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Abstract
Understanding the sensitivity of tidal flats to environmental changes is challenging. Currently, most studies rely on process-based models to
systematically explain the morphodynamic evolution of tidal flats. In this study, we proposed an alternative empirical approach to explore tidal
flat dynamics using statistical indices based on long-term time series of daily surface elevation development. Surface elevation dynamic (SED)
indices focus on the magnitude and period of surface elevation changes, while morphodynamic signature (MDS) indices relate sediment dy-
namics to environmental drivers. The statistical analyses were applied to an intervention site in the Netherlands to determine the effect of
recently constructed groynes on the tidal flat. Using these analyses, we were able to (1) detect a reduction in the daily SED and (2) determine that
the changes in the daily SED were predominantly caused by the reduction in wave impact between the groynes rather than the reduction in tidal
currents. Overall, the presented results showed that the combination of novel statistical indices provides new insights into the trajectories of tidal
flats, ecosystem functioning, and sensitivity to physical drivers (wind and tides). Finally, we suggested how the SED and MDS indices may help
to explore the future trajectories and climate resilience of intertidal habitats.
© 2022 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Intertidal habitats, such as salt marshes, mangroves, and
unvegetated tidal flats, are among the most widely distributed
coastal ecosystems worldwide (Millennium Ecosystem
Assessment, 2005). They support the livelihood of coastal
communities with essential ecosystem functions and services,
such as storm protection through wave attenuation
(Temmerman et al., 2013) and shoreline stabilization (Shepard
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et al., 2011). They are also major habitats for migratory birds
and commercially important species (Barbier, 2019). World-
wide, tidal areas are under intense pressure from human-
induced changes, such as rising sea levels (Passeri et al.,
2015), coastal developments, and reduced sediment fluxes (Li
et al., 2014). There is a growing concern about the trajectory
of these intertidal habitats as their areas are reducing worldwide
(Murray et al., 2019; Goldberg et al., 2020). Although the re-
sponses to climate change and rising sea levels for vegetated
tidal wetlands are well known (Kirwan and Temmerman, 2009;
Fagherazzi et al., 2020; Saintilan et al., 2020), few studies have
elucidated the fate of unvegetated “bare” tidal flats.

To date, many analytical (e.g., de Vriend et al., 2011; Wang
et al., 2015; de Vet et al., 2017) and numerical modeling (e.g.,
Le Hir et al., 2000; Hu et al., 2015b; de Vet et al., 2018)
studies have focused on the (bio)physical processes shaping
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the morphology of tidal flats. Both approaches often use the
existence of a dynamic equilibrium to predict large-scale tidal
flat morphology (Kirby, 2000; Friedrichs, 2011; van der
Wegen and Jaffe, 2014). On shorter timescales, however,
tidal flat morphology may deviate from the dynamic equilib-
rium (Hu et al., 2015b). For example, recent extensive ob-
servations have shown that disturbance events can lead to
noticeable changes in the morphodynamic development of a
tidal flat (Belliard et al., 2019; de Vet et al., 2020). Under-
standing the perturbation of the dynamic equilibrium is crucial
to studies of the biophysical processes of a tidal flat because
the daily surface elevation dynamics (SED) on tidal flats drive
the recruitment and persistence of benthic organisms (Nambu
et al., 2012; Shi et al., 2021), the establishment of vegetation
over the tidal flat (Bouma et al., 2016; Cao et al., 2018), and
the position and dynamics of the edges of tidal wetlands
(Bouma et al., 2016; Willemsen et al., 2018). In other words,
young organisms require a period with stable bed level dy-
namics to germinate and to establish and develop tolerance
under harder conditions (Cao et al., 2018; van Belzen et al.,
2022). To predict the aforementioned ecological processes, it
is necessary to quantify SED rather than understand the hy-
drodynamics that cause the sediment dynamics (Bouma et al.,
2016). Hence, there is a need to capture the daily SED or the
short-term variation between accretion and erosion over space
and time. To quantify the short-term SED, a high-resolution
and low-cost standalone SED sensor was developed at the
Royal Netherlands Institute for Sea Research (Hu et al., 2015a,
2021). In recent years, SED sensors have revealed the relation
between the hydrodynamics and short-term sediment dy-
namics of tidal systems. For example, tidal currents dominate
Fig. 1. Conceptual visualization of (1) relevance of studying daily surfa
change over time, (3) how these indices relate to environmental drivers
ecosystems.
the sediment dynamics of the low tidal flat, while the dy-
namics of the high tidal flat are often a product of wave ac-
tivity (Belliard et al., 2019). In both low and high tidal flats,
however, an individual storm event can impact the surface
elevation in a manner comparable to a chronic surface eleva-
tion development that takes several years (Hu et al., 2018; de
Vet et al., 2020). Thus far, as long-term datasets do not yet
exist, SED sensor research has been limited to specific
mechanisms over limited timeframes. We aimed to explore
whether SED sensor data collected over multiple years can be
used to derive more general statistical indices to characterize
the morphodynamic behavior of unvegetated tidal flats and to
determine whether such indices can be used to predict their
medium-term (annual) trajectories.

