.2 1.0 1.6 3.1 1.2 1.3 nd nd 0.5 0.6

(0 to 2 cm depth) 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0
1997 1.2 1.3 1.7 3.1 0.9 nd 0.5 0.6 0.4 nd

0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0
Chlorophyll a 1996 35.5 2.0 35.6 5.4 26.1 2.6 2.4 1.9 1.2 0.8

(gg g~* dry wt at 0 to 2 mm depth) ±2.4 ± 0.1 ± 2.3 ± 0.4 ±2.0 ± 0.5 ± 0.4 ± 0.1 ± 0.2 ± 0.1
1997 12.6 4.9 64.0 6.8 10.6 5.7 7.1 1.8 1.3 0.75

± 1.2 ± 0.7 ± 10.5 ± 0.8 ± 1.7 ± 0.4 ± 1.2 ± 0.2 ± 0.2 ± 0.2
Colloidal carbohydrates (gg glue. 1996 131 17 352 31 102 39 11 4 7 7
equiv. g_1 dry wt at 0 to 2 mm depth) ± 19 ± 6 ± 60 ± 5 ± 9 ± 6 ± 1 ± 0.5 ± 1 ± 2

1997 43 35 356 56 86 45 50 33 5 nd
± <5 ± 5 ± 66 ± 11 ± 18 ± 15 ± 16 ± 10 ± 1

Macoma balthica biomass (g n r 2) 1996 10.3 14.0 4.6 2.1 7.1 7.1 nd nd 0 0
(1.6) (1.6) (0.4) (0.5) (0.7) (0.1) (0) (0)

1997 9.1 4.6 26.3 18.4 36.9 nd 16.6 7.8 nd nd
(3.1) (0.3) (3-8) (7.8) (8.6) (0.1) (0.2)

Cerastoderma edule biomass (g n r 2) 1996 4.7 0 4.9 2.0 3.3 3.9 nd nd 0 0
(2-8) (0) (0.1) (1.0) (0.1) (0.4) (0) (0)

1997 0.2 0.02 0 27.5 7.4 nd 1.0 6.8 nd nd
(0.2) (0.02) (0) (8.5) (7.3) (1.0) (0.18)

Fo« (m s-1) 1996 0.30 0.14 0.31 0.18 0.37 0.21 nd nd 0.31 0.16
(0.01) (0.01) - (0.01) - (0) - (0.01)

1997 0.20 0.18 0.25 0.18 0.22 nd 0.23 0.19 nd nd
(0.02) (0) (0) (0) (0) (0.01) (0.01)

Mass eroded (g n r 2) at 0.3 m s_1 1996 65 2068 29 390 6.8 457 nd nd 39.5 943
(11) (9.9) - (74) - (91) - (154)

1997 1150 2252 126 785 1180 nd 350 823 nd nd
(565) (7) (19) (57) (195) (36) (88)

Max. erosion rate 1996 0.28 6.02 0.10 1.67 0.05 2.15 nd nd 0.43 7.49
(g n r 2 s_1) at 0.3 m s-1 (0.05) (0.3) - (0.4) - (0.14) - -

1997 2.48 4.38 0.53 3.04 2.41 nd 1.9 4.1 nd nd
(1.06) 0.57 (0.01) 0.20 (0.43) (0.37) (0.59)
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1997. Activity of 7Be in the top 6 cm of the sedim ent 
was used to determ ine short-term  seasonal changes 
in sedim entation (for details of the m ethodology see 
Schmidt et al. 1999).

The num ber of samples was restricted by the time- 
consuming coring process during low tide and the 
limited time available for counting samples for 7Be 
activity, characterised by a short half-life and low 
levels. While the lack of sample replication limits the 
interpretation of spatial and tem poral variation, the 
good agreem ent in vertical profiles for 1996 and 1997 
enables sedim entation rates to be estim ated w ith con
fidence.

Measurement of carbon dynamics. Single cores 
(0.1 m diameter) w ere taken  during the June 1997 
cam paign at the 5 M olenplaat sites to a depth  of 0.5 m 
and sliced in 2 cm slices. For each slice, w ater content 
was calculated from w eight loss, and porosity was cal
culated from w ater content, assum ing a dry sedim ent 
density of 2650 kg n r 3. Total nitrogen and organic car
bon w ere determ ined w ith a Carlo Erba NA 1500 e le 
m ental analyzer, after in situ hydrochloric acid (25%) 
acidification to remove the inorganic carbon (Nieuwen
huize et al. 1994). Carbon and nitrogen content and 
porosity w ere averaged over the 5 slices betw een 0.4 
and 0.5 m depth, and multiplied by sedim ent accum u
lation rate, dry density and solid volume fraction to 
determ ine burial rates.

Organic m atter m ineralisation rates are based on 
the efflux of carbon dioxide. During the Septem ber 
1997 cam paign at the 5 M olenplaat sites, carbon 
dioxide fluxes w ere m easured using non-transparent 
polypropylene flux cham bers and a photo-acoustic 
infra-red analyser for m easurem ent of the accum ula
tion of carbon dioxide (M iddelburg et al. 1996). C ar
bonate dissolution may potentially affect m ineralisa
tion rates based on total inorganic fluxes. However, 
w e used low-tide carbon dioxide gas fluxes and not 
total inorganic carbon fluxes during subm erged con
ditions. M iddelburg et al. (1996) have shown that 
gaseous carbon dioxide fluxes agree w ithin error 
w ith sulphate reduction rates based on 35S incuba
tions. This allows little error to be attributed to car
bonate dissolution.

Measurment of fate of microphytobenthos using 
stable isotopes as physical and trophic tracers. The 
relative im portance of m icrophytobenthos as food for 
intertidal m acrobenthic animals and the fate of 
labelled organic m atter in the sedim ent was studied at 
2 locations on the M olenplaat tidal flat (Sites 2 and 4) 
using the stable isotope 13C as a tracer (for details 
see M iddelburg et al. 2000). We used 2 different 
approaches: (1) the natural abundance of stable iso
tope ratios of carbon and nitrogen in the biota at Sites 2 
and 4; and (2) an in situ  addition of 13C-bicarbonate to

the surficial sedim ents at Sites 2 and 4 and its subse
quent incorporation into the benthic food w eb (Her
m an et al. 2000, M iddelburg et al. 2000).

