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Abstract

Intensively used coastal zones often know a history of hard defense structures to prevent erosion and
protect infrastructure against floods. The interruption of sand transport between sea, beach and dunes
however causes a domination of late successional stages such as dune shrub. With the decline of
young, dynamic vegetation types, a change occurs in the provision of ecosystem services. In spite of
the growing awareness on the role of dune dynamics to support human well-being and biodiversity,
redynamisation of dunes is rarely implemented in coastal zone management. It has been argued in
research documents that this may be caused by a failure to make those benefits tangible and specific.
This study aims to underpin the added value of dynamic versus fixed dunes. Five different ecosystem
services in a case-study in Belgium were quantified based on (compound) indicators and expressed in
monetary units. The value of a natural, dynamic dune system covering the entire gradient of dune
succession and dominated by young successional stages was compared with the value of a fixed dune
system dominated by late successional stages. The results indicate that a dynamic dune complex may
create up to ~50% higher economic benefits, and that the main benefits are on account of recreation
and coastal safety maintenance. The results underpin the statement that we can only continue
benefitting from the services dunes provide if we accept their mobile nature, but that redynamisation

requires a site-specific feasibility analysis.
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1. Introduction

In recent years, several studies demonstrated the contribution of coastal dunes to the delivery of
ecosystem services such as protection against floods, recreation, salinization prevention and drinking
water production (Doody et al. 2005; Everard et al. 2010; Arens et al. 2013; Lithgow et al. 2013). Coastal
dunes in Europe are also known to hold large biodiversity values (Martinez et al. 2004). In north
Belgium for example, they harbour 40 to 60% of the total number of species in an area covering less

than 1 % of the region’s total surface area.

In spite of the important benefits they provide for human well-being and the high biodiversity values,
coastal dunes are among the most damaged ecosystems. The main causes of degradation are urban
development, agriculture, waste disposal, mining and military activities (Lithgow et al. 2013). Around
the world, the rate of change associated with construction in coastal zones has been occurring several
times faster than changes occurring inland (Martinez et al. 2004). In Belgium, urbanization has led to
devastation of nearly 50 % of the coastal dunes. Besides direct destruction of dunes, dunes also suffer
from degradation resulting from the placement of shore protection structures to protect these
developments against erosion and flooding (Nordstrom 2000; Pilkey & Cooper 2014). Hard engineering
structures such as dykes and groynes block sand transport and may in some cases even aggravate
erosion (Pilarczyk 1998; Boers et al. 2009; Vaidya and Kudale 2015). Fragmentation by roads, houses,
railways, land use changes, ... obstructs the flow of sand and prevents dunes from rejuvenating.
Consequently, dynamic dune systems covering the entire range of dune habitats and with an important
portion of bare sand and young vegetation types evolve towards a fixed ecosystem dominated by late
successional stages. The loss of pioneer stages does not only affect the ecosystem services typically
associated with these habitats (Boerema et al. 2016), but also decreases biodiversity. Research
demonstrates that habitats with the highest biodiversity values in coastal dunes are associated with
early successional stages that depend on the supply of fresh sand (Howe et al. 2010; Provoost et al.

2011).
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As stated by Favennec (2002): “To continue to benefit from the ecosystem services dunes provide, we
must accept the mobile nature of dunes and their fluctuations in sand budget.”. Not only does
conventional flood defence hamper sand dynamics, its maintenance may also become unsustainable
in light of sea level rise. Nature-based solutions are a long-term sustainable alternative with multiple
additional benefits (Temmerman et al. 2013). To date, the economic benefits of a dynamic dune
system remain undocumented, which may explain why decision-makers in most European countries

are reluctant to allow natural forces to shape coastal defence (Nordstrom et al. 2015).

This study provides evidence for the socio-economic benefits of dynamic dunes for the case of
Flanders, Belgium. To this purpose it builds further on the methodology and accounting framework to
quantify and monetise the ecosystem services from natural areas in Flanders (Staes et al. 2017), in
order to estimate more in detail the ecosystem services of coastal dunes along the Westcoast in
Flanders. In a second step, we describe, quantify and monetise the differences between dynamic and
fixed dunes, which thus far have mainly been expressed in descriptive analyses (Everard et al. 2010;
Hanley et al. 2014; Feagin et al. 2015). The question addressed in this paper is if a dynamic dune system
with constant sand movement provides more and/or more valuable ecosystem services than a dune
system fixed by vegetation. In other words: can remobilization of dunes, by removing hard structures

that hamper sand transport, result in significant socio-economic profits?

This paper does not address issues related to the concept or available methods and data for mapping,
quantifying and monetising ecosystem services in general (as e.g. discussed in Liekens et al. 2013;
Landuyt et al. 2016). This paper discusses the limitations and uncertainties in methods and data for
the selected ecosystem services and the case study, and indicates the range of uncertainties in
guantification and monetisation. This is only one part of the overall uncertainties related to assessing

ecosystem services and the socio-economic importance of natural areas like coastal dunes.
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2. Methodology

2.1 Study area

The study area (Figure 1) is located in the northwest of Belgium and covers the nature reserve
‘Westhoek’ (~¥340 ha). The area used to be a highly mobile dune field dominated by dynamic vegetation
such as marram grass (Ammophilia arenaria), both in the frontal zone (up to 50-200m from the
shoreline) and more inland (>1000m from the shoreline). The frontal dunes became largely fixed and
dominated by shrub after the construction of a dune revetment blocking the transport of sand from
beach to dune at the end of the 1970s. The large mobile dune in the central part of the reserve also
got increasingly fixed, most probably due to increased climatic variability and — as a result — increased
precipitation in certain years (Provoost et al. 2014). In more recent years, the government spent great
efforts to maintain the diversity of habitats and prevent the area to develop into an entirely fixed dune
complex dominated by shrub and eventually woodland. This included the creation of 2 artificial

breaches (Figure 1).
Figure 1.

2.2 Ecosystem services analysis: quantification and economic valuation
This study builds on the methodological framework of the ECOPLAN project to assess, quantify and

monetise the ecosystem goods and services in Flanders (www.ecosysteemdiensten.be). This

accounting framework has been used for assessment at the national level of all NATURA 2000 sites
(Staes et al. 2017), in the context of the Flanders Regional Ecosystem Assessment (Jacobs et al. 2016)
and to evaluate impacts of policies at the regional scale or at the project level (Broekx et al. 2013).
Based on a qualitative assessment of the importance of ecosystem services provided by coastal sand
dunes (Everard et al. 2010), interviews with stakeholders and visitors (De Nocker et al. 2015) and local
site specificities, five ecosystem services were selected: water provision, coastal safety maintenance,
water quality regulation, climate regulation and recreation. Ecosystem services related to the capture

of air pollutants by vegetation or impacts from nearby natural areas on real estate values or public
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health are relevant for this area but were not included because of the limited scope for better
assessment within this study. Other ecosystem services which are considered in similar studies on dune
ecosystem services (e.g. Everard et al. 2010) have not been included, such as wood production, military

use and educational use. These were either absent in the study area or had low economic value.

For all ecosystem services except coastal safety maintenance, quantification and monetisation are
performed using today’s configuration of habitats (see appendix for habitat description) and socio-
economic use of the nature reserve. Because of the presence of an artificial sea defence, which partly
replaces the natural protection against floods, it was not possible to assess coastal safety maintenance
based on today’s configuration of habitats. Instead, the situation from before construction of the dune

foot revetment was used (year 1953).

