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Abstact

When sea-level rise slowed down in the middle Holocene, fluvial and coastal sed-
iments filled the newly created accommodation, whilst others remained largely
unfilled because of limited sediment supply. In view of current and future rapid
sea-level rise, the question arises how estuarine systems will adapt and whether
the land-level rise may keep up. Besides geological data and conceptual models
of large-scale and long-term estuary filling, little is known about the filling pro-
cess during sea-level rise on the decadal-to-centennial time scale that is relevant
for society. This study focusses on how sea-level rise affects the morphological
and hydrodynamic development of filling estuaries. To this end, scaled labo-
ratory experiments were conducted in a tilting flume facility that creates bidi-
rectional tidal currents and develops entire estuaries. A net importing estuary
with sand, mud and vegetation was formed that was subjected to linear sea-level
rise. Findings show less of the imported sand was deposited landward following
sea-level rise than in an experiment without sea-level rise. The bay-head delta
and the flood-tidal delta retained nearly enough sediment to keep up with sea-
level rise, whilst the tidal embayment in between drowned except for the high-
est vegetated bars. Sea-level rise also reduced vegetation survival and sprouting
potential, as prolonged inundation increased mortality, negating the potential
eco-engineering effect. This resulted in lower vegetation coverage with sea-level
rise than under constant sea level. These findings suggest that sea-level rise may
cause natural systems to drown even if nearly sufficient sediment is available to
fill the newly created accommodation, particularly in areas further away from
the fluvial and marine sediment sources. Finally, depending on the sea-level rise
rate, the flood-tidal delta may show back-stepping like fluvial deltas, but in the
reverse direction towards the sea.
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1 | INTRODUCTION

During the Middle Holocene, many coastal regions
drowned in response to rapid sea-level rise, which
produced many estuaries around the world (Hijma
& Cohen, 2010; Job et al.,, 2021; Shi & Lamb, 1991;
Vos, 2015). Here, an ‘estuary’ is considered a drowned
valley system with both fluvial and marine sediment
input and lithofacies influenced by the relative im-
portance of the rivers, waves and tides (cf. Dalrymple
et al., 1992). This ‘(tidal) system’ encompasses the tidal
morphodynamics that are characteristic of estuaries and
is bounded by other systems with fundamentally dif-
ferent processes, that is, a fluvial-dominated river up-
stream, a mostly wave-dominated spit or barrier coast
on the downstream boundary, and continental processes
beyond the outer banks. In case of wave-dominated es-
tuaries, the system extends from the upstream limit
of tidal influence to the barrier and the ebb-tidal delta
downstream (cf. Dalrymple et al., 1992). This differs
from a geological ‘system’, which signifies the entire
depositional environment ranging from fluvial deposits
upstream to delta toe-sets downstream.

In response to sea-level rise levelling off in the Late
Holocene, many estuaries faced a balance shift from
net accommodation creation to net estuary filling (Roy
et al., 1980). The ongoing delivery of fluvial and ma-
rine sediments filled accommodation, which gener-
ally resulted in shallower and narrower estuaries (De
Haas et al., 2018; Roy et al., 1980). Current conceptual
models of how accommodation in estuaries is filled
(Dalrymple et al., 1992; Nichol, 1991; Roy et al., 1980)
are mainly inferred from the depositional record and
focus on (multi)-millennial timescales. These qualita-
tive models allow for the spatial and temporal analysis
of large-scale lithofacies distributions in estuaries. Yet,
the conceptual models are not detailed enough to shed
light on the development of individual tidal channels
and intertidal bars and how these geomorphological
units respond to sea-level rise and fall on a timescale
of decades to centuries. Such small spatial and tem-
poral scales are of high societal relevance in terms
of, for example, shipping and flood risk management.
Furthermore, effects of sea-level rise on river deltas
are much better known from modelling (Elmilady
et al., 2022; Guo et al., 2022; van der Wegen, 2013), re-
construction and experiments than for estuaries (see
for review De Haas et al., 2018). Therefore, there is a
need to improve our understanding on the effect of sea-
level rise on estuarine morphology on a spatial scale of
individual tidal channels and intertidal bars on a tem-
poral scale of decades to centuries.

1.1 | Filling of Holocene
wave-dominated estuaries

Field observations and palaeogeographical reconstruc-
tions were employed as an aid to understand how sea-level
rise will affect estuaries. Such field data provide insight in
the recent, Holocene development of wave-dominated es-
tuaries and in how the balance between the creation and
filling of accommodation shapes estuaries.

A well-studied example of the Holocene development
of wave-dominated estuaries is the Old Rhine Estuary
along the Dutch coast. This estuary exhibited the fill-
ing of accommodation while rapid sea-level rise started
to level off in the Middle-to-Late Holocene (De Haas
et al., 2018; Vos, 2015; Figure 1). Following the drown-
ing of its Pleistocene river valley in the Middle Holocene
(Figure 1A,B), the wave-dominated Old Rhine Estuary
comprised extensive intertidal flats, bounded downstream
by barrier islands and bounded upstream by salt marshes,
reed marshes and a small bay-head delta. Further levelling
off of the sea-level rise between 6,000 yr BP and 5,000 yr
BP caused a shift from a phase of net accommodation cre-
ation to net accommodation filling (De Haas et al., 2018;
Van der & Beets, 1992). In other words, net sediment de-
livery and retention outpaced the accommodation created
by sea-level rise. At first, sand was deposited within the
tidal channels and along the tidal channels as levees, pro-
truding further into the estuary over time. Meanwhile,
mud was deposited as mudflats extending from the banks
and on high intertidal bars, which reduced the lateral
migration of the tidal channels. Vast reed marshes cov-
ered the banks of the estuary and expanded laterally into
the estuary (Figure 1C). Continued mud deposition and
reed expansion contributed to a much narrower estuary
(Figure 1C,D). Final closure and filling of the estuary oc-
curred after an avulsion of the River Old Rhine around
3,275 yr BP (De Haas et al., 2019; Roep & Van Regteren
Altena, 1988).