Measurement of sediment properties and eroda- 
bility. Spatial and tem poral changes in the main phys
ical, chemical and biological properties of the sediment 
on the M olenplaat w ere m easured according to stan
dardised procedures. Sediment grain size was analysed 
by wet-sieving (Widdows et al. 2000a). Cores (2.54 cm 
diameter; n = 4 or 6) for algal pigm ent determ inations 
w ere collected random ly over 1 m2 and w ere sliced 
for the superficial 0 to 2 mm layer and at 2 to 4, 4 to 6, 
6 to 10, 10 to 15 and 15 to 20 mm depth  intervals. 
Plant pigm ents w ere extracted with 90 % acetone and 
the pigm ents w ere separated  and quantified using 
ion-pairing reverse-phase high-perform ance liquid 
chrom atography (HLPC) (Barlow et al. 1993, Lucas 
& Holligan 1999, Lucas et al. 2000). Colloidal carbo
hydrates w ere quantified by the phenol-sulphuric 
m ethod (Underwood et al. 1995).

The Plymouth M arine Laboratory annular flumes 
w ere used to quantify ben th ic-pelag ic  exchanges in 
relation to im portant physical and biological factors 
(i.e. current velocity, sedim ent properties and benthic 
biota). The flume has a 0.64 m outer and 0.44 m inner 
diameter, creating a 0.1 m annular channel. It has a 
total bed  area of 0.17 m 2 and a volume of 60 1. Free- 
stream  current velocities, ranging from 0.01 to 0.50 m 
s-1, are created  by a rotating annular drive plate (with
out paddles) situated 0.20 m above the sediment. 
C hanges in suspended sedim ent concentration are 
m onitored w ith an optical backscatter sensor (OBS-3; 
D & A Instruments) calibrated against w ater samples 
taken  for gravimetric analysis. The relationship 
betw een depth-averaged current velocity (¡7; cm s_1) 
and bed  shear stress for smooth cohesive mud, m ea
sured using a Sontek acoustic Doppler velocimeter, is 
described by the following equation:

Bed shear stress (Pa) = I E -0 5 U 3-0 .0 0 0 2 U 2 + 0.0052U

Sedim ent erodability was quantified in term s of 
critical erosion velocity (Ucrit), mass of sedim ent eroded 
(g n r 2) and erosion rate (g n r 2 s_1). The enhancem ent 
of sedim entation by suspension-feeders was m easured 
in term s of biodeposition rates (faeces and pseudo
faeces production; g n r 2 I r 1) (for further details of 
flum e-based flux m easurem ents see W iddows et al. 
1998a, 2000a). Flum e-based m easurem ents m ade on 
the M olenplaat in June  and Septem ber 1997 represent 
new  data to com plem ent the 1996 data  previously 
published by Widdows et al. (2000a).

The relationships betw een physical, chemical and 
biological sedim ent properties w ere analysed using 
the Pearson product-m om ent correlation coefficient 
(Minitab 13).
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M odelling of hydrodynamics and sediment dynam
ics. A 2D hydrodynam ic model of the w ater levels and 
currents over the M olenplaat tidal flat was developed 
with a spatial resolution of 10s of m etres. Maximum 
bottom shear stresses ranged from 0.3 Pa for the cen 
tral region to 3 Pa for the w estern edge of the Molen- 
plaat. The resulting w ater levels and current patterns 
w ere then used to drive the sedim ent transport model 
of erosion/sedim entation on the tidal flat (for details 
see Baptist et al. 1999).

Sediment transport modelling. A sedim ent model 
coupled to a 2D hydrodynam ics model has been  devel
oped for the M olenplaat tidal flat (Baptist et al. 1999). 
The initial param eterisation of the sedim ent transport 
model relies only on physical factors (i.e. no biotic 
influences) to simulate the transport of suspended p a r
ticulate m atter and the sedim entation and erosion p a t
terns. The model uses 1 sedim ent fraction (silt) and is 
based on a hydrodynam ic model of the M olenplaat for 
June 1995. Sedim entation processes are m odelled with 
formulations according to Krone (1962) and resuspen
sion processes according to Parthenaides (1962). The 
variables in the model are the concentration of fine silt 
in the w ater (g n r 3) and fine silt in the sediment (g n r 2).

The sedim ent model w as calibrated using 2 data sets 
that w ere obtained by monitoring on the M olenplaat in 
June 1995 and 1996. Temporal sedim ent dynamics was 
calibrated to time series of suspended sedim ent during 
several tides at 2 monitoring locations. Spatial sedi
m entation and erosion patterns w ere calibrated to the 
distribution of fine silt (% of total sediment) on the 
M olenplaat.

Using this calibrated model, the net sedim entation 
flux was estim ated for the central part of the Molen- 
plaat. An initial silt distribution on the bottom w as esti
m ated by a preceding 20 d simulation, starting w ith a 
uniform layer of 1 cm silt in the whole model area.

For comparison, the same model was run w ith a spa
tially varying, critical bed  shear stress, depending on 
m icrophytobenthos density. The m easurem ents of 
chlorophyll a in the sedim ent have been  converted into 
an interpolated field of critical bed  shear stress using 
the relation found in flume studies (Widdows et al. 
1998, 2000a):

Ucrit = 0.4049 X chi + 15.064

w here Ucrit = cm s~4 and chi = chlorophyll a in sedim ent 
(pg g -1 dry wt).

This formula can be transform ed into:

xcrit = 0.0142 X chi + 0.1697

As a consequence the sedim ent stability increases 
in areas w ith high m icrophytobenthos density and 
decreases in areas w ithout microphytobenthos bio
films.

RESULTS AND DISCUSSION 

Long-term sediment accumulation rates

Direct m easurem ent of sedim entation rates on tidal 
flats is extremely difficult. However, an indirect method 
involves the use of natural and artificial radionuclides 
w ith known decay rates. 210Pb is a naturally occurring 
radionuclide of the 238U decay series. The 210Pb m ethod 
(with a half-life of f1/2 = 22.3 yr) is based on the m ea
surem ent of the excess, or unsupported 210Pb activity, 
which is incorporated into accum ulating sediment 
from atm ospheric fallout. In contrast, the main source 
of 137Cs (f1/2 = 30 yr) is fallout from the atmospheric 
testing of nuclear weapons. This technique allows 
the peak  in 137Cs activity w ithin a core to be dated, as 
it records the 1963 fallout maximum. Sedim ent cores 
may also record the Chernobyl accident, which 
occurred on 26 April 1986 (Callaway et al. 1996).

