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Abstract

This paper compares modeled biotic and physical effects on intertidal sediment transport, using parameterizations
that are based on laboratory and field experiments. A one-dimensional model of an intertidal transect is constructed.
The model is aligned cross shore and includes movement of water and suspended sediment. Within the model, tidal
currents cause erosion, and bioturbation by the clam, Macoma balthica, alters the erodability of the bed sediment.
The concentration of chlorophyll a in the surface sediment (which is an indicator of microphytobenthos density)
alters the critical erosion velocity. External sediment supply is specified as an offshore suspended matter concen-
tration. The model is applied within Spurn Bight (Humber Estuary, UK). The effects of various tide heights, biota
densities, and external suspended sediment concentrations are investigated. Offshore sediment supply dominates the
net deposition below midtide level, but factors affecting intertidal sediment erosion and deposition become important
at higher shore levels. Changes in erosion or deposition caused by natural variation in biota densities are as large
as those caused by changes in tidal range and currents over a spring–neap cycle, or by doubling external supply.
Seasonal variations in densities of stabilizing microphytobenthos can alter the magnitude of net deposition on the
upper shore by a factor of two. Interannual variation in numbers of bioturbating clams can change net deposition
by a factor of five. These results show that biotic influences on transport of sediment within the intertidal zone are
significant and will play a role in determining sediment budgets over tidal to monthly timescales.

Sheltered estuaries often have extensive intertidal areas.
These are important as both sources and sinks for fine sed-
iment within the estuary. As such, they have a major role in
the storage and cycling of those pollutants that preferentially
bind to small particles. Mudflats and salt marshes in the U.K.
are an important habitat for wintering birds and their prey
species. Accretion of mudflats and salt marshes provides a
valuable natural coastal defense in a regime of rising sea
level, serving to dissipate energy from high tides and storm
waves.

The shallow coverage of water on the intertidal zones al-
lows wave energy to penetrate to the bed, increasing the
effect of small waves on sediment erosion. Rapid tidal flood-
ing and drying of large, low gradient areas can also cause
erosion by raising current speeds above the critical value.
Turbid water is advected across the flats as the tide rises and
is deposited during the long period of low current speeds
near high water. Populations of benthic animals can affect
erosion and deposition of particles actively (through biotur-
bation and biodeposition) and passively (by altering sedi-
ment characteristics). Algal mats and macroalgae can phys-
ically shield sediment, alter cohesiveness, and influence
current velocity profiles.

This paper addresses the question of how important biotic
effects on sediment transport over a whole tidal cycle are
compared to the importance of tidal forcing and external
sediment supply. The chosen method is to construct a model
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of an intertidal transect, including the minimum set of pro-
cesses needed for the comparison to be made. Model con-
ditions can then be varied to compare responses under var-
ious biotic and physical forcings. The model uses sediment
erosion functions, which incorporate bioturbation effects,
within an advective model of sediment transport. Net erosion
and deposition over a tidal cycle is then predicted over a
one-dimensional shore-normal transect. The relative impor-
tance of biotic and physical forcing to the evolution of the
bed can only be assessed when erosion and deposition ef-
fects are integrated under realistic tidal velocities. Previous
models have not directly compared biotic effects with abiotic
effects on intertidal sediment transport.

Intertidal areas have frequently been modeled as part of
two-dimensional or three-dimensional models of whole es-
tuaries (Cheng et al. 1993; le Hir et al. 2000). These models
are larger and more complex than is needed for our purpose
here, which is more an experimental investigation into com-
bining processes rather than a predictive model for a partic-
ular area. One-dimensional models of cross-shore transects
have been used by Woolnough et al. (1995) for studying
morphological evolution of salt marshes. Goodwin et al.
(1992) used ‘‘methods of characteristics’’ to model propa-
gation of the tidal surface wave across the intertidal zone.
Wood et al. (1998) modeled a one-dimensional transect
across Spurn Bight using simplified equations, and the re-
sults compared favorably with current meter observations at
about midtide level. Friedrichs and Aubrey (1996) examined
the velocities over a uniformly sloping bed due to volume
conservation of a flooding and drying tidal flow. Recently,
le Hir et al. (2000) reaffirmed the suitability of assuming a
horizontal water surface across tidal flats where the long-
shore flow is small, and Roberts et al. (2000) confirm that
cross-shore flows dominate at Skeffling.