In this article, we developed a method to analyze daily SED
and link them to drivers in order to understand the relation of
sediment dynamics to biophysical parameters (Fig. 1).
Compared to existing analytical and numerical modeling
methods, this method is an alternative approach based on
statistical analyses. It characterizes morphodynamic de-
velopments (1) by deriving statistical indices from extensive
time series of daily SED measurements acquired from SED
sensors and (2) by correlating these time series to meteoro-
logical and tidal forcing drivers. The first analyses were car-
ried out over several years of daily surface elevation changes
to obtain statistical indices relevant to benthic invertebrate
settlement and wetland seedling establishment, here expressed
as the SED average variability (SEDvar) and the SED return
time (SEDrt). Next, two novel statistical relationships in the
form of morphodynamic signatures (MDS) were obtained to
test the correlations between the daily SED and natural
ce elevation changes, (2) how statistical indices of surface elevation
, and (4) how these drivers provide new knowledge about tidal flat
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variations in wind speed (MDSwind) and tidal amplitude
(MDStide). This approach for deriving these empirical re-
lationships was applied to two areas with large-scale human
interventions. The aim was to create a less dynamic tidal flat
habitat that would accrete over time. SED sensors were
deployed at these two sites for five years. At the end of this
article, we discussed how the SED and MDS signatures could
be used in the future to study the ecosystem functioning of
tidal flats.

2. Methods
2.1. Study sites
The MDS of the SED concept was tested at two study sites
located in the Western Scheldt, an estuary in the southwestern
region of the Netherlands (Fig. 2). In 2005, the Dutch and
Belgian governments signed the “Ontwikkelingsschets 2010
Fig. 2. Location and overview of Baalhoek and Knuitershoek in the Weste
(blue area), the Netherlands (with aerial picture from ESRI imagery 202
Schelde-estuarium” convention to implement several projects
to develop a sustainable Scheldt estuary with a balance be-
tween safety, accessibility, and nature. At the fringes of the
tidal flats, Baalhoek (51�220N, 4�40E) and Knuitershoek
(51�230N, 3�580E), existing groynes were heightened (the
dashed red line in Fig. 2) or new ones were created (the solid
red line in Fig. 2) to reduce hydrodynamic forces. The goals of
reducing these forces were (1) to enhance sediment accretion
on top of a hard peat bank and (2) to create a less dynamic
habitat that increases the abundance of benthic invertebrates.
The blue points on the map (Fig. 2) indicate the locations of
the deployed SED sensors that were sometimes combined with
wave loggers (the yellow points in Fig. 2). At all locations,
elevation was regularly measured with a differential
geographic information system (dGPS) (Fig. 2).

After the construction of the groynes in 2016, sedimenta-
tion was observed near the locations of all groynes (Fig. 3).
The elevation change for the center treatment of Baalhoek was
rn Scheldt estuary, located at the northern part of Zeeuws-Vlaanderen
1).