The general feature of the M olenplaat is the low 
activity of the selected radionuclides in the sediments, 
particularly in comparison to previous tidal flat studies 
(Cundy & Croudace 1995), due to the lower silt content 
(sediment grain size <63 pm; Table 1). For all the sites, 
210Pbxs (excess) showed w eak activities at the surface, 
especially at Sites 4 and 5. Consequently, the decrease 
in 210Pbxs w ith increasing depth  was not well-defined 
and sedim entation rates derived from 210Pb are used 
only to support 137Cs results. Andersen et al. (2000) 
also encountered complications w ith the dating of 
intertidal mudflat sedim ents due to low activities, 
erosion-deposition events and mixing. The 137Cs peak 
should correspond to a specific input of Cs from either 
atmospheric w eapon tests or the Chernobyl event. A 
difference betw een both inputs is the occurrence of 
134Cs associated w ith the Chernobyl event; the 134Cs 
resulting from w eapon-testing, w ith a half-life period 
of 2 yr, has now completely disappeared after more 
than 30 yr. The absence of 134Cs allows the deep peak 
to be attributed to the introduction of C s by the 
w eapon-testing program m es in the early sixties. This is 
confirmed by the rapid d isappearance of Cs in the 
deepest part of cores. Profiles of 137Cs w ere relatively 
constant on the M olenplaat, w ith the presence of a 
peak  in activity at a depth  of betw een 40 to 85 cm, 
depending upon the site (Fig. 2). There was a consis
tency in the data for June  1996 and Septem ber 1997 
(Sites 1 to 4), but the profile does not show a distinct 
peak  for the very mobile sandy site, Site 5.

Sedim entation rates (cm yr-1) are presen ted  in 
Table 2. Although the very low level of excess 210Pb 
limits the use of this method, profiles of 210Pbxs with 
depth  strengthen m ean rates derived from 137Cs data. 
Sedim entation rates varied from 1.1 cm yr~4 at the 
sandy exposed site on the edge of the M olenplaat tidal
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Fig. 2. Profiles of 137Cs with depth. Arrows on profiles indicate predicted p en 
etration depth of 137Cs (sedimentation rate x 36 yr since maximum input of 
137Cs into atmosphere). Dotted lines: 137Cs activity corrected for decay rates

flat to 2.4 cm yr-1 at the central site. These spatial dif
ferences in sedim entation rate are consistent with the 
variation in hydrodynamics, sedim ent properties and 
biological activity (see following subsections). In g en 
eral, these values are in good agreem ent with an inde
pendent estim ate of sedim entation rate on the flat, 
based on volume differences, corrected for subsidence

due to compaction, tectonics and isostasy 
(P. Friend unpubl. data). This approach 
provided an average depositional rate for 
the whole M olenplaat tidal flat of 1.3 ± 
0.1 cm yr-1 over the last 65 yr.

The organic carbon and nitrogen content 
of the 40 to 50 cm layer of sediment cores at 
the 5 sites on the M olenplaat are given in 
Table 2. The central sites, Sites 2 and 3, had 
the highest organic content in this deep 
layer of the cores. Site 1 was interm ediate; 
values w ere lowest at the sandy sites, 
Sites 4 and 5. Using the 137Cs-based esti
mates of sedim ent accumulation rate at the 
different sites, this resulted in estim ates of 
carbon burial ranging betw een 10 g C m-2 
yr-1 at Site 5 and 105 g C m-2 yr-1 at Site 3. 
A similar range of organic carbon burial 
rates (20 to 290 g C m-2 yr-1) has been 
recorded in the Saguenay Fjord, Quebec 
(St-Onge & Hillaire-Marcel 2001). Nitrogen 
burial was stoichiometrically related to 
carbon burial, with relatively high molar 
C/N ratios of around 17, except at Site 5 
w here it was around 8. Organic m atter 
mineralisation rates varied from 24 g C m-2 
yr-1 at Site 5 to 226 g C m-2 yr-1 at Site 2 
(Table 2). The sandy sites, Sites 4 and 5, 
showed more variability than the more silty 
central sites (Sites 2 and 3).

Due to the high sedim ent accum ulation 
rates, the rates of organic carbon and 
nitrogen burial w ere significant for the 
sedim ent and estuarine budgets of these 
constituents. The rates of organic carbon 
burial (10 to 105 g C m-2 yr-1) w ere of sim

ilar m agnitude to rates of sedim ent community respira
tion (24 to 226 g C m-2 yr-1). A lthough the comparison 
of long-term  carbon burial rates with short-term  m iner
alisation rates contains uncertainties, it appears that 
about 30 to 40% of the total annual organic carbon 
input into the sedim ent at these stations is perm a
nently buried (Table 2). The percentage burial found

Table 2. Sedim ent accum ulation rates, carbon and nitrogen contents, burial rates, m ineralisation rates and burial efficiencies at 
the M olenplaat intertidal stations. Contents are given as m ean values ± standard deviation for the five 2 cm slices betw een 40 and 
50 cm deep. M ineralisation rates are given as m ean values ± standard deviation for at least triplicate flux m easurem ents

Site Sed. rate (cm yr 1
137Cs

) based on 
210Pb

Organic C 
(% dry wt)

Total N 
(% dry wt)

Porosity C burial 
(gC m -2 y r 1)

N burial 
(gN n r 2 yr"1)

C mineral. 
(gC m “2 y r 1)

C burial 
eff. (%)

1 1.8±0.1 2.0 0.15±0.04 0.010±0.001 0.38 42 2.8 79±16 35
2 2.0±0.1 1.9 0.3±0.03 0.021±0.002 0.41 88 6.2 226±16 28
3 2.4±0.1 1.4 0.28±0.18 0.016±0.004 0.38 105 6.0 165±7 39
4 1.5±0.1 1.6 0.09±0.01 0.006±0.001 0.37 21 1.4 35 ±24 38
5 >1.1 1.2 0.06±0.01 0.009±0.002 0.38 10 1.5 24 ±12 30
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on the M olenplaat (30 to 40%) is consistent with esti
mates reported in Heip et al. (1995); however, data on 
tidal flats are too few to allow a proper comparison 
with other systems.

Seasonal changes in sedimentation rates and silt 
content in relation to microphytobenthos and 

macrofauna

7Be, with its short half-life of 53 d, is more suitable for 
the study of short-term  sedim entation. As Site 2 had the 
highest levels of radionuclides, it was used for the sea
sonal study of sedim ent dynamics of fine silt. Like 210Pb 
and 137Cs, 7Be is mainly associated with the fine particles 
rather than the sand fraction. Moreover, Olsen et al. 
(1986) observed that fine-particle deposition is the most 
im portant factor affecting the accumulation pattern  and 
vertical distribution of 7Be in estuarine systems.