For each of the selected ecosystem services a compound indicator was developed that expresses how
much of an ecosystem service is being delivered per year (Fout! Verwijzingsbron niet gevonden.). The
total value of the ecosystem services in € y ! is the product of these indicators with its monetary value.
Using the ArcGIS-tool ‘Zonal Statistics’ (ESRI 2016) a mean value per habitat type was calculated for
each ecosystem service (€ ha y1). To take into account uncertainty on the values, a low and high

estimate of the value was provided when data was available.

2.2.1 Water provisioning

Coastal dunes are typically associated with a freshwater lens. The coarse texture of the dune sand
allows quick replenishment of the reservoir while the infiltrating rain water is naturally purified in its
course through the sand. The shallow location of the reservoir makes dunes attractive for abstraction
of drinking water, as pumping and treatment costs are limited. In the case of the study site, water
abstraction infrastructure is located at 200m distance from the border of the study area. Part of the
extracted water comes from the dunes within the study area. Recently, the extraction was reduced so
the reserve is no longer affected by desiccation. The applied methodology for calculating water

provisioning is described in Staes et al. (2017) and Van der Biest et al. (2015). This GIS-tool first
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estimates the amount of naturally infiltrated water based on precipitation, soil texture, groundwater
depth and vegetation type. Secondly, cones of depression were modelled which take into account the

yearly volume of water abstracted.

Groundwater as a source for producing drinking water is very valuable in the coastal region, because
there is a limited capacity to produce drinking water in that region and demand is high, especially in
the summer season due to tourism. There are no real market prices for the capture of groundwater as
a source for producing groundwater, although licenses to capture groundwater are limited, and a
specific natural resource tax is applied to groundwater abstraction (0.075 € m3). This Flemish
groundwater tax can be seen as an indicator to compensate for the environmental and resource costs,
as defined in the Water Framework Directive, and is used as the lower bound for the monetisation in
the overall ECOPLAN framework. However, the marginal value of groundwater is higher in that region,
which is illustrated by the high prices local drinking water companies pay to import water from other
regions or the high costs of specific technologies used to produce water locally. These additional costs
are estimated at 0.2 € m™3, which reflects the high estimate of the monetary value (Broekx et al. 2013).

The drinking water companies and its clients are the beneficiaries of this ecosystem service.

2.2.2 Water quality reqgulation

One of the important criteria for good groundwater quality, both for the purpose of clean drinking
water provision as for biodiversity support, is a sufficiently low concentration of nitrogen (N). In the
study area, N is mainly available through atmospheric deposition caused by industry, traffic and
agriculture (yearly average of 11 kg N ha, VLM 2011). Nitrogen in dune ecosystems can either be
retained in the ecosystem by plants and organic matter, or lost by leaching, nitrification and
subsequent denitrification, and grazing (OIff et al. 1993). N retention is strongly influenced by the
presence of calcium in dune sand and uptake by vegetation. Calcareous soils (young sand deposits),
are characterised by higher nitrification rates in comparison with soils with a decalcified top layer (ten

Harkel et al. 1998). With low degrees of denitrification, this causes nitrate leaching to groundwater
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(ten Harkel et al. 1998; Pinay et al. 2007). Nitrification rates are smaller in more developed soils with
a decalcified top layer and lower pH. Incorporation in plants is also higher in well-developed soils,
which directly take up ammonium from atmospheric deposition and where nitrate is partly lost
through mineralisation and nitrification of dead organic material. Ten Harkel et al. (1998) showed that
in foredunes in the Netherlands about 70% of the atmospheric deposition (ammonium) leaves the soil
as nitrate, while at non-grazed, dry innerdunes (grasslands which are decalcified down to 40-50 cm
depth) only 13% leaches to groundwater. In dune slacks of older successional stages (as found in the
study area), where groundwater flow reaches the surface, N removal by denitrification is estimated to
account for 5 % of the atmospheric deposition (Adema and Grootjans 2003). Dune shrub with
Hippophae rhamnoides lives in symbiosis with N-fixing bacteria and nearly triples the amount of
leaching to groundwater compared to atmospheric deposition (Stuyfzand 1984). In the absence of
literature values for dune shrub with S. repens, we used the denitrification value for old dune slacks
(5%), as this vegetation type often evolves from dune slacks. Average N-leaching from forests within

the study area is estimated 29% (Staes et al. 2017).

The monetary value of N retention is based on the benefits to society from health problems (intestinal
cancer) associated with N intake through drinking water (Van Grinsven et al. 2010). The benefits of the
ecosystem service are for the health care insurance (avoided expenses) and the patients and their
families (avoided private health care costs and suffering). For Belgium, this value is estimated at a
range of 0.6 to 2.4 € kg N, accounting for uncertainties in the exposure assessment (% of population

using drink water from the controlled tap water network).

2.2.3 Coastal safety maintenance

Protection against floods comprises two aspects: (1) the mass of sand deposited in the past that now
forms a physical barrier against waves and water; and (2) the maintenance or improvement of this
mass of sand by the supply of fresh sand, and the capacity of the system to keep up with sea level rise.

The first is usually estimated by quantifying the damage costs and number of casualties caused by
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flooding (TEEB 2010; Koks et al. 2014). The second can be valued using the replacement cost for
artificial dune foot nourishment. As this study focusses on the dynamic processes of erosion and
sedimentation in dunes and their contribution to human well-being, it was decided to use the

replacement cost for dune foot nourishments to value the benefit of coastal safety maintenance.

The volume of sand accumulated per year in shifting dunes along the shoreline is used as indicator for
the maintenance of coastal safety. Several studies have shown that Ammophila species require a
certain amount of sand burial each year in order to remain vigorous (De Rooij-Van Der Goes et al. 1995;
Keijsers et al. 2015). Without supply of fresh sand, soil starts to develop and marram grass degenerates
because of the occurrence of nematodes. The presence of marram grass can thus be used as indicator
of active sand transport. According to Aggenbach and Jalink (1999), marram grass thrives under
deposition rates of more than 10 cm per year. Vegetation remains dynamic at lower rates of deposition
(4 cm yY), but turns into moss at 2 cm y'L. This is in line with the findings of Martin (1959), who states
that annual sand burial rates of more than 7 cm are needed to keep Ammophila vegetation vigorous.
In the situation from before construction of the dune foot revetment (1953), a continuous strip of
Ammophila is found from the beach up to ~200m inland (frontal dunes). It can be expected that, given
the large distance from the beach, a certain amount of the deposited sand originates from wind
erosion within the frontal dunes. The estimate of sand deposition (4 to 10 cm y!) should be corrected
for this. Based on a comparison with average sedimentation rates in coastal dunes in neighboring
countries (5to 10 m® mty?tin The Netherlands, Arens et al. 2013; 2 m®* m? ylin France, Carter 1980),
it is assumed that half of the sediment in the shoreline is transported from the beach and half
originates from erosion within the dunes. The minimum and maximum estimates of coastal safety
maintenance are thus a sedimentation rate of 2 and 5 cm y}, resulting in an additional sand volume of
4 to 10 m® mty?, or 200 to 500 m® ha y?, for a frontal dune zone of 200 m wide. Within the study
area, marram grass is also found at a distance of up to 1 km from the shoreline. These inland shifting
dunes however do not form a continuous complex with those from the shoreline but are separated by

a strip of fixed dunes parallel to the coast. The occurrence of marram grass here can be attributed
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solely to eolian and management related (trampling, grazing) forces continuously reworking the
present sand, rather than deposition of fresh sand from the beach. Accumulation of fresh sand, and
thus coastal safety maintenance, is only taken into account for the embryonic and shifting dunesin the
frontal dune zone. To estimate the benefit, the surface area covered with embryonic and shifting dunes

along the shoreline should be multiplied with the yearly sedimentation rate.