This and similar reconstructions of wave-dominated
estuaries along the Dutch coast (De Haas et al., 2018;
Pierik, 2021; Vos, 2015) highlight the importance of mud
and vegetation in the filling of estuaries on a millennial
timescale. Furthermore, the case of the Old Rhine Estuary
illustrates the necessity of a river inflow that ensures the
estuary mouth remains open. This open connection to the
sea allowed for incoming tides. On the North Sea, the tide
is flood-dominant and brings in sediment from longshore
drift and from the shallow sea floor into the estuary (Van
der Molen & De Swart, 2001). This is thought to have en-
abled most Dutch estuaries to at least partially keep up
with sea-level rise, by filling part of the newly created ac-
commodation due to sea-level rise (De Haas et al., 2018).
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FIGURE 1 Evolution of the Dutch landscape from 12,000 BP to 500 BP. Modified from Vos et al. (2018).

Whilst many estuaries such as the Old Rhine Estuary
had their accommodation completely filled and were
either closed off from the sea or transfigured into river
deltas, there are still estuaries with their accommoda-
tion only partly filled or completely unfilled. On the
one hand, these systems may have received insufficient
sediment supply to fill the available accommodation
(Dalrymple & Choi, 2007; De Haas et al., 2018; Lanzoni &
Seminara, 2002). On the other hand, over the past few cen-
turies, estuaries such as Arcachon Bay (Allard et al., 2009;
Féniés & Faugéres, 1998) and Ems-Dollard (Van Maren
et al., 2016) remained largely unchanged despite ample
sediment supply. This observation suggests that not only
boundary conditions such as sediment supply influ-
ence the filling of accommodation in estuaries (Clement
et al., 2017), but also internal processes that distribute
and trap sediment within an estuary (De Haas et al., 2018;
Moore et al., 2009). For example, previous studies (Beets
& Van der Spek, 2000; De Haas et al., 2018) hypothesised
that the development of mudflats and salt marshes plays
a key part in storing sediment and confining an estuary.
These muddy and vegetated surfaces reduce tidal prism
and may increase flood-dominance (Friedrichs, 1995;
O'Brien, 1969), which drives further filling of the available
accommodation. Yet, this hypothesis is based on the filling
of accommodation in an estuary with little sediment sup-
ply under negligible sea-level rise. Therefore, it remains
unclear to what extent the development of mudflats and

salt marshes contribute to the filling of accommodation
when sea-level rise is more prominent.

Field data provide ample evidence that estuaries can
have their accommodation filled under conditions of mild
sea-level rise especially when mud and vegetation are
present (Beets & Van der Spek, 2000; De Haas et al., 2018;
Pierik, 2021). However, due to the ever-changing bound-
ary conditions and the partial erosion of former deposits,
it is challenging to isolate the effect of a single boundary
condition (in this case: sea-level rise) on how an estuary
develops. Hence, complementary methods of research are
necessary in the form of numerical modelling and physi-
cal scale experiments.

1.2 | Models and experiments on the
filling of accommodation

Numerical modelling and physical scale experiments
allow for the isolation of singular boundary conditions
(Bokulich & Oreskes, 2017; Oreskes et al., 1994). For
instance, numerical models are optimal for sensitivity
analysis, yet require parameters for the computation of
flow, sediment transport (Baar et al., 2019) and life forms.
Alternatively, physical scale experiments use real mate-
rial with inherent physical laws and make morphologi-
cal change more tangible, yet come with scale issues that
need resolving (Kleinhans et al., 2014a).
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Based on previous numerical and experimental stud-
ies, the filling of accommodation in estuaries was found to
depend on the following initial and boundary conditions
and processes. First, sediment is needed to fill an estuary,
which is delivered by rivers and may be imported from the
sea. Flood-dominant tidal asymmetry ensures that more
sediment remains in an estuary and enhances sediment
import from the sea (Friedrichs & Aubrey, 1988), contrib-
uting to estuary filling (Weisscher et al., 2022). Second,
mud and vegetation form mudflats and salt marshes that
promote estuary filling. Mud helps fill accommodation,
protects the outer banks against erosion and stabilises the
positions of channels and bars in numerical models (Braat
et al., 2017; Briickner et al., 2021) and experiments (Braat
et al., 2019). Vegetation increases the sediment trapping
potential and so enhances sediment retention in field ob-
servations (Cotton et al., 2006; Stella et al., 2011), numer-
ical models (Briickner et al., 2019, 2021) and experiments
(Kleinhans et al., 2022; Tal & Paola, 2007; Weisscher
et al., 2022; Zong & Nepf, 2011). Furthermore, vegetation
limits flow over bars, resulting in a focus of flow in deeper
channels (Luhar et al., 2008; Simon & Collinson, 2002;
Stella et al., 2011) that tend to migrate faster (Kleinhans
et al., 2022). A combination of mud, poorly sorted sand,
vegetation and variations in water discharge (i.e. river
floods and tides) was found to form levees and crevasses,
which also retain sediment (Boechat Albernaz et al., 2020;
Elmilady et al., 2020, 2022). Third, initial and boundary
conditions such as inherited topography, subsidence and
tidal amplitude at the estuary mouth influence the avail-
able accommodation that can be filled (Guo et al., 2021,
2022; Leuven et al., 2019). In turn, the resultant planform
shape of the estuary determines the number of channels
and bars that can form (Leuven et al., 2018b).

