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Shallow coastal ecosystems have high ecological value and contribute to flood protection. Their stability is,
however, sensitive to the amount and rate of future sea level rise (SLR), their ability to trap sediment which
allows them to grow with rising sea level, and human response to SLR. So far, studies have focused on assessing
SLR impacts using resource-intensive tools. Here, we present an approach for a first-order assessment and easily
accessible ‘barcode’ visualization to rapidly assess potential impacts of both SLR and adaptation strategies on
coastal ecosystems in a spatially explicit way. Our approach relates habitat types (ecotopes) to water level,
morphology and salinity, allowing users to determine shifts in spatial arrangements of ecological zones under
different SLR rates and strategies. We illustrate this approach for a transect in the Dutch Wadden Sea. We find
that beyond a critical rate of SLR, major changes in ecotope distribution are projected to occur as this part of the
Wadden Sea starts to drown due to insufficient sediment import. Even larger impacts arise from adaptation
strategies. Closing the barrier islands will turn the Wadden Sea into a freshwater lake-system with the absence of
intertidal areas, infilling of channels and bank erosion. A strategy that allows for inland migration of the
shoreline, results in a deep tidal basin with large subtidal habitats, and a shifted intertidal zone. Our case study
shows that the barcoding approach provides a rapid, quantitative and spatially explicit overview of the potential
implications for coastal ecosystems under different SLR scenarios, adaptation strategies and time horizons. This
can then be used to screen adaptation strategies before going into a more comprehensive analysis. The barcode
visualization allows for easy dissemination of potential ecological impacts to a broad community.

1. Introduction warming surface waters and extreme weather conditions (Nicholls and

Cazenave, 2010; Wong et al., 2014; FitzGerald et al., 2008). At the same

Global mean sea level is rising at an accelerating rate and will
continue to rise in the future. Recent sea level rise (SLR) projections of
the IPCC show a rise of 0.43 m (0.26-0.59 m, likely range) under RCP2.6
and 0.84 m (0.61-1.10 m, likely range) under RCP8.5 by 2100 (IPCC,
2019), with high-end scenarios indicating a possible rise of 2 m in 2100
(Bamber et al., 2018). Higher sea levels increase the occurrence of
sea-level extremes and will expose coastal communities and infrastruc-
ture to coastal flooding and erosion (Kirezci et al., 2020). Adaptation
strategies to mitigate adverse impacts for coastal communities are thus
needed. Shallow coastal ecosystems will also be affected by SLR,
together with other climate-associated impacts, such as salinization,
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time, these shallow coastal ecosystems are also threatened by anthro-
pogenic activities such as pollution, land use change and anthropogenic
subsidence (Adam, 2002). Overall, this forms a threat to the functioning
of coastal ecosystems worldwide, being areas of high biodiversity,
important for wave attenuation, erosion control and a ‘blue carbon’ sink
(Li et al., 2018).

SLR affects coastal ecosystems in two main ways: directly through
SLR itself and indirectly through measures implemented to protect the
land from flooding. Coastal ecosystems can only be maintained within
narrow ranges of SLR rates; if the rates are too low, the tidal system may
turn into land and if the rates are too high the intertidal area will
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gradually reduce, and the system will drown (Baarse, 2014). Their
vulnerability to SLR strongly depends on their ability to adapt through
enhanced sediment trapping to grow upward with SLR (Kirwan and
Temmerman, 2009). To realize this eco-morphodynamic feedback, a
sufficient amount of sediment is required. For some marshes and
mangrove systems this critical vertical accretion has been observed or
modelled (Kirwan et al., 2016; Woodroffe et al., 2016), but for many
coastal ecosystems, sediment import is or will not be sufficient to keep
up with SLR, which will drown these systems (Blum and Roberts, 2009;
Voss et al., 2013; Wang et al., 2018).

Increasing SLR may require adaptation strategies in addition to
natural accretion, in particular in densely populated coastal lowlands,
and where SLR cannot be compensated by natural accretion of the
coastal zone. Such strategies may involve either measures to protect the
hinterland with, for example with flood defences and sand nourishments
(i.e., keeping the water out), or measures to retreat to higher areas to
accommodate the water (i.e., living with water) (IPCC, 2019). Such
large-scale management interventions may in turn have a major impact
on coastal ecosystems (Esteves, 2013). The magnitude of such indirect
effects of SLR on ecosystems thus depends on how humans respond,
which can vary from hard protection such as strengthening or con-
structing new dikes and sea walls, sediment-based protection such as
beach and shore nourishment to ecosystem-based adaptation such as
wetland restoration (IPCC, 2019).

One of the shallow coastal ecosystems that will be affected by both
SLR and adaptation responses is the Dutch Wadden Sea, one of the
largest intertidal sand and mud flat systems in the world, and a UNESCO
heritage site. The Dutch Wadden Sea is part of a large tidal basin along
the south east North Sea coast. Stretching from the Netherlands to
Denmark, it forms a large dynamic ecosystem that acts as a natural flood
protection for the Dutch low-lying areas by reducing wave-heights
reaching the mainland coast. Here, impacts of human-induced sedi-
ment disturbances, such as dredging, nourishments to maintain coast-
line and subsidence as a consequence of gas extraction, are already
observed (Piersma et al., 2001; Reise, 2005; Eriksson et al., 2010).
Several studies projected future morphodynamic changes arising under
rising sea level (Van Maanen et al., 2013; Van Goor et al., 2003; Dis-
sanayake et al., 2012). Wang et al. (2018) identified critical rates of SLR
for all tidal basins, ranging from ~6 to 30 mm/year, at which the
sediment supply into the Wadden Sea area will become insufficient to
keep up with SLR. Large-scale measures of coastal adaptation, such as
sand nourishments and flood defences will likely further affect this area.
Yet, assessments of both direct and indirect impacts of SLR, including
large-scale adaptation strategies and modelling long-term morpholog-
ical development, remain to be undertaken (Oost et al., 2014; Wang
et al.,, 2012). Moreover, most existing modelling studies so far only
indicate a potential ecological impact, caused by for example dredging
and sand nourishment, without further explanation or quantitative
assessment of this impact on ecology.