The cost to replace natural supply of sand by artificial nourishments is used as indicator for the
economic value of sand accumulation. According to Deltafact (2012) 1 m3 of dune foot nourishment
costs 16 €. The economic value for coastal safety maintenance by dunes (Fout! Verwijzingsbron niet
gevonden.) corresponds relatively well with the costs to maintain an existing dyke (60 to 150 € m* y
1) and increase its height as adaptation to sea level rise by 2100 (5000 € m™) (MDK 2016). When
spreading these expenses over the period 2017-2100, this would lead to a cost of 0.15 to 0.26 million

€ y! for the entire stretch of the reserve (1260 m).

2.2.4 Climate regulation

Climate regulation through soil organic carbon sequestration is quantified using the results of an
empirical study on local field measurements in northern Belgium (Ottoy et al. 2015). In this study, total
amount of carbon stored in the upper first meter of the soil is estimated based on statistical
characterization of soil profile characteristics (texture and groundwater depth) and land use type.
Yearly additional sequestration is then calculated by dividing the amount of stored carbon — which
represents equilibrium soil concentrations — by 100, assuming that soils reach their equilibrium SOC
concentration without further accumulation after a period of 100 years (Broekx et al. 2013). The
obtained values (Fout! Verwijzingsbron niet gevonden.) compare relatively well with measurements
of soil organic carbon in coastal dunes in the United Kingdom (Beaumont et al. 2014), where mean
sequestration rates in the upper 15 cm over a period of 160 years were estimated at 582 + 262 kg C

halytin dry dune grasslands and 730 *+ 262 kg C haly! in wet dune slacks.
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The benefits from carbon storage are valued based on the literature on the social costs of carbon and
the guidelines by mainly European economic administrations on how to account for carbon emissions
or capture in economic analysis. The benefits relate to the avoided damages from climate change,
which are however hard to estimate and with great uncertainty. Therefore, the marginal costs of
meeting the greenhouse gas emissions reduction targets - as part of policy plans to limit global
warming to 2°C temperature increase relative to the pre-industrial level of 1780 - is used as a proxy of
the value policy makers and society give to carbon storage. Using data from literature and
recommendations from economic agencies, this can be estimated at 220 € ton C! (Aertsens et al.

2013).

2.2.5 Recreation

Although it is well accepted that the study area is important for recreation and tourism, there are no
area specific data to assess the total number of visits per year to the site. Therefore, the number of
visits has been estimated using a detailed model analysis that accounts for attractiveness of
landscapes, infrastructure for recreation, the proximity of population, data and preferences of visits to
natural areas in Flanders and data on tourism and their activities (De Nocker et al. 2017). It is estimated

that the study area attracts around 300000 to 500000 visits a year.

To assess the total economic value of the area as a whole, and accounting for the limited studies on
economic valuation of recreation in Flanders, we used the data from scientific literature on the
estimation of the welfare benefit a visitor attaches to its visits (Staes et al. 2017). To this purpose, we
build on the meta-analysis of relevant literature on site-specific per-visit values, taking into account
spatial variation and differences per habitat type made in the context of the National ecosystem
assessment for the UK (Sen et al. 2014). This amounts to 4.5 € per visit on average, with a range of 3-
9 € per visit, accounting for the large uncertainties in assessing this value and the benefit transfer to

the study area. This amounts to 0.9 —4.5 € y1).
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This meta-analysis confirms that the values for coastal nature are in line with the average values, but
does not allow to distinguish between the detailed habitat types we use in our study. Therefore we
used additional information on preferences from visitors to attribute this value to different habitat
types. First, we used the number of pictures taken from each habitat type and uploaded to the
websites Flickr and Panoramio (Figueroa-Alfaro and Tang 2016) as an indicator of the relative
importance of different habitat types for these visitors. The contribution of each habitat in attracting
visitors to the reserve is assumed to be reflected in the relative number of pictures taken in the
different habitat types compared to the total number of pictures (239). Each of the 239 uploaded
pictures was assigned a habitat type based on visual interpretation of the image and, when available,
description of the photo. An additional correction factor was applied for the non-linear relationship
between surface area of attractive landscapes and number of visits (an increase in surface area of
highly attractive habitats is expected to result in a relatively smaller increase in number of visits). In
the absence of quantitative data, studies were used that assess the relationships between natural
surface area (independent of its attractiveness) and number of visits (Colson 2009; Siikamaki 2011).
An increase in natural area of 10% resulted in an increase in numbers of visits of 4%. This correction
factor was applied to the difference in monetary value between the habitat in the fixed and in the

dynamic scenario.

2.3 Scenarios
The benefits of dynamic dunes are estimated by comparing the economic value of a dune system
consisting of both dynamic and stabilized dune types (dynamic scenario) with the value of a largely

stabilized dune landscape (fixed scenario).

A dynamic dune system is characterized by an important amount of bare sand which is subject to eolian
sand transport. All the different stages in dune development are present, creating opportunities for
high species diversity. Embryonic and shifting dunes dominate the frontal dunes. Vegetation here is

adapted to constant burial and acts as sediment trap, thus building up new dunes (Feagin et al. 2015).
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Further inland, dune slacks are found that testify of recent blowout activity (Arens et al. 2013). A
precondition for a dynamic dune system is the continuous transport of sand by wind and/or
hydrodynamic forces, on the interface between beach and dune as well as more inland. No artificial
structures should impede sand transport from sea to coast (e.g. by groynes) and between beach and
dunes (dykes, revetments etc.), or act as traps for sand migrating further inland (roads and houses).
For the study area, this scenario corresponds best with the situation before construction of the dune
revetment. The habitat composition for this scenario (Figure 2 left, Table 1) is based on aerial

photographs of 1953 (INBO, unpublished data).

In the fixed scenario (Figure 2 right, Table 1), which is best represented by the present situation, sand
transport to, from and within the dunes is hampered by concrete structures. Without supply of fresh
sand or regular disturbance (wind, herbivores, trampling, ...), sand becomes colonized by vegetation
and succession leads to fixation of the dunes by shrub and eventually woodland. Dune slacks become
less profound and their water table lowers due to increased evapotranspiration, eventually leading to
domination by shrub. Encroachment by dense vegetation impedes windblown formation of new dune
slacks. Shifting dunes are found only in a narrow strip along the shoreline where strong eolian forces
are able to blow some of the beach sand over the dyke into the dunes. The habitat composition for

this scenario (Figure 2 right, Table 1) is based on satellite images of 2016 (INBO, unpublished data).

Based on the aerial photographs of 1953 it was not always possible to distinguish dune shrub with H.
rhamnoides from dune shrub with Salix repens. For the ecosystem service calculations, the surface
ratio between S. repens and H. rhamnoides in the present situation was extrapolated to allocate both

types of shrubs where uncertainty exists in the photographs of 1953.