7Be was always detected in the top 6 cm of cores col
lected in June 1996, Septem ber 1996, M arch 1997, June 
1997 and Septem ber 1997. The smooth decrease in its 
activities with depth suggests some bioturbational ef
fect in the upper sedim ent (Fig. 3). However, there was 
a clear seasonal variation in activities, with values in-
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Fig. 3. Profiles of 7Be activity with sedim ent depth at Site 2 on 

M olenplaat tidal flat in March, June and Septem ber
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Fig. 4. Seasonal variation in silt content (<50 pm) of sedim ent 
at Site 3 on the M olenplaat tidal flat in 1995

creasing from around 1 Bq kg-1 in spring to 13 Bq kg-1 
in late summer. Low 7Be activities in M arch may indi
cate the disappearance of the finest fraction of the sedi
m ent (by erosion or drainage) during the winter. In con
trast, the increase of 7Be inventories in summer would 
indicate an increase in the content of fine particles in 
the sediment. Such a seasonal cycle in silt content of the 
sedim ent was observed on the M olenplaat tidal flat 
(Fig. 4, and H erm an et al. 1999, 2001, Widdows et al. 
2000a) and probably reflects the biodeposition by sus- 
pension-feeders (see later subsection 'Biodeposition').

M arked spatial and tem poral differences in grain size 
distribution and sediment stability w ere observed on the 
M olenplaat (Table 1). Sandier sites at the edge of the 
tidal flat (Sites 4 and 5) had a low silt content (~1 % silt) 
throughout the year, w hereas the highest silt content oc
curred at the central sites (Sites 2 and 3). At the central 
sites, silt increased seasonally from 4 % in M arch to 
15.5% in Septem ber at Site 3 (Fig. 4) and to -28%  in 
June and 38 % in Septem ber at Site 2. Spatial and tem 
poral changes (Table 1) in both physical factors (tidal 
currents, wind induced waves, bed roughness) and bio
logical factors (suspension-feeding bivalves, enhanced 
sedim ent cohesion) are likely to contribute to the sea
sonal evolution of the silt content at these central sites.

The relationship betw een bottom shear stress and 
the abundance of sessile suspension feeders is p re 
dicted to be non-linear on sedim ent shores (Herman et 
al. 1999, Widdows et al. 2000a). In areas of high bed 
shear stresses with maximum near-bed current flows 
of 0.35 to 0.40 m s-1, sedim ent erosion and disturbance 
will limit infaunal suspension feeders such as Cerasto
derma edule. At interm ediate current velocities (e.g. 
0.15 to 0.30 m s_1) there is greater sedim ent stability 
for the infauna and w ater exchange is sufficient to 
minimise near-bed seston depletion by suspension- 
feeders, thereby sustaining a high biomass. In areas of
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Fig. 5. Seasonal cycles in  chlorophyll a and colloidal carbo
hydrates at Site 2 (silty sediment) and Site 4 (sandy sediment) 

on M olenplaat tidal flat. (From Lucas et al. 2003)

low maximum current velocities (e.g. <0.15 m s-1), 
seston depletion and food limitation will constrain the 
grow th and biomass of suspension-feeders (Fréchette 
et al. 1989, Widdows et al. 2002). During the period 
from early spring to autum n there is a general increase 
in the biomass of the suspension-feeder C. edule  (Her
m an et al. 1999) due to the summer grow th period in 
established populations and the recruitm ent of newly 
settled individuals. In addition, there is a seasonal 
increase in the mass-specific filtration rate of C. edule 
(Newell & Bayne 1980). This higher biomass and feed
ing rate will result in enhanced biodeposition of silt 
throughout the summer period, at a time of reduced 
wave activity and lower bed  shear stresses. These pro
cesses account for the significant relationship betw een 
C. edule  density and silt content (r = 0.45; p = 0.01) on 
the M olenplaat. In contrast to silt content, seasonal 
changes in % ash-free m aterial in the sedim ent (re
flecting particulate organic m atter content) was less 
m arked, w ith Site 2 showing the greatest change but 
only from 1.6 to 2.2% (Table 1). However, there was 
still a significant correlation betw een  C. edule  density 
and the particulate organic m atter content of the sedi

ment (r = 0.58; p = 0.001). Within this dynamic relation
ship there is potential for feedback mechanisms, via 
biodeposition, which will modify the properties of the 
sedim ent (e.g. increase silt and colloidal carbohydrate 
content) thus enhancing sedim ent cohesiveness and 
stability (see subsection 'Biodeposition'). These sea
sonal changes in m acrofauna appear to be an im por
tant biological factor contributing towards the increase 
in silt content, reduction in the chlorophyll a and the 
shift from stable to less stable sediments.

As w ith m any tidal flats of NW Europe (Underwood 
& Paterson 1993, de Jonge & Colijn 1994, de Brouwer 
et al. 2000), the M olenplaat had  a visible microalgal 
mat in the spring, composed primarily of benthic 
diatoms. Trends in the spatial distribution of micro
phytobenthos chlorophyll a and colloidal carbohydrates 
reflected the spatial differences in physical properties 
of the sediment, with highest values (64 pg chi a g_1 
dry mass, and 356 pg glucose equiv. g_1) at the most 
stable and siltiest site (Site 2) and lowest values (0.8 pg 
chi a g-1, 5 pg glucose equiv. g_1) at the most mobile 
and sandiest site (Site 5) (Table 1). A lthough peak  val
ues differed, both silty and sandy sedim ents displayed 
a clear seasonal cycle in microphytobenthos biomass 
and colloidal carbohydrate content, w ith peak  values 
in June followed by a significant reduction by Septem 
ber (Fig. 5). There was a highly significant correlation 
betw een the chlorophyll a and carbohydrate content of 
the surface sedim ents (r = 0.85; p < 0.0001). However, 
due to the m arked seasonal changes in chlorophyll a 
there was only a significant correlation betw een % silt 
and chlorophyll a w hen  the spring and autum n data 
are considered separately (r = 0.79; p < 0.001 and 
r = 0.84; p = 0.001, respectively).