Many experiments and observations have confirmed that
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benthic animals can affect sediment erosion and deposition.
Graf and Rosenberg (1997) review the direct (e.g., sediment
disturbance by siphon feeding, production of large pseudo-
feces) and indirect (e.g. effects on flow speed and effects of
mucus on particle cohesiveness) mechanisms of bioresus-
pension and biodeposition. They conclude that erosional or
depositional fluxes can be more than doubled by benthic
biota. Biopolymers exuded by microphytobenthos have been
observed to increase sediment stability (de Brouwer et al.
2000) and increase erosion thresholds (Amos et al. 1998;
Austen et al. 1999; Widdows et al. 2000a,b). Bioturbation
by Macoma balthica has been studied by Widdows et al.
(1998b). Flume experiments within the laboratory and in the
field showed significant increases in erosion rates in relation
to Macoma densities. Clearly, the erosional behavior of a
mudflat will be affected by spatial and temporal changes in
the densities of a range of key species acting as biostabilizers
and biodestabilizers. However, for the purposes of this study,
which is an assessment of the scope of biological influence
on sediment movement, only the bioturbation by Macoma
and biostabilization by diatoms will be considered.

Model description

The model combines a simple one-dimensional onshore–
offshore model of water movement with a semiempirical
model of cohesive sediment erosion and deposition. The
model transect is taken as representative of a section of es-
tuarine shore that is uniform in the longshore direction. The
population densities of Macoma and microphytobenthos are
specified along the transect.

Depth-averaged current speed—The sea surface is taken
to be flat across the model extent. Time-varying sea surface
elevation is supplied at the offshore boundary. Depth-aver-
aged velocities are calculated along the transect using vol-
ume conservation (as described in Wood et al. 1998)

]h ]
1 (u[h 2 H]) 5 0

]t ]x

where h 5 sea surface elevation relative to chart datum, H
5 height of bed relative to chart datum, and u 5 current
speed in the x direction (offshore). The drying height in the
model is set to 5 cm.

Sediment transport—The sediment transport is calculated
using an advection equation for suspended matter, with ero-
sion and deposition terms

]C ] (E 2 D)
1 (uC) 5

]t ]x (h 2 H)

where C 5 suspended sediment concentration, E 5 erosion
rate, and D 5 deposition rate. Suspended sediment can be
imported or exported through the open, offshore boundary
of the model and can be eroded from the bed or deposited
onto it. The suspended sediment is assumed to be well mixed
throughout the water column.

Erosion rate—The depth-averaged current speed is used
to calculate the speed at 10 cm above the bed (using an

estimated value for bed roughness, see below). This near-
bed current speed is then used in the erosion formulation to
give erosion rate. Erosion rate is also dependent on the den-
sity of Macoma in the bed sediment. Willows et al. (1998)
used flume data to form a semiempirical model formulation
for behavior of suspended sediment within the flume, de-
pendent on water velocity and Macoma density. When ex-
posed to a constant velocity that exceeds the critical erosion
velocity, increasing the density of Macoma leads to larger
amounts of sediment being eroded. Increasing Macoma den-
sity further has a progressively smaller effect until an as-
ymptote is approached. This corresponds to the siphoning
ranges of Macoma individuals covering the whole surface
of the sediment. Comparison with field data from the Skef-
fling transect in the Humber show that the same functional
form fits field data with similar parameter values.

