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a b s t r a c t 

Constructed salt marshes as a Nature-Based Solution for coastal defense offer additional benefits over conven- 
tional engineering, but project realization is often hampered by practical and governmental obstacles. We assessed 
the execution of a local-scale salt marsh construction project as a Nature-Based Solution (NBS) with respect to 
the regional-scale Social-Ecological System (SES) in an explicitly linked NBS-SES framework. A local municipality 
came up with various plans to develop its waterfront but these proved unrealizable without wider stakeholder 
participation. Crucial for success was that the local initiative was turned into an NBS integrating livability, bio- 
diversity and flood safety, and that it was linked to the governance systems and actors in a regional SES. The 
chosen NBS consists of a city beach and two salt marshes, a salt marsh park that is open to the public and a 
pioneer salt marsh that is only accessible for research. The pioneer salt marsh was constructed by raising the 
seabed to around mean high tide with sand obtained from a capital dredging project. It was used as a large-scale 
natural experiment in salt marsh construction. To test the effect of enrichment with silt and clay on initial salt 
marsh development, six hectare-scale compartments were created in which mud was mixed with sand in the top 
1.0 m of the bed to three mud contents of on average 8%, 25% and 48%. Heavy machinery was needed to mix 
mud through the upper meter of the sandy bed. Mixing mud was softening the sediment causing the machines 
to sink into the 48% mud enriched bed. To test whether seeding with a pioneer plant species accelerates salt 
marsh development, fragments of Salicornia procumbens plants were seeded in half of three compartments. Field 
observations between November 2018 to September 2020 showed that seeding of Salicornia plant fragments re- 
sulted in significant differences in vegetation cover and species richness in the first growing season. Mud content 
showed significant positive effects on vegetation cover and species richness in the two monitored growing sea- 
sons, where the compartments with on average 7–9% mud had the lowest vegetation cover and species numbers. 
When constructing a salt marsh by raising sand and mixing mud, a mud content of 25% is practically feasible 
and results in high vegetation cover and species richness. 
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. Introduction 

Coastal wetlands provide many ecosystem services valued up to US$
93,845 ha − 1 yr − 1 [1] . Depending on the rate of climate change and
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daption measures, between 0 and 30% of global coastal wetland area
ay be lost by 2100 [2] on top of high historical global losses [ 3 , 4 ].
he historical loss of coastal wetlands has been dominated by human
lterations, such as the conversion of wetlands to agriculture and by en-
ineering measures such as coastal flood defences, damming and dredg-
ng. However, nature-based coastal defense is gaining momentum as
eans of coastal protection while supporting nature and its biodiver-

ity, addressing causes and consequences of climate change and secur-
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a  
ng ecosystem services for human wellbeing. Upscaling of nature-based
oastal defense offers potential for an increase in coastal wetland area
5] , on landscape scale instead of the generally patch-specific approach
sed at present [6] . With increasing risks of flood disasters for many
oastal societies, nature-based coastal defense offers many additional
enefits over conventional engineering [7] , although we should focus
n finding synergies among green and gray solutions [8] . Disregard the
dvantages, execution of nature-based projects are often hampered by
ractical and governmental obstacles. 

Nature-based coastal defense is a component of Nature-Based Solu-
ions (NBS), which were coined by the World Bank as part of their bio-
iversity portfolio and as a contribution to its work on climate change
nd adaptation [9] . NBS are defined by the IUCN as “actions to protect,
ustainably manage, and restore natural or modified ecosystems, that
ddress societal challenges effectively and adaptively, simultaneously
roviding human well-being and biodiversity benefits ” [10] . The con-
ept of NBS is rooted in the ecosystem services framework and preceding
oncepts of NBS were amongst others ecological restoration, ecosystem-
ased management and ecological engineering [11] . NBS go beyond for-
er approaches by providing an umbrella framework, with new insights

n how ecological solutions can work at larger scales, towards policy co-
erence, and in synergy with more traditional methods [12] . The IUCN
lobal Standard for Nature-based Solutions is made up of eight intercon-
ected Criteria. Criterion 1 is to effectively address the societal challenge
o which the solution will respond. Criterion 2 guides the design of NBS
o recognize the complexity of regional-scale land/seascapes. Criteria 3,
 and 5 correspond to three key dimensions of sustainable development;
cosystem integrity, economic viability and social equity. Criterion 6
ddresses trade-offs that are inherent in most natural resource manage-
ent decision-making. Criterion 7 promotes an evidence-based adaptive
anagement approach in which learning and action complement each

ther. Criterion 8 promotes mainstreaming within the appropriate juris-
ictional context and linking to sustainability targets [13] . 

An umbrella framework that shares resemblance with NBS is that of
 Social-Ecological System (SES). The SES framework is rooted in policy
nalysis and was developed as a diagnostic method for studying the com-
lexity of variables that affect the incentives and actions of actors un-
er diverse governance systems in multivariable, non-linear, cross-scale
cosystems [14] . An SES is a nested, multilevel system combining social,
conomic, governmental and ecological systems that provide ecosystem
ervices to society [ 15 , 16 , 14 ]. On the highest hierarchical level, seven
rst-tier categories define an SES. First and foremost, an SES consists of

our core subsystems: (i) Resource Systems, e.g., a lake or an estuary; (ii)
esource Units, e.g., types of wildlife, and amount and flow of water;
iii) Governance Systems, e.g., the policy area and rule-making organi-
ations; and (iv) Actors, e.g., individuals who use the system in diverse
ays for sustenance, recreation, or commercial purposes. Within such a

ore system actors extract or make use of resources that deliver ecosys-
em services and at the same time they provide for the maintenance of
he resource system. Actors follow procedures determined by the gov-
rnance system but also in the context of (v) Related Ecosystems, and
mbedded in broader (vi) Social, Economic and Political Settings. Cen-
ral in the SES framework are the (vii) Focal Action Situations in which
ctors interact with each other, leading to outcomes that could be differ-
ntially valued. The actors work within the context of social dilemmas
nd biophysical constraints, as well as within cultural contexts [17] . The
ES framework has been applied in studying complex dynamic systems
e.g. [18–20] ) and adaptive governance systems (e.g. [21–24] ). 

