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INTRODUCTION

As a result of predicted sea level rise and increased
storminess, there is growing concern over the possi-
bility of increased flood risk and erosion of natural
coastal defences (mudflats and salt marshes) in many
low-lying coastal areas. However, there is a lack of
adequate understanding of the interactions between
hydrodynamics (tidal currents and waves), salt marsh
plants and sediment erosion/deposition, and the resul-
tant changes in morphology over tidal and seasonal
cycles.

Previous studies have shown that salt marshes atten-
uate tidal flows and wave activity (Pethick et al. 1990,
Leonard & Luther 1995, Shi et al. 1995, Leonard &
Reed 2002, Möller 2006). However, increased wave
activity has been linked to both a reduction (Pethick
1992, van Proosdij et al. 2006) and an increase (Leo-
nard et al. 1995, Christiansen 1998, Temmerman et al.
2004) in sedimentation. Neumeier (2005) measured the
vertical velocity profile associated with a dense Spar-
tina anglica marsh and showed an order of magnitude
decline in currents from the skimming flow above the
canopy to near bed flow within the canopy. Recently,  a
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detailed study by Leonard & Croft (2006) showed a
50% reduction in mean current speed and turbulent
kinetic energy (TKE) within 5 m of the salt marsh edge
(Spartina alterniflora). Similarly, Möller et al. (1999)
and Möller (2006) recorded up to 50% reduction in
wave height over the first 10 to 20 m of salt marsh veg-
etation. Leonard & Croft (2006) also noted that there
have been few direct measurements of turbulence
within natural salt marsh canopies, and their studies
confirmed the overall attenuation of tidal flow and
small waves. However, these previous studies did not
examine the effect of hydro-biological interactions on
sediment dynamics and longer term sediment mor-
phology changes.

Salt marsh plants, such as Spartina anglica, are gen-
erally considered to act as ecosystem engineers by
modifying their environment through attenuation of
waves and currents, enhanced sedimentation, and the
bio-stabilisation of sediment (Brown et al. 1999, Chris-
tiansen et al. 2000, Neumeier & Ciavola 2004). In this
paper we examine whether the notion of S. anglica as
a bio-stabiliser of sediment is entirely consistent with
field observations and our understanding of inter-
actions between hydrodynamics, Spartina stems and
sediment dynamics on a fine muddy shore, in particu-
lar in a salt marsh where the majority of tidal water ex-
change is via the salt marsh edge rather than through
a complex creek system. We are not aware of any pre-
vious study that has investigated the wider range of
interactions and links between the physical processes
(flow, TKE, wind-wave activity), the biota (form and
density of salt marsh vegetation), sediment dynamics
(effect on sediment erosion/deposition), and the re-
sultant morphology of intertidal mudflats.

The main objectives of this study were (1) to measure
the shore profile and seasonal changes in fine sediment
erosion, accretion and resultant sediment morphology,
particularly on the upper shore at the seaward edge of a
Spartina anglica salt marsh, (2) to quantify the relation-
ships between near-bed flows, turbulence, bed shear
stress, sediment resuspension and S. anglica stem den-
sity, and (3) to relate seasonal changes in morphology to
important physical-biological interactions measured in
both field and flume studies.

MATERIALS AND METHODS

Study site. An intertidal mudflat was studied in the
Tavy estuary, a lateral branch of the macrotidal Tamar
estuary (5.5 m tidal range) in southwest England. The
Tavy estuary is approximately 5 km long, running
inland from the southwest to the northeast, and is
likely to be affected by the dominant south-westerly
winds with a fetch of ~4 km. The Blaxton site (Ord-

nance Survey grid reference SX 465633) was selected
on the basis of its extensive soft muddy intertidal flat
(400 m across the tidal gradient) with a monospecific
salt marsh (30 m width) of Spartina anglica (common
cordgrass) on the upper shore. The seaward edge of
the salt marsh, situated just above the High Water
Neap Tide (HWNT) level, was characterised by a grad-
ual ramp profile comprising soft, fine mud (<63 µm =
84.4 ± 4.0% SE; median particle size = 17.4 ± 0.2 µm).
Due to the nature of the site (i.e. narrow width of the
salt marsh in a ria system with a rising rocky substra-
tum landward of the salt marsh) the majority of the
tidal waters are exchanged via the salt marsh edge and
not through a complex creek system. Morphological
measurements were initiated in 2004, conducted in
more detail in 2005 (monthly), and continued through
2006. During this period, there was no evidence
(photographic record) of any change in stem density or
position of the seaward edge of the salt marsh (i.e. no
loss or progradation of salt marsh).

Measurements of sediment elevation and sediment
properties. The basic shore profile was measured
using a laser levelling technique from the High Water
Spring Tide (HWST) level (Fig. 1). Permanent posts
(50 × 50 mm) were driven deep into the sediment at
3 locations on the mudflat below HWNT (lower, mid
and upper) and also at 3 locations above HWNT within
and seaward of the salt marsh.

