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ABSTRACT: This study provides new insights in the relative role of tidal creeks and the marsh edge in supplying water
and sediments to and from tidal marshes for a wide range of tidal inundation cycles with different high water levels and
for marsh zones of different developmental stage. Net import or export of water and its constituents (sediments, nutri-
ents, pollutants) to or from tidal marshes has been traditionally estimated based on discharge measurements through a
tidal creek. Complementary to this traditional calculation of water and sediment balances based on creek fluxes, we
present novel methods to calculate water balances based on digital elevation modeling and sediment balances based on
spatial modeling of surface sedimentation measurements. In contrast with spatial interpolation, the presented approach
of spatial modeling accounts for the spatial scales at which sedimentation rates vary within tidal marshes. This study
shows that for an old, high marsh platform, dissected by a well-developed creek network with adjoining levees and basins,
flow paths are different for tidal inundation cycles with different high water levels: during shallow inundation cycles
(high water level < 0.2 m above the creek banks) almost all water is supplied via the creek system, while during higher
inundation cycles (high water level > 0.2 m) the percentage of water directly supplied via the marsh edge increases with
increasing high water level. This flow pattern is in accordance with the observed decrease in sedimentation rates with
increasing distance from creeks and from the marsh edge. On a young, low marsh, characterized by a gently seaward
sloping topography, material exchange does not take place predominantly via creeks but the marsh is progressively
flooded starting from the marsh edge. As a consequence, the spatial sedimentation pattern is most related to elevation
differences and distance from the marsh edge. Our results imply that the traditional measurement of tidal creek fluxes

may lead in many cases to incorrect estimations of net sediment or nutrient budgets.

Introduction

The widely recognized ecosystem value of tidal
marshes (e.g., as feeding and breeding areas for
fish, shellfish, crustaceans, and birds) is often con-
flicting with the human use of coasts and estuaries
(e.g., for shipping, agricultural, industrial, or ur-
ban development), which has resulted in protec-
tive regulations for tidal marshes (e.g., Ramsar
Convention, http://www.ramsar.org; European
Community Birds and Habitats Directives, http://
www.ecnc.nl). In order to support protective mea-
sures, there is a need for fundamental understand-
ing of the highly dynamic functioning of tidal
marsh ecosystems. Tidal marshes are regularly
flooded, during which suspended and dissolved
constituents, such as sediments, nutrients, and pol-
lutants, are transported to and partly deposited
within the marsh system. These tidal fluxes of wa-
ter, sediments, and nutrients, which occur on the
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time scale of a single tidal cycle, are the key to
understanding the long-term (10-100 yr) geomor-
phological and ecological evolution of tidal marsh-
es. Net sediment deposition and the resulting ver-
tical rise of tidal marshes ultimately determine the
ability of the tidal marsh vegetation to survive sea-
level rise.

Tidal marshes are typically dissected by tidal
creeks, which start from the seaward marsh edge
and branch, narrow and shallow inland. The mea-
surement of flood and ebb discharges through tid-
al creeks has been traditionally used to quantify net
material fluxes of sediments (e.g., Settlemyre and
Gardner 1977; Reed et al. 1985; Stevenson et al.
1985; Leonard et al. 1995b; Suk et al. 1999) or
nutrients (e.g., Webb et al. 1983; Dame et al. 1991)
between tidal marshes and the adjacent sea or es-
tuary. This method has been used to identify the
influence of external factors, such as tidal ampli-
tude or wind-wave activity, on the import or export
of material to or from tidal marshes (e.g., Steven-
son et al. 1988; Leonard et al. 1995b).

Although widely used, the measurement of tidal
creek fluxes does not account for fluxes that may



occur via the seaward marsh edge instead of the
creek system. As a consequence, creek flux mea-
surements alone may lead to incorrect estimations
of material import and export (French and Stod-
dart 1992; French et al. 1995). Flux measurements
in tidal creeks only aim at identifying net fluxes
between tidal marshes and the adjacent coastal or
estuarine system, but do not reveal transport path-
ways within marshes. These internal flow paths are
crucial to identify where sinks or sources of mate-
rial are located within the marsh system and to
identify internal marsh mechanisms underlying
net import or export of material.

These shortcomings of flux measurements in tid-
al creeks are partially countered when using a spa-
tial network of measuring sites. In the case of sed-
iment fluxes and on the time scale of single tidal
cycles, spatial networks of sediment traps have
been used to sample the sediment that settled out
on the marsh surface (French et al. 1995; Leonard
1997; Davidson-Arnott et al. 2002). Spatial varia-
tions in sediment deposition within marshes are
typically high (e.g., Stoddart et al. 1989; French
and Spencer 1993; Temmerman et al. 2003). As a
consequence, difficulties arise if overall sediment
fluxes to a certain marsh area are aimed to be cal-
culated; these calculations are traditionally based
on averaging or spatial interpolation of point mea-
surements of sediment deposition on sediment
traps (French et al. 1995). Averaging or spatial in-
terpolation does not account for the spatial scales
at which sedimentation rates typically vary, so that
the measuring network needs to be dense enough
to cover the spatial variations in sedimentation
rates.

As sketched above, earlier studies focused either
on tidal creek fluxes or on marsh surface process-
es, but very few studies paid attention to the inter-
action between both. French and Stoddart (1992)
demonstrated that about 40% of the total water
flux occurred via the marsh edge instead of the
creek system, for 4 tidal cycles on a North Norfolk
(U.K.) salt marsh. French et al. (1995) showed that
large discrepancies exist between net sediment
fluxes calculated from creek flux measurements
and from a spatial network of surface sedimenta-
tion measuring sites, for one tidal cycle in the same
study area. These studies were limited to only a few
particular tidal cycles and 1 particular salt marsh
topography. Up to now, it is largely unclear how
the percentage of material exchange via creeks ver-
sus the marsh edge varies between a large number
of tidal cycles, e.g., as a consequence of differences
in high water level or wind-driven flow paths, and
between marshes with a different topography.