Many numerical models and scale experiments of es-
tuaries assume a constant sea level, so the creation of new
accommodation and its influence on estuary morphology
on a scale of individual channels and bars are largely un-
tested. An increase in flood storage due to sea-level rise
can increase flood dominance and the import of sand from
the ebb-tidal delta and adjacent coasts (Du et al., 2018; van
der Wegen, 2013). This was found for a back-barrier tidal
basin and a similar development may be expected for estu-
aries. Additionally, Leuven et al. (2019) showed that small
estuaries dominated by intertidal bars will likely face
rapid sedimentation under sea-level rise, whilst larger es-
tuaries may face sediment starvation and become deeper.
How this will impact the individual channels and bars re-
mains underinvestigated, yet is of high societal relevance
for shipping fairways and managing flood risk in the com-
ing decades to centuries.

A recent breakthrough in scale experiments allows for
the creation of entire estuaries with high enough sediment

mobility to produce the ongoing migration of channels
and bars as observed in natural estuaries (Kleinhans
et al., 2015, 2017b, 2014b). This has opened up new ways
of studying estuaries aside from numerical models, which
are subject to all the combined errors of sediment trans-
port predictors (Baar et al., 2019). So far, the number of
scale experiments of estuaries are limited and focussed,
amongst others, on the effects of mud (Braat et al., 2019),
vegetation (Kleinhans et al., 2022) and the filling of ac-
commodation (Weisscher et al., 2022). In the latter case,
mud and vegetation together enabled bars to grow above
the high-water table and these bars point at possible lo-
cations where the estuary could keep up with sea-level
rise. Sea-level rise remained untested in scale experiments
apart from one study (Stefanon et al., 2012), which showed
for a back-barrier tidal basin that sea-level rise enlarges
the tidal channels and increases their cross-sectional area.
Sea-level rise had a negligible effect on the overall channel
and bar pattern (i.e. the location and number of channels
and bars), but this may be due to the low sea-level rise rate
and the low sediment mobility in this experiment. Given
the many similarities in tidal characteristics and morpho-
logical responses between tidal basins and estuaries, a
similar response to sea-level rise is expected for estuaries
with limited sediment supply.

1.3 | Objective and hypotheses

The objective is to explore the effects of sea-level rise on
the morphological response of a filling estuary. To this
end, physical scale experiments were conducted wherein
entire estuaries were formed with sand, mud and vegeta-
tion on an initially drowned river valley. By design, the ex-
periment was set up to receive slightly less sediment than
needed to compensate for new accommodation created by
sea-level rise. Hypothetically, this left three possible sce-
narios of morphological response. First, the entire system
may deepen, with subtidal areas rapidly expanding at the
expense of intertidal and supratidal areas. Second, parts of
the system may aggrade to maintain a stable average depth,
whilst other parts further away from a sediment source (i.e.
the central part of the estuary) become deeper. Third, the
estuary, together with its fluvial and coastal boundaries,
may shift upstream. Then, channel and bar patterns will
shift upstream, provided there is enough space.

2 | METHODS AND MATERIALS

This study presents the findings of two landscape-scale ex-
periments of estuaries in which the effect of sea-level rise
was isolated. The first experiment was a control without
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sea-level rise of a filling estuary with sand, mud and live
vegetation. This control experiment was also reported in
Weisscher et al. (2022), who found that mud alone and
vegetation with mud quickened the building and raising
of new land compared to an experiment with only sand.
The novel, second experiment was a filling estuary with
sea-level rise but otherwise the same conditions. Sea-level
rise was chosen such that the creation of accommodation
slightly outpaced the potential filling of accommodation
with fluvial and marine sediments.

2.1 | Flume experiments

The experiments were done in the ‘Metronome’, a 20m
long and 3m wide flume that drives tidal currents by
periodic tilting over its short central axis (Kleinhans
et al., 2017b). This novel tilting method solves a number of
scale problems that former experiments with periodic sea-
level fluctuations experienced, such as ebb-dominance
and very low sediment mobility (Reynolds, 1889; Stefanon
etal., 2010, 2012). To date, the tilting setup enabled the de-
velopment of tidal basins (Kleinhans et al., 2015), ingres-
sive estuaries with sand (Leuven et al., 2018a), mud (Braat

River

input

& Sand
feeder

L

et al., 2019), vegetation (Kleinhans et al., 2022), channel
dredging (Van Dijk et al., 2021) and infilling estuaries
with mud and vegetation (Weisscher et al., 2022).

The initial setting of the experimental estuaries re-
sembled an idealised drowned river valley with an open
barrier coast and a long drowned river valley relative to
the tidal excursion length (Figure 2), designed to be sim-
ilar to Weisscher et al. (2022). In a sand bed of 17m long,
3m wide and 0.11m thick, a flat-floored valley, 2.3m
wide by 0.03m deep, was carved over the full length of
the sand bed. The initial sand bed had a median grain
size ds; =0.55mm and a coarse tail of dy; =1.2mm to
prevent the development of unrealistically large scours
(Kleinhans et al., 2017a). The tidal inlet was bordered by
two large, sandy barrier islands which were designed to
erode over time and act as a source of marine sediment,
as alongshore drift was impractical to reproduce in the
flume. The flume had an offset tilt of 0.001 m/m, which
is a typical fluvial valley slope in landscape experiments
(Kleinhans et al., 2014a). A central, straight river chan-
nel in the upstream reach of the control experiment had
a negligible effect on channelising river flow (Weisscher
et al., 2022) and was therefore left out in the new experi-
ment with sea-level rise.