Being a low-lying country, the Dutch government has designed a
plan to prepare for SLR ranging from 0.35 to 1 m of SLR in 2100, with a
rate up to 14 mm/year by the end the century, within a nation-wide
program called the Delta Programme (Delta Programme 2018; Bloe-
men et al.,, 2019). Currently the country is considering alternative
strategies to cope with higher amounts of SLR outside the boundary
conditions of the current flood protection program, with possibly 2 m in
2100 and rates of more than 20 mm/year by the end of the century
(Haasnoot et al., 2020). The Dutch Wadden Sea is of vital importance to
the Netherlands for its ecology, flood protection and tourism. It is
therefore important to assess impacts of both SLR and adaptation stra-
tegies to SLR on the Wadden Sea.

This study presents a first-order assessment and visualization
approach to quantify impacts of SLR and related flood protection
adaptation strategies on shallow coastal ecosystems. We demonstrate
this approach by means of an application along a transect across the
central part of the Dutch Wadden Sea, the tidal basin Borndiep. Our
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approach is based on a model that relates the distribution of so-called
‘ecotopes’ to changing critical habitat boundary conditions such as
water level, bathymetry and salinity. Ecotopes are defined as ecological
units (such as pioneer zone, saltmarsh or deep sublittoral) that can be
spatially marked off in a landscape, determined by their abiotic condi-
tions like salinity, depth-range in the intertidal, substrate type, etc.
(Bouma et al, 2005). Ecotopes thus describe the main
hydro-morphological characteristics and vegetation of an area. The
ecotope map of the present-day Dutch Wadden Sea area is shown in
Fig. 1. For given transects and locations, these abiotic conditions may
change under SLR and flood protection measures. Critical changes in
these boundary conditions are based on expert judgement, literature
review and reference cases in the Netherlands. We use the distribution of
ecotopes as key indicator of ecological change and to quantify potential
impacts for coastal ecosystems. This allows for comparison between
different SLR scenarios and flood protection measures. For visualizing
these potential impacts, we were inspired by the climate warming
stripes that originate from Hawkins (2018). Instead of using a pie chart
which gives only quantitative information, we introduce a ‘barcode’
visualization which presents the potential impacts in a quantitative,
spatially explicit way. In this way, our approach allows for a first-order
assessment that requires limited time and relatively simple data and can
be easily communicated with non-experts.

In this paper, we first describe the case study, present-day situation,
SLR scenarios and adaptation strategies that are currently considered in
the Netherlands. Subsequently, we assess the potential impacts of three
SLR scenarios and two ‘extreme’ adaptation strategies on the spatial
distribution of ecotopes to provide a first-order quantitative estimate of
the ecological impact. We end with a discussion and describe the
applicability of this approach in other areas.

2. Wadden Sea and adaptation strategies to high-end sea level
rise

2.1. Study area

The Wadden Sea (hereafter referred to as WS) area in the north of the
Netherlands serves as an important coastal flood defence mechanism, by
providing a ‘shield’ of barrier islands, tidal flats and shallow waters that
act as a buffer to reduce the hydraulic forces from the North Sea on
coastal protection structures (Baarse, 2014). The Dutch WS area com-
prises a chain of barrier islands that shelter six tidal basins (Fig. 1). These
tidal basins contain channels dividing tidal flats and salt marshes along
the fringes which support a wide diversity of life, especially in the
intertidal areas (Reise et al., 2010). Both tides and waves play an
important role in shaping the WS system. The mean tidal range increases
from 1.4 m in the southwest to 2.5 m in the east. Wave conditions in the
North Sea mainly results from locally generated wind waves with an
average significant wave height of 1.37 m (Wang et al., 2018).

2.2. Sea level rise and the Wadden Sea

In the past 80 years, the global mean SLR was about 2.4 mm/year.
Over the past 27 years, this rise has accelerated to 3.24 + 0.3 mm/year
(IPCC, 2019). Over the period 2014-2019 it was 5 mm/year (WMO,
2019). Along the Dutch coast the observed sea level rise is ~2 mm/year
(Baart et al., 2019). Differences between the global and regional SLR
have been attributed to large natural variability as a result of weather
events and the SLR contribution of Greenland ice sheet, which is small
for the Wadden Sea (Van den Hurk and Geertsema, 2020).

In the future, sea level will continue to rise (IPCC, 2019). The rate
and amount of SLR are uncertain and depend on the extent of global
warming and underlying greenhouse gas emissions, as well as the
response of the earth system to this global warming. Large uncertainty
exists in the contributions from the Antarctic and Greenland ice sheets
(IPCC, 2019; Pattyn and Morlighem, 2020), which could result in rapid
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Fig. 1. Overview of the Dutch Wadden area, the present-day ecotopes (derived from Baptist et al., 2016) and the tidal basins (Marsdiep, Eierlandse Gat, Vlie,
Borndiep, Pinkegat and Zoutkamperlaag) together with a graphic visualization of the two strategies: the ‘Open + dynamic’ strategy (dashed line) and the ‘Closed’
strategy (solid line). In addition, the location of the transect is shown in tidal basin Borndiep with an extension into the mainland.

and high SLR in the future (DeConto and Pollard, 2016; Kopp et al.,
2017; Bamber et al., 2018).