We present an analysis of water and sediment
balances for a large number of tidal cycles and
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marsh zones with different topographies, based on
both creek flux measurements and spatially distrib-
uted marsh surface measurements within the same
study area. The presented analyses provide novel
insights into the relative role of tidal creeks in sup-
plying water and sediments to and from tidal
marshes for a wide range of tidal inundation cycles
with different high water levels and for marsh
zones of different developmental stage. Comple-
mentary to the traditional calculation of water and
sediment balances, based on creek flux measure-
ments, novel methods are presented to calculate
water balances based on high-resolution digital el-
evation modeling and sediment balances based on
spatial modeling of surface sedimentation mea-
surements. In contrast with spatial interpolation,
the presented approach of spatial modeling ac-
counts for the spatial scales at which sedimentation
rates vary.

STUDY AREA

The study was carried out at Paulina marsh, a
salt marsh situated in the Scheldt estuary, south-
west Netherlands (Fig. 1). The local tidal regime
is semidiurnal, with a mean tidal range of 3.9 m
(Claessens and Meyvis 1994). The time-averaged
suspended sediment concentration in the nearby
estuarine stream channel is about 30 mg 1! near
the water surface (Van Damme et al. 2001).

Different stages in the geomorphological devel-
opment and vegetational succession of salt marshes
are present in the study area. A clear distinction
can be made between two zones within the same
marsh: an old, high salt marsh zone (already pres-
ent on topographic maps of 1856) and a young,
low salt marsh zone (formed around 1980; Fig. 1).
The old, high marsh is characterized by a relatively
flat topography and well-developed tidal creek sys-
tem and levee-basin topography between the
creeks. It has northwestern European salt marsh
species, such as Elymus pycnanthus on the highest
levees and Halimione portulacoides, Aster tripolium,
and Puccinellia maritima in the lower basins. The
young, low marsh gradually slopes down to the sea-
ward marsh edge, with fewer tidal creeks than the
high marsh and no levee-basin topography. The
low marsh is dominated by a pioneer vegetation of
Spartina anglica. A bare tidal flat is present in front
of the seaward marsh edge.

The field measurements were carried out within
one small tidal creek catchment (56,000 m?),
which contains parts of the high and low marsh
zone (Fig. 1). A tidal creek catchment is defined
here as the marsh area that is flooded and drained
by one tidal creek beginning at the marsh edge
and branching into a dendritic creek system. No
real interfluves are present between adjacent creek
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Fig. 1. Map of the study area, Paulina marsh: (A) location within Western Europe; (B) digital elevation model (DEM), with
indication of the young and old marsh; (C) detail of the DEM showing the studied tidal creek catchment, the location of measuring
frames 1 and 2, the direction of flow velocity components u, and u, measured at frames 1 and 2, and the location of sediment traps.

catchments, so that additional exchanges of water
and sediment between adjacent catchments can
not be a priori excluded.

Methods
TIDAL CREEK MEASUREMENTS

A large interdisciplinary field measuring cam-
paign was carried out in the study area from June
to October 2002 (see Bouma et al. [In press] for
a general overview). Within the studied creek sys-
tem, measuring frames were installed at two loca-
tions (Fig. 1): frame 1 was installed at the mouth
of the creek at the seaward marsh edge, with the
intention to measure material fluxes to and from
the entire creek catchment (both low and high
marsh); frame 2 was placed deeper into the creek

at the edge between the low and high marsh, in
order to measure fluxes to and from the high
marsh part of the creek catchment only.

Both measuring frames were equipped with a
pressure sensor to measure vertical water level
movements due to the tide (in meters relative to
Dutch ordnance level, NAP), a bidirectional elec-
tromagnetic flow meter (EMF) to measure flow ve-
locities (in m s~') at 7 cm above the bottom, and
an optical backscatter sensor (OBS) to measure
turbidity (in FTU = Formazine Turbidity Units) at
15 cm above the bottom. Data were collected with
a frequency of 4 Hz during 6 h around each high
water (i.e., the time that the frames were sub-
merged by the tide) from June 11 to October 2,
2002 (i.e., 222 tides). The 4-Hz data files were pro-



cessed to time series of 1-min averages and 15-min
averages.

In order to calibrate the OBS data (in FTU) to
suspended sediment concentrations (SSC; in g
1"1), an automatic water sampling station was in-
stalled next to frame 2, equipped with an ISCO
6700 water sampler that pumped 1 1 water samples
near the OBS sensor. For every semidiurnal tidal
cycle, one sample was collected at flood tide when
the water level exceeded 0.5 m above the creek
bottom. During 4 semidiurnal cycles (August 11
and 12, 2002 and September 10 and 11, 2002),
water samples were taken with a time interval of
30 min during the whole inundation cycle, until
the sampling location was no longer submerged.
During the same 4 inundation cycles, additional
water samples were collected at different heights
in the water column (0.20, 0.70, and 1.35 m above
the creek bottom). All collected water samples
were filtered with preweighed filter papers (pore
diameter = 0.45 pm), which were subsequently
washed with deionized water to remove salts and
then oven-dried for 24 h at 50°C and reweighed.