Fig. 3. Boxplots showing average annual elevation measured with a dGPS at each SED sensor location near Baalhoek and Knuitershoek (dGPS
measurements with different treatments were combined).

17Tim J. Grandjean et al. / Water Science and Engineering 2023, 16(1): 14e25
less apparent compared to Knuitershoek, but the spatial vari-
ation in surface elevation became smaller over time, and the
flattening of the tidal flat was observed (Fig. 3). The reference
areas were dominated by fine sand with a median grain size
(D50) of 103 mm. At Baalhoek, the grain size within the
groynes was similar to that of the reference area. At Knui-
tershoek, the area between the two northern groynes appeared
less cohesive (D50 ¼ 155 mm) than the locations between other
groynes (D50 ¼ 29 mm).

Daily wind data (2016e2021) were retrieved from the
nearby Hansweert Royal Netherlands Meteorological Insti-
tute (KNMI) weather station (Fig. 2). The prevailing wind
direction was southwest, with a mean wind speed of 5.7 m/s.
In general, the groynes provided shelters for storm waves by
dampening the height of significant waves, but they did not
affect the conditions of typical waves (Appendix A). Baal-
hoek is sheltered from the prevailing wind direction, but the
groynes of Baalhoek are perpendicular to common north-
western storms, which results in more substantial wave
dampening for higher waves compared to Knuitershoek.
According to a numerical model, significant changes
occurred after the construction of the groynes when the
current decreased from an initial range of 0.6e1.0 m/s to a
value of 0.1 m/s (van Dam et al., 2008). Rijkswaterstaat
provided tidal gauge measurements for the stations Baalhoek
and Hansweert Overloop (Fig. 2). At Baalhoek, the average
tidal amplitude was 5.0 m, with a minimum amplitude of
2.1 m and a maximum of 6.7 m. Knuitershoek had an average
tidal amplitude of 4.6 m, a minimum of 1.5 m, and a
maximum of 6.3 m. The construction of the groynes did not
influence the tidal regime.
2.2. Monitoring daily SED after construction of groynes
After the construction of the groynes, 18 optical SED sensors
were deployed between June 2016 and April 2021 to measure
the SED of the intertidal flat with a high vertical and temporal
resolution (Hu et al., 2015a; Willemsen et al., 2018) (Fig. 2 and
Appendix B). The function of the optical SED sensor is based
upon the presence of light. Essentially, 200 light-sensitive cells
measure the light intensity over a 400-mm domain, resulting in
an accuracy of 2e4 mm (Hu et al., 2015a; Willemsen et al.,
2018). The transition from cells that receive daylight to cells
that do not represent the position of the bed level. As the sensor
relies on daylight, it can only perform measurements during low
tides and daytime. To obtain enough data, the measurement
interval was set to take one measurement every 30 min. The
surface next to the SED sensors was measured every quarter
year to half year with a dGPS, which was used to correct the
time series measurements after replacing a SED sensor for
maintenance. Raw data from the SED sensors were converted
and automatically corrected for scouring or biofouling accord-
ing to the method developed by Willemsen et al. (2018). The
detected surface elevations were coarse-grained by calculating
the observed median surface elevation of a day to enable the
correlation of multiple datasets at later stages of this study (e.g.,
wind and tidal amplitude datasets).
2.3. General statistical indices of surface elevation
First, general statistical indices of the surface elevation
were calculated to examine the surface elevation trajectory of
the tidal flat based on the time series measured by the SED
sensors: (1) average surface elevation, (2) surface elevation
variance, and (3) surface elevation correlation length
(Appendix C). Locations with relatively stable bed levels have
low surface elevation variances, whereas those with more
fluctuations in surface elevation have higher variances. The
autocorrelation function (ACF) indicates the persistence of
surface elevation over the total measurement length in days
(n). To derive the ACF, temporal autocorrelation was calcu-
lated by stepwise increasing the lags of daily measurements up
to half of the total measurement period (n/2):