Projections for the WS show a potential drowning of the tidal basins
due to rapid SLR and local sea-floor subsidence (both natural and
anthropogenic) (Elias et al., 2012; Van Der Spek et al., 2018; Wang et al.,
2018; Lodder et al., 2019; Haasnoot et al., 2020). Drowning of the WS
has major consequences for the biodiversity and flood risk on the
mainland and raises concerns about whether the intertidal areas and the
unique character of the WS can be preserved in the future.

2.3. Adaptation strategies

In this research we evaluate two potential adaptation strategies for
flood protection under rising sea levels that affect the WS: 1) a ‘closed’
strategy that closes off the WS tidal basins with a chain of barriers be-
tween the Wadden islands and the mainland, and 2) a ‘open + dynamic’
strategy that removes the existing flood defences of the mainland,
enabling the inland migration of the WS (Fig. 1). Both strategies are
further explained below.

2.3.1. ‘Closed’ strategy

Plans to (partly) close-off the WS from the North Sea already go back
to the 17th century, when Hendrik Stevin suggested closing the entire
WS to reduce the total coastline length and hereby the length of dikes
exposed to the sea (VVOF, 1983). Other objectives of closing the WS
were land reclamation for agriculture and a permanent connection be-
tween the islands and the mainland. In 1872, a plan was realized when a
7 km long dam between Holwerd and Ameland in the Borndiep tidal
basin was constructed. However, the dam was broken by storms and has
never been rebuilt (Van Kuik, 1965). Plans like these were resurveyed in

the 1960s in relation to the construction of the Delta works in the
Scheldt delta. In view of scenarios with potential accelerated and
high-end SLR, this strategy of massive coastal defence and closing tidal
inlets has recently returned. By shortening the coastline in this ‘closed’
strategy, the number of defences needed to assure flood safety for the
mainland is reduced, and defence against rising sea level might remain
feasible. However, this will have serious implications for the WS and its
ecological functioning: after closure, a freshwater lake will remain
without tidal influence, and the water level dynamics will dramatically
decrease with wind remaining the main driving force.

2.3.2. ‘Open + dynamic’ strategy

The present-day strategy aims to maintain the coastline at its posi-
tion based in 1990 (Wang et al., 2018). These fixed basin dimensions
make it impossible for the current system to retreat inland (coastal
squeeze), in case the system would drown due to a lack of sediment
supply. An ‘open + dynamic’ strategy, that is implemented once the
critical SLR rate is exceeded, considers the removal of the existing hard
flood defences along the southern border of the WS. This strategy will
lead to an inland shift of the Wadden system. Along with this change, the
current population and agriculture in the area have to give way to the
extended WS, and should be moved to higher ground.

3. Method

To assess ecological impacts of SLR and adaptation strategies for the
Wadden Sea we considered their effects on the spatial arrangement of
ecotopes. These ecotopes represent the main hydro-morphological
characteristics and vegetation of an area, which can be spatially delin-
eated. Ecotopes thereby indicate the spatial arrangement of the main
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habitats for plant and animal species, and changes in ecotopes thus
provide primary measures for ecological change or impact. Using the
ecotope system allows for consistent comparison of the impacts of
different scenarios. The assessment was done using a simplified version
of the Dutch Ecotope System for Coastal Waters (ZES.1; Bouma et al.,
2005) for the ‘open + dynamic’ strategy and the freshwater ecosystem
(Noordhuis, 2010) for the ‘closed’ adaptation strategy (Tables 1 and 2).
The ecotope map of the present-day WS using the simplified classifica-
tion is shown in Fig. 1.

SLR and flood protection strategies will lead to changes in water
levels, morphodynamics and salinity, which in turn are key boundary
conditions for the occurrence and distribution of ecotopes that will
change accordingly. The relation between critical boundary conditions
(water level, bathymetry and salinity) that define the occurrence of
ecotopes, forms the core of a model that we developed to predict the
shift in ecotopes from present day to scenario conditions (see Fig. 2 for
an overview of the approach).

Deriving data on these boundary conditions for the entire WS area
under different SLR scenarios and resulting from internal system
response is a complicated task. As a feasible alternative approach for a
first-order estimate of impacts, we assessed changes in ecotope distri-
bution along a transect across the WS from barrier island Terschelling to
the mainland across the tidal basin Borndiep (Fig. 1). This location was
selected because both ends of the transect are not (completely) dammed,
which gives the opportunity to observe a possible inland migration of
habitats in case of SLR. For the ‘open + dynamic’ strategy, the transect
was extended into the mainland to show the inland shift of the WS.

We quantitatively documented the ecological implications of SLR
and adaptation strategies by mapping ecotope distributions along the
transect based on an assessment of the water depth derived from ba-
thymetry (yellow boxes in Fig. 2) and water level (blue boxes) under
different SLR scenarios and adaptation strategies (Table 3). We adopted
a critical SLR rate of 10.4 mm/year for this basin based on Wang et al.
(2018). Below this rate, the influx of sediment into the system is suffi-
ciently large for the natural system to aggregate the tidal flats. Following
predictions by Fokker et al. (2018), we neglected future subsidence rates
in the Borndiep. Future bathymetry was determined based on whether
critical rates are exceeded in the SLR scenarios, using expert judgement
and reference cases in the Netherlands. From these, we determined the
changes in hydro-morphological boundary conditions for ecotopes in
the Wadden Sea under the two adaptation strategies as follows:

When the ‘closed’ adaptation strategy is implemented, tides will
disappear, salinity will decrease and there is no longer sediment import