MEASURING THE SPATIAL SEDIMENTATION PATTERN

The sediment that was deposited on the marsh
surface was sampled at 50 sites randomly distrib-
uted within the catchment of the studied creek sys-
tem (Fig. 1). Two sampling methods were used,
depending on the time scale of the measurements.
During two biweekly spring-neap tidal cycles (Au-
gust 5-20, 2002 and September 2-16, 2002), the
deposited sediment was sampled using plastic cir-
cular sediment traps (diameter = 0.233 m). The
traps were constructed with a floatable cover to
protect the deposited sediment from splash by
raindrops during low tide (cf., Temmerman et al.
2003). During the measuring period, no significant
wind-wave activity was measured in the study area
(Bouma et al. In press). The traps were attached
to the marsh surface at neap tide and collected
again 15 d later at the following neap tide. In the
laboratory, the deposited sediment was washed
from the traps, rinsed with deionized water to re-
move salts, and sieved at 707 pm to remove mac-
roscopic plant or shell material. The remaining
sediment was oven-dried at 50°C and weighed to
determine the sedimentation rate (in g m™2 per
spring-neap cycle).

In addition to the plastic sediment traps, filter
paper traps (diameter = 0.15 m; pore diameter =
0.45 wm; e.g., Reed 1989; French et al. 1995; Le-
onard 1997) were used to sample the sediment
that was deposited during 4 semidiurnal inunda-
tion cycles (August 11 and 12, 2002 and September
10 and 11, 2002). The filter papers were attached
to aluminium plates and fixed to the marsh surface
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just before and collected after tidal inundation.
The filter papers were washed to remove salts,
oven-dried for 24 h at 50°C, and reweighed to de-
termine the sedimentation rate (in g m 2 per semi-
diurnal tide).

The spring-neap data were not normalized to
sedimentation rates in g m~2 per semidiurnal tidal
cycle because during the spring-neap cycles there
were semidiurnal tidal cycles that flooded the study
area only partially (e.g., only the low marsh sites
and not the high marsh sites) and different kinds
of sediment traps were used for the spring-neap
and semidiurnal periods. All analyses explained be-
low were conducted separately for the spring-neap
and semidiurnal data sets.

CALCULATING WATER BALANCES
Based on Tidal Creek Hydrodynamics

The total water volumes that were transported
through the creek system during flood (Vi in m?)
and ebb (Vi in m®) were calculated as:

w:fuxmmm and
F

szuXA@dt (1)

where u = flow velocity (in m s~!; 15-min averages
of the EMF measurements), and A(h) = the wet
cross section of the creek (in m?). The creek cross
section was surveyed at each frame in order to cal-
culate A(h) for any water level h at time t. For
water levels exceeding bankfull water level, A(h)
was calculated as:

A(h) = A(h)ye + w X (h = hyy) (2)

where A(h),;, = the wet cross section at bankfull
water level (= 4.5 m? at frame 2), w = the creek
width (= 3 m at frame 2), and h,; = bankfull water
level. At the creek mouth at frame 1, no clearly
incised creek is present but the general marsh sur-
face topography is rather flat (Fig. 1), so A(h) was
calculated here as:

A(h) =w X h (3)

where w = 7 m = the width of the creek where it
begins to incise at a few tens of meters behind the
creek mouth at frame 1 (see Fig. 1).

As indicated in earlier studies, the error on cal-
culations of tidal creek fluxes depends on tempo-
ral and spatial sampling of flow velocities, which
may vary both laterally and vertically within the
creek cross section (e.g., Boon 1978; Ward 1981;
Reed 1987; Leonard et al. 1995b). We examined
the influence of temporal sampling by solving Eq.
1 using 1-min and 15-min average flow velocities
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calculated from the 4-Hz raw data for 4 tidal cycles.
The maximum difference in calculated Vi and Vy
values based on both time intervals was 3%. For all
other tidal cycles, the 15-min averages were used.
Since we used only one sampling location, we
have no data on spatial variations in velocities with-
in the creek cross section. Vertical variations in sed-
iment concentration, which were measured at 0.20,
0.70, and 1.35 m above the creek bottom during
flood tide for 4 tidal cycles, were rather small (<
9% variation), indicating that well-mixed flow con-
ditions prevailed. This supports the use of only one
sampling location. Other tidal flux studies in large
creeks (15-50 m wide) indicated that errors due
to spatial variations and the use of only one sam-
pling location are in the order of 5-15% at most
(Ward 1981; Stevenson et al. 1985; Leonard et al.
1995b; Suk et al. 1999). In this study, where a much
smaller creek of 3-7 m wide was monitored, we
may assume then that the error due to both tem-
poral and spatial sampling will be in the order of

10%.

Based on Digital Elevation Modeling

The total water volume Vy, stored at high tide
above the marsh surface was calculated using a dig-
ital elevation model (DEM) with a resolution of 1
X 1 m (Fig. 1). The DEM was calculated in Surfer
(Golden Software, Inc., Colorado) by spatial inter-
polation (triangulation with linear interpolation)
of an extensive data set of elevation points (in m
NAP) with a resolution of 3 X 3 m. This data set
was collected in 2001 by the Dutch Topographic
Survey (Van Heerd and Van’t Zand 1999) by Li-
DAR (light-induced direction and ranging), which
is a relatively recent technique through which the
elevation of the earth surface is surveyed by laser
scanning from an airplane (e.g., Measures 1991;
French 2003). In order to calculate the water vol-
umes Vi, we assumed that the water surface was
horizontal at high tide, which is a realistic assump-
tion for such a small study area. Vi, was then cal-
culated for semidiurnal tidal cycles with different
high water levels h(tyy) (in m NAP) as:

Vouw = E a; X h; where

h, = h(tgw) — 7 %fh(tnw) —-z,>0 (4)
0 if h(tyyw) — 7z, =0

where a; = the surface area of raster cell i of the
DEM (= 1 m?), h; = the water depth at raster cell
i, and z; = the marsh surface elevation at raster
cell i. In order to compare Vi, with Vi and Vg,
calculated for frame 1 (representative for both the
young and old marsh) and for frame 2 (represen-
tative for the old marsh only), Vy,, values were cal-
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Fig. 2. Comparison between elevations determined from
field surveys (zy,c,) and from LiDAR measurements (zpsr) for
76 control points.

culated separately for the young and old marsh
part of the studied creek catchment (Fig. 1).