On the mudflat, the sediment levels around the
lower, mid and upper posts were determined using a
2 m aluminium beam placed at one end on the fixed
post and at the other on a pole that was temporarily
pushed into the mud until the beam was horizontal
(checked with a 0.5 m spirit level). The distance be-
tween the horizontal beam and the sediment was mea-
sured to the nearest mm at 1.5, 1.75 and 2 m from the
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Fig. 1. Shore-normal profile of Blaxton intertidal mudflat 
(Tavy estuary, southwest UK) with surface elevation relative
to high water spring tide (HWST) level (March 2004). The
profile illustrates the location of a Spartina anglica salt marsh,
which grows ~30 m seaward from HWST level, and three per-
manent posts for measuring monthly changes in sediment 
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post in north, east, south and west bearings from the
post (n = 12 readings). This prevented any disturbance
of sediment in the vicinity of the post and avoided any
area of scouring by tidal currents and waves around
the post (a feature of the lower shore post). The sedi-
ment levels relative to the fixed posts were measured
on 6 occasions during 2004 (from January to August),
and then at monthly intervals throughout 2005, and in
winter, spring and summer 2006.

Sediment levels within the lower salt marsh and sea-
ward of the salt marsh were measured (at 0.25 m inter-
vals) along a 12 m shore-normal transect to provide a
more detailed profile at this location. The initial de-
tailed profile of the lower salt marsh at the end of winter
(March 2004) showed a distinct change in sediment
heights, with a deep depression (80 mm) at the edge of
the salt marsh (~6.5 m horizontal distance in Fig. 2)
and/or a marked shoulder of deposited sediment in
front of the salt marsh (7 to 8 m in Fig. 2). A photograph
of the seaward edge of the salt marsh with the depres-
sion and shoulder is shown in Fig. 3. This morphologi-
cal feature ran along the front edge of the salt marsh.
We hypothesised that there were two possible explana-
tions for the profile: (1) the shoulder resulted from en-
hanced sedimentation in front of the salt marsh and the
natural profile was ca. 70 mm lower (dashed line in
Fig. 2), and/or (2) the depression is caused by the
increased turbulence and erosion induced by the Spar-
tina stems at the seaward edge. Subsequent field and
flume studies were designed to examine the dynamic
nature of this profile and possible causal processes.

Spartina anglica stem density was measured at 2 m
intervals along the shore-normal transect using a 20 ×
20 cm quadrat (n = 5). The volume of root/rhizome
below the sediment surface was determined by taking
3 cores containing cordgrass (10 cm diameter by 15 cm
depth) both at the edge of the salt marsh and 3 m sea-
ward in November 2005. The cores were sectioned into
0–5, 5–10 and 10–15 cm depths, the sediment was
washed off the roots/rhizomes over a coarse sieve, and
the displacement volumes of stems, roots and rhizomes
were then estimated and expressed relative to the total
volume of the core.
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Fig. 3. Photograph of the de-
pression and shoulder at the
seaward edge of the Spartina
anglica salt marsh at Blaxton in
January 2005. Arrowhead de-
notes location of Sontek ADV
(Acoustic Doppler Velocimeter)
for measuring hydrodynamics
at the seaward edge of the salt
marsh. S. anglica height ≈ 45 cm
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Background information on aspects of the biological
properties of the Blaxton mudflat was provided by
other parallel field studies. These measurements were
not considered essential to this investigation because
these other studies show that intertidal mudflats within
the middle and lower Tamar/Tavy estuary have rela-
tively consistent critical erosion thresholds (~0.1 Pa;
Bale et al. 2007, Widdows et al. 2007, Pilditch et
al. 2008). This largely reflects the overall balance
between bio-stabilisers, such as microphytobenthos
(mean ± SE ranging from 12.2 ± 0.6 to 27.6 ± 0.9 µg chl
a g–1 wet wt), and macrofauna acting as bio-destabilis-
ers (predominantly Hydrobia ulvae, ~1600 ind. m–2;
and Nereis diversicolor, 854 ind. m–2), without any
marked temporal or spatial changes in sediment stabil-
ity. This is in contrast to other studies at intertidal sites
in estuaries on the North Sea coast, such as the Hum-
ber (Widdows et al. 2000b), Westerschelde (Widdows
et al. 2004) and Essex estuaries (Widdows et al. 2006),
where the abundance of these key biota can undergo
more marked variability.

Measurements of hydrodynamics. Spring tidal
cycles of near-bed (z = 0.05 m above the bed) current
velocities, TKE, water depth and suspended sedi-
ment concentrations were measured at three locations
on the upper shore. Measurements were made (1) on
the unvegetated mudflat at the same elevation as the
salt marsh (6 m southwest of the salt marsh), (2) at
the seaward edge of the Spartina anglica marsh
(Fig. 3), and (3) within the salt marsh (2 m from the
seaward edge), over periods of calm and windy
weather in March and April 2005. Bed shear stress (τ0)
was calculated from TKE measured within the benthic
boundary layer (where τ0 = 0.19 × TKE; Stapleton &
Huntley 1995, Pope et al. 2006). Due to equipment
limitation, it was not possible to make simultaneous
measurements at all 3 sites. Instruments included a
Sontek micro Acoustic Doppler Velocimeter (ADV
Field) with an optical back-scatter sensor (OBS-3)
coupled to a Hydra System (power supply and data
logging), the Plymouth Marine Laboratory’s (PML)
mini-rig, incorporating an x-y electromagnetic (EM)
current meter (5.5 cm spherical head, Valeport 800),
an OBS-1, and a depth pressure sensor (Druck PDCR
940 0–7 Bar absolute) coupled to a microprocessor
controller-logger and power supply. Both the Sontek
ADV/Hydra and PML’s mini-rig were programmed
to record for 3 min every 15 min. The OBS sensors
were calibrated against water samples with resus-
pended sediment obtained from flume experiments
run with sediment collected from the upper shore at
Blaxton. These were filtered onto pre-weighed
glass fibre filters (GFC), washed with distilled water,
dried at 90°C and re-weighed together with blank
filters.