Table 1
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from the North Sea into the WS. The potential consequences of the
‘closed’ strategy are estimated based on literature on the morphological
changes that occurred in a similar situation in the former Zuiderzee area,
following its enclosure by the Afsluitdijk barrier (Fig. 1) that turned it
into the freshwater lake IJssel in 1932. Additionally, the situation in the
Eastern Scheldt was used as a reference of how the intertidal flats may
develop after the closing (De Vet et al., 2017). After the construction of
the Afsluitdijk barrier, the tidal currents that had scoured deep channels
in the shallow and flat bottom of the northern part of the Zuiderzee,
were replaced with an approximately fixed water level. The absence of
the tides in the present-day lake IJssel has caused these channels to be
filled up with silt that is stirred up during windy periods, whereas the
shallow parts in the lake remained almost unchanged (Havinga, 1954;
De Vet et al., 2017). Assuming a similar transition in the WS for the
‘closed’ strategy, the absence of tides will result in a near-constant water
level, with water level variations only driven by wind drag and varia-
tions in discharge of the feeding rivers. This will cause a large part of the
Wadden Sea to be permanently submerged, and the intertidal areas will
no longer exist. Similar to lake IJssel, tidal channels will gradually fill in
and become shallower. Due to the fixed water level, the waves will
constantly hit the same places, leading to bank erosion. The disap-
pearance of salt-water input from the North Sea after the construction of
the Afsluitdijk caused a gradual reduction in salinity in the new lake
1Jssel between the years 1932-1937 (Havinga, 1954). By the year 1935
the salinity already dropped to 535 mg Cl/1, at which point freshwater
species started to develop. In 1937 the salinity reached a more or less
constant value of 165 mg Cl/1. Similarly, after closing off the WS in the
‘closed’ strategy, there will be no water exchange with the North Sea
anymore, which will turn the WS in a freshwater basin, as the WS is fed
by a river Rhine branch, and assuming limited saltwater intrusion.

By removing the flood defences in the ‘open + dynamic’ strategy,
natural dynamics of the WS, such as the landward roll-over mechanism
of the barrier islands and the inland migration of salt marshes, will be
restored. Hereby also undoing the former coastal squeeze and allow
ecological zones to migrate landward. From literature it is known that
salt marshes are an important sink for muddy sediment and fine sand
(Oost et al., 2014). This accumulation might be a way to compensate for
SLR on the islands through enhanced sedimentation.

Combining water levels from the SLR scenarios with future ba-
thymetry, we plotted the occurrence of ecotopes along the transect,
using a coloured ‘barcode’ that allows for quick comparison of the dif-
ferences in ecotope area and spatial arrangement. A more extensive
overview of the method is given in Appendix A.

Description of ecotopes considered in this research, including their flooding frequency, based on the simplified ZES.1
ecotope system (Bouma et al., 2005). MLWS = mean low water spring tide; MHWN = mean high water neap tide.

Flooding
frequency

Ecotope

Description

50 - 150 x/year

MHWN to > 300x/year

High littoral 25% - MHWN

Middle littoral | 25%-75%

MLWS to 75%

=
o
2
o
=
L

conditions.

The salt marsh is flooded a few times per year, which makes it possible for
vegetation patches to expand in bare sediment (Bouma et al, 2005). Salt marshes
occupy a narrow vertical range of less than a meter to 2 m (Hladik et al., 2013).

Open vegetation that has adapted to high flooding frequencies, with bare sediment
between the pioneer vegetation.

The benthic biomass and biodiversity in the lower littoral zone are often smaller
than in the middle and high littoral zone because of the lower survival chance due
to the more intensive predation by fish, crabs and shrimps. In the high littoral zone,
no filter feeders are present because of the short period of submergence. The
present of benthic biomass creates a foraging area for waders.

100% Large benthic population, owing to the absence of high energy conditions.

Because of the high energy in the deeper tidal channels, the benthic density,
100% biomass and biodiversity are very low. Only a few benthic animals can live in such
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Table 2
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Freshwater ecotopes considered in the ‘closed’ strategy including their occurrence range (with respect to the fixed

water level) and description (Peters and Lodge, 2009).

Water

Ecotope depth Description

ecosystem.

| -0.5-0m

4--0.5m

- <4m

life impossible.

Zone with terrestrial ecosystems.

Important interface between the terrestrial ecosystem and the water zones. During periods of
high water discharge, this zone is flooded, which prevents the transition to a terrestrial

Hosts many vertebrates (such as mammals and waterfowl); invertebrate (snakes, insects,
etc.) that use both the deeper zones as well as the terrestrial ecosystem for food and habitat.
Close to the shore where sunlight penetrates all the way to the sediment and allows aquatic
plants to grow. The presence of aquatic plants is both a protective and nourishing component
of the lake ecosystem, which results in a high biodiversity. Whether aquatic plants will be
present depends on the turbidity of the water.

In deeper parts, where no light can reach the sediment, water plants do not grow. Biota in this
deeper zone, including zooplankton and fish, often rely heavily on resources from the
shallower zone. If there is not much mixing in the system, this zone will be anoxic, rendering

Other Area that is not considered part of the WS.

mer]
(o ]

Sources Data

Input for model

f AL, RS, ) Current
e and bathymetr
| EMODnet HIEER)
S
Literature
e \ Bathymetry
- 2@
C B
Expert Future
consultation bathymetry
N\ )
E——
Reference
cases
@@

Model Results

N
Current strategy
2020
J
R
Current strategy
2050
\ J
( ‘Closed’ strategy h
(2100 +2200)
for fixed water level )
‘Open dynamic’ strategy )
(2100+2200)
for three SLR scenarios )

Fig. 2. Scheme of the approach to assess and visualize impacts and SLR and adaptation strategies on ecotope distribution. We considered following situations: the
years 2020 and 2050 with the current strategy, 2100 and 2200 under the ‘closed’ adaptation strategy with a fixed fresh-water level and 2100 and 2200 for the ‘open

+ dynamic’ adaptation strategy, with three SLR scenarios.
4. Results

In this section, bathymetry changes, as result of different SLR sce-
narios and adaptation strategies, are used to determine ecotope distri-
butions in the transect and visualized as barcode below the transect.
First the present-day situation and the situation in 2050 is shown,
hereafter the results for the ‘closed” and ‘open + dynamic’ strategies in
2100 and 2200.