Mud
feeders

Seaward sowing location

o

River sowing location 6 0 6

FIGURE 2 (A)Experimental setup of the experiment. The photograph was taken at 2,000 cycles into the sea-level rise experiment. (B)

Digital elevation model of the initial bathymetry of the experiment.
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The boundary conditions were conducive to filling of
the accommodation in the estuary. The flume was tilted
with a principal tide of 40 s and an overtide of 20 for flood
dominance. The tilting slope amplitude of the principal
tide was 0.0012m/m and the overtide had an amplitude
of 0.006 m/m with a phase difference of 90°. Combined
with the initial offset slope of 0.001 m/m, this resulted in a
maximum slope of 0.0062m/m in the upstream direction
during flood and 0.0058 m/m in the downstream direction
during ebb. At the downstream boundary, a weir moved
in the opposite phase of the flume tilting to ensure a con-
stant water head at sea to prevent a water surge during
flood and channel incision during ebb. Also, a horizontal
paddle generated waves with a frequency of 2Hz and an
amplitude of about 3mm (for scaling, see supplement to
Leuven et al., 2018a). At the upstream boundary, a river
discharge of 900 L/h entered the estuary during ebb with a
feed of sand and mud, both at a rate 0.4 L/h. Mud was sim-
ulated by crushed walnut shell with a density of 1,350kg/
m? and a grain size ranging from 0.45 to 1.7 mm, conform-
ing to previous studies (Baumgardner, 2016). Mud was
also added at 0.4L/h at the tidal inlet at the start of every
flood to simulate fines from the sea.

Sea-level rise was implemented in the new experiment
in 1 mm increments every 1,000 tidal cycles, starting from
3,000cycles. This culminated in a 7mm sea-level rise by
the end of the experiment at 10,000 cycles, which corre-
sponds to approximately a 12% water depth increase of the
60mm deep channel at the estuary mouth. Accordingly,
a volume of 45L of accommodation was created every
1,000 cycles, which was by design slightly larger than the
total sediment feed (+13 L sand and mud) plus the max-
imum potential barrier erosion of 25L per 1,000cycles.
Therefore, based on the filling and creation of accommo-
dation, a slightly transgressive estuary was expected to
develop.

2.2 | Seed distribution

Three vegetation species were selected with different
eco-engineering effects in a laboratory scale experiment
(Lokhorst et al., 2019): Medicago sativa, commonly known
as alfalfa, Lotus pedunculatus and Veronica beccabunga.
Alfalfa represented riparian vegetation, and Lotus and
Veronica resembled reed-like and grass-like marsh vegeta-
tion (Lokhorst et al., 2019).

Seeds were supplied every 500cycles after an initial
1,000 cycles spin-up, before this point no intertidal area
existed where vegetation could establish. The number of
seeds was calculated to obtain an average coverage with
significant vegetation-induced flow resistance by the end
of the experiment at 10,000 cycles, with an average stem

density of 0.25 stems/cm?. In total, 80,000 Alfalfa seeds
and 40,000 seeds of both Lotus and Veronica were sup-
plied to the river and 40,000 seeds of Lotus and Veronica
supplied to the inlet. This amounts to a total of 240,000
seeds on an approximate surface area of 2.4X17m, or a
maximum seeding density of 0.59 seeds/cm?® With a ger-
mination probability of 0.5 and a possible fraction of the
surface covered by vegetation, say 0.2, this would amount
to 1.5stems/cm?, about doubling the total flow resistance
in vegetated areas compared with the bare bed surface
(Lokhorst et al., 2019). Flow resistance of this intensity
should be sufficient to affect the partitioning of flow over
vegetated and bare areas (Kleinhans et al., 2022). While
this is about half the number of seeds of Lotus and Veronica
compared with Weisscher et al. (2022), the actual plant
density is mainly limited by air temperature, mould and
seed loss by burial, which was controlled better in the sec-
ond experiment. Moreover, vegetation settling and mortal-
ity are mainly determined by inundation duration, which
is linked to the degree to which estuary filling can keep
up with sea-level rise, and by erosion due to morphody-
namics, which is also linked to depth. Increased trapping
is less likely in the present setup, which is flood-dominant
and captures most sand and mud anyway (Weisscher
et al., 2022). As such, vegetation is mainly expected to af-
fect, and be affected by, the pattern and dynamics of the
tidal bars.

Each sowing event took 70 tidal cycles to enable distri-
bution of seeds by the flow but avoid most loss, similar to
Weisscher et al. (2022). After 10cycles for initial wetting
of the bed following bed scans, pre-soaked seeds were re-
leased in the river outlet over 25cycles. Next, seeds were
added just landward of the inlet during the flood phases
over the course of 10cycles, followed by a final 25cycles
to allow the seeds to spread throughout the estuary. The
flume was then stopped at its offset slope of 0.001 m/m for
4days to allow for sprouting before the experiment con-
tinued. During sprouting time, the sea was at the current
mean sea level and a low 300L/h river discharge entered
the estuary to produce throughflow.

