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Executive Summary

The objectives of Work Package E are:

It is the central testing and demonstration facility for innovations in Gl assessment, implementation
and monitoring. The goal is to test and showcase beneficial effects of Gl for DRR, CCA including
wider benefits, to identify challenges and solutions for implementation and monitoring and to
evaluate and improve the effectiveness of financing mechanisms. The cases allow for staged learning
as they cover different development stages regarding currengl of climate adaptation, present

use of Gl for DRR, hardga experiences with applied solutions, policy measures taken or seriously
considered, policy framework and private sector involvement in the implementation and
maintenance of Gl solutions.

TaskE will include both past experiences in the case studies as well as results from testing innovative
solution over the course of the project:

Stock taking of achievements with respect to the three main innovation pillars
Demonstrating and sharing withinlarge user community the whole range of innovations
needed for large scale Gl deployment

Cross case learning and providing the basis fescaling and possible replication.

Case studies are rural and coastal cases, according to the task actions. Each case study partner will
review existing monitoring schemes for Gl solutions in the case studies. In particular, cases will
assess how COPERNICUS services can be used to mbmiter@s of managing risk and reduces
future impacts from CC. This includes monitoring of physical indicators;eocimmic indicators as

well as integrated indicators (e.g. risk assessments). To enable some case studies to act as examples
for others b follow, a variety of Gl solutions are offered at varying levels of maturity including: sand
engines for natural elevation of beaches for storm protection; artificial beach nourishment for flood
protection; dunes infiltration and aquifer management fotificial recharge and water purification,

the use of (vegetated) foreshores for wave reduction. Among the partners involved different tools
and methods forimpact, risk and comparative assessment as well as monitoring are available from
previous studies.

Description of deliverable DE.2:

This deliverable assessthe current and future risk to and the effects of Gl solutions. Withi
framework of the Wadden Sea risk assessment in WPE, which is based on the risk assessment
methodology developed in DB.2uslies have been conducted to quantify climate change impacts

on the Wadden Sea ecosystem (acting as green infrastructure) and related uncertainties.

After the risk assessment outline, the report describes the climatic and anthropogenic pressures and
theirimpacts. This is followed by a semquantitative risk assessment and other quantitative studies.
More specifically, modellingtudies were conducted to assess the impaatlohate change on the
Wadden Sea ecosysteran primary production and shellfishdmass.The studies quantified the
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effect of climate change on green infrastructure (shellfish) dumetoeasingvater temperature,
decreasing salinity and changing meteorological conditiaise Wadden Sea (2012090).

The deliverable results include findings of the researches conducted by Minh (Ho\Eg CTHE)

Paula Grosser (Euroaqua@nd Sara Pino Cobach@niversity Centre of the Westfjords the

framework of their Master of Science Thesis which received fHndifi NB Y (G KS 9 dzNRB LISI| y /
DirectorateGeneral for European Civil Protection and Humanitarian Aid Operations (DG ECHO) under
grant agreement No ECHO/SUB/2016/740172/PREV18.
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1. Introduction

Natural disasters are inherently caused by semtonomic development, rather than natural factors

0 h QY S S ®diinerapility i8, among other things, the resuftalack of capacity. Therefore it

is important to mplement adaptation measures in order to protect seeiconomic development
into a climateprone direction This can bedone through tharmonizationof sociceconomic
development and environmental uncertayrind poviding guidance for inva@ments with synergetic
impacts.In order to develop climate change adaptation strategies, including green infrastructure
measures, a risk assessment must be conducted. Thiasgessment is done in two major steps:
riskidentification and estimation of risk level. Building on this identified risk level, climate adaptation
actions can be proposed (see figure below).
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Figure 1. Risk assessment to propose climate adaptation actions. SDettares

2. Methodology

I a0 200Ji Pzt ySNIOATAGE aaSaaySyidé | LILINRBFOK Aa LI
vulnerability of the Wadden Sea area and proceeds to identify circumstances that could lead to

failure and assesses the consequences. Climate scenarios, are usedst®lassdikely failure will

be, and what the possible consequences of failure may be under the future climate. Combining
likelihood and impact indicates the future risk.

The Dutch Delta Program (DDP) is the long term strategy in the Netherlands for f&kod r
management, water supply and spatial adaptation. After a 4 year planning phase itis currently being
AYL SYSY (G SRMzLEK Ddef oy2SiNGF20M f A Gé FaasSaaySyld ¢l a | RI
F LILINEF OK A& NBO2YYSYRSR 0 &e sk &segsani fRmewdrky Q& Of
similar planning approach has been developed in the Thames Estuanpgije@t (Reeder &

Ranger, 2012). The DDP contains also goadhgkes on how to use uniform scenarios and how to

derive design criteria for infrastructa.
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Another example of a risk assessment is the UK Climate Change Risk Assessment (UK CCRA), which
provides a periodical overview of main climate change risks for the UK and serves as a basis for
further action planning. The resulting overview of risks indisathe magnitude of risks and the
estimated timing. Combining magnitude and timing allows for a prioritization of follow up actions.