Based on aerial photographs, the surface area of
the creek catchment was delineated by the appar-
ent interfluves between the studied catchment and
neighboring creek catchments. No real topograph-
ic interfluves are present between creek catch-
ments in tidal marshes. In order to estimate the
error on Vi, due to this uncertainty in the catch-
ment area, Vi, values were also calculated for
catchment areas that were 10 m wider and 10 m
narrower than the originally defined catchment
area. This buffer of 10 m is realistic, since the max-
imum distance between adjacent creeks is about 40
m in the study area.

A second source of error is related to the vertical
inaccuracy of the LiDAR elevation data. In order
to estimate this vertical inaccuracy, the elevation of
the marsh surface was surveyed at 76 locations
within the study area relative to local benchmarks
(in m NAP) with an electronic total station (SET5HF,
Sokkia, Co., Ltd., Kanagawa, Japan). A good cor-
relation was found between the elevation of these
field survey points (zg,.,) and the DEM generated
from the LiDAR data (z;;p,r) (R? = 0.95) and the
mean elevation difference zyp\r — Zgyvey Was 0.15
m with a standard deviation of 0.13 m (Fig. 2).
Vertical errors on total station measurements are
in the order of millimeters only, so that almost all
of this difference can be attributed to the LiDAR
measurements: the mean difference of 0.15 m is
caused by laser reflection on the marsh vegetation
cover instead of on the earth surface; the standard
deviation of 0.13 m can be interpreted as vertical



inaccuracy related to the LiDAR technology (see
e.g., Baltsavias 1999). Before calculation of Vi,
the DEM was lowered by 0.15 m to correct for the
marsh vegetation.

To estimate the combined error on V, due to
the error on the catchment area and LiDAR ele-
vations, a smallest possible Vy,, value was calculat-
ed using the narrower catchment area and DEM
lowered by [0.15 — 0.13] m, and a largest possible
Vuw value was calculated using the wider catch-
ment area and DEM lowered by [0.15 + 0.13] m.

CALCULATING SEDIMENT BALANCES
Based on Sediment Transport Through Tidal Creeks
Similar to the calculation of Vi and V;, as ex-
plained above, the total suspended sediment mass
transported through the creek system during flood

(TSSg) and ebb (TSSg) was calculated, separately
for frame 1 and 2, as:

TSSF=Ju><A(h) X Cdt and
F

TSS; = j u X A(h) X C dt (5)

where C is SSC (in g 17!) at time t. The net import
or export of suspended sediment over one semi-
diurnal tidal cycle was then calculated as:

TSS,. = TSS; + TSS; (6)

Similar to the error estimation on the water flux
calculations above, we may assume that the error
on the sediment flux calculations will be in the
order of 10%.

net

Based on Spatial Modeling of Sedimentation

The total suspended sediment mass that was de-
posited on the marsh surface (TSS,.,) was calcu-
lated from the 50 sedimentation rate measure-
ments using three methods: multiplying the mean
of the 50 sedimentation rate measurements (g m™2
per semi-diurnal cycle or spring-neap cycle) with
the surface area of the creek catchment (m?); spa-
tial interpolation (point Kriging) of the point mea-
surements over a raster grid of 1 X 1 m and sum-
ming the interpolated sedimentation rates over all
raster cells within the catchment area (the first two
methods are in accordance with French et al.
[1995]); and spatial modeling of the sedimenta-
tion pattern (see below). For all three methods,
the surface area occupied by tidal marsh creeks was
excluded, so that the calculated TSS,, values only
apply to the vegetated marsh platform. The cal-
culations were performed separately for the high
and low marsh part of the creek catchment. The
error on TSSy,, due to the error on the surface
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area of the creek catchment, was also estimated
using the wider and narrower catchments with a
buffer of 10 m.

For the third method, we used a topography-
based regression model describing the spatial var-
iations in sedimentation rates, which was originally
presented in Temmerman et al. (2003):

SR =k X el X emPe X ende (7)

where SR = sedimentation rate (g m 2 per time
interval, here per spring-neap cycle or semidiurnal

cycle), H = elevation of the marsh surface (m
NAP), D. = distance from the nearest tidal creek
(m), D, = distance from the marsh edge, mea-

sured along the nearest creek (m). k, 1, m, and n
are regression parameters.

This model is a simple representation of the
mechanisms thought to control spatial variations in
sedimentation rates. Less sediment is deposited on
marsh parts with a higher elevation, H, as a con-
sequence of a decrease in inundation frequency,
height, and duration with increasing marsh eleva-
tion. The model parameter 1 is then a measure for
how fast sedimentation rates decrease with increas-
ing marsh surface elevation, H. The model as-
sumes that sedimentation rates decrease with in-
creasing distance from creeks, D, and from the
marsh edge, D., as a consequence of progressive
settling of suspended sediments on their transport
pathway from the marsh edge and from the creeks
to the inner marsh. The model parameters m and
n are then a measure for how fast sedimentation
rates decrease with increasing distance from
creeks, D, and increasing distance from the marsh
edge, D,, respectively. The model parameter k is a
measure for the overall, total amount of sediment
that is deposited in the study area; the larger k is,
the more sediment is deposited.