Flume studies of hydrodynamics, sediment erosion
and deposition. A detailed description of the annular
flume and the operating procedures is provided by
Widdows et al. (1998, 2000a). In short, the flume repre-
sents a smaller, modified version of the design des-
cribed by Fukuda & Lick (1980). The annular flume
was constructed of acrylic material with a 64 cm (outer)
and 44 cm (inner) diameter, resulting in a 10 cm chan-
nel width with a total bed area of 0.17 m2, a maximum
water depth of 38 cm, and a maximum volume of 60 l.
The flume was controlled and logged by a portable
computer using LabView software. Water flow, rang-
ing from 0.05 to 0.40 m s–1, was generated by four pad-
dles (9 × 6.5 cm) attached to a rotating cylinder driven
by a motor and gearbox with built-in rpm counter.
Changes in suspended sediment concentration (SSC)
were monitored (every 15 s) with an optical back-
scatter sensor (OBS-3M, D & A Instruments) flush-
mounted in the outer wall. The OBS output (volts) was
calibrated against water samples taken for gravimetric
analysis and calibration curves were produced for each
experiment. This allowed the calculation of SSC
(mg l–1), and sediment erodability was quantified in
terms of critical erosion velocity (Ucrit, m s–1), critical
erosion bed shear stress (τe, Pa), and mass of sediment
eroded (ME, g m–2). Ucrit is defined as the depth-aver-
aged current velocity required to erode 10 g m–2 and
was estimated from the linear relationship between log
ME and log U

–
(Widdows et al. 1998, Roast et al. 2004).

This reflects the erosion of bed sediment (type Ib ero-
sion) without including the resuspension of small
amounts of recently deposited flocs and aggregates.
τcrit was calculated from the linear relationship
between ME and log τ0 above the inflexion in the ero-
sion curve, and the regression equation was then used
to extrapolate back to the x axis.

Sediments were collected from the mudflat and the
salt marsh at Blaxton on the Tavy estuary. Flume ex-
periments examined the effect of both artificially
planted Spartina anglica stems at different densities
(even distribution from 0 to 1650 stems m–2) and nat-
ural S. anglica stems (clumped distribution) on near-
bed hydrodynamics and sediment erodability. Bare se-
diments and sediments with cordgrass stem and root/
rhizome systems were cored from the sampling site to
a depth of 7 cm using stainless-steel quadrant box
cores (4 cores forming an annulus) designed to fit pre-
cisely into the annular flumes. The quadrant box cores
were pushed into the sediment and dug out, base
plates were inserted and the cores lifted for transporta-
tion to two identical flumes located at PML. The quad-
rant box cores were carefully inserted into the flumes
and the stainless-steel boxes were then removed leav-
ing the sediment and base plates in the flumes. The
four sediment blocks were then carefully pushed to-
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gether to fill any small gaps, and the final space was
filled with a slice of sediment from an additional core.
Such coring methods enable the collection of relatively
undisturbed sediments with surface features, stratifi-
cation and natural benthic community. Previous stud-
ies have demonstrated that there are no significant dif-
ferences in sediment erodability between the in situ
and laboratory-based flume measurements using qua-
drant box cored sediment (Widdows et al. 2000a,
2007).

After inserting the sediment cores into the flume, a
sheet of ‘bubble wrap’ plastic packaging the size and
shape of the annulus was carefully placed on the sedi-
ment surface and seawater was gently pumped onto
the sheet, which then gradually floated off without dis-
turbing the sediment surface. The flumes were then
filled with 46 l of water (27 cm depth) and gently aer-
ated to maintain fully oxygenated water prior to ero-
sion experiments. Current speed was increased step-
wise in 5 cm s–1 increments from 5 to 40 cm s–1, each for
a period of 20 min. A Sontek micro-ADV was used to
measure vertical profiles in current speed and TKE,
from 0.5 cm above the bed and then at 1 cm intervals
from 1 to 9 cm (Pope et al. 2006). Bed shear stress in the
flume studies was calculated from TKE measured
within the compressed boundary layer (i.e. at z =
0.5 cm). At >2 cm above the bed, currents and TKE are
relatively independent of depth and therefore there is
little difference between depth-averaged current
speed (U

–
) in the flume and U at z = 5 cm. Consequently

there is good agreement in the relationship between U
and τ0 in both the flume and field (Pope et al. 2006).
The relationship between mean current speed (U ) and
bed shear stress (τ0, in Pa) in both PML’s annular flume
and in the field over relatively smooth intertidal mud-
flats (i.e. shallow water) is described by the following
equation:

Bed shear stress  =  4.7608U 3 – 1.2607U 2 + 0.4264U

where U is speed in m s–1 at 5 cm above the bed (r2 =
0.99).

RESULTS

Shore profile of sediment height and 
Spartina anglica density

The shore-normal profile of the Blaxton intertidal
mudflat, with the location of the fixed upper, mid and
lower shore posts, is illustrated in Fig. 1. A more de-
tailed initial profile (March 2004) of the lower 6.5 m of
salt marsh and the upper 5.5 m of mudflat is presented
in Fig. 2, showing the marked depression and/or shoul-
der at the seaward edge. A photograph of the salt

marsh front edge shows the depression and shoulder in
January 2005 (Fig. 3). Mean  (±SE) Spartina anglica
stem density increased from 420 ± 81 stems m–2 at the
seaward edge, to 610 ± 59 stems m–2 at 2 to 8 m from
the marsh edge, to between 950 ± 63 and 1100 ± 42
stems m–2 in the inner salt marsh (>10 m from edge).