FAC

�
tlag

�¼ R
�
zi; ziþtlag

� ð1Þ
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where FAC is the ACF; tlag is the lag time (d); R is the temporal
autocorrelation function; zi is the surface elevation at time i; and
ziþtlag is the surface elevation at time i þ tlag. The correlation
length (in days) was defined as the lag time at which FAC � 1/e
where e is the natural constant. The correlation length is an
essential proxy representing how quickly conditions change for
organisms that need to cope with environmental fluctuations. If
the correlation length increases over time (longer than tlag), the
location becomes more suitable for organisms because vege-
tation or benthic invertebrates need a period with stable envi-
ronmental conditions to tolerate disturbances (van Belzen et al.,
2022). To indicate whether a trend existed in the surface
elevation, the Kendall's tau test was performed. This test
measured the correlation between the variable time and surface
elevation, in which time was a ranked factor.
2.4. SED indices
For many biophysical processes, it is important to under-
stand the position and trend of the surface elevation, and it is
even more important to study the daily SED (Figs. 1 and 2). In
particular, the changes in timing and magnitude relate to the
establishment and recruitment of species (van Belzen et al.,
2022). Therefore, the difference vector for the daily surface
elevation changes over time (d) was obtained. To avoid sig-
nificant outliers in the surface elevation change, outliers
caused by measurement errors related to the disturbance of the
light-sensitive cells of the sensors, the values in the lower and
upper 1% of the d dataset were removed. Given d was known,
the variance of the daily surface elevation change (var d) can
be analyzed. The variance is another indicator to express the
probability of ecosystem emergence (van Belzen et al., 2022).

To relate physical processes to the surface elevation changes, a
division was made between accretion and erosion. Both of these
processes occur under different circumstances. First, a dataset of
negative surface elevation changes (dero) was compiled:

di;ero¼jziþ1� zij ziþ1< zi ð2Þ

where di,ero is the negative surface elevation change at time i,
and ziþ1 is the surface elevation at time i þ 1. The dataset of
positive surface elevation changes (dacc) was derived on the
condition of zi < ziþ1.

2.4.1. SED average variability (SEDvar)
Based on the dero or dacc datasets, the SED average vari-

ability (SEDvar) was derived. SEDvar is the sum of dero or dacc
divided by the total measurement length in days (n). This is a
quantitative description of the average magnitude of the sur-
face elevation change per day, an index that is rarely quantified
in terms of space and time.

2.4.2. SED return time (SEDrt)
The return time indicates how often the surface elevation

change with a certain magnitude may occur. It expresses the
possibility that a daily SED exceeds the threshold for
establishment. Like SEDvar, erosion and accretion events were
considered separately. To retrieve the return time for all
observed bed level changes (Tr), all elements in dacc and dero
were ranked in descending order, and serial numbers from 1 to
n were given. The frequency of exceedance (F ) denoting an
event that does not exceed the ranked bed level change was
calculated as

Fðdi < drÞ¼ r

lþ 1
ð3Þ

where di is the bed level change on the ith day, dr is the daily
bed level change with a rank of r in descending order, and l is
the total number of days with observed bed level changes for
erosion or accretion. Tr can therefore be derived as

TrðdiÞ¼ 1

Fðdi<drÞ ð4Þ

It was assumed that the extensive time series were
representative for SED. This assumption made it possible to
derive the quantitative descriptions for the return time over
more extensive periods. These descriptions could be used to
predict the return time of larger events that did not occur
during the measurement period. One quantitative description
for the return time, the SED return index (SEDrt), can be
derived as

TrðdiÞ¼SED
Fðdi <drÞ
rt ð5Þ

The SEDrt index is particularly relevant to assessment of
the impact of the short-term dynamics on the long-term evo-
lution of the tidal flat. Larger values of this index represent
less dynamic locations, and smaller values represent more
dynamic locations.
2.5. MDS indices
The aforementioned statistical indices aimed to charac-
terize SED, but they did not consider the relation to environ-
mental drivers that cause surface elevation variability. In this
section, an analytical method was developed to determine the
relative contribution of environmental drivers to short-term
surface elevation changes by pairing daily SED with pub-
licly available time series of wind and tidal amplitudes (Figs. 1
through 3). The MDS analysis considers which environmental
conditions, dacc or dero, are more likely to occur. It thereby
quantifies the sensitivity of the driver to variations. This sec-
tion presents two MDSs characterizing the impacts of wind
speed as an indicator for wind-driven waves and tidal ampli-
tude as an indicator for the maximum current velocity (Bouma
et al., 2005).