4.1. Situation in 2020 and 2050

4.1.1. Present-day situation: 2020

In the present-day situation, the North Sea and the dunes of barrier
island Terschelling are located at the north-western end of the transect
and the dike protecting the mainland at the south-east end (elevation
peaks in Fig. 3). There is significant spatial variation in ecotopes due to
the wide diversity in elevation going from deep channels to tidal flats
and elevated salt marshes. The salt marsh, including its pioneer zone,
occurs along the northern and southern borders of the WS, at the water-
land transition. On both sides of the transect the salt marshes are
approximately the same size, with, in the northern part, a few
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Table 3

Used combinations of SLR scenarios and adaptation strategies in the assessments
for the periods 2020 until 2200. For 2050 and 2100, we used the high estimate
SLR scenarios from the Delta Programme (referred to as ‘Low SLR’; KNMI,
2014), and two high-end estimates that include a potential accelerated mass-loss
from Antarctica (referred to as ‘Mid SLR’ and ‘High SLR’ respectively; Le Bars
et al., 2017). As the lower estimates of the Delta Programme do not exceed the
critical rate for the transect, these scenarios were not considered further for
analysis. For SLR beyond 2100 we considered a range of potential SLR in 2200 (3
m, 5 m and 8 m) and associated rates of SLR based on literature (DeConto and
Pollard, 2016; Le Bars et al., 2017; Haasnoot et al., 2018; IPCC, 2019). The
adaptation strategies ‘closed’ and ‘open + dynamic’ are described in section 2.3.

2020 2050 2100 2200
SLR No SLR 0.2 m with 9.1 0.8 m with 3 m with
SCENARIOS scenarios mm/y 16.0 mm/y 28.6 mm/y
used (combination of (‘Low SLR’)
‘Low, Mid and 0.95m 5 m with
High SLR’) with 36.9 44.5 mm/y
mm/y
(‘Mid SLR’)
1.8 m with 8 m with
69.0 mm/y 49.3 mm/y
(‘High
SLR)
ADAPTATION Current Current ‘Closed’ ‘Closed’
STRATEGIES adaptation adaptation strategy strategy
strategy strategy ‘Open + ‘Open +
dynamic’ dynamic’
strategy strategy

interruptions caused by local higher spots. In between the two salt
marshes, an irregular pattern of littoral and sublittoral areas can be
observed. This pattern is caused by the spatial differences in water depth
and is therefore highly variable in space.

4.1.2. Situation in 2050

By the year 2050, the critical SLR rate of 10.4 mm/year is not
exceeded in any of our scenarios. Therefore, we assume that the sedi-
ment supply is sufficient for the WS bottom to rise along with the SLR.
Accordingly, the 2050 bathymetry has risen by the same amount as the
SLR (=0.2 m). The combination of equally changed bathymetry and
water levels results in the same distribution of ecotopes as in the present-
day situation (Fig. 3). This situation serves as baseline for the develop-
ment in the ecotope distribution under the condition that there are no
adaptation strategies implemented yet and the SLR rate does not exceed
the critical rate.

4.2. ‘Closed’ WS

If we assume similar conditions in the WS as in lake IJssel after
construction of the Afsluitdijk, our results suggest a large change in
ecotopes for the situations in 2100 and 2200 (Fig. 4). The effects of the
two most important changes, the absence of tides and drop in salinity,
are clearly visible: the ecotopes changed from saline water to freshwater
types and there are no longer intertidal ecotopes. Moreover, whereas the
ecotopes in the 2050 situation show considerable spatial variation, the
ecotopes after the closure are distributed more evenly along the transect:
the deep and aquatic plant zones occur in the middle of the transect,
while the salt marsh, reeds and land zones are located closer to the
shore. The salt marsh and pioneer zone have been converted into land
because they no longer experience flooding. As for the bathymetry, the
channels and other deeper parts are filled in by sediment and due to
bank erosion, there is a narrower and less gradual transition zone from
land to water.
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4.3. ‘Open + dynamic’

4.3.1. Situation in 2100

The first thing that stands out in the ecotope distribution for the
‘open + dynamic’ strategy in 2100 (Fig. 5) is the loss of intertidal area;
the proportion of littoral zones decreases and the proportion of the deep
sublittoral ecotope increases for all three SLR scenarios. These are both
consequences of the increasing water levels and the sediment deficit,
which prevents the intertidal areas to rise along with SLR.

All SLR scenarios in 2100 clearly show coastal squeeze; decreasing
area or even disappearance of the salt marshes and their pioneer zone.
This is caused by the elevated area around km-23 that prevents the
inland shift of the ecotopes. Only for highest SLR scenario the water
level is high enough to flood the land behind the elevated area and
expand the WS. The current WS area has almost entirely drowned, only a
few intertidal areas are left near the flanks, and a new intertidal area
with salt marshes is formed inland.

4.3.2. Situation in 2200

By the year 2200, the ecotope distribution under the ‘open + dy-
namic’ strategy, shows that the deeper sublittoral zone is dominantly
present in all SLR scenarios (Fig. 5); the current WS has turned into a
drowning state as (almost) no intertidal areas are left. Because the WS
has expanded inland in all SLR scenarios, the characteristic ecotopes of
the current WS (channels, tidal flats, salt marshes) have shifted inland.