Historical analysis can provide insight in the current risk based on hazard incidents that have
occurred in the past. Datanalysis can reveal the probability of a hazard occurring and
environmental thresholds at which a climate event impacts a secanomic system, e.g. wave
height, temperature, discharge level etc.

Additionally, historical data can reveal the impact thsthrically observed hazards have had in
socioeconomic terms, e.g. directdamage ($), indirect damage ($), injuries/casualties, reputational
damage, number of people affected, time of disruption/delay.

2.1. Main principles

The objective of this assessmentasdentify and prioritise risks for the Wadden Sea area according
to expected hazard, vulnerability and exposure (dekverableDB2 for the framework of analysis).
Assessing these 3 parameters will be done for the st{@@30), mid (2050) and longerm (2080),
based on climate and soc®conomic scenarios.

Together vulnerability and exposure determine the potentialimpact (consequences) of a hazard. The
frequency of past hazards determines the likelihood of those impacts occurring under the current
climate. The combination of likelihood and impact determines the risk, i.e. the probability that
particular adverse effects will arise at a certain point in time. The likelihood of hazards can be
reduced or increased by climate change. However given the langertainties associated with
trend analyses and climate model projections the confidence in these assessments may vary.

Hazards include climateslated weather stresses such as heat waves, heavy precipitation and flood
events. Vulnerability is determirmkby the susceptibility and coping capacity of the system under
analysis. For example, the degree of building damage when a flood occurs, plans and procedures to
deal with extreme weather events. Exposure is determined by the elements exposed to adverse
weather effects, e.g. Number of people, number of species, number of businesses.

Each element in the rissomputation has its main driver:

I.  Hazard climate development
II.  Vulnerability: implementation of resilience enhancing measures
Ill.  Exposure: socieeconomic development

2.2. Risk assessment outline
Within the scope of GREEN and the limited time and information available a full baipm
guantitative risk analysis and economic evaluation is not feasible. Instead epgmmtitative hybrid
approach has been applied to assess the risks. The basisloaswapproach ithe likelihood of a
hazard and its impact (vulnerabili®yexposure) as introduced above. Themiquantitative risk
assessment has been designed as follows:
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1. Potential risks @& identified based on existing literature and stakeholder engagement.

2. A set of indicators has been defined that covers the list of risks and that can be used to
guantify risks. Risk indicators have been selected based on their capacity to provide a metric
that can reflect underlying conditions of vulnerability. Besides that, an adequate risk
indicator should be able to detect and represent changes to climatic and anthropogenic
dynamics that constitute risk impact and likelihood. Ideally, indicators resetob& policy
objectives linked to the risk.

3. Thelikelihood and impact forthed¢h a1 AYRAOF(i2NA FINB |aasSaa
GSNY o6Fa8R 2y SELISNI 2dRIYVRFEAYSER Ot AMBEEES
below. The criteria to deme the likelihood classes are both the confidence in the hazard
assessment and the significance of the increase itself. The criteria to define the impact
classes are covering economic, social, ecological and political aspebt® results are
presentedin a risk matrix for the respective time periods 2030, 2050 and 2080 (see2able
below for an example). This matrix covers 3 risk classes from low to high, uniformly
distributed over 9 combinations of low to high likelihood and impact (see T3bl€his
matrix enables a comparison of multiple risk indicators against uniform criteriecand
visualise the development of risk severity over time. The combination of likelihood and
impact determines the significance of a risk and reveals for which risksatdapactions
need to be prioritised. The resulting risk classification has not yet been verified with the
aSO0G2NRa aidl 1 SK2t RSNA®

! Joint Research Center (2015RRisk assessment methodologies for critical infrastructure protec®amt 11: A

new approach. http://publications.jrc.ec.europa.eu/repository/bitstream/JRC96623/Ibna27332enn.pdf.
% Climate Change 2007: Working Group Il: Impacts, Adaptation and Vulnerability. Ch 19.2: Criteria for selecting

w1 SeQ @dz y SNI dv.kpdcahipsb8catibnsKaindi ddéa/drd/wg2/én/chl9shtml.
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Table 1. Guiding criteria to assess the likelihood and impact of climate related hazards as applied to ranges of
climate scenarios and socezonomic impacts.

High increase, at leastnedium confidenceif both the lower and upper
range lead to highincrease ofriskand there is at least medium confide
in the climate data.

Medium likelihood Mild increase, medium confidence or high increase, low confidemtboth
the lower and upper range of climate scenarios point in the direction of
mild riskincrease and there is at least medium confidence in the climai
data. Ifboth lower and upper range lead significant risk increase and th
is low confidence in theata.