2.3 | Data analysis

Orthophotographs and digital elevation models (DEMs)
were made every 1,000 tidal cycles by means of stereo-
photography of the dry bed. Before shooting stereo pho-
tographs with a digital single-lens reflex camera, the
Metronome was drained slowly without disturbing the
bed. The images were processed in Agisoft Metashape
(structure-from-motion software) to create DEMs with a
5x5mm resolution. Most vegetation, apart from dense
patches on the bay-head delta, was filtered out using a
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low-pass 5% (percentile) filter with a 35x35mm window.
To quantify the hydrodynamics, tidal flow was modelled
using the numerical model Nays2D (Weisscher et al., 2020)
following Weisscher et al. (2022). Nays2D takes as input
a DEM and the corresponding boundary conditions and
solves the shallow water equations (for review on equa-
tions, see Shimizu et al., 2000) as the tilting motion of the
flume is reproduced in the model Nays2D. This produces
maps of water depth and flow velocity, from which inun-
dation duration and distributions of flow velocity were
calculated.

3 | RESULTS

3.1 | General estuary development

The general development of the estuary with sea-level rise
resembled that of the constant sea-level experiment in the
first 3,000 tidal cycles. At first, short discontinuous tidal
channels, separated by low-amplitude bars, formed in the
downstream half of the estuary (Figure 3). From this ini-
tial low-amplitude, submerged channel and bar pattern,
a large flood-tidal delta developed near the tidal inlet to-
gether with a small ebb-tidal delta barely extending into
the sea. Continued inlet widening by the waves and the
incoming tide eroded sediment that was predominantly

constant sea-level
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bed elevation (cm) x (m)

HE |
<-6 0 >8

transported onto the flood-tidal delta. Compared to the
experiment with a constant sea level, the upstream half
of the estuary in the sea-level rise experiment remained
largely unaltered in the first 3,000 tidal cycles, apart from
a vegetated bay-head delta forming from the upstream
boundary (Figure 4). At first, Alfalfa established on the
bay-head delta within the first 1,000 tidal cycles, followed
by Lotus and Veronica whose seeds were either germinat-
ing slower, captured by existing vegetation or transported
to other low-energy regions on the bay-head delta. Shortly
after vegetation establishment, a first avulsion occurred
on the bay-head delta at 2,000cycles, resulting in a new
main channel with several active branches, similar to the
constant sea-level experiment.

After sea-level rise commenced at 3,000 tidal cycles, the
focus of sediment deposition remained on the bay-head
delta (x=0-3m) and the flood-tidal delta (x=10-17m)
throughout the experiment (Figures 3, 5B and 6). This dif-
fered from the constant sea-level experiment, where sed-
iment deposition extended along estuary and resulted in
the development of intertidal and supratidal bars along the
entire estuary (Figure 3). In the sea-level rise experiment,
most fluvial sand and mud was retained and protected by
the dense vegetation, whilst most marine sand and mud
elevated the flood-tidal delta. Hence, only little sediment
was transported further upstream. Upstream transport
commenced mainly in the form of lobate bars, or terminal

rising sea-level

~ .
~flood-tidal delta

20 2 4 6 8 10 12 14 16 18 20

x (m)

FIGURE 3 Digital elevation models of the experiments with a constant sea level (left column) and with sea-level rise (right column),
after 0, 1,000, 3,000, 6,000, 8,000 and 10,000 tidal cycles. Vegetation was excluded from the DEMs.

85U8017 SUOWIWIOD A0 Bqedldde au Aq peusenob aJe sspoie YO ‘88N Jo SN 10} Aeiq18ulUQ 431 UO (SUORIPUOD-PUe-SWLRIW00" A3 1M Afe.d Ul juo//Sdny) SUORIpUOD pue swie | 8 88s *[£202/TT/80] Uo ArigiTauluo Ao |im ‘Ariqi Aisieniun 1oenn Aq €6z '2dep/z00T 0T/10p/w0D A8 |imAeiq Ul |uo//:Sdny Wwoly papeojumoq ‘Z ‘€202 ‘L.87SS02



370 |

WEISSCHER ET AL.

A bay—he;d delta

mud along subtidal bar edges

FIGURE 4 Photographs of self-formed features of the experiment. Roman numerals in the orthophotographs correspond to positions of

the photographs.

lobes, at the upstream ends of upstream-extending tidal
channels (Figure 3, e.g. from 10 to 8m at 1,000-3,000cy-
cles), upstream of which the estuary morphology hardly
changed. The little sediment imported beyond the flood
delta was not nearly enough to avoid the deepening of the
initially already deep subtidal bay in the range x=3-8m
(Figures 3 and 7F,H). This region remained largely sub-
tidal until 6,000cycles (Figure 7D,F). The few intertidal
and supratidal areas that formed along the estuary were
sparsely colonised by Lotus and Veronica (Figure 4) and
covered with mudflats. Yet, most mud was overridden
by migrating sand bars and preserved in the subsurface.
Also, prolonged inundation due to sea-level rise caused
considerable mortality of the vegetation on the bay-head
delta and bar tops. Consequently, after 3,000 tidal cycles of
sea-level rise, the intertidal and supratidal area in the cen-
tral reach of the estuary (from 6 to 14m) is significantly
smaller than in the constant sea-level experiment (Figures
7A through H and 8).