5. Discussion

Previous studies on the response of coastal ecosystems to SLR have
focused on changes in total area of wetlands or other ecosystem types,
rather than separating the area into different ecological zones (Glick
et al., 2013; Jankowski et al., 2017; Schuerch et al., 2018). Conse-
quences of changes in area for the ecosystem services (the goods and
services provided by ecosystems that generate benefits to people; Gra-
nek et al., 2010) are therefore generalized for the whole area rather than
based on separate analyses for the different habitats. Other studies focus
on a specific ecological zone only, such as the salt marsh (Feagin et al.,
2010; Yoskowitz et al., 2017; Mehvar et al., 2018). They therefore do not
give a full overview of the consequences for the whole coastal
ecosystem. Studies that do make a distinction between different
ecological zones do often not include the effect of human adaptation
strategies to SLR (Craft et al., 2009; Geselbracht et al., 2015). Our
approach complements these studies by allowing an assessment of both
direct and indirect effects of SLR for all habitat types in coastal eco-
systems, allowing a more comprehensive interpretation of impacts. Our
rather straight-forward approach provides a rapid first-order assessment
of future spatial distribution of all habitats present in coastal ecosystems,
including the effect of adaptation strategies to SLR.

In this approach, the development of the bathymetry is based on
expert judgement on morphological development of the Wadden Sea
under different future boundary conditions and reference cases instead
of quantitative modelling. We therefore acknowledge that the projected
changes in bathymetry have been simplified in our assessments. Still,
significant uncertainties also exist in detailed morphodynamic models,
and these substantially increase for long time horizons (Fortunato et al.,
2009; Amoudry and Souza, 2011). Moreover, at the large time scales for
which our approach has been designed, these inaccuracies are small
when compared to the large differences in the water levels between
various SLR scenarios (IPCC, 2019). Water levels are thus a more
important factor in determining the ecotope distribution than bathym-
etry, suggesting that the results will not be drastically different if a
detailed modelling approach is used.

Using the current simplified approach enables rapid analyses that
can be used as a first order assessment for screening of impacts and
adaptation strategies. In the approach, the water levels used to deter-
mine the ecotope distribution are based on SLR scenarios. Since water
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water levels 2020 + 0.2 m).

levels are relatively more important in determining the ecotope distri-
bution than bathymetry, this is an important input parameter which
depends on the considered scenario, strategy, and time horizon.
Exploring multiple scenarios can inform decision makers on whether or
within what timespan a critical rate will be exceeded. Although the
analysis strongly depends on whether the critical rate is exceeded, this
first-order assessment can inform about the sensitivity of this exceed-
ance under multiple scenarios. For example, under the lower SLR esti-
mates of the scenarios of the Dutch Delta Programme that assume the
Paris Agreement is reached, the SLR rate remains well below the critical
rate in this part of the WS (N.B. in other parts of the Dutch WS such as the
Vlie and Marsdiep basin, this critical rate is also exceeded in these low
SLR scenarios).

The case study of the WS shows that both SLR and implementation of
adaptation strategies have potentially large implications for the ecotope
distribution in the WS. Not only the water depth, but also water quality
will determine its future state. The ‘closed’ strategy will turn the WS into
a freshwater lake. As the lake will be only 1-1.5 m deep, there are two
alternative stable states (Scheffer et al., 1993; Faafeng and Mjelde,
1998): it may turn into a turbid lake due to sediment resuspension
without any aquatic plants (Dokulil, 1994; Kelderman et al., 2012), or it

may become a clear freshwater system with aquatic plants (Noordhuis,
2010; La Toya et al., 2013). The state of the freshwater lake will depend
on climate, nutrients, depth and lake size (Scheffer et al., 2007). A shift
between the two alternative states can occur as a result of occasional
disturbances such as water level fluctuations or droughts (Blindow et al.,
1998; Beklioglu et al., 2006; Ibelings et al., 2007). Management strategy
of the area may also influence the future state by, for example, imple-
menting a sediment trap, compartmentalizing the lake, or introducing
water plants (Ledden et al., 2006). The ‘open + dynamic’ strategy will
enable the WS to expand inland, while the current WS area will drown
under future scenarios in which the SLR rate exceeds a critical value and
cannot be counteracted by sedimentation. The disappearance of inter-
tidal areas and salt marshes will result in a loss of food and habitat
availability for example for migratory birds (IPCC, 2019). Drowning and
reduction in coastal wetland area have already been observed in other
parts of the world and is projected to continue in the future (Blum and
Roberts, 2009; Li et al., 2018). However, to allow for inland migration of
the WS ecotopes, large parts of the northern Netherlands must be given
back to the sea. Due to social and economic implications of planned
retreat, this is generally considered as last option for adaptation to SLR
(Niven et al., 2013). Nevertheless, strategic planned retreat is now
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increasingly suggested as sustainable long-term solution to reduce
future risk for coastal communities and ecosystems (Rogers et al., 2014;
Dannenberg et al., 2019).

The case study of the WS shows that our approach provides a rapid
insight into shifts in ecotope distributions for different adaptation stra-
tegies, SLR scenarios and time horizons, and in this way supports as-
sessments of ecological impacts. As the approach requires limited time
and relatively simple data, the assessment can be done reasonably easy
in other shallow coastal regions vulnerable to SLR, such as iconic sites
Banc d’Arguin (Mauritania), Everglades (Florida), Ebro delta (Spain),
and San Francisco Bay area (USA). Studies assessing the vulnerability of
local ecosystems (Teck et al., 2010; Newton et al., 2014; Myers et al.,
2019), could thus be complemented with our approach to include the
potential future spatial distribution of habitats.