Effect of Spartina anglica on near-bed hydro-
dynamics and sediment erodability: flume studies

Fig. 4 illustrates the depth-averaged current velocity at
different flume speeds as a function of stem density.
There was a marked reduction in flow with increasing
stem density, particularly between 0 (bare mud) and
400 stems m–2 (3.5× reduction at high flows and 5.5× re-
duction at low flows), followed by more modest reduc-
tions with further increases in stem density (>400 stems
m–2). Although cordgrass stems caused a reduction in
near bed flows, they induced a marked increase in TKE
and thus bed shear stress (τ0), particularly at densities of
>100 planted stems m–2 (Fig. 5). For a given flow speed,
τ0 increased dramatically with increasing stem density.
For example, at 0.15 m s–1, a stem density of 800 m–2

enhanced τ0 7-fold above that recorded for bare sedi-
ment. The relationship between τ0 and current speed up
to 0.1 m s–1 for artificially planted stems (even distri-
bution) was consistent with natural clumped stems
suggesting that the planted stems adequately repre-
sented the natural condition. At higher current speeds,
the relationship for natural clumped stems at 659 stems
m–2 was equivalent to 800 planted stems m–2. The
slightly higher density-dependent τ0 associated with nat-
ural clumped stems probably reflected the more com-
plex structure and the rougher natural bed (with some
leaf litter) compared to the smooth mud used for the
planted stems.
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There was a >2-fold reduction in critical erosion
velocity (Ucrit) with increasing stem density. Ucrit was
reduced from 0.19 m s–1 for bare sediment to 0.11 m s–2

for a Spartina anglica density of 200 stems m–2,
0.09 m s–1 for densities of 400 to 812 stems m–2, and
0.075 m s–1 at 1645 stems m–2. However, when erosion
threshold is expressed in terms of critical bed shear
stress for erosion (τe), there is little difference between
the conditions (Fig. 6, τe = 0.10 to 0.12 Pa and densities
between 200 and 800 stems m–2). This is consistent
with theory and indicates that it is the force or shear
stress applied to the bed that determines the onset of
sediment erosion.

Field measurement of hydrodynamics and SSC in
relation to Spartina density and wind speed

Mean current speed (U ), bed shear stress (τ0) and
water depth were measured inside the salt marsh, at the
seaward edge of the salt marsh, and on the bare mudflat
at 15 min intervals during spring tides with maximum
water depths of ~1 m. Measurements were made at the
3 locations during calm weather (mean wind speeds
<6 m s–1 during inundation period) and compared
with windy conditions (with mean wind speeds >8 m s–1

and maximum wind speeds of 17 to  20 m s–1).
Fig. 7 illustrates the low U and τ0 values occurring 2 m

inside the salt marsh during the 4.5 h inundation period
on a calm day. The maximum τ0 was an order of magni-
tude below the erosion threshold (τe = 0.12 Pa) under
these conditions. During windy conditions, however,
there was a dramatic increase in the τ0 so that it was
above the critical erosion threshold (τe) for ~40% of the
inundation period (Fig.7). This was when the water

depth was <0.5 m during the initial 15 to 30 min of the
flood tide, but to a greater extent during last 60 min of
the ebb tide when τ0 reached a maximum of 0.50 Pa.

In contrast, at the seaward edge of the salt marsh
(Fig. 8), even under relatively calm conditions, the τ0

was above the τe for 15 to 30 min at the beginning of
flood tide and at the end of ebb tide. During windy
conditions, there was a significant increase in U to
0.087 m s–1 and >10-fold increase in τ0 to 1.0 Pa, such
that τ0 > τe throughout the whole tidal cycle. The max-
imum U and τ0 values occurred when the water depth
was <0.3 m, enabling energy associated with short
period waves (Tp = 1 s) with significant wave heights
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(Hs) of 15.5 cm to penetrate to the bed. The lowest U
and τ0 values occurred when water levels were greater
than the height of the Spartina stems, presumably
allowing skimming flow above the canopy (though not
measured in this study). There was a significant expo-
nential relationship between bed shear stress and
mean current velocity (p < 0.001, r2 = 0.96) during the
period of increased wind speed. As a result of the sig-
nificant increase in τ0 (i.e. τ0 > τe), there was consider-
able sediment resuspension, with up to 1 g l–1 in the
shallow water (0.1 to 1m) during tidal inundation of the
upper shore. There was a significant correlation
between τ0 and SSC (p < 0.001, r2 = 0.58, and p < 0.001,
r2 = 0.90 on 6 and 7 April, 2005, respectively).

Fig. 9 provides a synthesis of the field data and illus-
trates changes in the relationship between bed shear
stress and current velocity as a function of intertidal
location (mudflat, salt marsh or salt marsh edge) and
with and without wind-induced wave activity. At the
Blaxton site under calm conditions (wind speeds <6 m
s–1), intertidal mud (i.e. smooth surface) induced a low
bed shear stress (τ0) for a given current velocity (U ).
This was consistent with the relationship previously
recorded for smooth mud on the mid shore by Pope et
al. (2006), where τ0 begins to deviate from a near-linear
relationship only at U values >0.20 m s–1. On the Blax-
ton mudflat under calm conditions, τ0 was greater than
τe only at current speeds >0.25 m s–1. However, under
conditions of wind-induced wave activity, bed shear
stress increased markedly and was above τe at mean
current velocities >0.06 m s–1 (Fig. 9). At the salt marsh
edge under calm conditions, the near-bed flows were
dramatically reduced to <0.04 m s–1 with τ0 <0.15 Pa.