2.5.1. Morphodynamic wind signature (MDSwind)
First, daily measurements of dacc or dero were paired with

publicly available daily wind speed (U ) time series retrieved
from the nearest KNMI weather station (Fig. 2). Subsequently,
the resulting time series were sorted according to ascending U.
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Fifty evenly spaced intervals (I ) between zero and the
maximum observed wind speed (Umax) were defined. Then,
the number of days (M ) with a given U exceeding an interval
was calculated and normalized by the total number of days in
the dataset (l ). This process yielded the fraction fwind:

fwind¼M

l
ð6Þ

fwind ¼ 0 represents the lowest observed wind speed, fwind ¼ 1
represents the maximum wind speed, and fwind ¼ 0.5 repre-
sents the median wind speed. For each wind fraction, the sum
of dacc or dero for all daily wind speeds up to that fraction was
calculated and normalized by the sum of accretion or erosion,
respectively. This process yielded the surface elevation change
fraction ( fd) as a function of I:

fd¼
X
0�U�I

di

,XN
i¼1

di ð7Þ

where di is the ith positive or negative surface elevation
change, and N is the total number of days with positive or
negative surface elevation changes. The relation between fwind
and fd can take different shapes depending on the sensitivity of
the tidal flat morphodynamics to either stormy or calm con-
ditions. This relation was characterized by a power law
equation (Appendix D), yielding the constant MDSwind:

fd¼ f MDSwind
wind ð8Þ

This functional equation was derived from the data pre-
sented in this study. The coefficients of determination (R2) for
all 18 locations indicated that the equation fitted well
(R2 > 0.93). An MDSwind value near 1 indicates that the pat-
terns of surface elevation variation are uncorrelated with the
changes in wind speed (Appendix D). Values less than 1
denote surface elevation changes dominated by calm weather
conditions. Meanwhile, surface elevations at locations with
MDSwind values higher than 1 are dominated by storm con-
ditions. R2 was calculated for the powerelaw equation. If an
unsatisfied fit was acquired, the correlation could be improved
by changing the interval size.
2.5.2. Morphodynamic tide signature (MDStide)
MDStide was retrieved similarly to the constant MDSwind,

but wind data were replaced with the maximum tidal range per
day, as measured at the publicly available Rijkswaterstaat tidal
gauge stations (Fig. 2).MDStide expresses the magnitude of the
morphodynamic tide force (Appendix D). MDStide values less
than 1 denote surface elevation changes dominated by neap-
tide periods, while values high than 1 indicate that surface
elevation changes are dominated by spring-tide periods.
2.6. Statistical tests
For the case study, we assessed whether the construction of
groynes had a significant impact on the indices. One-way
analysis of variance (ANOVA) was performed to compare
the effect of groyne construction on each index. The test was
performed over the reference and treatment groups.