A comparison is made between the ecosystem services in both scenarios for the entire study area, for
the dunes in the frontal zone (shoreline) and for the inner dunes. The frontal dune zone is defined as
the dune area closest to the sea, which in a natural situation with active sand supply is dominated by

embryonic and shifting dunes and may extend up to 200 m from the beach. It is delineated based on
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the extent of embryonic and shifting dunes in the dynamic situation of 1953 (Figure 2). In the fixed

scenario, large parts of the embryonic and shifting dunes within the frontal zone have become fixed

with moss, grass or shrub.
Figure 2.

Table 1.
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3. Results

3.1 Ecosystem services of different dune habitats

In general, there are large differences in ecosystem service supply and associated values among the
various habitats (Figure 3, Fout! Verwijzingsbron niet gevonden.), ranging from 1342 — 5514 € hal y?!
(dunes with moss or grass) to 10649 — 52097 € ha y! (shifting dunes with marram grass). This is the
result of the high value for recreation and to a minor extent coastal safety maintenance, the latter
being a service restricted to the frontal dunes. The habitats with the highest value for recreation are
habitats associated with wet soils (dune slacks and dunes with S. repens) and habitats with shifting

sand (shifting dunes with marram grass and embryonic and shifting dunes).

In comparison with coastal safety maintenance and recreation, average values for the three other
ecosystem services are relatively small. The sum of the lowest estimates for recreation and coastal
safety maintenance (1011 — 3033 € ha y* for dunes with moss or grass) is still higher than the sum of

the maximum estimate of the three other ecosystem services in the same habitat (307 — 454 € hal y’

1)-

Figure 3.

Table 2.

3.2 Ecosystem services of dynamic versus fixed dunes

The sum of the selected ecosystem services of the dynamic scenario (1.58 — 7.27 million € y! for the
entire study area) is 54% higher than the sum of the fixed scenario (1.03 — 4.70 million € y for the
entire study area), (Figure 4). However, uncertainties on recreation and coastal safety maintenance,
the two main ecosystem services, are large. The larger benefits for the dynamic scenario can be
attributed to the greater extent of embryonic and shifting dunes in the front zone which are important
for both coastal safety and recreation, and the presence of wet dune habitats and dunes with marram

grass more inland where recreation is relatively high.
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Figure 4.

The differences amongst the ecosystem services are even more pronounced when considering only
the frontal dunes (Figure 5 left). Economic benefits in the dynamic scenario (0.18 — 0.71 million € y?)
are double those in the fixed scenario (0.09 — 0.36 million € y'!). While the habitats of the frontal dunes
are important for coastal safety maintenance, they are negligible in terms of water provisioning, water
quality regulation and climate regulation. Recreation and climate regulation become more important
in the inner dunes (= the entire study area without the frontal zone) compared to the frontal dunes.
Although climate regulation is rather small in most dune habitats (Figure 3) and seems negligible in
comparison with recreation, benefits reach a total value of 0.10 million € y! in the dynamic and 0.09
million €yt in the fixed scenario. This is explained by the large extent of dune slacks (dynamic scenario)

and the development of humus rich soils in woodland (fixed scenario).

Figure 5.
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4. Discussion

4.1 Large benefits, few services

The data illustrates that recreation and coastal safety are two very important ecosystem services
generated by dynamic dunes, providing important benefits for both inhabitants of the coastal zones
and the entire region. Even if we account for the uncertainties and shortcomings for quantification and
valuation of the different services studied, these services are more important compared to the other

ecosystem services taken into account in this study.

The great difference between the value for coastal safety maintenance of marram grass dunes versus
vegetation of stabilized dunes, is explained by the capacity of dynamic vegetation to withstand sand
burial up to a meter per year. When sand is deposited, shoots rapidly grow through it and the new
sediment is held with the roots. Vegetation of fixed dunes is not adapted to large amounts of sand
burial and will die off. Woody vegetation is also more prone to erosion as stems are less flexible and

not able to lie flat during high winds as grasses can (Feagin et al. 2015).

Water quality regulation and climate regulation are typically associated with well-developed soils
(accumulation of organic matter), thus low in young deposits along the shoreline and increasingly
important as dunes grow older. Even in fully developed soils of wooded dunes they however remain
relatively small in comparison with inland habitats. This is related to the coarse texture of dune sand
which — in comparison with soils containing a fraction of clay — generally has lower capacity to retain
organic matter and nutrients, and higher decomposition rates because of the low resistance for air
penetration (Wardle 1992). The average carbon sequestration rate for northern Belgium is 1409 kg C
haly™in the upper 1 m of the soil (Ottoy et al. 2015), while dune grasslands and shrubs vary between
1000 and 1250 kg C haly™. The wetter habitats of dune slacks form an exception to this (2113 kg C
hay?) as they have a much higher biomass production and prevent breakdown of organic matter due

to permanent wet soils.
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The low value for water provisioning is explained by the gradual decrease of the water extraction rate
over the last decennium and the low market price of water. The decrease in water extraction was
needed to prevent salt water intrusion, but is also part of a policy to reduce the ecological impact of

drinking water production (Vandenbohede et al. 2009).

The high value for recreation reflects the proximity to a densely populated and rich region, with a short
coastline with highly developed touristic infrastructure and limited area of dunes. It confirms that the
study area is an important area for recreation and tourism in Flanders, and the estimated number of
visits is in line with these of other important areas for recreation with a similar size (Staes et al. 2017).
The higher recreational value that was obtained for habitats associated with dynamic dunes (shifting
dunes with marram grass and dune slacks) corresponds well with the study of De Nocker et al. (2015)
in which 400 visitors of the nature reserve where asked to score the attractiveness of dune habitats
based on different sets of photographs. Dune slacks and dunes with marram grass and bare sand were
found to be most attractive because of the variety of species and colors and the presence of water
(dune slacks) and because they are characteristic for the region (shifting dunes). Lowest scores were
attributed to shrub, which visitors found rather monotonous. The relative value of forest is less than
the value found by De Nocker et al. (2015). The woodland in the study area is mostly species-poor
plantation of mainly populous species, while the woodland in the study of De Nocker et al. (2015) is
species-rich oak forest. This may result in an underestimation of the value of a dune forest which
evolves from natural succession. Uncertainty also exists on the relationship between surface area of
attractive habitat and number of visits and the correction factor that was applied. In spite of this
uncertainty, the results clearly demonstrate the importance of safeguarding habitats of young
successional stages and preventing excessive shrub encroachment to maintain its high recreational

value.

As explained above, the five ecosystem services capture the most important ones (based on total

monetary value) but not all of them. Some of these provide a minor economic value in the protected
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nature reserve like wood production (coppice derived from nature management) and meat production
(extensive grazing as nature management). Important regulatory services that are not included are the
capture of air pollutants by vegetation and related impacts on public health, and impacts from nearby
natural areas on real estate values or public health. These services are important for the area as a
whole but not enough information was available to be able to make a clear distinction on the

contribution of specific vegetation or habitat types.

The protected status also excludes ecosystem services such as hunting or military use, which are
common practices in many coastal dunes in Europe (Everard et al. 2010) and may increase the
economic value of certain dune habitats. The value for water production is also relatively low
compared to other dune regions. An increase in the rate of water extraction would however reduce
the value of other ecosystem services and especially of the conservation value. Dune slacks, for
example, would desiccate and turn into drier vegetation types which are found less attractive by
visitors (De Nocker et al. 2015). Recreation is an important service from the dunes, but it is also a
potential threat, both in terms of loss of dune areas to build tourist infrastructure as in terms of

managing visits within the protected area.