This model was used to analyze the spatial sedi-
mentation pattern that was observed with the net-
work of 50 sedimentation rate measuring sites. Val-
ues were determined for the model variables H,
D,, D, and SR for each of the 50 measuring sites,
based on field data. The elevation, H, was surveyed
in the field using an electronic total station
(SET5EF, Sokkia, Co., Ltd., Kanagawa, Japan). The
variables D, and D, were calculated in a geographic
information system (GIS) based on the planform
of the tidal creek system that was digitized from a
georeferenced aerial photograph, and using the
nearest distance algorithms DISTANCE, COST,
and ALLOCATE in Idrisi (Eastman 1994). Time-
averaged sedimentation rates, SR, were calculated
for the 2 spring-neap cycles and for the 4 semidi-
urnal cycles that were sampled in order to concen-
trate on the spatial variation between the 50 mea-
suring sites. This procedure of time-averaging is ac-
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Fig. 3. Example of time series of water level, flow velocity,
and suspended sediment concentration (SSC) recorded by mea-
suring frame 2 during a semidiurnal tidal cycle (left) and dur-
ing a biweekly spring-neap cycle (right).

ceptable, since no significant difference was found
between the 2 spring-neap data sets (ttest: p =
0.06) and between the 4 semidiurnal data sets (AN-
OVA: p = 0.77). This is because during the mea-
suring periods the same range of tidal inundation
heights and durations occurred, which are the
most important factors controlling temporal vari-
ations in marsh sedimentation in the Scheldt es-
tuary (Temmerman et al. 2003).

The model parameters k, 1, m, and n were de-
termined separately for the time-averaged spring-
neap data set and time-averaged semidiurnal data
set. This was done using the following procedure.
Both data sets, containing 50 sedimentation mea-
suring sites, were sorted from the lowest up to the
highest measured sedimentation rate. Measuring

Ebb Flood

sites with an even ranking number were used for
calibration of k, I, m, and n, by stepwise multiple
regression (using Eq. 7) between the observed
time-averaged sedimentation rates, SR, and related
H, D, and D, values. Measuring sites with an un-
even ranking number were used for model vali-
dation, by calculation of the sedimentation rates at
these sites using the k, 1, m, and n values resulting
from the calibration, and by comparing calculated
with observed sedimentation rates. Once validated,
the model was spatially implemented in a 1 X 1 m
raster GIS to compute TSS,,, using spatial maps
of H (i.e., the DEM), D, and D, (both calculated
in GIS as explained above) as input for the model.

Results

TEMPORAL PATTERNS OF TIDAL CREEK
HyDRODYNAMICS AND SSC

The time series of water level and flow velocities
that were recorded at frames 1 and 2 are very typ-
ical for tidal marsh creeks. At the time scale of in-
dividual semidiurnal tidal cycles, a clear tidal asym-
metry is observed; both the rate of water level
change and the maximum flow velocities are high-
er during flood than during ebb (Fig. 3). At the
time scale of a spring-neap tidal cycle, maximum
flow velocities are highest during spring tides and
lowest during neap tides. Typical flow velocity puls-
es were observed in the creek; during over-marsh
tides (i.e., tides that overtop the creek banks and
flood the high marsh surface), flow velocity pulses
were observed at frame 2 at the moment of flood-
ing and draining of the surrounding high marsh
platform, while these velocity pulses were absent
during under-marsh tides (i.e., tides that do not
overtop the creek banks; Fig. 4). At frame 1 at the
marsh edge, these velocity pulses were not ob-
served.

The OBS data (in FTU) from frames 1 and 2
could be calibrated to SSC data (in g 1°!), based
on a good correlation between the OBS and SSC
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Fig. 4. Water level flow velocity curves for frame 2 and frame 1, for a number of randomly chosen under-marsh tides (triangles),
bankfull tides (circles), and over-marsh tides (squares). Each curve represents one tide. Bankfull level is defined here as the level of
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Fig. 5. Relationship between suspended sediment concen-
tration (SSC) and optical back scatter (OBS) signal measured
at 0.15 m above the bottom at frames 1 and 2.

values that were measured at the same time in the
field (Fig. 5). At the time scale of individual semi-
diurnal tidal cycles, clear peaks in SSC were ob-
served at the beginning and (in some cases) at the
end of an inundation cycle (Fig. 3). The SSC be-
tween these two peaks did not vary significantly,
but remained at a rather constant value of about
0.03-0.05 g 1"1. At the time scale of a spring-neap
tidal cycle, the highest SSC peaks generally oc-
curred during spring tides (Fig. 3). But we found
no significant relationship between maximum SSC
and high water level for different tidal cycles (R?
< 0.01, p = 0.75).

SPATIAL PATTERNS OF SEDIMENT DEPOSITION

The spatial sedimentation pattern, as observed
in the study area, is primarily determined by much
higher sedimentation rates on the low than on the
high marsh, both for the 2 spring-neap cycles and
for the 4 semidiurnal tidal cycles that were sampled
(Fig. 6). On the high marsh, sedimentation rates
were higher on creek banks (defined as regions
within 3 m from the tidal creeks) than in the inner
basins (> 3 m from the creeks). Statistical #tests
on the log-transformed sediment trap data showed
that these spatial differences between the high and
low marsh and between the creek banks and basins
were significant for most measuring periods (Table
1).

The observed spatial sedimentation pattern was
initially analyzed separately for the low and high
marsh sites using the topography-based model in
Eq. 7. Stepwise multiple regression showed that on
the high marsh all three model variables H (ele-
vation), D, (distance from the nearest creek), and
D. (distance form the marsh edge measured along
the nearest creek) have a similar share in explain-
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Fig. 6. The spatial sedimentation pattern measured over two
spring-neap cycles (sedimentation rates, SR, in g m~2 per spring-
neap cycle) and four semidiurnal tidal cycles (sedimentation
rates, SR, in g m~2 per semidiurnal tidal cycle). For some loca-
tions and measuring periods, sediment traps were lost and con-
sequently no data are presented.

ing the spatial variations in sedimentation rates
(Table 2). On the young marsh the spatial sedi-
mentation pattern is most related to H and D..
The model was then calibrated and validated
against the complete data set, including both the
old and young marsh sites. Initial calibration re-
sulted in good agreement between observed and
predicted sedimentation rates, both for the spring-
neap and semidiurnal data sets (R* = 0.94, p <
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TABLE 1. p values resulting from #tests comparing sedimentation rates on the high marsh versus sedimentation rates on the low
marsh and sedimentation rates on creek banks (< 3 m from creeks) versus sedimentation rates in basins (> 3 m from creeks).