Current speed and Macoma density (number of 7 mm or
longer individuals m22) determine the sediment erosion rate, E,

E 5 k(mxsed(n, u ) 2 erodsed)10cm

if zu z . u and mxsed(n, u ) . erodsed,10cm crit 10cme

otherwise E 5 0

where u10cm is the model current speed estimated at 10 cm
above the bed, mxsed (n, u10cm, x) is the maximum erodable
sediment per unit area for Macoma density n and current
speed u, erodsed(x) is the amount of sediment eroded since
the erosion commenced, is critical erosion speed, anducrite

parameters k and those in mxsed are experimentally deter-
mined. The functions mxsed and erodsed are described in
Willows et al. (1998), along with the parameters from Skef-
fling field experiments that are used here. The erosion for-
mulation (in which erosion rate varies with mass of sediment
already eroded) is equivalent to an erosion rate that varies
with depth of sediment eroded.

Current speed at 10 cm above bottom—The erosion func-
tion is in terms of current speeds at 10 cm above the bed
because this is the height at which speeds are measured in
the annular flume. The relationship between current velocity
and estimated bed shear stress is given in Widdows et al.
(1998a). To estimate current speed within the model at 10
cm above the bed, a factor is used, based on the following
relations. A logarithmic velocity profile is assumed

u* z
u(z) 5 ln1 2k z0

where u(z) 5 current speed at height z above bed level, k
5 von Karman’s constant, z0 5 roughness length, and u* 5
friction velocity.

This can be integrated over depth to give u* in terms of
depth-averaged velocity, ū,

Hkū
u* 5

H
H ln 2 H 2 z05 1 2 6z0

This can then be used in the velocity profile equation to find
u(0.1),
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Fig. 1. Location of modeled transect at Skeffling in the outer
Humber estuary, England, showing coastline and level of chart da-
tum (approximately the level of lowest astronomical tide).

0.1 Hū
u(0.1) 5 ln 5 f ū11 2z0 H

H ln 2 H 2 z05 1 2 6z0

Appropriate roughness lengths for mud or muddy sand are
between 0.0002 m and 0.0007 m (Dyer 1986). For values of
H between 2 m and 8 m, and taking k 5 0.4, then f1 varies
between 0.76 and 0.59. In the model, the factor f1 is ap-
proximated as 0.7.

Critical erosion threshold—The threshold speed at which
erosion starts is taken as a linear function of surface chlo-
rophyll a (Chl a) concentration. This is based on observa-
tions in the Westerschelde (Widdows et al. 2000a) and sup-
ported by the experimental results of Sutherland et al.
(1998).

The equation is

u 5 0.01(0.4026 Chl 1 15.934)crite

where Chl 5 chlorophyll a concentration in the surface sed-
iment (mg g21 dry weight of sediment, measured in 1 cm
deep core), and u is in m s21.crite

During the field deployments of the flume at Skeffling,
similar critical erosion velocities from 0.15 to 0.31 m s21

were observed (Widdows et al. 1998a).

Sediment deposition—Sediment deposition rate is calcu-
lated using the basic equation of Krone (1962) with a single
settling velocity and critical deposition speed based on ex-
perimental data from Amos et al. (1998) and Widdows et al.
(1998a)

2u10cmD 5 w C 1 2 if u , us 10cm critd21 2ucritd

where ws is settling velocity (ws 5 0.5 mm s21), u10cm is speed
10 cm above the bed, and u is critical deposition speedcritd

(u 5 0.12 m s21).critd

The choice of fall velocity was based on flume observa-
tions of decreases in suspended particulate matter after cur-
rent speeds were reduced below the deposition threshold ve-
locity.

Output variables and model parameters—The model is
constructed within the ECoS modeling system (Gorley and
Harris 1998), allowing easy change of most of the process
equations. Model runs start from rest, with no suspended
sediment and with the tidal state at low water. Sea surface
elevation and suspended sediment concentration are speci-
fied at the offshore boundary. Output variables that are pro-
duced at every time step are current speed, suspended sed-
iment concentration, and net sediment mass eroded or
deposited within each segment in the transect. The model
runs for single tidal cycles. At the end of a tidal cycle, the
model produces a profile of net erosion and deposition of
sediment (mass per unit area). Model runs are made for a
variety of boundary conditions and biota distributions. Re-
sults are then summed appropriately to give budgets of sed-
iment movement due to these processes for sequences of
tides. The time step for the model is 60 s. The model has

also been run with time steps of 30 s and 15 s, and there
was no significant change in the results. Spatial segments
are 35 m in length. The model uses centered differencing in
space, and forward differencing in time. Results are stored
every 600 s, and shown in the subsequent plots.