An additional underestimation of the value of dunes results from not taking into account the negative
effects of climate change on the other ecosystem services besides coastal protection. As sea level rises,
the frontal dunes will gradually erode, thus reducing the total surface area of dunes, leading to a
reduction of the space available for ecosystem services (e.g. reduction of the volume of the
groundwater reserve, less space for recreation and carbon sequestration, ... ). This effect will be less
pronounced in dynamic dunes which are able to grow with sea level rise and compensate for the
erosion by migrating inland, given that dune migration is not inhibited by the presence of

infrastructure, agriculture, etc.

4.2 Dynamic dunes generate more socio-economic benefits
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The results indicate that a dynamic dune complex with a large proportion of young successional stages
is better to deliver the two single most important ecosystem services for the study area than a fixed
dune system. The high value attributed to the characteristic habitats of dynamic dunes is in line with
our overall understanding of the relative importance of uniqueness in attracting tourists (Lyon et al.
2011; De Valck et al. 2016). As dynamic dunes improve diversity of less familiar habitats, they are likely

to attract more visitors.

The difference between dynamic and fixed dunes is most distinctive for the shoreline dunes, where
coastal safety maintenance plays an important role. When focusing only on the frontal zone,
redynamisation may increase the economic benefits up to nearly two times the value compared to the
fixed scenario. To underpin this conclusion, a comparison is made with the investment costs for
restoration of dynamic dunes. The Life Dunes project (Zevenberg and Zijlstra 2012), which aimed to
restore 4700 ha of dunes along the Dutch coast, invested a total of 4.7 million € for measures to
rejuvenate dunes, restore dune dynamics, combat grass encroachment and restore biodiversity. In
case similar measures would be taken to restore natural dynamics in the study area (340 ha), it can be
expected that this would require an investment of 0.38 million € (8% of 4.7 million €). Our assessment
of the potential benefits of a dynamic dune system (Figure 4) suggests a very good benefit/cost ratio
for this type of investment, even if we account for all uncertainties in the assessment. However, it is
important to note that the benefits are not strictly for those who bear the investment costs. The total
benefits calculated with the ecosystem services assessment are to be seen as benefits to society in
general (direct or indirect financial benefits by e.g. creating health benefits or avoiding damage costs).
Depending on the service, benefits can be assigned to specific stakeholders (e.g. recreation).
Depending on the aim of the ecosystem services assessment, disaggregation of the costs and benefits
for different stakeholders can be required to avoid hidden social inequality (Krutilla 2005). However,
public investments such as Life projects have a broader aim to create societal benefits. In this case,
calculating an aggregated overall benefit is informative to communicate about the overall importance

of such projects.
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Dynamic dunes along erosive coasts gradually lose the frontal dunes as a result of progressive erosion.
Parts of the mobilized sand will be blown into the inner dunes, turning them into dynamic systems and
allowing the dunes to migrate transgressively inland (Arens et al. 2010). If no space is available at the
inner margin of the dunes (e.g. due to the presence of houses), additional measures such as beach
nourishments are needed to guarantee coastal safety and allow for redynamisation. In order to
complete the balance of benefits versus costs, these expenses should also be taken into account.
Nourishments, however, in certain cases are also needed to reduce the impact of waves on dykes and

prevent dyke instability during extreme storms (Verwaest et al. 2009).

4.3 Dynamic dunes generate benefits for biodiversity

Despite the higher economic benefits of dynamic dunes versus fixed dunes, this study does not
advocate to convert all dunes to highly dynamic systems dominated by marram grass and dune slacks.
One of the characteristics of dune landscapes is the extremely high diversity of habitats and species
occurring in a small area (Brunbjerg et al. 2015). Sand deposition and erosion regularly disturb the
equilibrium between abiotic and biotic conditions which is being reached as succession progresses.
This increases the sharpness of multiple ecological gradients, such as topography, groundwater depth,
lime content, pH, salinity and slope aspect (Pye et al. 2007b; Everard et al. 2010). Decreasing
disturbance by sand dynamics leads to less pronounced gradients, reduction of habitat heterogeneity
and consequent loss of (dune-specific) species (Bonte and Hoffmann 2005; Everard et al. 2010;
Brunbjerg et al. 2014). This research does not specifically take into account these effects of (gamma-
)diversity on ecosystem service delivery. Although literature exists that links structural complexity to
landscape aesthetics and to number of visits (Harrison et al. 2014; De Nocker et al. 2015), it is a
challenge to express in monetary terms its exact contribution in attracting people. A drawback of
applying an economic valuation on ecosystems is that it does not fully account for the intrinsic value

of biodiversity and the impact of species diversity on ecosystem services (TEEB 2010). The results of
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this study nevertheless are useful to underpin the societal importance of remobilizing dunes along the
shoreline as described in earlier analyses (Pye et al. 2007b; Everard et al. 2010; Arens et al. 2013), and
advocate to re-expose front dunes to natural hydrodynamic and eolian forces wherever possible (Pye
et al. 2007a). In this case, this drawback is even irrelevant, since both a biodiversity and an ecosystem

service approach benefit from an increase in dynamics (Howe et al. 2010; Provoost et al. 2014).

4.4 Benefits are site-specific

The values of the ecosystem services in this study are a function of the supply and the societal demand
in the present day situation. The benefits for drinking water provision for example are low in all
habitats because of the reduced water extraction. A similar exercise in another study area may

generate other results and differences between habitats may appear stronger.

Although the results show that redynamisation of dunes may generate important economic benefits,
this conclusion cannot be generalized and transferred to other study sites. This research was
conducted in an environment where the dunes are wide and high enough to prevent flooding during
an extreme storm and given a sea level rise of + 60 cm (Van der Biest et al. 2009). The method for
calculating coastal safety maintenance is also based on the assumption that a net transport of sand
from beach to dunes takes place. Where the shoreline is naturally subject to long-term erosion and
relatively narrow, additional measures (e.g. nourishments) would be needed to compensate the
negative sand budget (Arens et al. 2010) and prevent flooding. It is recommended to perform a
detailed and site-specific evaluation of the effects of removing structures to remobilize dunes on flood
risks and other ecosystem services (Arens et al. 2013; Lithgow et al. 2013; Nordstrom 2014,
Ruckelshaus et al. 2016), and to compare with true benefits. Alternatives should be sought which allow
remobilization of dunes so that, on the long term and with rising sea level, they continue to form a
natural protection against floods. One of the main challenges in highly urbanized coastal zones is the
lack of space to let dunes migrate inland, or to allow for managed retreat (Nordstrom et al. 2015).