Spring-neap Cycles

Semindiurnal Cycles

August 5-20 September 2-16 August 11 August 12 September 10 September 11
High versus low
marsh <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Creek banks
versus basins <0.01 <0.01 0.16 <0.01 <0.01 0.26

0.0001 in both cases; see Table 3 run 1 calibra-
tion). For the validation data sets the correspon-
dence between observed and predicted sedimen-
tation rates was rather poor (R? = 0.51, p = 0.0003
and R? < 0.01, p = 0.9023, respectively; see Table
3 run 1 validation). The calibration of run 1 re-
sulted, illogically, in a positive m value for the
spring-neap data set and in positive m and n values
for the semidiurnal data set (Table 3). These pos-
itive values indicated that sedimentation rates
would increase with increasing distance D, from
the creeks and increasing distance D, from the
marsh edge. This is in contradiction with Fig. 6 and
the ttests summarized in Table 1, which indicated
that sedimentation rates on the high marsh were
significantly higher on creek bank sites, just next
to tidal creeks, than on basin sites, farther away
from creeks. The positive m and n values were ob-
tained because the highest sedimentation rates
were observed on low marsh sites, although these
sites were located the greatest distance from tidal
creeks (see Fig. 6). These highest sedimentation
rates on the low marsh were due to the low surface
elevation and not to the large distance from
creeks. On the low marsh no dense tidal creek sys-
tem has developed as on the high marsh. As indi-
cated by the stepwise multiple regression (Table
2), the influence of surface elevation, H, and dis-
tance from the marsh edge, D., on the sedimen-
tation rates on the low marsh is more important
than the influence of distance from creeks, D..

In order to account for this effect of the absence
of tidal creeks on the low marsh, a critical thresh-
old distance D was introduced; once the distance
to the nearest creek, D, is larger than D, we may
say that the influence of D. and D, is negligible
relative to the influence of the marsh surface ele-

vation, H. This was modeled by setting D, and D,
to zero for measuring sites for which D, > D__,.
D. .. was set here to 40 m, because this is about the
maximum distance between tidal creeks on the
high marsh platform with a well-developed tidal
creek system. Calibration of this modified model
resulted in negative m and n values, both for the
spring-neap and semidiurnal data sets (see Table 3
run 2). The calibration and validation resulted in
an acceptable match between predicted and ob-
served sedimentation rates (Fig. 7).

COMPARISON OF WATER AND SEDIMENT BALANCES

The water volumes Vi and Vi (Eq. 1) discharged
through the creek system during flood and ebb,
respectively, were compared with the total water
volume Vi, (Eq. 4) stored at high tide above the
marsh surface for tidal cycles with a wide range of
high water levels (Fig. 8). For frame 2 (represen-
tative for the high marsh), Vi and Vi were very
comparable to Vi, for under-marsh tides and for
over-marsh tides with a high water level lower than
ca. 0.2 m above the high marsh platform. This
means that for these tides the tidal creek system
accounted for ca. 100% of the total water volume
transported to and from the high marsh. For tidal
cycles with a high water level higher than 0.2 m
above the high marsh, the percentage of water that
was supplied via the creek system progressively de-
creased with increasing high water level. As a con-
sequence, an increasing percentage of water was
supplied via other flow paths, such as directly
across the marsh edge. Vi and Vg values were com-
parable for all tidal cycles, indicating that the water
followed the same transport pathways during flood
and ebb to and from the high marsh.

For frame 1 (representative for the low and high

TABLE 2. R? values resulting from stepwise multiple regression analysis using as the independent variable in Eq. 7: (1) only H (m,
n = 0), (2) only D, (1, n = 0), (3) only D, (I, m = 0), (4) Hand D. (n = 0), (5) Hand D, (m = 0), (6) D, and D, (1 = 0), and

(7) H, D, and D..

(1) (2) (3) (4) (5) (6) (7
Marsh Data Set H D, D, H, D, H, D, D, D, H, D, D,
Old Spring-neap 0.42 0.43 0.47 0.56 0.61 0.58 0.67
Semidiurnal 0.27 0.28 0.24 0.36 0.28 0.30 0.38
Young Spring-neap 0.43 0.09 0.63 0.44 0.63 0.67 0.78

Semidiurnal 0.78 0.28 0.63 0.83 0.80 0.64 0.86
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TABLE 3. Model parameters (k, 1, m, n), R and p values resulting from calibration and validation of the topography-based model
(Eq. 7). Run 1: H, D, and D, determined from GIS analyses; Run 2: idem, but D, and D, are set to zero for measuring sites for

which D, > 40 m (see text for more details).

Calibration Validation
Run Data Set k 1 m n R? p R? P
1 Spring-neap 301.4 —0.4935 0.0344 —0.0023 0.94 <0.0001 0.51 0.0003
Semidiurnal 1609.5 —3.7115 0.0026 0.0086 0.94 <0.0001 <0.01 0.9023
2 Spring-neap 1067.0 —0.2174 —0.0102 —0.0080 0.69 <0.0001 0.63 <0.0001
Semidiurnal 281.1 —1.2659 —0.0417 —0.0022 0.87 <0.0001 0.74 <0.0001

marsh), both Vi and V; were much lower than V
(Fig. 8). This indicates that the supply of water to
and from the low marsh did not take place at
frame 1 only. Since no clear incised creeks are
present along the marsh edge (Fig. 1), it is more
likely that the exchange of water took place along
the entire length of the marsh edge. For all tidal
cycles, Vi was considerably lower than Vg. This is
because during a large part of the ebb phase of
the tidal cycle, flow directions were not perpendic-
ular to but rather parallel to the marsh edge (Fig.
9). Only at the beginning and end of a tidal in-
undation cycle were flow directions more or less
perpendicular to the marsh edge. The large Vg val-
ues reflected along-shore water movement (paral-
lel to the marsh edge) instead of offshore water
movement (export perpendicular to the marsh
edge).