6. Conclusion

Using simple relations between habitats and their hydro-

morphological boundary conditions, we have developed a first-order
assessment approach to assess and easily visualize impacts of SLR sce-
narios and adaptation strategies on coastal ecosystems. Using a simple
ecotope-habitat system, we determined to what extent future changes in
bathymetry and water levels together with salinity may result in shifts in
the ecotope distribution. The latter is visualized in a spatially explicit
way using a barcode schematization, to provide an easy to understand
first-order estimate of the potential spatial distribution of habitats. This
information can be used to inform further research, decision making and
for communication with local communities and non-expert
stakeholders.

Applying the approach to a transect in the Dutch Wadden Sea, we
assess potential ecological impacts of two adaptation strategies under
different SLR scenarios and time horizons. The results show two extreme
future states of the Wadden Sea once the critical rate of SLR is exceeded:
the ‘closed strategy’ will turn the Wadden Sea into a freshwater lake, and
the ‘open + dynamic’ strategy will allow the Wadden Sea to migrate
inland while its current location will drown.
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Fig. 5. Transect of the bathymetry with corresponding ecotopes for the ‘open + dynamic’ adaptation strategy in 2100 and 2200. The mean water levels for the Low,
Mid and High SLR scenarios are respectively 0.8 m, 0.95 m and 1.8 m with SLR rates of 16.0 mm/y, 36.9 mm/y and 69.0 mm/y in 2100 and 3.0 m, 5.0 m and 8.0 m
with SLR rates of 28.6 mm/y, 44.5 mm/y and 49.3 mm/y in 2200.

As our approach requires limited time and relatively simple data, it
can easily be used in other regions to assess vulnerability of local eco-
systems to SLR and different adaptation strategies. Our approach also
allows for comparison between different time horizons, SLR rates and
adaptation strategies, but should be considered as a first assessment
because of its limitations. Current studies focusing on impacts of SLR on
morphology could be complemented with this first-order ecological
assessment. This can be used for communicating with non-experts about
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Appendix A. Overview of the method

ZES.1

The Dutch Ecotope System for Coastal Waters (ZES.1) assumes that the occurrence of habitats and ecological communities is mainly determined by
physical environmental factors. In this research, the determination of the ecotopes was done using a simplified version of ZES.1. This simplified
version is based on the method of Baptist et al. (2019) which consists of two salt marsh types (salt marsh and pioneer), three low dynamic littoral zones
(low, middle and high), one high dynamic littoral zone, two high- and low-dynamic sublittoral zones, one hard substrate type and one ‘other’. Our
approach, however, does not consider differences in low/high dynamics and sediment type because providing reliable estimates of hydrodynamics
and sediment composition under scenario conditions in this dynamic system is problematic. Moreover, the WS is a mainly saline intertidal area, with
locally some brackish sites near freshwater outlet sluices. As these brackish sites are not present in the transect, it can be assumed that the salinity is
constant. Under the ‘closed’ strategy, the WS will turn into a freshwater lake. A similar change occurred in the 1930s after the closure of the Zuiderzee
separating the new lake IJssel from the WS by the Afsluitdijk barrier. Fed by river water, lake IJssel became a freshwater lake already after 5 years
(Havinga, 1954). Finally, the ecotope ‘Hard substrate’ is not included as the type of substratum near the location of the transect is soft (Bouma et al.,
2005). Consequently, ecotope determination is only based on water depth. The water depth was determined by water level and bathymetry, which is

affected by morphodynamic changes. The ecotopes considered in our simplified ZES.1 ecotope system with their occurrence range are described in
Table 1.
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Sea level rise projections and water levels

The water levels used to determine the ecotopes are based on three SLR scenarios. We considered the following scenarios for the period 2020 until
2100: 1) the upper estimate from the Delta Scenarios (‘Warm’ and ‘Stoom’) used in the current Delta Programme (KNMI, 2014), and two scenarios
considering accelerated mass-loss from Antarctica: 2) one with a moderate global warming level (RCP 4.5) and 3) one with a high global warming level
(RCP 8.5) (Le Bars et al., 2017) (Fig. A.1). The used SLR scenarios are referred to as Low, Mid and High SLR respectively. The lower Delta Scenarios
(‘Rust’ and ‘Druk’) were not used in this research, as the rate of SLR in these scenarios does not exceed the critical rate for the WS, so no drastic change
in ecotope distribution was expected.

Because no accurate projections for SLR in 2100-2200 are available for the Netherlands, three potential heights of the sea level in 2200 (3 m, 5m
and 8 m) were considered to determine the impacts of the adaptation strategies in the long-term. The sea levels used for 2200 are based on literature
(Haasnoot et al., 2018).

For the situation in 2050 the rates of the considered scenarios do not exceed the critical SLR rate and are all similar, so no separate analysis was
done for the individual scenarios (Fig. A.1). Beyond 2050 the SLR scenarios start to deviate strongly (Fig. A.1), which does require a separate analysis.
For other tidal basins in the WS, for example the Vlie basin with a critical rate of 6.3 mm/year (Wang et al., 2018), the rate is already exceeded earlier
and also in the lower SLR scenarios. The SLR values for 2200 based on the available literature at the time of our analysis (3, 5 and 8 m) are higher than
the projections of the latest Special Report on the Ocean and Cryosphere in a Changing Climate report (SROCC), which presents a likely global mean
SLR range for RCP8.5 of 1.4-2.9 m in 2200 (IPCC, 2019). However, SROCC also states that there is large uncertainty and that SLR beyond the likely
range is possible. Although the probability of a high SLR scenario is currently low, plausible high-end scenarios are vital for regions with a low
uncertainty tolerance (Hinkel et al., 2019); for example when there is a large value at risk, irreversible impacts and for decisions with a long lead and
functional lifespan (Haasnoot et al., 2020). This is thus typically relevant for the WS.
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Fig. A.1. Sea level rise rates scenarios that were used for the period 2020-2100: the upper estimate from the Delta Scenarios (Warm and Stoom) and two scenarios
considering accelerated mass-loss from Antarctica with a low warming levels (RCP 4.5) and with high warming levels (RCP 8.5) (Le Bars et al., 2017; Haasnoot et al.,
2018) .