Recent advances in nature-based engineering seem promising (Stive et al. 2013; Arens et al. 2013;
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Temmerman et al. 2015), but are not always viable (Narayan et al. 2016). Redynamisation of dunes
requires space for dune to migrate. The most urgent needs to protect against floods are generally
along settlements where buildings are constructed near the shoreline and no space is available
between sea and buildings. Nature-based adaptation not only requires engineering solutions but also
increasing flexibility and adaptation by decision-makers and coastal users. Adaptation measures might
include the abandoning of existing activities or structures that are low-profitable or that lie in areas

with important natural relics, or seaward expansion of the coastline.
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5. Conclusions

Dunes create substantially more ecosystem services when sand transport between sea, beach and
dunes is not hampered by artificial hard structures such as dikes and groins. Especially coastal
safety maintenance and recreation depend on the constant supply and movement of sand and
decline when dune vegetation evolves into shrub. The higher value of young dune vegetation
compared to older successional stages is related to the capacity of plants of early stages to
withstand sand burial and accumulate sand, and, for recreation, to the visitor appraisal of habitat
types characteristic of dynamic dunes (shifting dunes and wet dune habitats). Climate regulation
by carbon sequestration becomes more important as dunes get stabilized when sand transport
diminishes, resulting from soil development under dense vegetation cover. The ecosystem service
nevertheless remains relatively low in comparison with inland habitats due to the coarse texture
of dune sand. This research underpins earlier descriptive studies on the ecosystem services and
their societal benefits of dynamic dunes with quantitative information. Such information may help

to convince decision-makers to restore natural dune dynamics wherever possible.



504

505

506

507

508

509

510

511

512

513

6. Contributions and aknowledgements

KVDB conceived the study, performed the analyses and wrote the manuscript. SP developed the
scenarios. LD developed and wrote the methods for economic valuation. SP, AB, JS, LD and PM

contributed critically.

The paper was partly developed based upon the methods from the ECOPLAN project (funded by IWT
Agency for Innovation by Science and Technology) and the results from the LIFE+ FLANDRE-study (De
Nocker et al. 2015). The authors wish to thank the Agency for Nature and Forests of the Flemish
Ministry of the Environment, Conservatoire de I'Espace littorale et des Rivages lacustres (France), the
IWT and the European Union (LIFE+). Special thanks go to the Agency for Maritime and Coastal

Services, Inge Liekens (VITO) and two anonymous reviewers.



514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

7.

10.

References

Adema, E.B., and Grootjans, A.P. (2003). Possible positive-feedback mechanisms: plants
change abiotic soil parameters in wet calcareous dune slacks. Plant Ecology 167: 141-149
Aertsens, J., De Nocker, L. and Gobin, A. (2013). Valuing the carbon sequestration potential
for European agriculture. Land Use Policy, V31, 584-594

Aggenbach, C.S.J. and Jalink, M.H. (1999). Indicator species for desiccation, acidification and
eutrophication. Chapter 8 — Dry dunes (Dutch). Staatsbosbeheer Driebergen: Netherlands.
AGIV (2012). Flemish Agency for Geographical Information. Aerial photographs 2012.
Arens, S., van Puijvelde, S. and Briere, C. (2010). Effects of nourishments on dune
development (Dutch) 224p.

Arens, S., Mulder, J.P m,, Slings, Q.L., Geelen, L. and Damsma, P. (2013). Dynamic dune
management, integrating objectives of nature development and coastal safety: Examples
from the Netherlands. Geomorphology 199, 205-213

Beaumont, N.J., Jones, L., Garbutt, A., Hansom, J.D. and Toberman, M. (2014). The value of
carbon sequestration and storage in coastal habitats. Estuarine, Coastal and Shelf Science
137, 32-40

Boerema, A., Geerts, L., Oosterlee, L., Temmerman, S. and Meire, P. (2016). Ecosystem
service delivery in restoration projects: the effect of ecological succession on the benefits of
tidal marsh restoration. Ecology and Society 21(2):10

Boers, M., Van Geer, P. and Van Gent, M. (2009). Dyke and dune revetment impact on dune
erosion. Proceedings of Coastal Sediments, 810-823

Bonte D. and Hoffman M. (2005). Herrier et al. (Eds). Are coastal dune management actions
for biodiversity restoration and conservation underpinned by internationally published
scientific research? Proceedings ‘Dunes and Estuaries 2005’ — International Conference on
Nature Restoration Practices in European Coastal Habitats, Koksijde, Belgium, 19-23/9/2005,

165-178



540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Broeky, S., Liekens, I., Peelaerts, W., De Nocker, L., Landuyt, D., Staes, J., Meire, P.,
Schaafsma, M., Van Reeth, W., Van den Kerckhove, O. and Cerulus, T. (2013). A web
application to support the quantification and valuation of ecosystem services, Environmental
Impact Assessment Review, V40, p.65-74

Brunbjerg, A.K., Svenning, J.C. and Ejrnaes, R. (2014). Experimental evidence for disturbance
as key to the conservation of dune grassland. Biological conservation 174, 101-110
Brunbjerg, A.K., Jorgensen, G.P., Nielsen, K m., Pedersen, M.L., Svenning, J. and Ejrnaes, R.
(2015). Disturbance in dry coastal dunes in Denmark promotes diversity of plants and
arthropods. Biological conservation Volume: 182 Issue 1, 243-253

Carter, R.W.G. (1980). Vegetation stabilisation and slope failure of eroding sand dunes.
Biological Conservation, 18, 117-122

Colson V. (2009). The recreational function of the Walloon forest massifs: analysis and
evaluation within the framework of an integrated forestry policy (in French). PhD Thesis,
University of Liege (Belgium), 277p.

Colson V., Map and determinants of woodlands visiting in Wallonia

Deltafact 2012. Effects of nourishments on coast and Wadden Sea (Dutch). 11p.

De Nocker, L., Broekx, S., Demeyer, R., Simoens, I., Turkelboom, F., Provoost, S. and Van der
Biest, K. (2015). Evaluation of the socio economic impact of the FLANDRE project on the local
economy, population and restoration of ecosystem services. 87p.

De Nocker, L., Liekens, 1., Verachtert, E., De Valck, J. and Broekx, S. (2017). Mapping demand
and supply for recreation in natural and agricultural areas in Flanders, submitted to
Ecosystem Services

De Rooij-Van Der Goes, P.C., Van Der Putten, W.H. and Peters, B.A. (1995). Effects of sand
deposition on the interaction between Ammophila arenaria, plant-parasitic nematodes, and

pathogenic fungi. Canadian Journal of Botany 73(8), 1141-1150.



565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

21.

22.

23.

24.

25.

26.

27.

28.

29.

De Valck, J., Broekx, S., Liekens, I., De Nocker, L., Van Orshoven, J. and Vranken, L. (2016).
Contrasting collective preferences for outdoor recreation and substitutability of nature areas
using hot spot mapping. Landscape and Urban Planning (151), 64-78

ESRI (2016). ArcGIS Desktop: Release 10.3. Environmental Systems Research Institute, (CA,
USA), Redlands, CA.