The calculated total sediment masses that were
deposited on the marsh surface (TSS,) were
slightly different for the three calculation methods
that were used (Fig. 10). For frame 2 TSS,, values
calculated by spatial modeling were systematically
lower than TSS,, values calculated by averaging
and spatial interpolation (Kriging). This is because
on the high marsh many of the measuring sites (15
of 34, i.e., 44%) were located on a creek bank (<
3 m from creeks), where high sedimentation rates
were measured, while the total area of creek banks
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was calculated as only 24% of the total high marsh
platform area. As a consequence, averaging and
Kriging of the 34 high marsh measurements re-
sulted in higher TSS,,, values than spatial model-
ing, since the latter accounts for the rapid (expo-
nential) decrease of sedimentation rates with in-
creasing distance from the creeks.

For frame 2, a net import of suspended sedi-
ments via the creek system (TSS,. > 0) was cal-
culated for all monitoring periods (Fig. 10). The
TSS,, values at frame 2 were for all measuring pe-
riods of the same order of magnitude as TSS,,
values calculated for the high marsh platform. This
suggests that the creek system served as the major
transport pathway of sediments to the high marsh
platform. Although TSS, ., values were not signifi-
cantly different from TSS,, values, TSS,, seemed
to be slightly higher than TSS,, for most measur-
ing periods, which would suggest that a small part
of the imported sediment was also deposited with-
in the creek system.

For frame 1, the TSSg, TSSg, and TSS,., values
were small compared to the total sediment masses
TSS,, deposited in the tidal creek catchment. This
suggests again that tidal exchange of suspended
sediment did not take place at frame 1 only but
along the entire length of the marsh edge. Similar
to the negative water balances that were calculated
for frame 1, the negative TSS, ., values need to be
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Fig. 7. Observed versus predicted sedimentation rates (SR) using the topography-based model (Eq. 7). Calibration and validation
results are presented for the spring-neap data set and the semidiurnal data set.
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interpreted as resulting from along-shore sediment
transport parallel to the marsh edge rather than
from offshore sediment export perpendicular to
the marsh edge.

Discussion

Discharge measurements in tidal creeks are
widely used to quantify net import or export of
water and its constituents (sediments, nutrients,
pollutants) to and from tidal marshes (e.g., Reed
1988; Stevenson et al. 1988; Dame et al. 1991; Le-
onard et al. 1995b; Suk et al. 1999). French and
Stoddart (1992) already highlighted that not all
material exchange between marshes and the adja-
cent sea or estuary takes place via tidal creeks; their
study demonstrated that about 40% of the total wa-
ter exchange took place directly via the seaward
marsh edge instead of via the creek system. Where
the study of French and Stoddart (1992) was lim-
ited to only 4 tidal cycles and 1 marsh topography,
our present study shows that the percentage of wa-
ter exchange directly via the marsh edge can vary
from about 0% to 60%, and that this variation is
related to the high water level for a large number
of tidal cycles and the topography for two marsh
zones of different developmental stage. This study
offers some criticism on the representativeness of
traditional field methods used to estimate overall
sediment fluxes to tidal marshes: the measurement
of tidal creek fluxes and interpolation of spatial
sedimentation rate measurements.

Our study shows that for an old, high marsh plat-
form, which is characterized by a deeply-incised
creek network with adjoining levees and basins,
flow paths are different for tidal inundation cycles
with different high water levels: during shallow in-
undation cycles (high water level < 0.2 m above
the creek banks) ca. 100% of all water is supplied
to the high marsh platform via the creeks system,
while during higher tidal cycles (0.2-0.6 m) the
percentage of water directly supplied via the marsh
edge increases with increasing high water level
(Fig. 8). The presence of this threshold of 0.2 m
may be explained as follows. During shallow in-
undation cycles (< 0.2 m), the tidal wave enters
the marsh more easily via the creeks system, while
sheet flow coming from the marsh edge over the
marsh platform is probably obstructed by the
marsh vegetation (about 0.2-0.3 m high) or by
small-scale elevation differences between levees
and basins (also about 0.2-0.3 m in the study area).
During higher tidal cycles (0.2-0.6 m), which over-
top the vegetation cover and levees, unobstructed
sheet flow becomes possible between the seaward
marsh edge and the inner marsh. As a conse-
quence, the percentage of water supplied via the
marsh edge increases with increasing high water
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Fig. 8. Water balances for semidiurnal tides with different
high water levels: comparison of calculated water volumes dis-
charged through the creeks system during flood (Vi) and ebb
(Vg) (Eq. 1) at frame 2 and calculated total water volume stored
at high tide (Vyy) (Eq. 4) above the old marsh part of the
studied creek catchment; comparison of Vi and Vi calculated
for frame 1 and Vy calculated for both the young and old
marsh. The diagonal lines represent isolines of percentage of
total water volume that is supplied via the creek system (i.e.,
(Vi/Viw) X 100 for the flood and (Vg/ Vi) X 100 for the ebb).
For the construction of the error bars, see text.

level. Although the percentage of water supplied
via the creeks system decreases, the absolute water
volume supplied via the creek system still increases
with increasing high water level (Fig. 8). This sug-
gests that, even during high tidal cycles, flow via
the creeks to the marsh platform still occurs, but
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is partly mixed with the larger scale sheet flow
coming from the marsh edge.