The conceptual attributes of the NBS and SES frameworks share
any similarities, such as utilizing ecosystem services, linking govern-
ental processes to natural resources and taking account of political

upport and willingness. The main difference between both frameworks
s in visualizing and explaining interconnectedness. The eight Criteria
f the IUCN Global Standard are presented as circular rings that are all
nterconnected [13] . The SES framework is presented as an organized,
ecomposable structure of subsystems and variables with explicit links
2 
nd feedbacks [14] . This structural approach is important for under-
tanding complexity [25] . We therefore link both frameworks and eval-
ate them using an evidence-based example of a project that deals with
ood safety, biodiversity and livability in an estuarine environment. The
rst objective of this paper is: 1) to evaluate the stakeholder processes in
he realization of a project in which a city beach and two salt marshes
ere constructed. We assess how the proposed local solution was ac-

omplished with respect to the regional SES. We subsequently zoom in
n a field experiment for constructing a salt marsh. The field experiment
ocusses on hectare-scale processes of mixing mud and sand in different
atios, and stimulating vegetation development. The second objective of
his paper is: 2) to present the practical knowledge and lessons learned
rom constructing this salt marsh. Three research questions were identi-
ed: i) to what mud content should the original sandy bed be enriched

n order to achieve suitable conditions for salt marsh vegetation? ii) to
hat extent does bed composition affect the formation of tidal creeks in
 constructed marsh? and iii) to what extent can seeding with pioneer
pecies kick-start vegetation development? 

. The Ems estuary as a social-ecological system 

The Ems estuary is located in the north-eastern part of The Nether-
ands and the north-western part of Germany ( Fig. 1 ). The most up-
tream boundary of the Ems estuary is fixed by the man-made weir at
he German village Herbrum, which determines the tidal limit of the
stuary. The downstream boundary is generally defined by the barrier
sland Borkum. The length of the Ems estuary, including the tidal river,
s approximately 100 km and the surface area is approximately 460 km 

2 

xcluding the ebb-tidal delta seaward of the island of Borkum [26] . 
The estuary is a prime example of a social-ecological system (SES)

hat fulfills all four core subsystems: (i) it is a large estuarine natural
esource system, (ii) it contains estuarine habitats and wildlife with nat-
ral and commercial value, as well as major waterways, (iii) it is man-
ged by various institutions under local, national and European legisla-
ion and (iv) it is used by industry and shipping, and to a lesser extent,
y fisheries and tourism. 

The Ems estuary is one of the major estuaries in the related ecosys-
em of the Wadden Sea. The estuarine food web of the Ems is rich in
abitats for shellfish, seagrass, shrimp, fish, birds, and seals [27–33] .
he management of the transboundary Ems estuary is embedded in
roader social, economic and political settings and carried out jointly
y the Netherlands and Germany under various legal frameworks [34] .
aritime affairs have been agreed in the Ems-Dollard Treaty of 1960

35] and later treaties. Nature protection, water quality standards and
on-maritime management issues fall under the EU Habitats Directive
HD; 92/43/EEC), the EU Birds Directive (BD; 79/409/EEC) and the
U Water Framework Directive (WFD; 2000/60/EC), which have been
ranslated into national legislation such as the Dutch Nature Conserva-
ion Act. 

The major waterway of the Ems estuary forms an important naviga-
ion route. There are three large ports for sea-going vessels, Eemshaven,
elfzijl and Emden. Two towns along the Ems river, Leer and Papenburg,
ave smaller ports. The latter holds a shipyard for large cruise ships.
he navigation channels to these ports have been deepened a number of
imes in the past decades leading to physical changes of the Ems estuary
e.g. [ 36 , 37 , 26 , 38 , 39 ]). Moreover, this resulted in a chain of physical
rocess reactions increasing the turbidity in the Ems (e.g. [ 36 , 40–42 ]).
he Ems river has become hyperturbid in the 1990s [42] with silt con-
entrations up to 200 g L − 1 near the river bed [43] . The breakdown of
rganic matter in this so-called fluid mud layer leads to a strong decline
n dissolved oxygen levels ( < 2 mg L − 1 ) in summer [44] . On top of this,
arious human activities caused habitat loss [45] . The physical changes
n the estuary have led to a deprived ecological state compared with the
950s [46] . 

Because the deterioration of the ecological quality of the estuary was
 regional concern, a focal action situation formed in which governmen-
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Fig. 1. Map of the Ems estuary on the border between the Netherlands and Germany. Topographic names mentioned in the text. Sources: bathymetry Wadden Sea 
from Rijkswaterstaat, terrestrial background map showing built environment and roads from Stamen Terrain. 
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al, non-governmental and commercial actors proposed a series of mea-
ures for ecosystem restoration. One of the measures is to build new
abitats acting as sediment sinks along the coastline, in combination
ith dike reinforcements [47] , to contribute to the ambition to with-
raw 1 Tg dry weight of fine sediment annually from 2022 onwards
48] . 

. Merging the IUCN global standard for NBS into the SES 

ramework 

.1. The merged NBS-SES framework 

We placed the eight criteria of the IUCN Global Standard for NBS
nside the core framework for Social-Ecological Systems ( Fig. 2 ). Here
e outline their relationships, where we refer to the IUCN criteria with
umbers between brackets and to the SES components with letter codes
etween brackets. One or more Societal challenges (1) are usually the en-
ry point to start looking for a nature-based solution. Societal challenges
re typically formulated by Actors (A), either individuals or collective
ctors of organizations. The IUCN explains that the area where the so-
ietal challenge is addressed is often a part of a larger geographical sys-
em. The designer should therefore be aware of the bigger ecological,
uman and economic aspects of the dynamic land- or seascape. In the
ES framework we place the IUCN criterion Design at scale (2) at the
esource System (RS), emphasizing the scale of an entire land/seascape
ut realizing that it also adheres to the economic and policy systems of
he land/seascape and to the Related Ecosystems (ECO). An NBS should
ave a Biodiversity net-gain (3) by enhancing ecosystem integrity and
ealth. This criterion adheres to the Resource Units (RU) of the SES.
n NBS should also have Economic feasibility (4); it should be affordable
ithin conditions of rights and rules that are set by the Governance Sys-

ems (GS) towards the actors and focal action. Moreover, an NBS should
3 
how Inclusive governance (5) in formal, legal or informal regulations
nd processes that make the Governance Systems (GS). Often trade-offs
eed to be determined and made in optimizing ecological, economic and
takeholder gains. The IUCN criterion Balance trade-offs (6) must balance
he Resource Units (RU) as well as the Actors (A) and is placed in the
eedback relations for both. Because ecosystems are complex dynamic
ystems, an NBS intervention could show unintended, unforeseen and
ndesirable effects. Consequently, Adaptive management (7) is required
o iteratively learn and adapt the NBS. This criterion is placed in the
eedback loop to the Governance Systems (GS). Last, but not least, for
ainstreaming & sustainability (8) of the concept of NBS, it should be

mbedded into policy or regulatory frameworks as well as linked to na-
ional targets or international commitments. This criterion is placed at
he Social, Economic and Political Settings (S) bordering the box of the
egional SES. 