Model parameterization

This study is concerned with investigating simplified bi-
otic-physical systems, rather than accurately reproducing
conditions in a particular estuary. However, input parameters
for the model have been based on a transect for which pres-
ent-day and historical data on bed elevation does exist. The
transect is on the Skeffling mudflats in Spurn Bight on the
north shore of the outer Humber estuary, England (Fig. 1).
This transect extends from the shoreline embankment to 3.5
km offshore (where the bed is below mean low water neaps
level). This intertidal area is wide and flat, and so velocity
is expected to be predominantly cross shore (Dyer 1998).
Bed heights have been obtained from profiles measured dur-
ing the Littoral Investigation of Sediment Properties (LISP)
experiment (Black 1998). Ideally, the cross-shore bathyme-
try should be averaged over several kilometers of shoreline.
To approach this, the bathymetry is smoothed so that cross-
cutting channels are not included.

The bathymetry for the Skeffling model is shown in Fig.
2. Modeled currents are fastest near midtide level at the time
of flooding and drying (when the rate of sea surface rise is
greatest), as well as at flooding and drying of the flattest part
of the profile (about 750–1,000 m offshore). The spatial dis-
tributions of Macoma and Chl a in the model are also shown.

The variation of Macoma density along the transect is
calculated using the following formula (McGrorty and Yates
pers. comm. 1999) based on bed height and bed sediment
grain size.



851Intertidal sediment transport

Fig. 2. Bathymetry for the Skeffling transect, with locations of
mean high water neaps (MHWN), midtide level (MTL), and mean
low water neaps (MLWN) marked. Height given in meters above
chart datum (mCD). Spatial profiles of density of Macoma balthica
individuals and surface Chl a concentration are also shown.

Fig. 3. Model results of net deposition of sediment during one
tidal cycle for five different tidal amplitudes. Negative values cor-
respond to erosion, and positive values correspond to accretion. Re-
sponse lines are labeled with tidal amplitude (in m).

n 5 c exp(A)
2A 5 1.72 1 0.121p 1 1.486h 2 0.01345ph 2 0.001009p

22 0.2459h

where n 5 Macoma density (number of individuals m22), c
5 scaling factor to give a chosen maximum density, p 5
percentage of fine material (,63 mm) in bed sediment, h 5
height of bed relative to ordnance datum Newlyn, U. K. The
range of values used for c was based on observations by
Widdows et al. (1998a, 2000b) in the Humber, and Beukema
et al. (1998) in the Wadden Sea. This formula arises from a
multiple regression of observed Macoma numbers against
physical parameters using data from the Wash and Humber.
For the Skeffling transect, this produces a simple unimodal
variation of Macoma numbers down the shoreline, with a
broad maximum centered around 1,000 m offshore, a rapid
fall to low numbers as the sediment becomes sandy, and a
reduction in numbers at the highest shore levels (as shown
in Fig. 2).

Values for the surface sediment Chl a concentration (as
related to the density of diatoms) were chosen based on ob-
servations by Amos et al. (1998) at Skeffling, by Underwood
and Paterson (1993) in the Severn, and by Widdows et al.
(2000a) in the Westerschelde. The distribution of diatoms
down the shore was based on measurements by Amos et al.
(1998) at Skeffling and on particle size variation down the
shore.