Spatial and temporal changes in sediment 
resuspension and deposition

Flume studies recorded m arked and significant spa
tial and tem poral differences in sedim ent erodability 
(Table 1). There w ere no significant correlations b e 
tw een sedim ent erodability and the bulk physical prop
erties of the top 1 cm of sediment (bulk density, % water, 
% sand, % POM). There was a significant negative re 
lationship betw een sediment mass eroded and emersion 
time (r = -0.54; p < 0.005). The central sites, w hich w ere 
exposed for the longest period, w ere more stable (i.e. 
had  the lowest erosion potential) than sites on the edge 
of the M olenplaat (Sites 1 and 4). Site 5, however, was an 
exception, w ith the longest em ersion period (7.5 h) and 
relatively low sedim ent stability (i.e. mobile sand with 
ripples) (Table 1). All sites on the tidal flat w ere signifi
cantly more stable in June 1996 (i.e. higher Ucrit values 
ranging from 0.30 to 0.37 m s-1) com pared to Septem ber
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1996 (Ucrit values of 0.14 to 0.21 m s-1). The 
high sediment stability in June 1996 was due 
to a combination of biotic factors, the bio
stabilisation of the sediment by benthic algal 
biofilms (microphytobenthos) and the re la
tively low biomass of the bioturbating clam 
M acoma balthica. Benthic algae produce 
extracellular polymeric substances (EPS, 
mainly colloidal carbohydrates), which in
crease the cohesiveness of the sediments, 
and this is reflected in the significant re la
tionship betw een UCTit (and mass eroded) 
and the chlorophyll a content of surface 
sedim ents (r = 0.54; p = 0.005 for 1996 and
1997 data). Field studies (Sutherland et al.
1998b, Austen et al. 1999, Paterson et al.
2000, Widdows et al. 2000a) have consis
tently dem onstrated a significant correlation 
betw een sedim ent stability and the content 
of chlorophyll a and EPS in the surface 
sediments. Furtherm ore, controlled labora
tory flume experim ents have confirmed that 
there is a cause-effect relationship betw een 
microphytobenthos chlorophyll a (and EPS) 
and sedim ent stability (Sutherland et al.
1998a). The m echanism of increased sedi
m ent stability through diatom biofilms is 
the production of EPS which form sticky 
coatings and enhance particle cohesiveness 
(Decho 2000).

The flume studies also showed the con
verse of bio-stabilisation, and highlighted 
a significant relationship (r = 0.775, p < 0.005) betw een 
sedim ent erodability and the biomass of the surface 
deposit-feeding clam M acoma balthica (Widdows et al. 
2000a). Over the 2 yr (1996 and 1997), a significant 
relationship was only apparen t for the siltier central 
sites (Sites 2 and 3; r = 0.59, p < 0.05). These ob
servations are consistent with other field studies in the 
H um ber (Widdows et al. 1998a). Controlled laboratory 
studies have confirmed that sedim ent erodability in 
creases with increasing M. balthica density (Widdows 
et al. 1998b). This species represents one of the key 
bioturbators on the tidal flat, and destabilises the sedi
ment by its surface deposit-feeding. During the period 
from June 1996 through to Septem ber 1997, there was 
a significant decline in sedim ent stability at the central 
M olenplaat sites, which reflected the shift in the over
all balance betw een the 'biostabilisers' (microphyto
benthos) and the 'bio-destabilisers' (bivalves such as 
M. balthica and Cerastoderma edule). Reduced sedi
ment stability in the autum n coincided with the b reak 
down of the microphytobenthos mat, due in part to the 
m acrofauna grazing and increased bioturbation. In the 
autum n there w ere large am ounts of phaeopigm ents

relative to chlorophyll a in the sediment, >85%  of 
which w ere phaeophorbides, a major by-product of 
m etazoan grazing (Lucas & Holligan 1999).

Field m easurem ents at the 5 sites on the M olenplaat 
generally dem onstrated a close coupling betw een 
current velocities and SPM during spring tides (Site 4; 
Fig. 6), with peaks in currents and SPM ca. 1.25 h 
before and after slack high water. There was also good 
agreem ent betw een the observed UCTit (in the field, 
Fig. 7) and the predicted UCTit (derived from flume 
experiments). This was particularly evident at sites on 
the edge of the tidal flat (Sites 1, 4 and 5) w here the 
resuspension/deposition processes involved fine sand 
grains that sank rapidly once the critical threshold for 
deposition was reached (Fig. 8, and Lucas et al. 2000). 
At the central sites, although the SPM peaks w ere 
associated with periods of high current velocity, the 
periods of ben th ic-pelag ic  flux w ere slightly less dis
tinct due to a num ber of factors: (1) the greater sedi
m ent stability; (2) the advection of SPM from the 
peripheral areas of the tidal flat; and (3) the lower 
critical deposition threshold and settling velocities for 
the finer particles.
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During the autum n and winter, silt con
tent declined due to increased sedim ent 
erosion at this time of year. This is likely to 
be the result of interactions betw een physi
cal and biological processes (including 
increased fluvial flows, storms and wave 
action) combined with reduced bio-stabili
sation and increased bio-destabilisation of 
the sediment. The relative im portance of 
these factors is unknow n at present.

Resuspension of microphytobenthos

Microphytobenthos, because of their close 
association with sediments, are subjected to 
the same physical forces of tidal currents and 
wave energy that act to resuspend, transport 
and deposit sedim ent particles. Sampling of 
the water column for SPM, chlorophyll a, and 
diatom cell counts over a high-w ater period 
clearly identified resuspension and deposi
tion events across the sed im ent-w ater in ter
face occurring either side of the high-w ater 
slack period during a spring tidal cycle 
(Fig. 8, and Lucas et al. 2000). These field ob
servations w ere consistent with the flume 
m easurem ents of spatial and tem poral dif
ferences in the erosion potential of sedim ent 
and microphytobenthos (Lucas et al. 2000, 
Widdows et al. 2000a). Peaks in chlorophyll a, 
its degradation products (phaeopigments) 
and SPM occurred in the water column above 
the bed, and w ere associated with resus
pended  benthic diatoms (primarily Navicula  
spp.) and large num bers of diatom frustules 
(Lucas et al. 2001). In addition, there was a 
major resuspension of some larger phyto- 
planktonic species, such as the centric diatom 
Coscinodiscus spp. (-200 pm), which sink to 
the bed at low current velocities (Lucas et al. 
2001). At Site 4 (edge), the resuspension of 
both SPM and chlorophyll a was greater than 
at Site 2 (central) due to the lower stability of 
the underlying bed. Furtherm ore, there was 
greater vertical mixing (less stratification) 
with high chlorophyll a values in the surface 
w aters above Site 4 (Fig. 8).

Fig. 8. W ater-column profiles of suspended partic
ulate m atter (SPM mg L 1) and chlorophyll a (mg 
m-3) over an immersion period at Site 4 on Molen- 
p laat tidal flat (June 1996). HW: high water. (From 

Lucas et al. 2000)



Widdows et al.: Sedim ent dynamics of a tidal flat 51

In num erical terms, benthic diatoms accounted for 15 
to 42 % of total diatom  abundance in the w ater column 
over the flood-ebb  period, while Coscinodiscus spp. 
accounted for 12 to 17% in June  and 3% in late 
August. However, due to the larger cell size of the 
planktonic forms (e.g. Coscinodiscus spp.) com pared 
to the benthic diatoms, the contribution of benthic 
diatoms to the total diatom carbon in the w ater column 
was <1 % in June, but up to 25% in late August (Lucas 
et al. 2001). The ecological consequences of these 
large differences in cell size and the resultant small 
contribution of benthic diatoms to the total diatom 
carbon in June  have been  clearly dem onstrated in field 
studies using stable isotopes as trophic tracers (Her
m an et al. 2000). Despite the resuspension of benthic 
algae at high current velocities, suspension-feeders 
(such as Cerastoderma edule  and M ya arenaria) had 
S13C signatures close to that of pelagic algae, thus indi
cating that pelagic algae formed the major food source.