.2. Application of the merged NBS-SES framework to the salt marsh 

onstruction project 

Delfzijl, the Netherlands, is a town with 46,000 inhabitants on the
ank of the Ems estuary. Delfzijl is at a remote location in the Nether-
ands and is facing major demographic changes and a decreasing liv-
bility. The town is protected from flooding by a vertical sheet pile wall
hat blocks the town inhabitants’ connection with the sea both physi-
ally and emotionally. A first Societal challenge (1) in Delfzijl was to
ake the town attractive to residents and visitors. In the beginning of

his century the municipality made plans to regain its former maritime
haracter and to reconnect the port town with the estuary. The munic-
pality came up with various plans to develop its waterfront focusing
n their desire to enlarge and widen the city beach. However, the plans
ailed multiple times, as they proved unrealizable without wider stake-
older participation or, in the case of beach extension, were in breach
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Fig. 2. The IUCN Global Standard for NBS Criteria (eight numbered labels in blue) added to the Social-Ecological System (SES) framework. Figure adapted from 

Mcginnis and Ostrom [17] . NBS Criteria numbers 1 to 8 and SES codes between brackets link to the text. 

o  

v  

i  

m  

e  

o
 

i  

A  

t  

r  

l  

c  

w  

M  

p  

r  

p  

c  

D  

y  

C  

s  

w  

w  

R
 

o  

p  

e  

o  

c  

l  

E  

o  

t  

d  

s  

w  

c  

m

 

(  

m  

e  

a  

c  

b  

i  

t  

(  

t  

s  

t  

f
 

t  

c  

B  

e  

E  

b
 

w  

m  

m  

a  

a  

p  

p  

h  

a  

m  

m  

b  

s  

1  

t  

a  

e  

T  

o

f the Nature Conservation Act. A second Societal challenge was to pro-
ide coastal safety. The existing flood protection had to be strengthened
n face of a risky mix of land subsidence and earthquakes due to gas
ining, accelerated sea level rise, and increasing storminess and wave

nergy. The municipality chose to see this as a chance to make the most
f a large investment by the regional water authority. 

To explore the possibilities for ensuring flood safety while improv-
ng the living environment for people, the municipality invited many
ctors (A): ministries, the province, water boards, knowledge institu-

ions, inhabitants, the port authority, nature conservation groups and
epresentatives of industry, recreation and business. As a result, a multi-
evel, multi-organization Steering Group was established and given the
all sign ‘Marconi’. The Steering Group formed an alliance with two
ater boards, a neighboring municipality, the executive agency of the
inistry of Infrastructure and Water Management (Rijkswaterstaat), the

rovince of Groningen, the regional landscape expertise center, and the
egional alliance of sea ports. Citizen participation was not a formal
art in the Steering Group, instead the project manager informed lo-
als through the newspaper [49] . In March 2012, a spatial vision of the
elfzijl waterfront was published on their behalf and at the end of that
ear the parties signed the Marconi Memorandum of Understanding.
rucial for later success was that the vision was adhering to the large-
cale (2) regional Ems estuary as a Resource System (RS). The vision,
hich included a beach and a salt marsh landscape in front of Delfzijl,
as showing how this contributes to a biodiversity net-gain (3) for the
esource Units (RU) in the estuary. 

The Marconi Steering Group joined ongoing consultations within
ther Governance Systems (GS) such as public-private partnerships and
ublic-NGO partnerships, thereby involving and responding to a vari-
ty of stakeholders in an inclusive governance (5) setting and lining-up
bjectives with those of the Programme Ems-Dollard 2050. The Mar-
oni project then sought for economic feasibility (4) of their plans by
inking to a capital dredging project of the navigation channel from
emshaven to the North Sea. This project, under the responsibility
f the main water management authority Rijkswaterstaat, was able
o deliver large volumes of sand to the Delfzijl waterfront for a re-
uced price. Economic feasibility was further increased through sub-
idy providers, and through the research consortium EcoShape, which
as given the opportunity to carry out a field experiment on salt marsh

onstruction delivering evidence-based monitoring needed for adaptive
anagement (7). 
4 
A balance of trade-offs (6) needed to be made, involving Actors
A) and Governance Systems (GS). The design for a beach and salt
arsh landscape at the waterfront of Delfzijl had to comply to strict

nvironmental regulations for the protected nature of the Natura 2000
rea, so more trade-offs were made to safeguard ecosystem integrity. In
ombination with dike reinforcements the municipality and the water
oard agreed to move the existing sea defense inland by 100 m, mak-
ng room for a large city beach that lies outside the Natura 2000 na-
ure protected area. Last, but not least, mainstreaming & sustainability
8) was sought for by adhering to the international policy and regula-
ory frameworks but also by giving EcoShape room for studying ways to
cale up and scale out the chosen Nature-Based Solution. Incorporating
his scientific element in the Nature-Based Solution increased project
easibility. 

Because the Marconi Steering Group sought for integrated solutions
o problems of livability, flood safety, and water management, and be-
ause they explicitly included biodiversity, suggestions for a Nature-
ased Solution were made. And only because the local initiative was
xplicitly embedded into the regional social-ecological system of the
ms estuary, the execution of this Nature-Based Solution became possi-
le. 

The chosen Nature-Based Solution in Delfzijl combines flood safety
ith biodiversity and livability. It consists of a city beach and two salt
arshes, a salt marsh park that is open to the public and a pioneer salt
arsh that is only accessible for research ( Fig. 3 ). The presence of a wave

ttenuating salt marsh in combination with an alongshore dam forms
 hybrid flood defense [ 50 , 51 ] and provides a good basis to protect
art of the town center of Delfzijl. Model calculations showed that the
resence of the salt marsh leads to a reduction of the significant wave
eight of 25% for wave overtopping over the dike at a flood level of 7 m
bove mean sea level and of 60% reduction at a flood level of 4 m above
ean sea level, when compared to the original situation without the salt
arsh [52] . Moreover, the two salt marshes soften the transitional zone