Model results

The net mass of bed sediment deposited or eroded at each
grid cell during a single tidal cycle is taken as the model
response. The main forcings within the model (tide height,
bioturbator density, microphytobenthic chlorophyll concen-
tration, and external sediment) have been varied individually
to show the effect that each has on the response over a single
tide. For investigation of longer term bed changes, results

for 29 separate tidal cycles are then summed to approximate
the response over two spring–neap cycles.

Effect of tide height—Figure 3 shows net erosion and de-
position during tides of five different amplitudes. For these
runs, the peak Macoma density is 1,000 individuals m22 and
the peak Chl a density is 30 mg g21 dry surface sediment.
Incoming water is set to have zero suspended particulate
matter (SPM), so there is no external sediment supply for
these runs. The intertidal erosion and up shore transport
gives a strong peak of deposition in the high shore zone.
These results, combined with those from other runs, show
that the height, spread, and location of this peak are strongly
dependent on the tide height, bed geometry of this zone, and
deposition parameters used. There is large intertidal sedi-
ment transport at springs (4 m amplitude), but very little
transport at neaps (2 m amplitude). Peak deposition reduces
by a factor of 75 for a change in tidal amplitude from 4 m
to 2 m. Peak erosion reduces by a factor of over six for the
same tidal amplitude change, and the cross-shore extent of
erosion reduces by a similar factor. An increase in tidal am-
plitude from 3 m to 4 m gives a greater than threefold change
in maximum deposition. This shows that the higher tides will
give a much greater contribution to the mass of intertidally
transported sediment than the small to medium tides. This
is consistent with measurements of tidally averaged SPM
flux at Skeffling by Black (1998), which show net onshore
flux at site B (585 m offshore) during spring tides and no
significant transport during neap tides.

The mass of sediment that undergoes net transport has
been summed over one tidal cycle and over the entire tran-
sect. This shows that for a 3 m tide, 90 kg of sediment per
meter of longshore distance are transported shoreward and
79 kg of sediment per meter of longshore distance are ex-
ported from the model system. In reality, much of this may
be expected to return as suspended load during the subse-
quent tide. For a 4 m tide, the mass of sediment transported
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Fig. 4. Model results of net deposition of sediment during one
tidal cycle for three different offshore suspended sediment concen-
trations. Response lines are labeled with offshore SPM concentra-
tion (in g m23).

Fig. 5. Model results of net deposition of sediment during one
tidal cycle for low Macoma 1 low Chl a (L, L); low Macoma 1
high Chl a (L, H); high Macoma 1 low Chl a (H, L); and high
Macoma 1 high Chl a levels (H, H).

up shore is 288 kg m21 longshore, while the mass of sedi-
ment exported is 390 kg m21 longshore.

Effect of changing external sediment—Figure 4 shows net
deposition after one tide for three values of incoming sus-
pended sediment concentration. For these runs, there is a
maximum Macoma density of 100 individuals m22 and a
maximum Chl a density of 30 mg g21 dry sediment. The
tidal amplitude is 3.5 m. External suspended sediment con-
centration is set to 0, 100, and 200 g m23, respectively. This
is a reasonable range given that measured values of sus-
pended solids in the Humber mouth vary from 20 to 1,000
g m23 (Gameson 1982). Sediment is deposited, using a con-
stant fall velocity, while current velocity is below a depo-
sition threshold. At lower shore locations, the results are
dominated by the difference in external sediment supply. At
higher shore levels the response lines are closer together,
which shows that the deposition of intertidally transported
sediment is outweighing the contribution from externally
sourced sediment here. At middle shore levels, the intertidal
erosion of the bed is being countered by deposition of sed-
iment advected from the subtidal channel when external sed-
iment supply is not zero. This shows that effects of intertidal
sediment transport become more important at higher shore
levels.