Everard, M., Jones, L. and Watts, B. (2010). Have we neglected the societal importance of
sand dunes? An ecosystem services perspective. Aquatic Conservation: Marine and
Freshwater Ecosystems, 20: 476—-487

Favennec, J. (2002). Towards a conservation and a sustainable management of Atlantic
coastal forest and dune ecosystems. Office National des Foréts. 394p

Figueroa-Alfaro, R. and Tang, Z. (2016). Evaluating the aesthetic value of cultural ecosystem
services by mapping geo-tagged photographs from social media data on Panoramio and
Flickr. Journal of Environmental Planning and Management, 1-16

Hanley, M., Hoggart, S.P.G., Simmonds, D.J., Bichot, A. et al. (2014). Shifting sands? Coastal
protection by sand banks, beaches and dunes. Coastal Engineering 87, 136-146

Harrison, P., Berry, P m., Simpson, G., Haslett, J.R. et al. (2014). Linkages between
biodiversity attributes and ecosystem services: A systematic review. Ecosystem Services V9,
191-203

Howe, M.A., Knight, G.T. and Clee, C. (2010). The importance of coastal sand dunes for
terrestrial invertebrates in Wales and the UK, with particular reference to aculeate
Hymenoptera (bees, wasps & ants). Journal of Coastal Conservation 14, 91-102

Jacobs, S., Spanhove, T., De Smet, L., Van Daele, T., Van Reeeth, W., Van Gossum, P., Stevens,
M., Schneiders, A., Panis, J., Demolder, H., Michels, H., Thoonen, M., Simoens, I. and Peymen,
J. (2016). The ecosystem service assessment challenge: Reflections from Flanders-REA.

Ecological Indicators (61-2), 715-727



590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Lyon K., Cottrell S.P., Siikamaki P. and Van Marwijk R. (2011). Biodiversity Hotspots and
Visitor Flows in Oulanka National Park, Finland. Scandinavian Journal of Hospitality and
Tourism (11), Supplement, 100-111

Keijsers, J., De Groot, A. and Riksen, M. (2015). Vegetation and sedimentation on coastal
foredunes. Geomorphology 228, 723-734

Koks, E., de Moel, H., Aerts, J.C.J.H. and Bouwer, L m. (2014). Effect of spatial adaptation
measures on flood risk: study of coastal floods in Belgium. Regional Environmental Change
14: 413-425

Krutilla, K. (2005). Using the Kaldor-Hicks tableau format for cost-benefit analysis and policy
evaluation. Journal of Policy Analysis and Management 24:864-875.

Landuyt, D., Broekx, S., Engelen, G., Uljee, I., Van der Meulen, M. and Goethals, P. (2016).
The importance of uncertainties in scenario analyses — A study on future ecosystem service
delivery in Flanders, Science of The Total Environment 553, 504-518.

Liekens, I., De Nocker, L., Broekx, S., Aertsens, J. and Markandya, A. (2013). Chapter 2.
Ecosystem Services and Their Monetary Value. p13-28. Ecosystem Services, 1st edited by
Jacobs, S., Dendoncker, N. and Keune, H. (eds), Elsevier, ISBN: ISBN 9780124199644
Martin, W.E. (1959). The vegetation of Island Beach State Park, New Jersey. Ecological
Monographs 29 (1), 2—-6.

Martinez, M., Psuty, N. and Lubke, R. (2004). A perspective on coastal dunes. In Coastal
Dunes - Ecology and Conservation, Martinez M., Psuty N. (eds). Ecological Studies 171,
Springer-Verlag: Berlin; 3-10.

MDK (2016). Agency for Maritime and Coastal Services, Flemish Government. Personal
communication.

Narayan, S., Beck, M.W., Reguero, B.G., Losada, I.J. et al. (2016). The Effectiveness, Costs and
Coastal Protection Benefits of Natural and Nature-Based Defences. PLoS ONE 11(5):

e0154735



616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Nordstrom, F. (2000). Beaches and dunes of developed coasts. Cambridge University Press,
338 p.

Nordstrom, F. (2014). Living with shore protection structures: A review. Estuarine, Coastal
and Shelf Science 150, 11-23

Nordstrom, K., Armaroli, C., Jackson, N.L. and Ciavola, P. (2015). Opportunities and
constraints for managed retreat on exposed sandy shores: Examples from Emilia-Romagna,
Italy. Ocean & Coastal Management 104, 11-21

OIff, H., Huismand, J. and Van Tooren, B.F. (1993). Species Dynamics and Nutrient
Accumulation During Early Primary Succession in Coastal Sand Dunes. Journal of Ecology,
V81, No. 4, pp. 693-706

Pilarczyk (1998). Dykes and revetments — Design, maintenance and safety assessment. A.A.
Balkema (publisher). 562p.

Pilkey O. and Cooper A.G. (2014). The Last Beach. Duke University Press Books, 256 p.
Pinay, G., Gumiero, B., Tabacchi, E., Gimenez, O., Tabacchi-Planty, A m., Hefting, M m,, et al.,
2007. Patterns of denitrification rates in European alluvial soils under various hydrological
regimes. Freshwater Biology 52, 252-266

Provoost, S., Jones, M.L. and Edmondson, S.E. (2011). Changes in landscape and vegetation
of coastal dunes in northwest Europe: a review. Journal of Coastal Conservation 15:207-226
Provoost, S., Dan, S., Jacobs, S. (2014). Ch23 — Ecosystem service Coastal Protection. In
Stevens, M. et al. (eds.), Nature Reporting — State and trend of ecosystems and ecosystem
services in Flanders (in Dutch). INBO (Belgium). 34p.

Pye, K., Saye, S. and Blott, S. (2007a). Sand dune processes and management for flood and
coastal defence, Part 2: Sand dune processes and morphology. 70p.

Pye, K., Saye, S. and Blott, S. (2007b). Sand dune processes and management for flood and

coastal defence, Part 4: Techniques for sand dune management. 89p.



641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

51.

52.

53.

54.

55.

56.

57.

58.

Sen, A., Harwood, A.R., Bateman, I.J., Munday, P., Crowe, A., Brander, L., Raychaudhuri, J.,
Lovett, A.A., Foden, J. and Provins, A. (2014). Economic Assessment of the Recreational Value
of Ecosystems: Methodological Development and National and Local Application.
Environmental and Resource Economics 57: 233

Siikamaki J. (2011). Contributions of the US state park system to nature recreation.
Proceedings of the National Academy of Sciences of the United States of America (108),
14031-14036. d0i:10.1073/pnas.1108688108

Staes, J., Broekx, S., Van der Biest, K., Vrebos, D., Beauchard, O., De Nocker, L., Liekens, I.,
Poelmans, L., Verheyen, K., Panis, J. and Meire P. (2017). Quantification of the potential
impact of nature conservation on ecosystem services supply in the Flemish Region: A cascade
modelling approach. Ecosystem Services V24, 11, 2212-0416

Stive, M., de Schipper, M.A,, Luijendijk, A.P., Aarninkhof, S.G.J., van Gelder-Maas, C., van
Thiel de Vries, J.S m., de Vries, S., Henriquez, M., Marx, S. and Ranasinghe, R. (2013). A New
Alternative to Saving Our Beaches from Sea-Level Rise: The Sand Engine. Journal of Coastal
Research, 29, 5, 1001-1008

TEEB (2010). The Economics of Ecosystems and Biodiversity Ecological and Economic
Foundations. Edited by Pushpam Kumar. Earthscan, London and Washington

Temmerman, S., Meire, P., Bouma, T.J., Herman, P m.J., Ysebaert, T. and De Vriend, H.
(2013). Ecosystem-based coastal defence in the face of global change. Nature V504, 17478,
79-83

Temmerman, S. and Kirwan, M. (2015). Building land with a rising sea. Science, V349, 16248,
588-589

ten Harkel, M.J., van Boxel, J.H. and Verstraten, J m. (1998). Water and solute fluxes in dry
coastal dune grasslands. The effects of grazing and increased nitrogen deposition. Plant and

Soil, 202, 1-13



666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

59.

60.