etween land and sea, and invoke gradients between freshwater and
alt water as well as gradients in grain sizes. The salt marsh park of
3 ha lies adjacent to the city beach and has a bird breeding island for
erns and small waders. This part is accessible for nature recreation via
 boardwalk and has a bird hide. The salt marsh park and the beach
nrich the nature experience and livability for inhabitants and tourists.
he pioneer salt marsh of 15 ha has been designed as a field experiment
n salt marsh construction and development. 
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Fig. 3. Lay-out of the pioneer salt marsh experimental site with six compartments with mud mixed in the top meter and their intended mud content. In three 
compartments half of the area was seeded with Salicornia plant fragments. The monitoring locations are indicated: six transects (orange dots) with Sedimentation- 
Erosion Bars (SEB), Permanent Quadrants for vegetation composition (PQ) and grain size sampling, nine locations (light green dots) with Acoustic Surface Elevation 
Dynamics sensors (ASED), three locations (small green dots) with Echologger instruments adjacent to three ASEDs, two locations (small red dots) with conductivity, 
temperature and pressure sensors (CTD) and one location (small yellow dot) with a barometer. Inset: the three components of the Marconi project showing the 
position of the experimental site. Background image: Triplesat panchromatic composite image from September 2018 (during salt marsh construction). 
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. Set-up and design of a large-scale field experiment on 

alt-marsh construction 

A field experiment on salt-marsh construction was carried out in
he form of a Large-scale, Unreplicated Natural Experiment (LUNE).
espite their lack of replication, LUNEs have a unique power, not at-

ainable in any other way, namely to test hypotheses at large scales
nd in complex systems [53] . Field measurements were carried out
y partners in the EcoShape consortium, a network of organizations
nd individuals working together to advance the application of Nature-
ased Solutions in hydraulic engineering related societal issues. The
eld experiment assessed the most effective way of constructing a
alt marsh by executing large-scale field tests on mixing mud and
and and by stimulating vegetation development by seeding pioneer
lants. 

The estuarine environment near Delfzijl consists of sandflats and
udflats, but land-water boundaries are abrupt and rock protected and

herefore lack salt marshes. Salt marshes are important coastal habitats
hat provide nature-based protection against waves [54] , sequester car-
on [ 55 , 56 ], and facilitate growth with sea level rise thereby sustaining
heir rich biodiversity [57] . In the Netherlands there is ample experience
ith methods that stimulate salt marsh development for land reclama-

ion [58] . These consist of drained sedimentation basins delineated by
ermeable brushwood groins placed in environments where fine sedi-
ent accretion already occurs [59] . However, in the Marconi project

he aim was to construct salt marshes in a location that had too much
ave exposure for accretion of mud and lay too low for vegetation de-
elopment. 
m  

5 
The design of the salt marsh was based on best practices for creating
ew salt marshes in an estuarine setting [60] . Two rockfill dams, one
or each salt marsh, were built to provide wave shelter. Subsequently,
he bed level at the site of the projected salt marshes was raised with
and obtained from capital dredging in the estuary. The new bed level
as set to 1.20 m above Dutch Ordnance Level (NAP) sloping upwards

owards to 1.70 m + NAP. The optimal inundation height for pioneer
pecies is around mean high water level [57] , which is at 1.40 m + NAP
t this location. The local mean semi-diurnal meso ‑tidal range is 3.06 m
nd the mean annual suspended sediment concentration is 90 mg/l. The
aised bed initially consisted of sand with a mud content smaller than
.5% (particles < 63 μm; silt and clay). Although natural siltation during
nundation will gradually enrich the bed with fine sediment, a nutrient-
oor sandy bed will not evoke fast vegetation development [61] , which
as an explicit aim of the project. Moreover, a vegetation covered salt
arsh is more attractive to inhabitants and tourists, and it also prevents
uisance from drifting sand. Mud was mixed through the sand to speed-
p biogeomorphological evolution of the salt marsh. 

.1. Mixing mud through the bed in different contents 

In existing man-made salt marshes along the Dutch coast the mud
ontent generally increases in a horizontal gradient from 5% mud in
he most exposed seaward sedimentation basins to 50% mud higher on
he marsh in the landward sedimentation basins [62] . The mud content
lso increases vertically going from the top to the bottom of salt marsh
eposits, showing that in the beginning of marsh formation mineral sedi-
entation dominates and the organic contribution to salt marsh growth
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ncreases with age and succession of vegetation [ 63 , 64 ]. The content
f cohesive sediments in the bed affects the initial formation of tidal
reeks in a young salt marsh [65] . To test the effect of mud enrich-
ent on the morphological and biological salt marsh development we
esigned a field experiment in which the top 1.0 m of the bed was mixed
ith mud. In the 15 ha experimental site we created six compartments
elineated with permeable brushwood groins in which mud was mixed
ith sand in two duplicated blocks of three intended mud contents of
%, 20% and 50% ( Fig. 3 ). Three compartments B, C and D located in
he west differ in shape but all have a surface area of 2.3 ha. Each of
hese has one opening in the permeable dams on the seaside, in order to
timulate creek development. The three compartments E, F and G in the
outh along the alongshore dam were designed to have equal shapes,
lopes and sizes. These compartments are 1.8 ha (216 × 85 m) in size
nd have two openings in the permeable groins. Compartment A was
ot included in the experiment because of its divergent position with
espect to the riprap groin. Compartment X was not included because it
as temporarily in use as sand depot. 

Mud was brought in from a land depot where dredged material was
tored that came available at a land reclamation port extension into the
stuary about forty years ago. The dredged sediment had been consol-
dated to a rather firm dry soil that was transported by trucks to the
xperimental site. From August to October 2018 trucks, bulldozers and
xcavators brought fine sediments on top of the sandy base layer. Mix-
ng of the soil through the top 1.0 m of the sandy bed was achieved
ith a deep spader (Imants 135SX265PL) pulled by a tractor. For the
% compartments a layer of 8 cm of soil was placed on top of the sand
nd mixed through. For the 20% compartments a layer of 30 cm of sand
as removed and replaced with soil and subsequently mixed through.
or the 50% compartments a layer of 1 m of sand was removed, replaced
ith 80 cm of soil and covered with a bearing layer of 20 cm of sand for

he heavy machines, and subsequently mixed through. The deep spader
ixed 0.5 ha per day at 10 working hours per day. In total 35,000 m 

3 

f soil was applied. In the compartments with half mud half sand the
eavy machinery sank into the softened soil making project execution
omplicated and leaving deep tracks. A track-laying vehicle was applied
o flatten the surface after mixing. 