Effect of changing biota—Figure 5 shows net erosion and
deposition after one 3.5 m spring tide for four different biota
scenarios. There is no external sediment supply for these
runs. High Macoma values tend to be associated with lower
diatom values due to increased grazing pressure. Because of
this, the high Macoma runs are given a lower maximum Chl
a value than the low Macoma runs. The responses show the
hydrodynamics determining the spatial pattern of erosion/
accretion, with biota strongly influencing the magnitude. The
response curves can be considered as forming two groups.
The curves (H, L) and (H, H) have high numbers of biotur-
bators and show large midshore erosion and subsequent on-

shore deposition, whereas the curves (L, H) and (L, L) have
low numbers of bioturbators and show much smaller re-
sponses. Within these groups, the curves with higher chlo-
rophyll (H, H and L, H) show reduced accretion and erosion
compared to the lower chlorophyll runs (H, L and L, L).
Increasing the Macoma density from 100 to 1,000 individ-
uals m22 increases the erosion at 100 m offshore and in-
creases the peak deposition by fivefold on the upper shore.
Further increases in Macoma numbers would not signifi-
cantly enhance the effect, since the erosion rate shows as-
ymptotic behavior in the presence of higher Macoma den-
sities (greater than 1,000 individuals m22). The Macoma
density affects erosion rate, whereas diatom density affects
critical erosion speed. So increasing diatom density can pre-
vent erosion in parts of the transect where it previously oc-
curred, whereas changing overall Macoma numbers influ-
ences the magnitude but not, primarily, the spatial
distribution of erosion.

Month-long results—Model results show a strong spring–
neap variation. Biota and external sediment supply are ex-
pected to vary less rapidly. Therefore, to show cumulative
effects over two spring–neap cycles, results for individual
tides are summed over 29 d, and converted to depth of net
accretion or erosion. An appropriate sequence of tide heights
is taken from Admiralty Tide Tables (1998). Model respons-
es for all the tides during 1–29 November 1998 have been
summed, using several biota populations. Areas that are be-
low the mean low water spring (MLWS) level are not shown.
For comparison, one set of runs is made with no intertidal
erosion. By use of observed values of wet sediment density
(1,325 kg m23) and dry sediment density (2,650 kg m23),
the net deposition has been converted to depth of sediment
accretion (Fig. 6). With no intertidal erosion allowed, the
amount of deposition increases smoothly with offshore dis-
tance. The change of deposition with distance is steepest at
the highest shore levels. Using a low density of bioturbators
(100 Macoma m22, and a chlorophyll value of 20 mg g21
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Fig. 6. Model results of accretion of sediment during 1–29 Nov
1998 with (a) no intertidal erosion and moderate offshore suspended
sediment (100 g m23), (b) low Macoma (100 individuals m22) and
moderate offshore sediment supply (100 g m23) and surface Chl a
concentration of 20 mg g21 dry sediment, (c) high Macoma (1,000
individuals m22) and moderate offshore sediment supply (100 g
m23) and surface Chl a concentration of 30 mg g21 dry sediment,
(d) low Macoma (100 individuals m22) and high offshore sediment
supply (200 g m23) and surface Chl a concentration of 20 mg g21

dry sediment.

Fig. 7. Observed and modeled suspended particulate matter
(SPM) concentration at site B (585 m offshore). Observations from
unpublished data of M. Christie (pers. comm. 2000).

Fig. 8. Observed and modeled suspended particulate matter
(SPM) concentration at site D (2,200 m offshore). Observations
from Christie et al. (1999).

dry sediment) changes the response by reducing deposition
at the midshore range and increasing deposition at the high
shore. High bioturbation (1,000 Macoma m22, and a Chl a
value of 30 mg g21 dry sediment) has a large effect on the
response, giving a large peak in deposition below the mean
high water neap (MHWN) mark and a broad band of erosion
and reduced deposition around midtide level. Comparing the
responses to high bioturbation with 100 g m23 external sed-
iment and low bioturbation with 200 g m23 offshore sedi-
ment supply shows that the high-shore deposition associated
with a high density of Macoma can exceed that given by a
large offshore sediment supply. Integrating over a month has
lowered and broadened the deposition peak.