3. Results

Independent from the position related to the groynes, a
significant trend of surface elevation was observed at all loca-
tions during the five-year measurement period (Appendix E).
The surface elevation of the reference areas declined over time
(�0.11 mm/d). The center treatments accreted slightly
(0.03 mm/d), and the north treatment experienced a strong ac-
cretion (1.16 mm/d) (Appendix E). This accretion was related to
the change in the tidal current velocity from 1.0 m/s to 0.1 m/s,
which was observed at all locations. Furthermore, the surface
elevation variance increased in the areas close to the groynes
( p < 0.01), indicating that the tidal flats moved away from the
more stable state of the reference areas (low variance). No
correlation length was observed for the northern treatment.
Compared to the reference areas, the correlation length for the
center treatments (102 d) was significantly longer (34 d,
p < 0.05; Appendix E). Thus, longer correlation lengths favored
the ecological processes.
3.1. SED average variability (SEDvar)
In the reference areas, SEDvar was observed to have high
rates of accretion and erosion at Baalhoek ((4.7 ± 0.5) mm/d
and (�4.7 ± 0.3) mm/d, respectively) and Knuitershoek
((4.8 ± 1.2) mm/d and (�5.0 ± 1.2) mm/d, respectively)
(Figs. 4(a), 5(a), and 6(c) and (d)). SEDvar for the areas shel-
tered by the groynes was 1e2 orders of magnitude smaller than
the reference areas for the center treatment of both Baalhoek
((3.7 ± 0.6) mm/d and (�3.5 ± 0.6) mm/d for accretion and
erosion, respectively) and Knuitershoek ((1.9 ± 0.1) mm/d and
(�2.1 ± 0.1) mm/d for accretion and erosion, respectively).
Compared to the center treatment, the north treatment of
Knuitershoek was exposed to slightly stronger accretion and
erosion dynamics ((4.9 ± 0.1) mm/d and (�3.6 ± 0.2) mm/d,
respectively). Between the reference and treatments, a signifi-
cant difference was observed in the accretion and erosion rates
at Baalhoek ( p < 0.05 and p < 0.01, respectively) and Knui-
tershoek ( p < 0.01 and p < 0.05, respectively). These results
reflected that the magnitude of daily SED near the groynes was
reduced compared to the reference areas. This reduction was
caused by the reduction in hydrodynamics (e.g., wave extremes
and tidal currents) and by the change in sediment characteristics
(more cohesive).



Fig. 4. Derivation of four major statistical indices for surface elevation change at Baalhoek (large and dark symbols indicate significant accretion
or erosion fluxes/signatures, and small and light symbols indicate less impacted trends during calm periods of wind or tide).
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3.2. SED return time (SEDrt)
The center treatment of Knuitershoek had a short return
time of significant surface elevation changes for both accretion
and erosion (1.37 ± 0.06 and 1.35 ± 0.02, respectively).
Changes with certain magnitudes occurred at the same inter-
val, indicating a relatively stable bed level elevation. In
contrast, the reference area exhibited a difference in magni-
tude for the sedimentation and erosion return times
(1.35 ± 0.02 and 1.13 ± 0.07, respectively) (Figs. 4(b), 5(b),
and 6(e) and (f)). The northern treatment of Knuitershoek,
however, showed similar long return times for both accretion
and erosion (1.13 ± 0.03 and 1.17 ± 0.05, respectively). At
Knuitershoek, the return times for accretion and erosion
differed significantly between the three locations ( p < 0.05
and p < 0.01, respectively). At Baalhoek, no significant dif-
ference was observed between the accretion and erosion return
times at the center treatment (1.12 ± 0.05 and 1.15 ± 0.03,
respectively) and reference area (1.15 ± 0.01 and 1.16 ± 0.02,
respectively).