But in response to wind-wave activity, the flows and
bed shear stress were increased to 0.087 m s–1 and
1.01 Pa, respectively, with τ0 > τe at current speeds
>0.03 m s–1. In comparison to the mudflat, there was
marked attenuation of near-bed flow accompanied by
increased turbulence, resulting in an 8-fold increase in
τ0 within the salt marsh and at the seaward edge of the
salt marsh. The relationships between τ0 and U were
similar for the inner salt marsh and the seaward edge
of the salt marsh (Fig. 9). However, under windy condi-
tions, there was a 50% reduction in the maximum τ0

within 2 m of the salt marsh edge, and τ0 was therefore
only above τe for ~40% of the inundation period com-
pared to 100% at the seaward edge. There was also
agreement between the flume and field (calm) data for
the relationship between τ0 and U. The flume data for
natural and planted stems at the higher stem densities
(Fig. 5) fall within the scatter of points measured in the
field (Fig. 9), which includes some small wave activity,
even on relatively calm days.

Seasonal and spatial changes in sediment levels and
intertidal shore profile

During 2005, monthly changes in sediment levels
were monitored at 0.25 m intervals between the lower
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6.5 m of the Spartina anglica salt marsh and the 5.5 m
of upper shore mudflat seaward of the marsh, as well
as at the upper, mid and lower posts on the intertidal
mudflat. For reasons of clarity, only a summary of the
quarterly readings for the salt marsh and upper mud-
flat are illustrated in Fig. 10 (monthly data shown in
Fig. 11). The plots show the marked spatial and tempo-
ral changes in sediment levels at the seaward edge of
the salt marsh over the seasonal cycle. During autumn
and winter, there was significant sediment erosion
from the lower part of the salt marsh, with a total
annual change (TAC) of 53 mm between 1 and 2 m
landward from the seaward edge, and the develop-
ment of a pronounced depression at the seaward edge
of the salt marsh (TAC = 88 mm). This was accompa-
nied by accretion on the mudflat seaward of the salt
marsh (TAC = 31 mm). During the spring and summer,
there was accretion on the lower salt marsh, infilling of
the depression at the seaward edge, and some erosion
of the mudflat seaward of the salt marsh. The TAC in
sediment levels on the intertidal mudflat in 2005 were
16, 23 and 64 mm for the upper, mid and lower shore
posts, respectively (Table 1). A more detailed seasonal
cycle of monthly changes in sediment levels at differ-
ent tidal elevations is presented in Fig. 11. Measure-
ment of seasonal changes in sediment levels at differ-
ent heights on the shore therefore demonstrated that
greatest changes occurred at the seaward edge of the
salt marsh. Furthermore, the observed depression in
the winter was primarily due to erosion, but this was
made more pronounced by some accretion on the
upper mudflat immediately seaward of the salt marsh
(Fig. 10). The lower shore had the second highest vari-
ation in bed level changes despite being exposed to

stronger tidal currents (U = 0.38 m s–1), followed by the
salt marsh (2 m from seaward edge), with the mid and
upper shore mudflat showing the smallest changes.
During the spring and summer accretion period, a sur-
prising but consistent feature within the cordgrass salt
marsh was the higher sedimentation in bare areas of
mud within the salt marsh, compared to areas with
Spartina stems. Fig. 12 illustrates enhanced sediment
accretion along a >6 m shore-normal strip of mud
(ca. 1 m wide) without Spartina stems. There is a
reduction in sediment deposition between the salt
marsh stems, compared to areas of bare mud within
the salt marsh, and this reflects the enhanced TKE
associated with flow through rigid stems that hinder
particle settlement.

Relationship between seasonal changes in sediment
morphology and physical drivers

Wind-induced wave activity is a major potential dri-
ver of sediment erosion on sediment shores. Fig. 13A
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Table 1. Total annual change (TAC) in bed elevation (mm) at
different shore heights in 2004 and 2005. Note that fewer
measurements were made in 2004, therefore the maximum
and minimum sediment levels may not have been recorded, 

leading to a slight underestimate of TAC

Location on the shore 2004 (n = 5) 2005 (n = 11)

Spartina salt marsh (2 m 21 53
landward from seaward edge)

Spartina salt marsh 56 88
(seaward edge)

Upper shore mudflat 5 16
Mid shore mudflat 14 21
Lower shore mudflat 37 64
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illustrates the daily mean wind speed over a 2 yr period
and Fig. 13B shows the monthly changes in sediment
level recorded at the salt marsh seaward edge during
2005, together with less frequent measurements in the
latter part of 2004 and the first half of 2006. Sediment
erosion was associated with wind events when the
daily mean wind speed was >8 m s–1 (Force 5 or more
on the Beaufort scale). There was a significant inverse
relationship between the number of days with daily
mean wind speed >8 m s–1 during the preceding month
and the incremental change in sediment level (p <
0.001, r2 = 0.61). Sediment erosion occurred during the
autumn and winter period when there were storm
events in late October and December 2004 and early
January 2005, and then in February and April 2005.
Note that there was a small accretion in March 2005
due to the lack of any storm events. Gradual sediment
accretion then occurred during the spring and summer
period from May through to mid October 2005 when
the wind speeds were consistently <8 m s–1 and tidal
currents at the salt marsh edge induced bed shear
stresses well below the τe. Storm events in late October
and November 2005 resulted in rapid erosion, but,
overall, there was less erosion than in the previous
winter due to the reduction in the intensity and fre-
quency of storm events (i.e. cumulative wind speed in
excess of 8 m s–1 was 17.7 m s–1 in 2004/5 compared
with 3.94 m s–1 in 2005/6).