The quantity and quality of m icrophytobenthic 
resuspension on the M olenplaat tidal flat varied both 
spatially and temporally as a result of complex physi
cal, chemical and biological interactions. Resuspension 
of benthic chlorophyll a was mainly related  to the ero 
sion behaviour (threshold and rate) of the sediment, 
including the stabilising influence of the microbial mat 
(Paterson & Black 1999, Lucas et al. 2000) and the 
amount and vertical distribution of the m icrophyto
benthos available for resuspension (Lucas & Holligan
1999). Resuspension of the microphytobenthos is also 
influenced by the physical/biochem ical properties of 
the sediment, as well as the presence and feeding 
activities of benthic deposit- and suspension-feeders. 
The tem poral variation in m icrophytobenthic resus
pension will occur (1) as a function of changes in cur
rent velocity during diurnal tidal cycles and the spring- 
neap cycle, (2) over seasonal cycles (due to variation 
in sedim ent stability, m icrophytobenthic grow th and 
interm ittent storms, and (3) in response to interannual 
variation (largely due to climatically driven changes in 
the biological cycles of benthic diatoms and grazers; 
Widdows et al. 2000b). The nature or quality of the 
resuspended benthic algae varied spatially, ranging 
from epipsammic diatoms attached to sand grains 
(Sites 4 and 5) to epipelic diatoms (such as the genera 
Navicula  and Nitzschia) which tend to form dense 
algal mats on silty sedim ents (Sites 2 and 3) (Lucas et 
al. 2001).

Flux of pigments into sediment

Pigments in sedim ent can derive from 3 sources: 
(1) m icrophytobenthos produced in situ, (2) sedim en
tation of phytoplankton, and (3) m acroalgal detritus.

HPLC and microscopic evidence dem onstrated the 
presence of benthic and water-colum n-derived micro- 
algal pigm ents in the surface layers of both silty and 
sandy sedim ents of the M olenplaat tidal flat, but there 
w ere pronounced differences in their biomass and 
vertical distribution (Lucas & Holligan 1999). Sandier 
sedim ents w ere characterised by hom ogenous vertical 
profiles of chlorophyll a in the upper 2 cm of sediment 
together w ith very low phaeopigm ents (degraded p ig 
ments) and the absence of water-colum n-derived p ig 
m ents below the surface layer. This suggests that the 
greater sedim ent mobility and porosity of sandy sedi
m ents com bined with the turbulence in the overlying 
w ater mixes and w ashes out fine particles, preventing 
accum ulation of both autochthonous or allochthonous 
sources of microalgae.

In contrast, HPLC analysis of pigm ents in silty sedi
m ents provided evidence of a seasonal peak  (in June) 
of microalgal biomass produced both in situ  and in the 
w ater column. During the spring algal bloom period, 
high chlorophyll a levels at the surface decreased 
very rapidly w ith depth  over the upper 5 to 10 mm. 
This indicated that the degradation of algal pigments, 
through processes such as senescence, photodegrada
tion, bacterial degradation and herbivore grazing, was 
more rapid than the vertical mixing (physical and bio
logical) of cohesive/silty sedim ents (Sun et al. 1993, 
Lucas & Holligan 1999). Large amounts of phaeopig
m ents w ere produced in the M olenplaat sediment, 
w ith the relative contribution changing from phaeo- 
phytins in M arch/April to phaeophorbides in Septem 
ber as the role of the herbivorous community in chloro
phyll a cycling becam e more significant. Bianchi et al. 
(1988) reported  that phaeophorbides represen ted  40 
to 60% of total phaeopigm ents in mesocosms with 
the deposit-feeders M acoma balthica and Leitoscoplos 
fragihs, but only 3 to 4 % in controls w ithout fauna. 
There was also evidence of inputs of pigm ents from 
w ater-colum n sources betw een June and Septem ber 
(Lucas & Holligan 1999), indicated by the presence 
of peridinin (dinoflagellates) and 19'hexanoyloxyfuco- 
xanthin (prymnesiophytes). During the late au tum n- 
winter, the chlorophyll a content and pigm ent diversity 
decreased, coincident with reduced biological activity 
and increased physical mixing of the sediments. The 
ratio of fucoxanthin to chlorophyll a is indicative of 
the m icrophytobenthos being dom inated by diatoms 
in both sandy and silty sediments. By September, 
there was considerable accum ulation of this m aterial 
(high fucoxanthin:chlorophyll a ratios) down to several 
centim etres depth.

On tidal flats such as the M olenplaat, sandy sedi
m ents undergo rapid recycling of prim ary producers 
and there is no significant accum ulation of pigm ents or 
organic material. At the silty sites, however, the bai-
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anee betw een import and export changes on a sea
sonal basis. During the spring and summer, these sites 
act as a sink for a part of the in situ production of b en 
thic m icroalgae and for phytoplankton deposited from 
the w ater column. This carbon then becomes incorpo
rated into the sedim ent and, as benthic m acrofauna 
biomass increases during the summer and autumn, 
grazing acts to reduce the microalgal biomass. This 
also has the effect of reducing sedim ent stability, and 
then the sedim ent becomes more physically disturbed 
by currents and wave action w ith rapid recycling of 
m aterial in the upper layers.

Biodeposition

The m ain suspension-feeder on the M olenplaat tidal 
flat was the cockle Cerastoderma edule. Experim ental 
flume studies (Widdows et al. 2000a) showed a signifi
cant relationship betw een the suspension-feeding/ 
biodeposition rates and C. edule  biomass (r = 0.91, p < 
0.001) and betw een sedim ent chlorophyll a/colloidal 
carbohydrate and C. edule  biomass (r = 0.82; p < 0.05). 
Suspension-feeding activity of C. edule  in Septem ber 
1996 induced higher rates of biodeposition in the 
central region (2.8 and 7.7 g n r 2 I r 1 at Sites 2 and 3, 
respectively), in contrast to zero biodeposition rates at 
the sandy edges of the M olenplaat (Sites 1 and 5; 
Widdows et al. 2000a). The occurrence of highest 
cockle densities and biomass in the central part of 
the M olenplaat can therefore play an active role in 
enhancing deposition rates, by at least 1 order of 
m agnitude com pared to sedim entation rates at sites 
w ithout suspension-feeding bivalves (Widdows et al. 
2000a). This is probably an im portant contributory fac
tor to the increasing silt content of sedim ent during the 
spring-sum m er period.