61.

62.

63.

64.

65.

66.

67.

Vaidya, A. and Kudale, S. (2015). Shoreline Response to Coastal Structures. Aquatic Procedia
4, 333-340

Vandenbohede, A., Van Houtte, E. and Lebbe, L. (2009). Sustainable groundwater extraction
in coastal areas: a Belgian example. Environmental Geology 57:735-747

Van der Biest, K., Verwaest, T., Reyns, J. and Mostaert, F. (2009). CLIMAR: Section Report 2 —
Quantification of secondary effects of climate change to the Belgium coastal zone.
Waterbouwkundig Laboratorium: Antwerpen, Belgium (in Dutch), 77p.

Van der Biest, K., Vrebos, D., Staes, J., Boerema, A., Bodi, M.B., Fransen, E. and Meire, P.
(2015). Evaluation of the accuracy of land-use based ecosystem service assessments for
different thematic resolutions. Journal of Environmental Management 156, 41-51

Van Grinsven, H.J m., Rabl, A. and de Kok, T m. (2010). Estimation of incidence and social cost
of colon cancer due to nitrate in drinking water in the EU: a tentative cost-benefit
assessment. Environmental Health 2010, 9:58

Van Gossum, P., Alaerts, K., De Beck, L., Demolder, H., De Smet, L., Michels, H., Peymen, J.
Schneiders, A., Stevens, M., Thoonen, M., Van Reeth, W. and Vught, I. (Eds.) (2016). Nature
report — Getting started with ecosystem services. Synthesis report. Communications of the
Research Institute for Nature and Forest, INBO m. 2016.12342678, Brussels.

Verwaest, T., Van der Biest, K., Vanpoucke, P., Reyns, J., Vanderkimpen, P., De Vos., L., De
Rouck., J. and Mertens, T. (2009). Coastal flooding risk calculations for the Belgian coast. In:
McKee Smith J (ed) Proceedings of the 31st international conference on coastal engineering
2008, Hamburg, Germany, 31/8-5/9/2008, 4193-4201

VLM (2011). Atmospheric deposition 2011, VLOPS12-model. Flemish Land Agency, Flemish
Government

Wardle, D.A. (1992). A comparative assessment of factors which influence microbial biomass,

carbon and nitrogen levels in soil. Biological reviews 67, 321-358



691 68. Zevenberg, J. and Zijlstra, A. (2012). Life Dunes. Report on six years of dune restoration in the

692 Netherlands. Staatsbosbeheer (The Netherlands). 32p.



693 Tables

694 Table 1 — Surface area (ha) per habitat type in the dynamic and in the fixed scenario

Dynamic Fixed

Habitat
ha % ha %

Embryonic and shifting dunes

695

696
697
698

along the shoreline 24,3 7 7,3 2
Shifting dunes with marram
grass 126,1 38 39,4 12

Dunes with moss or grass 19,1

Dunes with Hippophae

6 70,8 21

rhamnoides 76,9 23 | 162,7 48
Dunes with Salix repens 8,6 3 10,5 3
Dune slacks 75,8 23 24,6 7
Wooded dunes 5,2 2 21,0 6
TOTAL 336,0 | 100 | 336,3 | 100

Table 2 — Estimated ecosystem service delivery per habitat type. Negative values for water quality regulation reflect an

enrichment of groundwater with nitrate. Values for recreation do not include the correction factor on the increase in surface
area of a particular habitat.

Embryonic and shifting
dunes along the

Shifting dunes with

Dunes with mos:

shoreline marram grass grass
m?haty? 1281 1171 1008
€m?3 0,075 (min) - 0,2 (max) 0,075 (min) - 0,2 (max) 0,075 (min) - 0,2 (1
Water € haty™ [min] 9% 88 8
provisioning y 7
€ haly?[max] 256 234 208
€ haly? [average] 176 161 143
kg N haly? 3,0 3,0 8,6
) € (kgN)? 0,6 (min) - 2,4 (max) 0,6 (min) - 2,4 (max) 0,6 (min) - 2,4 (rr
Water quality € hay™ [min]
regulation Y 2,0 2,0 5,7
€ haly?![max] 7,9 7,9 23,0
€ haly? [average] 5,0 5,0 14,4
ton C haly? 0,7 1,1 1,2
Climate
. € (tonC)?! 220 220 220
regulation
€haly? 154 233 223
m3 haly? 200 (min) - 500 (max) 0 0
Coastal safet €m3 16 16 16
oastal safety PR
maintenance €hay™ [min] 3200 0 0
€ haty? [max] 8000 0
€ haly! [average] 5600 0
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1828 (min) - 3046 (max)
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Figure 1 — Location and aerial photograph of the study area with indication of the breaches (arrows) (AGIV 2012)

Recreation € (# visits)! 3 (min) - 9 (max) 3 (min) - 9 (max) 3 (min) - 9 (ma:
(without A s
) €haly? [min] 5664 10325 1011

correction factor

area) €ha’y™ [max] 28320 51627 5055
€ha'y" [average] 16992 30976 3033

SUM €ha'y! [min] 9117 10649 1342
€ha'y™ [max] 36734 52097 5514
€ha'y" [average] 22925 31373 3428

Figures
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[JFrontal dunes

Habitat

Embryonic and shifting dunes along the shoreline
/7 Shifting dunes with marram grass
B Dunes with moss or grass
Il Dunes with Hippophae rhamnoides
' Dunes with Hippophae rhamnoides or Salix repens

W& Dune slacks

227 Dunes with Salix repens

Figure 2 — Left: dynamic scenario (situation ~1953). Right: fixed scenario (situation ~2016).
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Figure 3 — Sum of the average economic value (x 1000 € ha! y1) of each dune habitat for 5 different ES. Error bars represent
the sum of the minimum and the sum of the maximum estimates of the different ecosystem services per habitat type. Values

for recreation do not include the correction factor on the increase in surface area of a particular habitat.
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Figure 4 — Sum of the average economic value (x 1 million € y) of the entire study area for 5 ES. Error bars represent the
sum of the minimum and the sum of the maximum estimates. Values for recreation include the correction factor on the

increase in surface area of a particular habitat.
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Figure 5 — Sum of the average economic value (x 1 million € y1) for 5 ecosystem services of the frontal dunes (left) and of the
inner dunes (right). Error bars represent the sum of the minimum and the sum of the maximum estimates. Values for

recreation include the correction factor on the increase in surface area of a particular habitat.
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Appendix

Table | — Description of habitat types

Name

Description

Embryonic and shifting dunes along

the shoreline

First row of dunes covered by pioneer and dynamic vegetation (often dominated by
marram grass), alternated with patches of bare sand, and where active sand

movement takes place (“white dunes”)

Shifting dunes with marram grass

Inner dunes dominated by marram grass and where active sand movement takes

place (“white dunes”), certain portion of bare sand

Dunes with moss or grass

First stage in ecological succession after marram grass, start of dune fixation (“grey

dunes”)

Dunes with Hippophae rhamnoides

Fixed dunes dominated by Hippophae Rhamnoides (sea buckthorn)

Dune slacks

Depressions in the dune system where the water table comes to the surface.

Permanently wet soils, usually rich in species

Dunes with Salix repens

Dunes dominated by shrub of creeping willow. Associated with dune slacks

Wooded dunes

Final stage of ecological succession in dunes, often dominated by oaks