DISCUSSION

We recorded temporal and spatial changes in near-
bed hydrodynamics and sediment bed levels that mod-
ify shore-normal profile and intertidal sediment mor-
phology. While there was only sporadic monitoring of

bed levels in 2003, 2004 and 2006, the results were
consistent with the detailed monthly records in 2005,
indicating that these changes follow a distinct seasonal
cycle with sediment erosion during the autumn/winter
and accretion during the spring/summer. The greatest
changes in sediment levels occurred at the seaward
edge of the Spartina anglica salt marsh (TAC = 88 mm),
with the lower salt marsh (TAC = 53 mm) and lower
mudflat (TAC = 64 mm) showing more moderate chan-
ges, whilst the upper (TAC = 16 mm) and mid-shore
(TAC = 21 mm) mudflat were least affected.

The spatial and temporal morphological changes on
the upper shore were consistent with field and flume
measurements of physical-biological interactions be-
tween the near-bed flows and cordgrass stems. Under
calm conditions, the current speeds and bed shear
stresses over smooth mud were typical of smooth tur-
bulent flow (Pope et al. 2006), but windy conditions
resulted in a marked increase in τ0, which was above
τe, at current speeds >0.06 m s–1 (Fig. 9). At the sea-
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ward edge of the salt marsh, Spartina anglica stems
were responsible for attenuating mean flow and
enhancing TKE in the wakes of stems. Consequently,
τ0 was greater than τe, with the capacity for sediment
resuspension during at least 25% of the inundation
time under calm conditions and 100% of the time
under windy conditions. There was further flow atten-
uation and energy dissipation by cordgrass stems
within the first 2 m of the salt marsh, but the TKE and
τ0 were still elevated sufficiently to induce erosion with
τ0 > τe at the beginning of flood tide and at the end of
ebb tide during stormy conditions with prevailing wind
speeds >10 m s–1. Seasonal morphological changes
occurring in the outer salt marsh (i.e. erosion in
Fig. 10), suggest that the conditions of elevated TKE
(where τ0 > τe) extend for at least 4 to 5 m into the salt
marsh from the leading edge.

The present field and flume studies have provided
evidence for the morphological consequences of
stem–flow interactions and the mechanisms involved
in enhancing sediment erosion on the upper shore. The
enhanced bed shear stress induced by the Spartina
stems under windy conditions was far in excess of the
τe associated with the Blaxton (Fig. 9) and other Tamar
mudflats (Bale et al. 2007). It was also far in excess of
the maximum τe recorded using PML annular flumes
for bio-stabilised tidal flats dominated by microphyto-
benthos (i.e. 0.23 Pa, Widdows et al. 2004; note that it is
not possible to directly compare these flume-derived
values with other estimates of τe based on water jets
and other fundamentally different erosion devices, see
Widdows et al. 2007). The cordgrass stem–wave inter-
action in the autumn caused the depression at the front
of the salt marsh and this became steadily deeper dur-
ing the winter, with the lowest sediment levels occur-
ring in April. This depression at the front of the
S. anglica salt marsh is not restricted to the Blaxton site
in the Tavy estuary, but has previously been observed
and photographed in the Humber and Westerschelde
estuaries (Brown 1998, Bouma et al. 2007). The present
study has provided a mechanism to account for the
phenomenon.

Immediately seaward of the eroded depression at
the edge of the salt marsh, there was a raised shoulder
of mud. All field measurements under windy condi-
tions showed that maximum τ0 occurred towards the
end of ebb tide when water was draining off the salt
marsh as a sheet flow, creating bed shear stresses
above the critical erosion threshold. The increase in
flow as the water drained from the salt marsh will
result in a marked increase in TKE and bed shear
stress due to the turbulent wakes induced by stem den-
sities >400 m–2. This suggests that most of the erosion
occurred at the end of the ebb tide, with part of the
resuspended sediment then being deposited in front of

the salt marsh (as TKE and τ0 declined or decayed
downstream of the stems, allowing the shoulder fea-
ture to form during the winter months). Unfortunately,
the initial and final 15 min of sheet flow and elevated
SSC exiting the salt marsh is not measurable with the
ADV and OBS when water depth is <10 cm.

In a plant-flow interaction study by Leonard & Croft
(2006), an abrupt increase in TKE at low flows of
1.2 cm s–1 was also recorded at the seaward edge of a
Spartina alterniflora salt marsh. This was followed by a
logarithmic decline in TKE with distance (50% within
2 m under calm conditions, and within 3.2 m when
small wavelets (Hs < 15 cm) were present). However,
they (op. cit.) did not measure sediment erodability or
actual erosion or deposition, but speculated that this
increased turbulence associated with stem-induced
wake formation may inhibit deposition and facilitate
the transport of sediment further into the marsh. The
potential for erosion and transport off the marsh on the
ebb tide was not recognised. Leonard & Croft (2006)
recorded higher mean flow velocities and turbulence
intensities near the top and bottom of the Spartina
alterniflora canopy and this was inversely related to
the vertical changes in plant biomass. They suggested
that these conditions were less conducive to particle
settling at the top and bottom of the canopy. This is
consistent with the present study, which recorded
higher sediment deposition on bare mud within the
salt marsh (Fig. 12), suggesting that the enhanced TKE
induced by salt marsh plants causes a hindering of par-
ticle settlement compared to bare mud. Neumeier &
Ciavola (2004) also found sedimentation rates within a
S. maritima salt marsh to be lower than in surrounding
areas and, as a result, they surmised that Spartina
served to protect sediment from storm erosion rather
than enhance sedimentation.