Bathymetry

Current bathymetry of the WS was derived from a combination of Actueel Hoogtebestand Nederland (AHN), Rijkswaterstaat (RWS), Netherlands
Hydrographic Office (NLHO) and European Marine Observation and Data Network (EMODnet) data. This was done in meters relative to NAP with the
profile graph tool of the 3D Analyst interactive toolbar in ArcMap. To predict the long-term development of this bathymetry under different SLR
scenarios and implemented adaptation strategies, experts from different disciplines were interviewed. In total, 5 experts from the Netherlands were
interviewed for roughly 1 h each. Their disciplines included physical geology and ecology. In addition to these interviews, literature was reviewed on
the (historic) characteristics and functioning of the WS. Moreover, reference cases from the Netherlands, such as Eastern Scheldt, lake 1Jssel and lake
Marker were reviewed to provide insight into the morphodynamic changes after closing off. Using this information, future changes to the bathymetry
of the transect were estimated and drawn manually using the WebPlotDigitizer of Rohatgi (2019), assuming that local morphological changes (ag-
gregation, channel infilling) occur, without large-scale morphodynamic changes in the entire WS. From these new transects, combined with the water
levels, ecotope distributions were derived using conditional statements in Matlab and illustrated using a colour-bar, as presented in Section 4. In this
way it is possible to visualize the redistribution of the ecotopes and comparing the proportions of the ecotopes in time and space and among the
different SLR scenarios.

Ecotope assessment
Using the two input variables, water level and bathymetry, an ecotope assessment was done for four situations: the situation in 2020 and 2050 with

the current strategy, the situation in 2100 and 2200 for the ‘closed’ strategy and the situation in 2100 and 2200 for the ‘open + dynamic’ strategy. A
detailed explanation of these assessment is given below.

10
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Current strategy (2020)

To derive the current ecotope distribution, we used the current bathymetry and water levels. The mean water levels for high and low tide were
obtained from Rijkswaterstaat (2013). Rijkswaterstaat is part of the Dutch Ministry of Infrastructure and Water Management. To distinguish between
supralittoral and littoral, mean high and low tide during spring tide were used. The present-day situation was used as reference for creating future
states in the next steps.

Current strategy (2050)

The situation in 2050 is based on a mean SLR of the three climate scenarios (Delta Scenarios Warm and Stoom, the mean RCP4.5 and the mean
RCP8.5) which is 9.1 mm/y. At this point no change in strategy is implemented yet, the current strategy is still in place. The morphodynamic changes
are therefore a result of SLR only. Because the SLR rate at this point does not exceed the critical rate (Wang et al., 2018), it was assumed that the
bathymetry is able to rise with the same amount as the sea level. Thus, water depths along the transect remain unchanged.

After 2050

After 2050 the rate of SLR will exceed the critical rate in every SLR scenario and the sediment supply is no longer sufficient to maintain the current
system in the WS (Wang et al., 2018). To adapt the WS to these higher SLR rates to assure flood safety for the Dutch mainland and preserve the unique
character of the WS, a new adaptation strategy will be implemented after 2050. The two strategies are a ‘closed’ strategy (see Section 2.3.1) and an
‘open + dynamic’ strategy (see Section 2.3.2). It is assumed that the strategy will be implemented immediately after 2050 and it therefore influences
the morphology of the WS during the whole period until 2200. From this point onward, both the morphodynamic changes that are a result of the
implementation of a strategy and the SLR feedback on the morphology are included. To develop the intertidal areas in line with rising sea levels and to
assure flood safety for the Dutch mainland, the unique character of the WS can be preserved.

‘Closed’ strategy (2100 & 2200)

To assess the consequences of the ‘closed’ strategy, morphodynamic changes that occurred in lake IJssel after the Zuiderzee was closed off from the
North Sea were used as reference. Additionally, the situation in the Eastern Scheldt was used as a reference of how the intertidal flats may develop after
the closing (De Vet et al., 2017). Together, these references gave a first indication of the consequences for the WS if it were closed off.

Within a ‘closed’ strategy for the WS, more than one situation is imaginable. In this research it is assumed that the water level in the WS will be
fixed between the current mean high water and mean low water (0.16 m NAP) This is the same method that was used after the closure of the Zuiderzee
(Noordhuis, 2010). This means that during most of the low water period, discharge of excess water into the North Sea by gravity is possible.
Considering that this period of discharge by gravity will be shortened as a result of SLR, it can be chosen to increase the fixed level. However, this will
cause an even larger loss of shoals, and Rijkswaterstaat (2019) showed that the ability to discharge by gravity only has a small effect in reducing the
costs of drainage.

‘Open + dynamic’ strategy (2100 & 2200)

The ‘open + dynamic’ strategy, which can be implemented once the critical rates are exceeded, will restore the natural dynamics in the WS by
removing the current flood defences on the mainland and the barrier islands. As the size of the WS is now not fixed by dikes anymore, it is expected that
the WS will migrate inland and the current location of the WS will drown as a result of insufficient sediment supply.

In the situation for 2100, the water levels used correspond to the three SLR scenarios explained earlier. To be able to determine the impacts of this
strategy on the long-term development of the WS, the consequences of three potential water levels in 2200 were assessed: 3 m, 5 m and 8 m.
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