A subsequent experim ent exam ined this hypothesis 
and confirmed that Cerastoderma edule  at a density of 
350 n r 2 not only increased the silt content 2.6-fold over 
a period of 7 d but also mixed the m aterial into the 
sandy sedim ent to a depth  of 3 cm, by m eans of their 
burrow ing/bioturbation activity. This vertical mixing 
and the rapid incorporation of surficial m aterial at 
depth  has also been  confirmed by labelling experi
m ents (see next subsection; H erm an et al. 2000). While 
flume studies have shown that the majority of b iode
posits will be resuspended during periods of maximum 
currents on flood and ebb tides, it only requires a small 
proportion of the biodeposits to be incorporated into 
the sedim ent during the slack-w ater period on each 
tidal cycle for the silt content to increase over the sum 
m er months. The fine silt then becomes resuspended, 
and is w ashed out of the m uddy-sandy sedim ent 
during the w inter storms.

Mixing processes in sediment

Sedim ent mixing is ultim ately the result of num erous 
small-scale movements by benthic organism s and 
physical disturbances due to wave and current action. 
At the M olenplaat tidal flat, wave and current energy 
inputs to the sedim ent w ere highly variable in space 
and time. Similarly, sedim ent mixing due to organisms 
(i.e. bioturbation) was also highly variable because of 
the heterogeneity  in the distribution, biomass and 
activity of the benthos.

Direct m easurem ent of sedim ent mixing is extrem ely 
difficult and not yet feasible. However, the net result 
of sedim ent mixing can be studied using a variety of 
tracers, including radioactive and stable isotopes and 
chlorophyll a. In studies of the M olenplaat tidal flat, 
depth  profiles of the natural radionuclides 7Be and 
210Pb, chlorophyll a and 13C-labelled organic m atter 
have been  used (Schmidt et al. 1999, M iddelburg et al.
2000). These different tracers integrate over different 
timescales, on the order of days for 13C-labelled 
organic matter, w eeks for chlorophyll a, months for 
7Be (f1/2 = 53.3 d), and years or decades for 210Pb (f1/2 = 
22.3 yr).

Sedim ent accum ulation rates based on a variety of 
tracers revealed net sedim ent accretion rates on the 
M olenplaat to be -2  cm y r 1 during the last few 
decades. If steady-state applies and there is no sedi
ment mixing, then short-lived radionuclides would not 
be expected below 2 cm. The m easurem ents, however, 
showed significant excess activities at depths greater 
than 2 cm. This implies either that seasonal varying 
sedim ent accum ulation rates are considerably higher 
than the long-term  net accum ulation rate and/or that 
these radionuclides are transported to deeper layers by 
mixing processes. Assuming a constant delivery of 
these natural radionuclides and steady-state accum u
lation (Boudreau 1986), eddy-diffusion-type mixing 
coefficients (Db; G oldberg & Koide 1962) for bulk sedi
m ent mixing w ere estim ated to be 6 to 52 cm2 yr-1 
based on 7Be. Clifton et al. (1995) reported  sediment 
mixing coefficients for intertidal sedim ents of the 
Tamar estuary of 1.8 to 108 cm2 yr-1 based on 7Be, and 
of 8 to 43 cm2 y r 1 based  on 210Pb; these are consistent 
w ith our data. Moreover, Boudreau (1994) compiled 
sediment mixing coefficients, and reported those based 
on 7Be in coastal sedim ents to vary betw een 3.8 and 
9.1 cm2 yr-1.

Chlorophyll a was observed down to 10 cm in the 
sediment, yet it is only delivered to the sediment 
surface by deposition of w ater-colum n algae and by 
m icrophytobenthos production in the top few milli
m etres. Assuming steady-state conditions, constant 
porosity, no compaction, negligible accumulation re la 
tive to mixing and a first-order degradation constant
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(k) of chlorophyll a of 10 yr \  the depth  profile of 
chlorophyll a can be described (Sun et al. 1994) by:

C = Q  exp ([-k/D b]0 Sx)

w here C  is the chlorophyll content, C0 is the chloro
phyll content in the surface layer, Db is the sedim ent 
mixing coefficient and x  is depth  in the sediment. 
Application of this model to our data yielded chloro
phyll a-based mixing rates of 44 to 67 cm2 yr-1, consis
tent w ith those based on 7Be and literature estim ates 
for coastal sedim ents (Boudreau 1994, H erm an et al. 
1999).

An in situ labelling study of microphytobenthos was 
carried out at 2 sites (Sites 2 and 4) on the M olenplaat 
to determ ine its fate (Herman et al. 2000, M iddelburg 
et al. 2000). At the start of a tidal em ersion period, 13C- 
bicarbonate was sprayed on the sedim ent surface, and 
the uptake of 13C by the algae in the top 1 mm was 
linear during the whole period of light and aerial expo
sure (ca. 27 m g 13C n r 2 I r 1 at both sites; M iddelburg 
et al. 2000). Although the label incorporation per unit 
area w ere the same at Sites 2 and 4, the latter site 
showed a stronger specific labelling of organic matter, 
since the organic m atter content and biomass of the 
algae w ere 8 to 10 times less in the top 1 mm of sedi
ment. At the silty station (Site 2), about 75% of the 
label fixed by microphytobenthos was found in the top
1 mm after 4 h, the rem aining 25%  being in deeper 
sedim ent layers (down to 15 mm). About 35 to 40%  of 
the label was found in the deeper layers after 1 d and 
about 60% from Day 2 onwards. At the sandy site 
(Site 4), about 40% of the label fixed was recovered in 
the top 1 mm, the other 60% was found in the deeper 
sedim ent layers (down to 60 mm). About 80% of 
the label was found in deeper layers after 1 d. The 
residence time of microphytobenthos w ith respect to 
external losses (resuspension and respiration) was 
-2.4 and 5.6 d at the sandy and silty sites, respectively. 
This rapid transfer of newly formed organic m aterial 
from the surface of the sedim ent to deeper layers 
cannot be described using an eddy-diffusion type of 
approach, because the underlying concept, continuity 
in time and space, does not apply. This rapid transfer to 
deeper layers cannot be attributed to large-scale sedi
m ent movement, since the label would mainly be d is
appearing from the small area labelled rather than 
being mixed to deeper layers. Possible rapid transfer 
pathw ays include advective w ater flow draw ing down 
m icroalgae at sandy sites, and rapid sedim ent mixing 
due to benthic organism s at silty sites (e.g. burrowing 
polychaetes down to -6  to 8 cm; the head-dow n de- 
posit-feeder H eterom astus filiformis at 6 to 14 cm; and 
burrow ing bivalves including Cerastoderma edule at
2 to 3 cm; Macoma balthica down to -8  cm; and Mya  
arenaria down to >10 cm).