Nyman et al. (2006) highlighted the potential contri-
bution of root growth as well as sedimentation to sea-
sonal changes in sediment levels within a salt marsh.
At the Blaxton site, however, the rapid changes associ-
ated with the storm event in late October and the par-
allel temporal changes in sediment levels on the unve-
getated mudflat (lower to upper shore) suggest that the
bed level changes were primarily due to sedimentation
rather than root growth. The percentage volume of the
Spartina root/rhizome system 3 m from the salt marsh
edge (22% of total sediment volume) was 4-fold higher
than the volume of root/rhizome system at the salt
marsh edge, although the increase in stem density was
only 1.5-fold. Consequently, with a proportional
increase in root/rhizome volume at higher marsh ele-
vations, belowground vegetative growth is more likely
to make a contribution to overall bed level changes at
these higher elevations rather than at the seaward
edge of the salt marsh, where the major changes occur.
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The assessment of short-term (days) and long-term
(months) measurements of hydrodynamic, meteorolog-
ical and sediment level changes in the present study
suggest that there is a threshold mean daily wind
speed of ~8 m s–1. Above this wind speed, the wave-
current induced τ0 was significantly greater than the
measured τe and there was significant erosion of sedi-
ment within 4 m of the salt marsh edge (e.g. between
18 October and 17 November 2005, F1, 25 = 180, p <
0.001, ANCOVA). During the autumn and winter
period there were several days each month with mean
daily wind speeds >8 m s–1 and the wind–wave activ-
ity would result in τ0 > τe, inducing significant sediment
erosion in the outer salt marsh. A threshold wind speed
of 8 m s–1 is also consistent with previous studies based
on sediment resuspension (Smaal & Haas 1997, French
et al. 2000, Houwing 2000).

The results suggest that as few as 2 to 3 d mo–1

(February–April 2005) with daily mean wind speeds
>8 m s–1 are sufficient to induce some erosion and pre-
vent net accretion at the seaward edge of the salt
marsh. The longest period between a wind event (>8 m
s–1) and the measurement of sediment levels on the
Blaxton shore was 9 d in 2005 (i.e. winds on 6–
8 November 2005 and monitoring of sediment level on
17 November 2005), indicating that the effect of ero-
sion persists for weeks to months. In fact deposition
appears to be a slow process extending over the spring
and summer period (6 mo, Fig. 13). A similar slow pro-
cess of sediment transport from the lower reaches to
the mud banks of the upper Tamar estuary (i.e. along
an axial transect) during the spring/summer months
was recorded by Bale et al. (1985). However, this study
(op. cit.) related the seasonal axial cycling of sediment
to river flow, with the transport of sediment down the
estuary in the autumn/winter. In another study in the
Tavy estuary, Uncles & Stephens (2000) showed ele-
vated SSC in the main channel during the summer and
this is the source of sediment supply to the mudflats.
Presumably the sediment in the shallow Tavy channel
(0.5 m at low tide) is in turn supplied from the main
channel of the Tamar estuary throughout the spring
and summer months.

Although the same seasonal trends occur at all tidal
heights, there was evidence of some slow monthly net
accretion (i.e. deposition > erosion) on the lower and
mid shores during February and March 2005, despite
3 windy days in February. The mid to lower shore is
less vulnerable to wave-induced erosion compared to
the upper shore because (1) short period waves (~1 s),
which are a feature of shallow and relatively sheltered
estuaries, will not penetrate below ~1 m and therefore
will not affect the bottom during most of the immersion
period, and (2) waves act on the shore for longer peri-
ods of time around high water when the water level

(<1 m depth) is relatively constant for hours (e.g.
immersion time at salt marsh seaward edge = 4.6 h,
upper shore = 2.75 h, mid shore = 2.25 h, lower shore =
1.5 h per tidal cycle). Therefore these features, to-
gether with the interaction between Spartina stems
and near-bed flow, make the upper shore particularly
vulnerable to wind-wave induced erosion. Although
the Tavy lower shore may be less exposed to wave
action, it is more vulnerable to erosion by stronger tidal
currents (and periods of higher riverine flows) with a
maximum of 0.38 m s–1 at the end of the ebb tide.

Seasonal changes in sediment levels at different
tidal elevations are dependent on the sediment supply
and the balance between processes of erosion and de-
position. On the Blaxton mudflat, deposition continued
at a near linear rate from April to October in 2005, as
long as there were no storm events, indicating that
there was a continuing sediment supply from the Tavy/
Tamar estuary throughout the summer. The fact that
the lower, mid and upper shores all accreted during
the summer demonstrated that it was not simply a re-
distribution of sediment on the intertidal shore invol-
ving a transfer from the lower to the upper shore. The
Blaxton salt marsh (Fig. 10) has a ramp profile with
gradually diminishing deposition over a distance of
5 m with increasing tidal height and relatively constant
stem density from 2 to 8 m from the seaward edge. Wa-
ter flow through the marsh edge is particularly impor-
tant during high spring tides in more extensive salt
marsh systems (Temmerman et al. 2005). They (op. cit.)
showed that an increasing proportion of the water flow
and suspended sediment entering the salt marshes was
via the marsh edge rather than the creek systems.