Model validation

Ideally, the results of the model should be compared to
observations of erosion and deposition over an intertidal flat
for individual tides during periods of low winds. However,
there are very few data of this sort available. The model has
been built up using parameterizations from flume experi-
ments that have been validated against field experiments.
The performance of the velocity model has been validated
against field data in Wood et al. (1998). In Figs. 7 and 8,
the model results for suspended particulate matter are com-
pared against observed concentrations at two locations along
the transect. The advantages of using SPM to validate the
model are that it is a more easily measurable quantity than
bed level and more measurements are available and that it
is an advected quantity with an extensive source, so it nat-
urally integrates spatially. It is likely to display smoother
behavior that is more comparable to an idealized one-di-
mensional model. Figure 7 shows modeled and observed
depth-averaged SPM at site B (585 m offshore) for the af-

ternoon flood tide of 4 July 1997. The wind conditions were
calm and the tidal range at Spurn was 5.2 m. The observa-
tions are taken from unpublished data (M. Christie 2000
pers. comm.) from the MAST 3 INTRMUD project, contract
number MAS3-CT-95-0022. The model had a maximum
Macoma density of 1,000 individuals m22, a maximum Chl
a concentration of 10 mg g21 dry sediment, and an external
suspended sediment concentration of 200 g m23. The model
reproduces the initial peak in SPM as the area floods, fol-
lowed by reduction in SPM due to settling around high wa-
ter. The model shows more settling than the observations
because model current speeds fall to zero at high tide, where-
as in reality there is a small longshore component of flow
around high tide.

Figure 8 shows modeled and observed SPM at site D
(about 2,200 m offshore) for the same tide. Observed values
were taken from Christie et al. (1999). A broad low peak in
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SPM is seen during the flood phase in both the observations
and model results. This is related to the concentration of
sediment being advected into the system from offshore. Dur-
ing the ebb, the observations show a sharp peak in SPM as
water depth becomes shallow and ebb speed increases. This
is reproduced in the model. These comparisons indicate that
on a tidal timescale the model is producing the main ob-
served features of SPM behavior.

A pattern of high-shore accretion and midshore erosion at
Skeffling has also been inferred by Andersen et al. (2000)
based on observations of 210Pb and 137Cs in sediment cores.
Vertical profiles of 210Pb concentration from a sample at site
A (50 m offshore) implied accretion of about 8 mm yr21.
Profiles from sites B (600 m offshore) and C (1,500 m off-
shore) were not consistent with accretion, but implied ero-
sion. This is in agreement with the pattern shown by the
model (in Fig. 6, line c, for example). At site A the model
shows accretion; at site B it shows small erosion; and at site
C the model shows larger erosion.

There are few direct observations of sediment erosion and
deposition on a tidal timescale. However, Brown (1998) ob-
served up to 650 g dry weight m22 of sediment deposited
on the upper salt marsh during two tidal cycles. A model
run with a tidal amplitude of 4 m, zero external sediment
supply, maximum Macoma density of 1,000 individuals m22,
and Chl a concentration of 30 mg g21 dry sediment gives
similar magnitudes of 210 g dry weight m22 of sediment
deposition over a single tide at 15 m offshore.

Discussion

Within this model, the fundamental forcing is the tidal cur-
rent. It is tidal current speed that provides energy to cause
intertidal sediment transport. The biota affect the erosion re-
sponse to any particular tidal forcing. The magnitude of bi-
ological and physical effects on intertidal accretion and ero-
sion during calm conditions can be assessed by comparing
the response to changes in physical variables (tide height,
external SPM concentration) and biological variables (Ma-
coma density, diatom density—as indicated by Chl a concen-
tration). The utility of the model lies partly in the ability to
separate biological and physical processes, which cannot be
separated by field observations of integrated quantities such
as SPM.