From 6,000 tidal cycles onward, the estuary subjected to
sea-level rise developed increasingly more intertidal area.
This created new sites for vegetation establishment and
mudflat deposition just downstream of the bay-head delta
and near the flood-tidal delta (Figure 4). Yet, only very
few muddy and vegetated bars elevated into a supratidal

elevation reach (Figures 7A through H and 8). Generally,
vegetation near the flood-tidal delta seemed sparser and
on average younger than near the bay-head delta, suggest-
ing a faster turn-over rate of intertidal vegetation. Also, a
large channel confluence formed around x = 10m, which
deepened and produced a pulse of sediment further up-
stream into the deep subtidal bay at x=3-8m (Figures 3
and 5B). This caused slightly higher bedlevels in the up-
stream half of the estuary but was largely insufficient to
reach an intertidal elevation. In comparison, the estuary
with a constant sea level developed a large mid-channel
bar covered with abundant vegetation and extensive
mudflats.

3.2 | Effect of sea-level rise

Comparison with the constant sea-level experiment shows
that sea-level rise impacted the morphological develop-
mentin the following ways. First, sea-level rise created new
accommodation which prompted sediment deposition
closer to the tidal inlet (Figures 3 and 6C). Consequently,
the bulk of imported marine sediment was transported less
far in the upstream direction in the first 6,000 tidal cycles
compared to the constant sea-level experiment (compare
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FIGURE 5 Mean bedlevel change (A) along the experiment with constant sea level (Weisscher et al., 2022) and (B) the new experiment
with sea-level rise. Calculations exclude the unreworked outer banks of the estuary. Mean bedlevel change is calculated using the initial

bathymetry and not relative to the current sea level.

bulk of sediment in the middle-to-downstream part of the
estuary in Figures 3 and 6B). Afterwards, the development
of a large confluence landward of the flood delta in the
sea-level rise experiment scoured bed sediment that was
transported towards the subtidal bay. Although this re-
sulted in slightly higher mean bed elevations for the range
x=3-8m in the sea-level rise experiment, the increase in
bed elevation was outpaced by sea-level rise. This led to
fewer large intertidal and supratidal areas compared with
the constant sea-level experiment (Figure 7).

Second, prolonged inundation time (Figure 7) due to
sea-level rise increased plant mortality and limited the
area suitable for vegetation establishment. Consequently,
less vegetation established and survived in the middle of
the estuary, concurrent with faster channel migration,
which resulted in a net loss of vegetation in the second
half of the experiment. In contrast, vegetation on the bay-
head delta was more abundant in the sea-level rise ex-
periment. However, this difference could also be due to
the poorer control of mould in the experiment without

sea-level rise. Regarding the central part of the estuary
(x=6-14m; Figure 8), the intertidal area nearly doubles
when the original sea level was imposed on the bathyme-
try of the sea-level rise experiment. In contrast, the inter-
tidal area hardly changed when the final sea level of the
sea-level rise experiment was imposed on the bathymetry
of the constant sea-level experiment. One possible expla-
nation for this is that most of the loss in intertidal area
was compensated for by the conversion of supratidal to
intertidal. Alternatively, the loss of supratidal area under
instantaneous sea-level rise was much larger than the gain
of supratidal area for the sea-level rise experiment under
the original sea level (Figure 8), showing that the central
part of the estuary aggraded higher under sea-level rise
than under constant sea level, but with less supratidal and
vegetated area.

Third, flow velocity was on average larger with less
spatial variation when a sea-level rise was imposed
(Figure 9), consistent with the expectation of further
drowning. As a further test of this notion, an equally large
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FIGURE 6 Development of cumulative bed elevation distribution for the experiment with constant sea level and the experiment with
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high water level at the upstream part of the estuary in (A).
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FIGURE 7 Maps of inundation duration normalised by the tidal period for the experiment with constant sea level (left column) and

the experiment with sea-level rise (right column). Panel I shows the inundation duration if an instantaneous 7 mm sea-level rise was

imposed on the final time step of the experiment with constant sea level. Panel J shows the inundation duration for the final time step of the

experiment with sea-level rise if the original sea level is imposed (i.e. an instantaneous 7mm sea-level lowering).

but instantaneous sea-level rise was imposed in the nu-
merical model on the final bathymetry of the estuary ex-
periment with constant sea level. This resulted in so much
deepening that supratidal area nearly disappeared and

intertidal area was much reduced (Figure 9I). Likewise,
numerically modelling flow, without sea-level rise im-
posed on the final bathymetry of the experiment with sea-
level rise, shows a considerable increase of intertidal and
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level experiment with instantaneous sea-level rise, and for the rising sea-level experiment with its original sea level to cross-reference their
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supratidal area along the entire estuary. The occurrence of
larger flow velocities under sea-level rise points at reduced
friction mainly due to greater water depths. Additionally,
morphological complexity influenced the flow pattern,
as the abundant intertidal and supratidal areas in the

constant sea-level experiment (Figure 7A through D)
resulted in much more spatial variation in flow velocity
than in the sea-level rise experiment (Figure 7E through
H). This was particularly clear for the subtidal bay in the
range x=4.5-8.5m (Figure 9E through H).
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4 | DISCUSSION

The net importing estuary experiment showed that
imported marine sediment was deposited closer to its
coastal source under sea-level rise conditions com-
pared to a control experiment with constant sea level
(Weisscher et al., 2022). Such deposition progressively
closer to its marine source resembles the back-stepping
seen on river deltas under sea-level rise, but here in
the reverse direction: not back-stepping upstream, but
retreating downstream towards the coastal sediment
source. As a result, the central estuary between the bay-
head delta and flood-tidal delta drowned, and vegeta-
tion was mostly limited to the bay-head delta. Below,
the trends in the experiments are compared with models
and observations in various environments and implica-
tions are inferred for estuarine responses to future sea-
level rise.