The results of the present detailed study of erosion of
muddy sediments in a ramp profile salt marsh during
wind events are consistent with other estuarine stud-
ies. For example, studies in the Westerschelde have
related erosion to increases in the tidal prism induced
by dredging operations and to westerly winds (Cox et
al. 2003). At a macrotidal salt marsh in the Bay of
Fundy, van Proosdij et al. (2000, 2006) showed that de-
position on the marsh (using sediment traps) is primar-
ily related to periods of high SSC and low wave activ-
ity, when vegetation height was a small proportion of
water depth (i.e. <1). In contrast, coastal studies tend to
report significant onshore transport and deposition of
coarser sediment within salt marshes in association
with storms (Christiansen 1998, Bartholdy et al. 2004).
Christiansen (1998) estimated that 27% of annual sed-
iment deposition on marsh surfaces was contributed by
storms, the rest being deposited during normal high
spring tides.

Recent studies by Bouma et al. (2007) may provide
some insight into apparent discrepancies in the roles of
Spartina stems in sediment accretion or erosion. In
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their field experiments, they created low- and high-
density artificial salt marsh beds (2 m in diameter)
using bamboo canes at a muddy site and at a sandy
site. There was a marked erosion of sediment (~90 mm)
within the canes at the muddy site and a tendency for
sediment accretion (~20 mm) at the sandy site. The
erosion is consistent with the field observations of tur-
bulence and sediment level changes at the muddy site
in the present study. It suggests that changes in topog-
raphy reflect the balance between erosion and deposi-
tion, and at the seaward edge of a Spartina salt marsh
this is determined by factors including wind/waves,
tidal currents, water depth, stem density (this study),
grain size (Bouma et al. 2007) and plant height (van
Proosdij et al. 2000, 2006).

The present study confirms that wind-induced wave
action is one of the primary drivers of morphological
change for an estuarine mudflat and salt marsh, and
that the seaward edge of the salt marsh appears to be
most vulnerable to erosion. The scale of such changes
will be determined by the frequency, direction and in-
tensity of the winds. Analysis of wind speed records in
Plymouth, southwest England, indicate that the num-
ber of days with a daily mean wind speed of >8 m s–1

was 50% lower in 2005 (the year studied in detail) than
in earlier years (1999, 2000, 2002). The study period
from 2004 to 2006 therefore appears to be one of rela-
tively few storms and probably represent the minimum
TAC in bed level likely on the Blaxton mudflat. Conse-
quently, a 2- or 3-fold increase in the frequency and in-
tensity of storms is likely to cause even greater impact
on intertidal sediment dynamics and this may lead to
marked erosion and retreat of salt marshes. This aspect
requires further study in relation to a prediction for in-
creased storminess associated with climate change.

CONCLUSIONS

We described important interactions between rigid
Spartina anglica stems and near-bed hydrodynamics,
which can alter intertidal sediment dynamics and sed-
iment morphology. At the seaward edge and for sev-
eral metres into salt marsh, tidal currents and wind/
waves interact with cordgrass stems enhancing turbu-
lence, TKE and bed shear stress, and thus increase the
potential for erosion of muddy sediment. During the
autumn and winter, only a few days per month with
daily mean wind speeds >8 m s–1 are necessary to
cause erosion and prevent significant net sediment
accretion on the lower salt marsh (~6 m). The slow pro-
cess of accretion occurs during the spring and summer
in the Tavy/Tamar estuary, and relies on a steady sup-
ply of sediment from the main channel. Contrary to the
prevailing viewpoint, spatial and temporal changes in

sediment morphology and knowledge of underlying
processes indicate that S. anglica on the lower salt
marsh neither reduces sediment erosion nor enhances
net sediment accretion on soft sediment shores. In fact
sedimentation rates are higher on patches of bare mud
within the salt marsh and immediately seaward of the
salt marsh. Therefore cordgrass should not be regar-
ded as a bio-stabliser of muddy sediment. Whilst the
initial 10 to 20 m of salt marsh serve to dissipate wave
energy and play a key role in our natural coastal de-
fence, the seaward edges (~6 m) appear to be particu-
larly susceptible to wind/wave induced erosion as a
result of stem-induced increases in TKE and bed shear
stress. In the future, the leading edges of salt marshes
could be particularly vulnerable to erosion and may
recede at an increasing rate in response to predicted
increases in the frequency and intensity of storms asso-
ciated with climate change. Increases in the frequency
and intensity of storms will not only increase the de-
gree of fine sediment erosion but also reduce the time
available for accretion/recovery between storm events.
This represents an important environmental impact in
response to both medium and long term changes in cli-
mate as well as sea level rise. Climate change models
of long term global warming are generally forecasting
milder winters and an increase in the intensity and fre-
quency of storms in northwest Europe. This may cause
an increase in the erosion and retreat of the seaward
edge of salt marshes, as well as a reduction in accretion
and the ability of the sediment levels to recover during
the summer months. Any processes acting to reduce
sediment supply and accretion on salt marshes with a
gradual ramp-profile could affect the maintenance and
sustainability of these intertidal habitats, and the abil-
ity of our natural coastal defences to keep pace with
the predicted sea level rise.
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