The latter pattern of mixed flow via the creeks
and the marsh edge during high inundation cycles
(> 0.2 m) seems to correspond to the few studies
in which flow velocities and directions were mea-
sured above the marsh platform along a transect
perpendicular to tidal creeks. Wang et al. (1993)
and Leonard (1997) reported that at the begin-
ning and end of an inundation cycle, flow direc-
tions were more or less perpendicular to tidal
creeks, while during peak flood and ebb flow di-
rections were more perpendicular to the seaward
marsh edge. While these studies were limited to a
few tidal cycles (probably only cycles that over-
topped the vegetation?), our study includes a wide
range of tidal cycles and suggests that flow paths
are different between tidal cycles with different
high water level; during shallow inundation cycles,
we would not expect to see flow perpendicular to
the marsh edge but only flow perpendicular to
creeks. We lack direct observations on flow direc-
tions above the marsh platform to confirm this.

The flooding of marsh platforms starting from
creeks is confirmed by the occurrence of flow ve-
locity peaks in creeks, at the moment of flooding
and draining of the surrounding marsh platform.
This was observed in the study area (Fig. 4) and
has been widely reported from other marsh sys-
tems (Bayliss-Smith et al. 1979; Dankers et al. 1985;
Reed 1989; French and Stoddart 1992). These flow
velocity peaks are explained by the sudden in-
crease in the water volume that needs to be trans-
ported through the creek at the moment of flood-
ing of the marsh platform starting from the creeks
(Pethick 1980; Allen 1994).

Our analysis of sediment fluxes indicated that
most sediment, which is deposited on the high
marsh platform, is supplied via the creek system.
At first sight, this seems to conflict with the water
balances, which showed that during high over-
marsh tides considerable amounts of water are also
transported as sheet flow coming from the marsh
edge. The observation that most sediment, which
is deposited on the high marsh, is supplied via the
creeks system, may be explained by higher SSC in
the flooding water in the creeks than above the
vegetated marsh surface (e.g., Stumpf 1983; Wang
et al. 1993; Leonard et al. 1995a). Before the sheet
flow reaches the old marsh, the water passes over
the vegetated young marsh, where flow velocities
are slowed down and most sediment already settles
out from suspension, as reflected by the spatial sed-
imentation pattern (Fig. 6). On the contrary, the
concentrated creek flow forces the water to flow at
higher velocities, which are able to transport sus-
pended sediments farther into the marsh.

Our study demonstrates that flow paths are com-
pletely different for a young, low marsh, which is
typified by a gently seaward sloping topography
without a dense creek network and without levee-
basin topography. In this case, material transport
does not take place predominantly via creeks but
across the entire length of the marsh edge. No flow
velocity peaks are observed (Fig. 4), since the low
marsh is not flooded at once starting from creeks
but rather gradually starting from the marsh edge.
Flow directions are changing during a tidal cycle
from perpendicular to the marsh edge at the be-
ginning and end of inundation to more or less par-
allel to the marsh edge around maximum inun-
dation (Fig. 9). This is similar to flow patterns rel-
ative to tidal marsh creeks on high marsh plat-
forms (see above), but in this case on a much
larger scale, relative to the nearby estuarine stream
channel (Fig. 1); during maximum inundation the
low marsh becomes part of the general water
movement in the estuary (e.g., Davidson-Arnott et
al. 2002), which is in this case parallel at the axis
of the estuarine stream channel.

These differing flow paths on a high, old marsh
platform and low, young, seaward sloping marsh
have their implications for the spatial sedimenta-
tion pattern. We showed that on the high marsh
platform, spatial variations in sedimentation rates
are related to elevation, distance from the creeks
as well as distance from the marsh edge, measured
along the creek system (Table 2) (e.g., see also
French and Spencer 1993; Leonard 1997; Tem-
merman et al. 2003; Bartholdy et al. 2004). This
agrees very well with the results from the water and
sediment balances. During its transport pathway
via the creeks and from the creeks over the high
marsh platform, suspended sediments progressive-
ly settle out, resulting in the observed creek-related
sedimentation pattern. On the young marsh spatial
variations in sedimentation rates are most related
to elevation differences and distance from the
marsh edge only (Table 2). Because of its generally
seaward sloping topography and the lack of tidal
creeks, the young marsh is gradually inundated
starting from the marsh edge, so that spatial dif-
ferences in inundation time, determined by spatial
elevation differences, exert most control on the
spatial sedimentation pattern.

This study identified some disadvantages of tra-
ditional field methods. Overall sediment flux cal-
culations, based on averaging or spatial interpola-
tion of surface sedimentation measurements (e.g.,
Stoddart et al. 1989; French et al. 1995; Leonard
1997), are very sensitive to the spatial sampling
network that is used; e.g., it was shown that an over-
representation of creek bank sites in the sampling
network may lead to overestimation of the overall



sediment budget. In this respect, the presented to-
pography-based modeling approach accounts for
the basic mechanisms controlling spatial variations
in sedimentation rates and is much less sensitive to
the spatial sampling network.

This study also showed that the traditional mea-
surement of tidal creek fluxes, in order to estimate
overall material fluxes to tidal marshes (e.g., Ward
1981; Reed 1988; Leonard et al. 1995b; Suk et al.
1999), does not work in all cases. Especially for low,
young marshes without a well-developed creek net-
work, it is obvious that flux measurements at the
marsh edge are not representative. It is also not
straightforward to multiply marsh edge fluxes by
the length of the marsh edge, because flow pat-
terns are not unidirectional (perpendicular to the
marsh edge) but changing over a tidal cycle in two
dimensions. For high, old marsh platforms dissect-
ed by a dense tidal creek network, creek flux mea-
surements are only representative for shallow in-
undation cycles (high water level < 0.2 m above
the marsh platform). For higher tides, creek flux
measurements result in underestimation of net ma-
terial budgets because of the increasing impor-
tance of material exchange via the marsh edge.
The presented approaches of digital elevation
modeling and spatial sedimentation modeling al-
low a reliable estimation of water, sediment, and
nutrient budgets.
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