.2. Seeding with pioneer plant fragments 

Recent field experiments showed that the availability of viable seeds
n the sediment can form a threshold for pioneer vegetation establish-
ent even with a source population nearby [66] . Marsh restoration sites
ay therefore benefit from adding seeds to expedite marsh development

67] . To test whether seeding with a pioneer plant species was needed in
his site to accelerate salt marsh development, we seeded fragments of
alicornia procumbens plants in half of the three southern compartments:
, F and G ( Fig. 3 ). First, a total of 13,500 Salicornia sp. plants were
anually collected in autumn 2017 from a nearby salt marsh. The plants
ere stored over winter for vernalization; the induction of a plant’s flow-
ring process by exposure to prolonged cold. One week before seeding,
he plants were cut in pieces of 2 cm length, approximately 100 frag-
ents per plant, by use of a hand-driven antique straw cutting machine.
he 1.35 million plant fragments were soaked in freshwater for three
ays to start the germination process of the seeds. Sawdust was added
o increase volume. A set of experiments carried out in climate cham-
ers showed that a combination of vernalization and pre-germination in
reshwater had the highest success rate with most seedlings establishing.
ecause washing away of seeds and seedlings by waves and currents has
een found to be the cause of substantial seedling mortality [ 68 , 66 , 69 ],
e chose a time window with low spring tide and quiet weather to maxi-
ize successful rooting of seedlings. In May 2019 the mixture of wetted
lant fragments and sawdust was manually spread out in the western
alf of compartment E, F and G with a density of approximately 50
lant fragments per m 

2 . 
6 
.3. Field observations 

A field observation program was carried out from November 2018
o September 2020. The program was designed to determine the spatial
nd temporal development of the (interaction between) morphology and
egetation. Hereto, sedimentation and erosion rates, sediment composi-
ion, development of tidal creeks, bed height, flooding frequency, vege-
ation cover, and density of salt marsh plants were monitored. Biogeo-
orphodynamic developments were analyzed with respect to heights,

lopes, mud contents, and vegetation cover. Instruments used in the field
ere a LiDAR drone, RTK-DGPS, CTDs in combination with a barome-

er, Sedimentation-Erosion Bars (SEB), and Acoustic Surface Elevation
ynamics (ASED) sensors and echologgers, Fig. 3 . 

.3.1. Water level 

The water level was determined by averaging readings from two sub-
ersible dataloggers for conductivity, temperature and pressure (CTD-
iver, Van Essen instruments). Both loggers were placed at the seaward

ide of the brushwood groins at a few centimeters above bed level. The
easuring interval was set at five minutes. The water depth and cor-

esponding inundation characteristics were calculated by correcting for
tmospheric pressure, which was measured with a barometer installed
ell above maximum water level at the study site. 

.3.2. Sediment composition 

The grain size composition was determined by laser diffraction
Malvern Mastersizer). Samples were taken in nine transects perpendic-
lar to the sea defense structure at three sampling locations landward,
iddle and seaward, totaling 27 sample locations. In the first measuring

ampaign of Nov-2018 one meter deep cores were sampled each 20 cm
o obtain a vertical sediment composition profile. In later campaigns in
ay-2019, Nov-2019, Apr-2020 and Sep-2020 surface samples of the
obile top layer of 1 cm were obtained. 

.3.3. Bed level changes 

Salt marsh bed level changes were measured with in-situ instru-
ents, i.e. Sedimentation-Erosion Bars and Surface Elevation Dynam-

cs sensors, with RTK-DGPS and with a LiDAR-drone. Sedimentation-
rosion Bars (SEBs) consist of two horizontally aligned poles inserted
nto the ground until they reach a stable horizon. During measurements,
 2 m-long bar with 17 holes 10 cm apart is placed on the poles and a
uler is placed through these holes to measure the distance to the soil
urface. Through repeated measurements the accuracy of the time series
s about 1.5 mm vertically [70] . In the study area 27 SEB-stations were
ligned in nine transects perpendicular to the dike. The surface eleva-
ion change was determined every two to three months. To measure soil
ubsidence of the deeper sediment layers, the height of the poles relative
o Dutch Ordnance Level NAP ( ∼mean sea level) was measured every 2
3 months with an RTK-DGPS (Trimble R6 Model 3 with Trimble TSC3

ontroller). The bed level changes of the tidal inlets were determined by
easuring cross-sections with the RTK-DGPS. 

Short-time surface elevation changes were determined with Acous-
ic Surface Elevation Dynamics (ASED) sensors, successors of the SED
ensors [ 71 , 72 ] at nine locations from September 2019 to September
020. An ASED sensor is downward looking with the measuring head
imed vertically at the bottom. It collects measurements of relative bed
eight by sending an acoustic signal when the head is fully inundated.
 burst of eight measurements was stored every 5 to 15 min. The ASEDs
ere checked every two to three months to ensure data collection, clean

he sensors and retrieve the data. Collected raw data from the sensors
ere converted using a well-documented Python script following up on
illemsen et al. [72] . 
The elevation of the entire salt marsh was mapped twice a year with a

iDAR scanner mounted to a drone (RIEGL RiCOPTER with VUX-1UAV,
ee Brede et al. [73] for system specifications). The absolute positioning
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Table 1 

Mud content (volume%) of the top 1 cm of the bed in six compartments, 
mean and standard error (SE). 

May 2019 November 2019 April 2020 September 2020 

Mean SE Mean SE Mean SE Mean SE 

B 8 9 17 20 23 12 23 4 
C 33 34 46 30 53 28 45 23 
D 58 14 64 20 66 9 63 9 
E 26 24 40 NaN 32 24 37 28 
F 13 12 9 9 11 10 15 15 
G 4 5 2 4 3 5 8 13 
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f the point cloud was improved by applying georectification with ap-
roximately 20 ground control points (GCPs). The horizontal and verti-
al position of the GCPs were measured in the field using an RTK-DGPS
Trimble R6) or by applying GCPs with built-in GPS (Propeller Aero-
oints). Due to the sparse vegetation cover of small plants, height fil-
ering to separate ground versus non ‐ground vegetation returns was not
ecessary. The LiDAR point cloud was converted to a raster with a grid
ell size of 0.1 m x 0.1 m delivering a digital terrain model (DTM). 

.3.4. Salt marsh vegetation cover and composition 

In situ measurements of vegetation diversity and density were per-
ormed annually in September at 27 permanent quadrats (PQs) located
djacent to the salt marsh SEB-stations ( Fig. 3 ) in combination with 34
2019) or 30 (2020) random vegetation plots. In each 2 m x 2 m plot
nd PQ total vegetation cover and plant species cover was estimated
ith the decimal scale of Londo [74] . We analyzed all vegetation data

PQ and random plots) with a linear model having compartment, seed
reatment, year and surface elevation as explanatory variables. PQ plots
ere separately analyzed with a linear model having compartment, seed

reatment, year, inundation frequency and sediment dynamics as ex-
lanatory variables. 