4.1 | Estuary drowning

The experiment showed that sea-level rise influenced
the locations for sediment deposition along an estuary
(Figures 3 and 5). More specifically, the bay-head delta
and flood-tidal delta continued to receive sediment from
the nearby fluvial and marine sources, whilst the middle-
to-upstream reach of the estuary experienced sediment
starvation and deepened (Figure 7). Under a constant sea

level, the development of bars was limited by water depth
as shallower flow led to reduced sediment mobility and
less vertical accretion. Hence, any additional imported
sediment was transported further upstream to drive
land-level rise along the entire estuary. This limitation by
water depth was also found for braided sand-bed rivers,
in which bar complexes are predominantly formed by lat-
eral channel migration in scale experiments (Schuurman
et al., 2013; Van de et al., 2013). However, braided rivers
have ample sediment and about constant discharge for
a given reach, whilst the experimental estuaries started
unfilled and had an upstream decreasing tidal prism.
Therefore, vertical accretion in the middle estuary was
also in part limited by sediment availability, especially so
in the sea-level rise experiment where accommodation in-
creased over time. Both the bay-head delta and the flood-
tidal delta showed mild back-stepping under sea-level
rise, caused by sediment deposition progressively closer to
the sources of the river and the tidal inlet. This resulted
not only in higher bed elevations at the bay-head delta and
flood-tidal delta (Figures 5 and 6A,C), but also in a clear
disconnect between the fluvial and marine sediments in
the middle estuary, which then drowned. This discon-
nect probably also explains why the subtidal channels did
not collectively converge in the upstream direction like
in the constant sea-level experiment (Figures 7 and 10;
Weisscher et al., 2022).

Sea-level rise negated the eco-engineering effect of the
vegetation and limited the area suitable for vegetation
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FIGURE 10 Summed width of subtidal area, showing the development of bay-head delta and flood-tidal delta as the barriers erode.
Compared with the control experiment with a constant sea level, the central-to-upstream reach of the estuary remains subtidal throughout
the sea-level rise experiment, indicative of insufficient sediment import to keep up with sea-level rise.

85U8017 SUOWIWIOD A0 Bqedldde au Aq peusenob aJe sspoie YO ‘88N Jo SN 10} Aeiq18ulUQ 431 UO (SUORIPUOD-PUe-SWLRIW00" A3 1M Afe.d Ul juo//Sdny) SUORIpUOD pue swie | 8 88s *[£202/TT/80] Uo ArigiTauluo Ao |im ‘Ariqi Aisieniun 1oenn Aq €6z '2dep/z00T 0T/10p/w0D A8 |imAeiq Ul |uo//:Sdny Wwoly papeojumoq ‘Z ‘€202 ‘L.87SS02



‘WEISSCHER ET AL.

| 375

establishment. Accordingly, vegetated bars remained
small, typically had a shorter lifespan and were separated
by subtidal channels. Although the number of Lotus and
Veronica patches was larger under sea-level rise condi-
tions, their collective abundance within the estuary was
considerably smaller. Hence, the patches proved less ef-
fective at focussing tidal flow and increasing upstream
sediment transport as seen in the constant sea-level ex-
periment. The patches promoted mud deposition at their
rims and foreshores, yet neither mud nor vegetation
was necessary for the settling of the other, conforming
to field data (Van der et al., 2008) and numerical mod-
elling (Briickner et al., 2019). This deposition pattern is
similar to natural salt marshes (Schwarz et al., 2018;
Vandenbruwaene et al., 2015), where mud deposition may
quickly reduce flow onto the salt marsh, which sometimes
results in topographical lows bounded by narrow levees
(Best et al., 2018; Boechat Albernaz et al., 2020). In nature,
such a morphology is likely more prone to quick removal
of vegetation by a rising sea level and may also contrib-
ute to less suitable areas for vegetation establishment after
drowning (Mariotti & Fagherazzi, 2010).

Flow velocities increased and became more spatially
uniform as the estuary deepened under sea-level rise.
Such spatial uniformity is also found in natural unfilled
estuaries, where tidal flow velocity generally decreases
upon entering a wide and deep subtidal bay from the sea
(Dalrymple et al., 1992; Roy et al., 1980). In nature, tidal
prism decreases in the upstream direction, but in a tilt-
ing flume it can also increase (Kleinhans et al., 2017b).
In both ingressive and infilling experimental estuaries,
the tidal prism quickly develops an upstream decreas-
ing trend (compare Braat et al., 2019 and Weisscher
et al., 2022). However, in the experiment with sea-level
rise, the filling of accommodation could not keep up and,
as a result, the tidal action and morphodynamics (due to
tilting the flume) may have been larger in the subtidal
bay than expected in nature. Furthermore, the flood-tidal
delta and the bay-head delta tended to back-step towards
their respective sediment source, which seems unlikely to
be caused by slightly larger tidal currents in the subtidal
bay where the flow is much deeper than on the deltas.
The new experiment indicates that also a flood-tidal delta
may undergo a form of back-stepping or retreat closer to
its source of marine sediment upon relative sea-level rise
(Figure 5). This retreat did not show the distinct lobes that
deltas form, which may relate to the tidal currents over
the flood-tidal delta.