The pattern of intertidal erosion is sensitive to the ba-
thymetry, with greatest erosion occurring over flatter sec-
tions of shore (where peak current velocities are higher).
Comparing results for different tidal ranges shows that there
is little transport during neap tides, so the influence of in-
dividual tides is highly biased toward the larger tidal ranges.
Increasing the external sediment supply gives greater depo-
sition on the lower intertidal area, but the effect diminishes
as the shoreline is approached (and inundation time decreas-
es). Altering the density of bioturbating clams from a low
to a high value (consistent with observed interannual vari-
ations; Widdows et al. 2000a,b) can increase the peak value
of deposition on the higher shore by a factor of five. In-
creasing the Chl a density (related to the presence of micro-
phytobenthos) can reduce the high-shore deposition peak by

a factor of two. These results have been computed for a wide
tidal flat in a macrotidal estuary (Spurn Bight, Humber es-
tuary, UK). The qualitative aspects of the comparison be-
tween biotic and purely physical effects are generally appli-
cable to this type of estuarine situation, i.e., sheltered
extensive intertidal areas with a large tidal range. The results
show that biota can have a significant effect on sediment
redistribution within the intertidal zone. This is important
for the morphological evolution of intertidal areas.

In a regime of climate change, where changes in summer
temperatures and cloud cover will influence diatom growth
and changes in patterns of mild and severe winters will in-
fluence Macoma populations, this work shows that biota
have an important role in determining the intertidal sediment
budget. Diatom numbers follow a seasonal pattern, with
higher densities in spring and (sometimes) autumn. Macoma
numbers show greater interannual than seasonal variation,
with high recruitment years tending to follow cold winters
(Beukema et al. 1998; Widdows et al. 2000a,b). In this mod-
el, high Macoma populations will destabilize the midshore
sediment, which increases deposition at high shore levels.
Further observations of bed-level change and biota are re-
quired to establish the statistical significance of biotic effects
on a large spatial scale.

There is plentiful supply of external sediment to the lower
intertidal zone, which is covered by most tides, and yet the
observed accretion becomes much higher near and within
the salt marsh zone. Intertidal erosion removes sediment
from midshore levels, where the deposition from external
supply is plentiful, and redistributes it on the higher shore.

Intertidal transport gives a mechanism for external sedi-
ment to be shifted up shore on spring tides. At midtide lev-
els, the erosion on the flood and deposition of sediment ad-
vected in from offshore can give large sediment transport
without much local change in bed level. The magnitude of
the intertidal transport will be affected by biota, which them-
selves vary with season and year. Physical characteristics
like bed height and size of bed sediment particles are not
sufficient to parameterize biotic effects because of seasonal
and interannual variability of biota populations.

The model results show a rate of bed-level change that is
higher than that observed over longer timescales (Wood
2000). However, Allen and Duffy (1998) noted that at upper
intertidal points in the Severn estuary, rates of bed-level
change over 2 yr were five times smaller than monthly rates
of change. This confirms the idea that morphological change
of intertidal areas is the net result of competing accretionary
and erosionary processes, with different processes dominant
at different times. It appears that changes over long time-
scales are the (small) balance of larger changes occurring
over shorter timescales.

The model presented in this paper clearly represents a
simplified system, which does not produce all major terms
in the sediment transport budget. A near-bed wave orbital
velocity can also be added, or velocity could be modified to
take account of wave-current interaction, this would then
allow consideration of periods of windy conditions. A nat-
ural population of particles, including the development of
flocs, would have a range of fall velocities, which may alter
the pattern of high-shore deposition. The sediment transport
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behavior for a sequence of tides is dependent on the rees-
tablishment of vertical erodability structure within the sedi-
ment column during exposure or inundation. This will be
affected by compaction and consolidation processes as well
as biotic disturbance. Observations are needed to determine
suitable choices for specific situations. Temporal variation in
external suspended sediment and the effects of surges and
cycles longer than the spring–neap cycle on tidal height will
also affect the long-term sediment transport budget. Fur-
thermore, bathymetric changes resulting from the erosion
and deposition will feed back to affect currents and subse-
quent erosion patterns. Further observations of bed-level
change and biota are required to establish the statistical sig-
nificance of biotic effects on a large spatial scale.
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