Fig. 5. Derivation of four major statistical indices for surface elevation change at Knuitershoek (large and dark symbols indicate significant
accretion or erosion fluxes/signatures, and small and light symbols indicate less impacted trends during calm periods of wind or tide).
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3.3. Morphodynamic wind signature (MDSwind)
The MDSwind values of almost all reference areas indicated
that the surface elevation was dominated by sedimentation
during high wind speed periods (1.63 ± 0.44). This pattern
could most likely be explained by the redistribution of eroded
sediments from other parts of the estuary. The erosion pro-
cesses in the reference areas were independent of the pre-
vailing wind conditions in both reference and treatment areas
(0.93 ± 0.11) (Figs. 4(c), 5(c), and 6(g) and (h)). Nonetheless,
the influence of wind on accretion decreased gradually around
the groynes until wind became invariant (1.11 ± 0.15). This
indicated that, compared to the reference areas, sedimentation
dynamics near the groynes were significantly less influenced
by the wind force ( p < 0.05). The reduction toward wind
invariance could be explained by the observed reduction in
peak wave height near the constructed groynes (Appendix A).
The most significant dampening occurred near the Baalhoek
groynes that are almost perpendicular to the wind during
northwest storms. This site is sheltered from southwest storms.
Since the groynes provide shelter for the wind fetch, SED
became invariant of wind conditions, as presented by
MDSwind. Compared to the reference areas, no significant
impact was observed for the erosion dynamics near the
groynes. No correlation existed between sediment dynamics
and wind direction at these intervention sites.
3.4. Morphodynamic tide signature (MDStide)
Some sites showed a minor influence of spring tides on the
sediment dynamics. Nevertheless, the influence of tides was
demonstrated to be invariant in most locations for both erosion
(1.11 ± 0.14) and sedimentation dynamics (1.02 ± 0.13)
(Figs. 4(d), 5(d), and 6(i) and (j)). No statistical evidence was
found that the groynes significantly changed the influence of
tides on short-term erosion or sedimentation.

4. Discussion and conclusions
4.1. Effect of groynes on tidal flat trajectory
The statistical descriptors and indices provide a spatially
explicit understanding of sediment dynamics that drive
ecosystem dynamics, an understanding that surpasses the
common hydrodynamic characterization of tidal flats
(Appendix E). Up to a certain level, however, hydrodynamics



Fig. 6. An example of SED and MDS analyses for center treatment KH5 and reference area SED sensors KH16. The surface elevation ((a) and
(b)) showed a higher magnitude of SEDvar for KH16 ((c) and (d)), which had a higher return period compared to the treatment locations ((e) and
(f)). The reference area experienced wind dominated accretion, while wind had no impact on the treatment locations ((g) and (h)). All locations
were invariant for events in the tidal cycle ((i) and (j)).
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can be characterized within the presented statistical general-
ization of MDS. This study did not aim to explain the impacts
of hydrodynamics and sediment characteristics on sediment
dynamics. Instead, it quantified the sediment dynamics that
drive seedling establishment or benthos settlement. In general,
the presented results of the empirical statistical indices revealed
that the construction of groynes affects the morphodynamics of
a tidal flat. The observed reductions in both the amplitude
(SEDvar) and period (SEDrt) of surface elevation change
potentially favor benthos settlement (Bouma et al., 2001;
Nambu et al., 2012; van Belzen et al., 2022). In agreement with
previous studies, we found the evidence for the absence of tidal
impact on the short-term SED. Hence, wind-generated waves
are the main drivers of disturbances on the surface elevation of
tidal flats (Green et al., 1997; Christie et al., 1999; Callaghan
et al., 2010; Zhu et al., 2014; de Vet et al., 2020). These re-
sults are consistent with previously modelled results and with
the goal of the intervention to devise, on average, smaller daily
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surface elevation dynamics and create a sheltered and accreting
tidal flat (van Dam et al., 2008).
4.2. Added value of statistical indices for understanding
of SED
Sedimentation and erosion processes on tidal flats often
relate to the impacts of wind-driven waves or storm conditions
(Kohsiek et al., 1988; Zhu et al., 2017; de Vet et al., 2020).
Seasonal-scale variations in sediment stability occur due to the
presence of biofilms (Paarlberg et al., 2005) or bioturbation
(Bouma et al., 2001; Nambu et al., 2012). Most of the time,
these biophysical eventedriven processes are difficult to
capture in process-based morphodynamic models or in con-
ventional field campaigns (e.g., acoustic doppler velocimetry
(ADV), acoustic doppler current profiler (ADCP), and light
detection and ranging (LiDAR)), which are regularly limited
in temporal or spatial resolutions. The annual and daily time
series of bed level dynamics measured by SED sensors are
complementary to understanding and prediction of tidal flat
evolution and resilience (Hu et al., 2015a, 2017). The general
statistical indices presented in this study provide valuable in-
sights into both the daily and annual morphodynamic devel-
opment of tidal flats. In more depth, the SED indices analyze
the magnitude (SEDvar) and timing (SEDrt) of SED, which can
serve as indicators for understanding of the role of physical
processes on the establishment of pioneer vegetation (Balke
et al., 2011; Bouma et al., 2016; Cao et al., 2018), the set-
tlement of benthic invertebrates (Bouma et al., 2001, 2016;
Nambu et al., 2012; Shi et al., 2021), and the dislodgement
caused by surface elevation changes during storms (de Vet
et al., 2020). The MDS indices present the role of distur-
bance events on the sediment dynamics and trajectory of tidal
flats. The MDSwind results provide evidence of whether wind-
driven waves affect the daily surface elevation change
(Fagherazzi et al., 2007; Belliard et al., 2019; de Vet et al.,
2020). Prior work has noted the importance of low elevated
tidal flat trajectories to tides (Belliard et al., 2019). The impact
of the tidal cycle can be analyzed with MDStide. Hence, the
statistical indices (Appendix C) facilitate an innovative
method to study the morphodynamics of high to low dynamic
tidal flats across different timescales.
4.3. Limitations of statistical indices
Fig. 7. Species most likely have a threshold in magnitude (horizontal
axis) and period (vertical axis) for their establishment (grey line).
The findings may be somewhat limited by the spatial res-
olution or temporal coverage of the SED datasets. The sta-
tistical indices presented here only indicate the trends
observed at a specific location, but tidal flat systems can be
heterogenous over short distances. Furthermore, the indices do
not explicitly capture extreme events with return times
exceeding the measurement duration. Nonetheless, SEDrt that
allows for extrapolation comparable to extreme water level
predictions are based on extrapolations of the return time
(Kirezci et al., 2020). Due to the increasing critical bed shear
stress with depth (Zhu et al., 2016) and local sediment
availability (Li et al., 2014), these indices cannot account for
physical limits in erosion or sedimentation.