Salicornia sp. abundance and growth were measured at 120 addi-
ional plots of 1 m 

2 during the growing season of 2019. In the seeded
arts of compartments E, F and G, 25 plots (aligned in 5 transects per-
endicular to the dam with each 5 plots) were established, and in the
on-seeded part 15 plots (3 transects perpendicular to the dike with 5
lots) were established as a control. In each of the 120 plots the number
f Salicornia sp . plants was counted every two weeks between May 29
nd Aug 26. Since it is not possible to distinguish different Salicornia

pecies in the field shortly after germination, no further distinction was
ade. 

. Results of field observations 

.1. Field observations on salt marsh morphology and sediment composition

Vertical cores of 1 m with 20 cm interval subsampling for grain com-
osition sampled in November 2018 showed that mixing mud with sand
as accomplished throughout although the mud was present in the form
f peds. Mud content (volume%) was determined with laser diffraction
or sediment particles smaller than 63 μm. The resulting mud contents
n compartments B, C and D through the top 1.0 m of the sandy bed
ere on average ± standard error 9 ± 6%, 25 ± 14% and 47 ± 11% respec-

ively. Compartments E, F and G had on average 48 ± 12%, 25 ± 14% and
 ± 8% mud mixed through the sandy bed. 

Disregard the efforts in flattening the surface, the tire tracks of the
eavy machines were clearly visible in the field and in the DTM, showing
ocal elevation differences ranging from several to more than 20 cm. The
ire tracks were most evident in the muddy compartments (D and E), and
lmost absent in the sandy compartments (B and G) ( Fig. 4 ). 

The average elevation of the salt marsh was above Mean High Wa-
er (MHW) ( Fig. 5 ). During field observations between November 2018
nd September 2020 complete inundation of the salt marsh occurred ap-
roximately 70 times. The seaward monitoring plots were flooded once
very day on average and the inundation frequency decreased to once
very four days for the landward plots. 

Unexpectedly, sand bars had formed during construction in compart-
ents E, F and G and continued to develop in later stages ( Fig. 4 , Fig. 5 ).
he bars formed just above the MHW-line. Furthest away from the wave
rotecting riprap groin, the bar in compartment G was continuous, while
he closer-by bar in F was interrupted and in E only two lobes of sand
ere present. The sand bars or lobes generally were about 10–20 cm
igher than the surrounding bed level and had a steep landward edge
nd gentle slope towards the brushwood groins. The highest bars formed
t the wave-exposed part of the salt marsh, whereas no lobes of sand
ere deposited in the wave sheltered compartments B and C, and only
7 
mall lobes of sand were present in D. The sand bars thus formed due
o wave action, implying that the semi-permeable brushwood groins
ere not dissipating all wave energy. Bed level changes over two years
easured with Sedimentation-Erosion Bars in 27 locations confirmed

hat the largest changes resulted from sand bar development, order 10–
0 cm, whereas remaining changes were small, order 1–2 cm. Over-
ll there was no significant effect of mud content on bed level change
 F 2, 26 = 1.33, p = 0.28), nor was there a significant effect of flooding
requency on sedimentation ( F 1, 240 = 0.15, p = 0.70). 

We estimated consolidation of the subsurface, i.e. a soft sediment
udflat, with RTK-DGPS measurements of the height of the SEB-poles

nd wooden poles of the brushwood groins. The data did not show a
onsistent consolidation trend over time within the 2 cm measurement
naccuracy. 

Between May 2019 and September 2020 the grain size composition
f the top 1 cm of the bed showed a trend towards finer sediments in
ompartments B, C and D, i.e. smaller median grain sizes and higher
ud contents ( Table 1 ). These compartments are sheltered from waves,
ence these trends can be explained by an import of fine sediment and
educed erosive forces. No clear trends in grain size composition over
ime were observed in compartments E, F and G other than resulting
rom the migration of sand bars. 

Tidal creeks formed at the seaward end of the compartments. Creek
ormation started before the brushwood groins were placed, hence some
reeks crossed the permeable groins and remained active. Compartment
 lacked tidal creek formation. A tidal creek formed intendedly through

he inlet in the brushwood groins in compartments B and D ( Fig. 5 ).
he latter is one of the deepest (0.3 m) and most actively migrating
reeks in the analyzed compartments of the salt marsh. Because of a
ack of creek formation in the inlets we could not establish a significant
elationship between creek dimensions, mud content of the bed or any
ther parameters. 

Measurements with ASEDs showed that, locally, the bed level in-
reased in the growing season (April - September) with sedimentation
n the order of 1 to 2 cm, but erosion was observed in the order of 2 to
 cm outside the growing season (October – March). Bed level dynam-
cs inside the different compartments (dynamics of creeks and sand bars
xcluded), where vegetation was able to establish, was limited during
he 2-year measurement period. 

.2. Field observations on salt marsh vegetation 

The soil that was mixed through the sandy base layer contained seeds
f high numbers of glycophytes typically found on fresh non-saline soils.
alophytes growing in the salt marshes were either seeded or seeds
ame naturally by wind or flowing water. 

After seeding with plant fragments of Salicornia sp. in May 2019,
he seeds did not germinate immediately, despite our freshwater treat-
ent to evoke germination. The number of Salicornia sp. plants started

o increase mid-July, 1.5 month after seeding ( Fig. 6 ). Seeding sig-
ificantly increased the number of plants (Seed treatment × Date:
2 

(1, N = 870) = 98.14, p < 0.001). The highest mud content showed
ighest number of Salicornia plants ( 𝜒2 

(2, N = 870) = 27.42, p < 0.001). 
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Fig. 4. Oblique aerial pictures of compartments E (top), F (middle) and G (bottom) in June 2020. Red ellipses indicate locations of sand bars. Photo source: Eemsdelta 
Drones. 

Fig. 5. Digital Terrain Model of the experimental salt marsh based on LiDAR measurements at 24 September 2019. MHW = Mean High Water (1.4 m + NAP). 
Background: aerial photograph of the Netherlands 2019 (beeldmateriaal.nl). 
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Fig. 6. The density of Salicornia sp. plants over time in the first growing season (2019) in compartments E, F and G and for seed treatment. 