Sediment transport modelling

The model results adequately reproduced the time 
series and the spatial pattern  of net sedim entation 
(Fig. 9). The area with net sedim entation was located 
at the central area of the M olenplaat tidal flat. Tidal 
variations of m easured suspended particulates in 
the w ater column w ere reproduced, but somewhat 
smoothed, in the model. The net sedim entation flux in 
the model was -150 g n r 2 10 d_1, which is equivalent 
to -15 g n r 2 d_1 for the central area of the tidal flat. 
Based on a dry density of 2650 kg n r 3 and a wet 
density of 1700 kg n r 3 (Widdows et al. 2000a), an esti
m ated net sedim entation flux of 0.014 mm d_1 or 
0.42 mm mo4  was calculated for June conditions. If the 
grain-size composition of the sedim ent (-40%  silt) is 
also taken  into account, the total flux at the central site 
is increased to 1.05 mm mo4 , or 1.26 cm yr-1) assum ing 
a constant accretion rate over the year. This com pares 
w ith estim ates, derived from depth  profiles of radio
nuclides, ranging from 1.1 cm yr-1 at the edge to 2.4 cm 
y r 1 at the centre of the tidal flat (Table 2).

A sensitivity analysis was perform ed to estim ate the 
effect of several input items on the model output. In 
addition to certain  process param eters (critical bottom 
shear stress for erosion, settling velocity), the avail
ability of sedim ent in the model appeared  to be an 
im portant factor determ ining the sedim entation flux. 
In particular, the suspended sedim ent concentration at 
the boundary dow nstream  of the M olenplaat affects 
the sedim entation flux.

r.W

Sed. Rate % Silt
□  <o.o O<o.o
□  <50.0 O<io.o
□  <100.0 o <20.0
□  <150.0 o <30.0
B  <200.0 #<40.0
□  <250.0 #<50.0
H  <300.0 #<60.0
■  >3000 #>60.0

Fig. 9. M odel output show ing cumulative net sedim entation 
rate for M olenplaat tidal flat (without microphytobenthos) 
and % silt content. Key represents sedim entation rate of 0 to 

>300 g n r 2 over 10 d, and % silt content of 0 to >60 %
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Sed. Rate % Silt
□  <0.0 O<o.o
□  <50.0 O<io.o
□  <100.0 O  <20,0
□  <150.0 O<30.0
[ ]  <200.0 O<40.0
H  <250.0 O<50.0
■  <300.0 #<60.0
■  >300.0 #>60.0

Fig. 10. M odel output showing cumulative net sedim entation 
rate for M olenplaat tidal flat (with microphytobenthos in 
creasing sedim ent stability at central sites) and % silt content. 
Key represents sedim entation rate of 0 to >300 g n r 2 over 

10 d, and % silt content of 0 to >60%

The model was also run to test the effect of increased 
sedim ent cohesiveness and stability as a result of algal 
biofilms. In the central part of the M olenplaat this re 
sulted in an increase of the critical bed shear stress from 
ca. 0.3 to 0.45 Pa. The results are presented  in Fig. 10, 
w hich shows a 2 -fold increase in sedim entation rate in 
the central area (30 g n r 2 d_1) and an increase in the 
silt content, which has moved south. Therefore, the 
addition of 1 im portant biological param eter, namely 
chlorophyll a, improves the model output in term s of 
both sedim entation rate and the location of the sedi
m ent with high silt content. As a result, the model ou t
put is in close agreem ent w ith field estim ates of accre
tion rates derived from depth  profiles of radionuclides.

The model output serves to dem onstrate that the 
dynamics of fine silt cannot be m odelled adequately by 
physical processes alone. However, the model can be 
significantly im proved by the addition of a biotic factor 
(i.e. increase in sedim ent stability and critical bed 
shear stress due to microphytobenthos), thus support
ing evidence from flume and field studies indicating 
that biological processes have a significant impact 
on sedim ent dynamics. Further im provements to the 
sedim ent dynamics model could include:
• additional biological processes recognised as im 

portant factors influencing sedim ent erosion and d e 
position (e.g. bioturbation and suspension-feeding);

• improved representation of other grain sizes, since 
the dynamics of fine silt are not sufficient to describe 
the total net sedim entation of both fine silt and 
coarser particulates;

• better representation of reality, w ith details of tidal 
variations in SPM concentrations at the boundaries 
(ca. 20 to 150 mg I-1), seasonal variations in SPM con
centrations at the boundaries (Herman et al. 2001), 
and the effects of w ind and spring-neap cycles in 
tidal currents.
The model can be used to further investigate the 

relative im portance of the different factors controlling 
sedim entation and erosion processes. For example, the 
effects of m icrophytobenthos mats and bioturbating 
clams on resuspension processes can be tested  by 
creating spatial and tem poral changes in M olenplaat 
sedim ent erodability in the model. Recently, other 
models of sedim ent dynamics have com pared the re la 
tive im portance of biological and physical processes 
on intertidal sedim ent transport (Willows et al. 1998, 
Wood & Widdows 2002). These studies have dem on
strated that bio-stabilisers (microphytobenthos), bio- 
turbators (Macoma balthica), tidal range and offshore 
sedim ent supply all have an im portant impact on in ter
tidal sedim ent erosion and deposition.

Conclusions

Total sedim ent accretion on the M olenplaat tidal 
flat was estim ated to be -2  cm yr-1, with total vertical 
mixing in the order of 50 cm2 yr-1. Both physical and 
biological processes (i.e. tidal currents, bio-stabilisa- 
tion, biodeposition and bioturbation) have been 
shown to influence sediment dynamics (erosion, trans
port, deposition and vertical mixing) on the tidal flat. 
Aspects of these different processes and their involve
m ent in sedim ent dynamics have been  quantified 
and discussed. A sedim ent transport model based on 
physical processes accounted for sedim entation rates 
of up to 1.26 cm yr-1, which was -50%  of the recorded 
rate in the central area. W hen sedim ent stability was 
increased due to the presence of microphytobenthos, 
the model output showed a 2-fold increase in sedi
m entation rate. However, a w ider range of additional 
physical processes (tidal or seasonal variation in 
SPM, w ind or effects of spring-neap tidal cycles) and 
biological processes (biodeposition from suspension- 
feeding, bio-stabilisation and bioturbation) need  to be 
incorporated into future models. In particular, spatial 
and tem poral changes in the balance betw een 'bio
stabilisation' by m icrophytobenthos and 'bio-destabil- 
isation' and grazers/bioturbators) on the tidal flats 
should be modelled. Further studies are required  to 
improve the quantification of biological and physical 
processes, including their interactions, and to improve 
param eterisation of dynamic sedim ent models d e 
signed to incorporate biological processes as well as 
physical processes.
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