Experimental estuary deepening in response to sea-
level rise resembles palaeogeographical reconstruction
cases of coastal drowning in the Early Holocene (Allen &
Posamentier, 1993; Vos, 2015). An example that became
progressively more unfilled in response to sea-level rise

is the Gironde River valley during the Middle Holocene
(Allen & Posamentier, 1993; Dalrymple et al., 1992). This
system showed a clear disconnect between the marine
flood-tidal delta and the more fluvial bay-head delta, with
few intertidal flats and salt marshes bordering the subtidal
bay. Nonetheless, the deep subtidal bay of the Gironde
Estuary was largely muddy, which differs from the gen-
erally sandy subtidal bay in the experiments. This differ-
ence is likely due to a relatively smaller input of fines into
the inlet and into the river combined with the large trap-
ping efficiency of the vegetated bay-head delta in the ex-
periment. Since the sea-level rise experiment was mainly
shaped by tides and waves and only a little by the river, a
more significant fluvial influence would probably result
in a larger sediment flux towards the central estuary and
slower drowning.

The experimental estuary was set in an initially wide
drowned valley, which may respond differently to sea-
level rise than confined estuaries. In wide drowned val-
leys, the erosive power of the tidal flow drastically reduces
upon entering the estuary, which implies that estuary
filling largely depends on fluvial and marine sediment
input (Roy et al., 1980) and expanding salt marshes (Beets
& Van der Spek, 2000; De Haas et al., 2018). Conversely,
the funnel-like shape of confined estuaries leads to strong
flow velocities along an estuary. Therefore, estuary
reaches that face sediment starvation are hypothesised to
experience outer bank erosion to elevate bars and chan-
nels if fluvial and marine sediment supply is insufficient
(Leuven et al., 2019). More work is needed to address this
issue of potential outer bank erosion.

4.2 | Flood-tidal delta aggradation
and retreat

The sea-level rise experiment shows higher aggradation
and reduced expansion into the estuary compared to the
constant sea-level experiment. Simultaneously, the bay-
head delta also faces higher aggradation that is focussed
closer to the upstream boundary. So, both deltas migrate
towards their respective sediment sources, which are at
opposite ends of the estuary. Such retreating deltas are also
observed in experimental studies of fluvial deltas with sea-
level rise (Guerit et al., 2021; Muto & Steel, 2001). There,
the back-stepping of delta lobes is attributed to avulsions
instead of allogenic changes in sediment supply or accom-
modation creation. Conversely, the experiments in this
study suggest that sea-level rise influences delta retreat as
well. These different findings may be related to the aspect
ratios of the experiments: in the Metronome, morphologi-
cal change is most prominent along the longitudinal axis,
whereas Muto and Steel (2001) created an experiment
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FIGURE 11 Conceptual hypothesised development of a flood-tidal delta under different sea-level rise scenarios. (A) Continued
expansion of the flood-tidal delta under absent or mild sea-level rise. (B) Retreat of the flood-tidal delta upon fast sea-level rise. (C)
Development of the flood-tidal delta extent under 10 different sea-level rise scenarios, of which two were tested and presented in this study.

with more room for avulsions and compensational stack-
ing in the dimension perpendicular to the mean flow. It
was not feasible to generate the avulsions, which are the
controlling back-stepping mechanism according to Muto
and Steel (2001), in a similar fashion in the Metronome
due to the lateral boundaries of the experiment.
Back-stepping of para-sequences during a transgres-
sive phase of a sea-level cycle is well-known in sequence
stratigraphy literature (Catuneanu et al., 2009) but not so
much for flood-tidal deltas. The relationship between the
rate of sea-level rise and the development of a flood-tidal
delta is explored in Figure 11. Figure 11C shows the ex-
tent of a flood-tidal delta in the experimental setup under
different hypothetical rates of sea-level rise but otherwise
subject to the same conditions (e.g. assumed constant
sediment supply by barrier erosion). This conceptualisa-
tion shows that there is a tipping point from flood-tidal
delta expansion (Figure 11A) to retreat (Figure 11B) with
increasing sea-level rise. Combined with observations of
longitudinal bedlevel change (Figure 5), this leads to the
hypothesis that fast sea-level rise can result in the down-
stream retreat of a flood-tidal delta (i.e. towards the sea).

5 | CONCLUSION

Rapid sea-level rise causes imported sediment deposition
closer to its marine and fluvial sources in scale experiments
of infilling estuaries. Sea-level rise created additional accom-
modation, but insufficient sediment was transported beyond
the river-fed bay-head delta and eroded from the coastal
barriers to fill all accommodation despite an increased tidal
discharge due to sea-level rise. Consequently, intertidal and
supratidal areas mostly drowned in the central reach of the
estuary. Locally, vegetation stabilised bars and facilitated

vertical accretion, but sea-level rise compromised the eco-
engineering effects of vegetation by longer inundation times
and increased channel migration. Mud was mostly deposited
on the bay-head delta and the declining intertidal flats. The
hypothesis of a landward shift of depositional units was not
observed in the sea-level rise experiment. Instead, sea-level
rise caused sediment to be supplied closer to its fluvial and
marine sources, which resulted in the bay-head delta and
flood-tidal delta keeping up with sea-level rise. Therefore,
the central reach of the estuary received insufficient sedi-
ment to compensate for the newly created accommodation
by sea-level rise and drowned. This suggests that keeping
pace with sea-level rise not only depends on the sea-level
rise rate, but also on the length of a tidal system and ante-
cedent conditions such as river valley width.
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