Fig. 7. Vegetation cover in September 2019 and September 2020 for each compartment with (dark green) and without (light green) Salicornia procumbens seeding 
treatment, based on observations in 27 PQ-plots plus random plots. 
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The total vegetation cover on the salt marsh increased from
0.7 ± 1.6% in September 2019 to 29.0 ± 2.6% in September 2020
 Fig. 7 ). Contrary to our expectation, seed treatment resulted in a sig-
ificant difference in vegetation cover only in the first year between
018 and 2019 and only in our PQ plots ( Table 2 ). This indicates that
he effect of seeding was temporary and natural seed input was high.
he mud content mixed through the bed showed a significant positive
ffect on total vegetation cover. Pairwise comparisons for mud content
howed significant differences for all pairs and were most significant for
airs that included the lowest mud content (50% - 5%: p < 0.001, 50%
 20%: p = 0.036, 20% - 5%: p = 0.013). The compartments with a re-
lized mud content of on average 7 - 9% had lowest vegetation cover,
hile the differences in cover between compartments with on average
5% or 47 - 48% mud were less outspoken. Photographs of vegetation
over in PQ-plots, comparing seeded with not seeded compartments are
hown in the supplementary material. Surface elevation did not show
 significant effect on vegetation cover, indicating that the complete
andscape was at suitable height for initial salt marsh vegetation devel-
pment. Sedimentation/erosion dynamics showed a significant effect on
egetation cover in 2020. This was explained by plots lacking vegetation
t high erosion rates ( > 2.5 mm/month) in compartments F and G. 
9 
The seeding with plant fragments of Salicornia in May 2019 resulted
n a significantly higher species richness in September 2019, but the
ffect was no longer significant in September 2020. Species richness
as significantly related to mud content and elevation, both in 2019
nd 2020. A higher species richness was found at higher mud con-
ents, where especially the compartments with on average 7 - 9% mud
ad lowest species numbers. A higher species richness was found at
igher surface elevations, likely due to lower inundation frequencies
iminishing abiotic stress. The relationship between surface elevation
nd species richness became stronger in 2020, which indicates that the
igher parts of the salt marsh showed vegetation succession from a pi-
neer salt marsh stage towards a lower salt marsh stage (Petersen et al.
014). 

. Discussion 

.1. Merging a local NBS into a regional SES 

Recently, a conceptual model of the social-ecological system of
ature-Based Solutions in urban environments has been published

75] , but the authors did not link to the SES framework explicitly, as
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Table 2 

Statistical models for the vegetation cover in 27 PQ plots and vegetation cover and species richness in 
PQ plots plus random plots, for September 2019 and September 2020. Models used for vegetation cover 
are anova models for which the F-values are shown. Models used for species richness are generalized 
linear models with a poison distribution for which chi-squared values are shown. Seed treatment is 
with or without seeding. Mud% is the measured volume percentage of sediment particles smaller than 
63 μm in each PQ averaged over the top meter of the bed. Elevation is the measured bed level relative 
to Dutch ordnance level. SEB dynamics are sedimentation/erosion bed level changes in mm/month. 

Factors 
Vegetation cover 
PQs 

Vegetation cover 
PQs + Random Species richness 

2019 2020 2019 2020 2019 2020 

Seed treatment 7.44 ∗ 0.01 2.35 0.75 5.56 ∗ 0.15 
Mud% 9.23 ∗ ∗ 35.81 ∗ ∗ ∗ 2.89 ∗ 4.54 ∗ ∗ 24.69 ∗ ∗ ∗ 18.65 ∗ ∗ ∗ 

Elevation 0.13 2.96 1.87 1.41 10.55 ∗ ∗ ∗ 34.96 ∗ ∗ ∗ 

SEB dynamics 0.99 8.41 ∗ ∗ – – – –
Nr. samples 27 27 61 57 61 57 

Abbreviation: ∗ < 0.05, ∗ ∗ < 0.01, ∗ ∗ ∗ < 0.001. 
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e did. Our merged NbS-SES framework exemplifies that identified
hortfalls in the earlier defined NbS principles [10] , such as adaptive
anagement and governance, ecosystem complexity and monitoring

12] , are now convincingly dealt with in the redefined IUCN Global
tandard for Nature-based Solutions [13] . Similar to the IUCN NbS-
riteria the EcoShape consortium in The Netherlands developed six
enablers’ to make the development process of a Nature-Based Solu-
ion project or initiative practicable [76] . The six enablers are all in-
erlinked with overlap between the different components and should
e approached collectively. The six enablers, without particular order,
re: -Technology and system knowledge, -Multi-stakeholder approach, -
daptive management, maintenance, and monitoring, -Institutional em-
edding, -Business case and -Capacity building. In comparison with
he IUCN NbS-criteria, the EcoShape enablers emphasize technologi-
al concepts that are using the driving forces of nature over an explicit
im in prevailing ecosystem degradation. Further, a balance between
cosystem services trade-offs [77] seems to be lacking, or is implicitly
ormulated. 

The IUCN Global Standard for Nature-based Solutions [13] is pre-
ented semi-structurally as circular rings that are all interconnected.
heir visualization implies that the Societal Challenges are central to
he approach, followed by a first ring around the center, which is that
f Design at scale. The criteria of Biodiversity net-gain, Economic fea-
ibility and Inclusive governance are then lumped together within the
econd ring for Balance trade-offs. This visually explains the coherence
etween the three key dimensions of sustainable development (ecosys-
em integrity, economic viability and social equity) and the fact that
rade-offs are to be made between these dimensions. Next, there is a ring
or Adaptive management and the outer ring is for Mainstreaming & Sus-
ainability, implying that these are in the final, and longer-term, imple-
entation of a Nature-Based Solution. The IUCN NbS-framework is not
eant to be a scientific framework but should facilitate users to apply
bS interventions. It was deliberately not designed as a rigid normative

raming tool [13] . Scientific progress often has been achieved be struc-
uring complex economic, ecological and social systems into partially
ec omposable systems [ 78 , 79 ]. This is also what Ostrom [14] strived
or when designing the SES-framework, emphasizing that decomposabil-
ty of complex subsystems is important for achieving a better system
nderstanding. Our merged NbS-SES framework helped us in placing
he IUCN NbS criteria in the complexity of a social-ecological system
nd in understanding better which core subsystems were involved in
hich stages of the realization of the project. Although Nature-Based
olutions by definition aim at solving societal challenges [11] , our case
tudy showed that as long as the initiative for an NbS was kept local,
roject initiators ran into financial, judicial and governmental obsta-
les. Only when the initiative was embedded into a larger scale regional
ES, enough support could be found to execute the project. In view of
fi  

10 
he IUCN NbS-framework their criterion Design at scale (2) proved to be
ecisive. 