The MDS concept implies that variations in other condi-
tions cannot explain the observational statistics for a specific
location. In other words, it is loosely suggested that other
natural forces remain irrelevant over extended measurement
periods for the specific location (Friedrichs, 2011). Other
viable MDS indices could explain other morphodynamic
processes, such as variations in river discharge (Yang et al.,
2008), suspended sediment concentrations (Li et al., 2014),
and the variability in bioturbator abundance and species
composition (Cozzoli et al., 2018; de Smit et al., 2022).
4.4. Outlook: implications for understanding of habitat
suitability and climate change sensitivity of tidal flats
The SED and MDS analyses provide a simplified approach
that governs our understanding of the morphodynamic evo-
lution of intertidal flats based on the medium-term SED.
Future studies can use these indices as a tool to gain more
knowledge about the functioning of tidal flat ecosystems (Figs.
1 through 4). For example, if we understand how sediment
dynamics affect species communities and settlement, this un-
derstanding might enable us to predict the responses to large-
scale interventions (Fig. 7). Significant magnitudes and return
times of surface elevation change can affect the success of
establishment for vegetation or benthic communities, while
limited magnitudes and return times favor the establishment.
Furthermore, by applying a statistical generalization over the
observed patterns, MDS can support the work designed to
better understand the sensitivity of tidal flats to climate change
or sea level rise (i.e., de Smit et al., 2021). These findings may
be somewhat limited because they focus on the magnitude
rather than the specific timing of the forcing process (de Vet
et al., 2020). It is, however, impossible to predict the timing
of specific events. Hence, statistical generalizations remain a
powerful tool for sensitivity analyses. In conclusion, SED and
MDS analyses are promising tools of statistical observation
and can provide valuable information on the short-term sur-
face elevation dynamics. In context, they can help researchers
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understand and predict ecosystem trajectories under changing
conditions, such as human measures (e.g., construction of
dams and coastal constructions) and climate change.
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