.2. Mixing mud and sand in salt marsh construction 

The chosen Nature-Based Solution in this study example is the con-
truction of a salt marsh by applying dredged sediment. Already by
987, more than 130 freshwater and saltwater marshes have been pur-
osely created using dredged material substrates in U.S. waterways [80] .
hese case studies involve the placement of dredged sediment directly
nto the desired location and sometimes include artificial propagation
f marsh plants. Transplanting or seeding of marsh vegetation has been
 common practice in salt marsh restoration and construction projects
n the USA, but almost exclusively with Spartina spp. [81] . Case stud-
es are known from the Mississippi River delta, such as studies on spray
isposal [ 82 , 83 ] and salt marsh raising with dredged material [84–87] .
ased on tens of case studies, lessons learned on elevation, soils and
lanting of Spartina spp. in salt marsh construction projects were given
or the lower Chesapeake Bay [88] , San Diego Bay [89] , Texas [90] and
an Francisco Bay [91] . In Europe the application of dredge material for
alt marsh construction is not as widely applied as in the USA. The most
pplied technique is de-embankment, also known as managed realign-
ent [92–94] . Recently, beneficial use of dredged sediment to enhance

alt marsh development has been tested by applying a semi-continuous
ource of mud in front of an accreting marsh [95] . 

The Marconi project in this study is unique for its six experimental
ectare-scale compartments in which muddy soil was mixed in different
ontents down to a meter depth. We found that the mud content mixed
hrough the bed showed a significant positive effect on vegetation cover,
nd mixing to 25% mud was showing high vegetation cover, while still
eing practically feasible. A mud content over 20% results in cohesive
ediment and reduces erosion by a factor 6 to 8 [62] , although our mea-
urements on sedimentation-erosion rates could not confirm this. Soils
ith higher mud content have a higher soil moisture [ 96 , 97 ]. Seeds
erminate more quickly at high soil moistures [98] . Because the sum-
ers of both 2019 and 2020 were relatively dry, a high soil moisture

n higher mud contents was likely giving an advantage to Salicornia sp.
ermination and growth. Moreover, bringing in natural muds also adds
vailable nutrients, which increases plant growth [84] . 

.3. Seeding with plant fragments 

Seeding with freshwater soaked plant fragments of Salicornia sp. was
ot unique but the latest attempts were made decades ago. Seeding of
alicornia sp. has been tested and applied in early land reclamation
rojects in Germany [99] , later followed in the Netherlands [59] . At
rst, both authors tried to remove the seeds from dried plants, which
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urned out to be cumbersome. An improved technique was invented by
ohlenberg [99] and tested by Kamps [59] , to separate the seeds with a

trong jet of water, thus mimicking the natural rotting of the parenchy-
atic tissue. The seeds were subsequently air-dried, but not too dry,

tored in a cool place and regularly turned to prevent mold, which was
 labor-intensive treatment. Seeds were at first sown by hand but later
 seed-sowing machine was built. Finally, Kamps [59] found out that
utting the plants in pieces of 2 cm length and sowing these out in bare
arts immediately after harvesting was a more efficient technique. We
mproved this method by harvesting plants in autumn before seeds nat-
rally dispersed and storing the harvested plants instead of the delicate
eeds. We applied storage in a cold open shed during winter for vernal-
zation, which is improving germination capacity. And prior to seeding
e tried to commence germination by applying freshwater to the plant

ragments. Germination of Salicornia spp. seeds is best in water up to
00 mM NaCl [100–102] . Despite this treatment, our field measure-
ents revealed that the number of rooted seedlings only started to in-

rease 1.5 months after sowing. It was not expected that the seeds would
emain dormant for so long in the growing season. In May and June 2019
here were no flood events inundating the entire salt marsh so we ex-
ect that there was no, or at least limited, water-driven dispersal of the
lant fragments into the non-seeded compartments before rooting. This
ssumption is corroborated by the large difference in the number of S.

rocumbens plants over time in the first growing season between seeded
nd non-seeded compartments ( Fig. 6 ). In the second growing season
here were no significant differences in total vegetation cover ( Fig. 7 ).

e expect that this results from dispersal and successful germination of
eeds from plants growing in nearby salt marshes. The salt marsh clos-
st to our study site is at 10 km distance. This distance does not seem
o be a problem for seed dispersal. This is in agreement with Wolters
t al. [94] who found that even in de-embanked salt marshes with a
eed source distance of 80 km, 30% of the species in the local species
ool had established. In our experiment the seeding with Salicornia sp.
lant fragments resulted in a kick-start of vegetation establishment in
he first growing season, but the effects were limited to the first season
nly. 

.4. Tidal creek formation 

One of the goals of the pilot was to monitor tidal creek formation for
ifferent contents of sand-mud mixtures. For this reason mixing was car-
ied out in the top one meter of the subsurface, deeper than necessary for
egetation development. It was furthermore decided to let nature take
ts course in forming tidal creeks. We observed that the storage volume
f each compartment, wave-formed sand bars, infilling of creeks and the
resence of fine sediments all played a role in tidal creek formation and
evelopment. Earlier studies have shown that tidal creeks are able to de-
elop in two years in a newly restored salt marsh (e.g. [103] ). However,
ur two year monitoring period proved too short to draw firm conclu-
ions about tidal creek development. The relative high elevation of the
alt marsh probably slowed down the morphological developments be-
ause of the small volumes of water flowing in and out of the salt marsh
ompartments each tide. In due time the tidal creeks might evolve to-
ards larger and more interconnected tidal creek networks. 

. Conclusions 

Nature-Based Solutions offer potential to increase coastal wetland
rea worldwide. Nature-based coastal defense is supporting nature and
ts biodiversity, and can secure ecosystem services for human wellbeing.
isregard its advantages, the execution of Nature-Based Solutions is of-

en hampered by practical and governmental obstacles. In this study we
how how we can build back coastal wetlands through large-scale salt
arsh construction. We demonstrate that mixing sand with 25% mud

oosts vegetation cover and species richness. Mixing to higher mud con-
ents will hamper the heavy machinery needed for constructing a muddy
11 
arsh. Seeding with Salicornia plant fragments kick-starts colonization.
oreover, we show that embedding a local Nature-Based Solution into
 regional social-ecological system with its associated actors and policy
bjectives, greatly enhances the chance of project execution. 
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