No or mild increase and low confidencé only the upper range of the
climate scenarios would lead to mild risk increase and there is low
confidence in the climate data available. If there is clear ambiguity amao
different projections. For example itis unclear iftotal precipitation is go
to increase or decrease

O0XxM Ol adzl fdesx xnop: 2F D5t Rl YL :
millions) and serious indirect (cascading) economy wide effects, nation
and potentialinternational me diattention), large scale/ long term
disruption., large share of population affected (e.g. large e xpenditure o
food energy etc. compared to income)

Medium Impact (serious injuries, 0:0.5% GDP damage,-100 million damage/costs and
some cascadingffects, regional media attention, regional scale disruptic
medium share of population affected

OYAY2NJ Ay2dzNAS&x Xnodm: D5t RI YI|:
million USD ,minor media attention), small scale, short tdisnuptions,
small share of the population affected

Subsequently, the assessment of likelihood and impact can be placed in a risk matrix, distinguishing
between the shortmid- and longterm:

Table2. Example sector risk matrix for a fictitious water sector with RI1: reliability of water supply and RI2:
meeting water demand target.
Risk assessment for example water sector

2030 2050

Impact

Likelihood

High

Medium

Low
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2.3. Defining Risk
When carrying outrisk identification, the sources and events are identified, and their consequences
are determined. The main criteria used in risk evaluation are acknowledged and specified towards
the goal. In addition, important policy objectives for theosystem services and components are
observed. A key component of this task is the establishment of caffeet relationships and the
identification of pathways of risks that can be used to describe the vulnerability of the ecosystem
components towardshe pressure (Stelzenmueller, et al., 2017).

Naturally, uncertainty in the above described risk assessment has to be consid@isdincertainty

is derived from the low predictability of natural ecosystem behaviour and variability as well as
inadequate kiowledge, data measurement error or changing policies (Stelzenmueller, et al., 2017).
As shown inthe figure below a change to the total pressure load, such as newly implemented
activity, can trigger causeffect relationships to deviate (light grey, gragd black lines). This can
resultin exceeding accepted levels as a consequence of the risk of cumulative effects. These can lead
to new management measures (grey line). In this situation, uncertainty is caused by the associated
distribution and relation btween effects, as well as spatimporal dynamics of ecosystem
processes. This happens through the alteration of the caeféect relationship and with that the
pathway of risk (Stelzenmueller, et al., 2017).

A
Uncertainty of
additional
management
measures

Existing ] Accepted risk level

management

measures

Risk of cumulative effects

v

Total pressure load
A

Activity 1 [A(livulan l Activity n+1

Natural disturbance

Figure2: Riskof Cumulative Effects Reking from Human Pressures and Natural Disturbance at Accepted
Levels (Source: Stelzenmueller, et al., 2017)

Risk evaluation

While undertaking &isk Analysithe level and nature of risk is determined by understanding the
probabilities on the events and identifying actual consequences of cumulative effects. Challenges of
this step are due to complex governance structures that influence sourcing and mappiing of t
marine environment and often lead to mismatches in scale and resolution. As in the risk

9
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identification step appropriate data of spatial and temporal resolution are a condition for
gquantitative assessment. If empirical data is absent, usually experi@mrare used to derive
baseline information which then establishes the probability and magnitude of cumulative
environmental effects but also to quantify the effects of management measures.

The risk evaluation is the last step in the assessment, in whechesults of the risk analysis are
compared with the established risk criteria. It is a benchmark to determine the significance of the
level and type of risk. This step delivers recommendations about whether new measures are needed
or existing ones neetb be enhanced (Stelzenmueller, et al., 2017).

10
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3. Climate and norclimate pressures

The first step in the risk assessment is to identify the stress factors which pose risks to the system.

3.1. Climate pressures

A very significant, though uncertain, factor iset effect that climate change has on the WS
ecosystemFocusing on the Wadden Selae Royal Netherlands Meteorological Institui@anslated

the AR5 projections ttmcal climate scenarid®NMI, 2015)Theseesults were later analysed in the

2017 Quality Status Reportissuedthg Wadden Sea World HeritagAccording to this report, the

Dutch Wadden Sea coast will experience afaster retreat due torising sealevels and erosion derived
from the lack of sedimentinput. This situation will translate into the drowning of the fldtd that

will be intensified by subsidence processes due to isostasy, mining astiatitd water management
works.Similarly, precipitation rates will rise by 9% and causing local salinity levels to fall. All these
environmental disturbances will caugesparable damage to the ecology of the Wadden Seayet the
specific environmental implications are not fully known.

The prediction of effects in the region shie changes in seasonal patterrthange of species
distribution patterns and interspecific rations,and temperature increas@herefore, he influence

of climate change on some environmental variables might affect the sustainability and efficiency of
green infrastructure, for this r@son, this section describes thopetential changes.

In the GREN questionnaire the stakeholders were askeihidk climate change pressures in order
of importance for the Wadden Sea ecosystesee figure below.The selected 3 most important
climate pressures are the following: sea level rise, water temperaturee@sed storminess.

Ranking of climate pressures

Number of votes
o = N w = [%2] (=] ~ oo
; ; ; ; ; ;

Rank 1 - most important Rank 2 Rank 3 Rank 4 Rank 5 - least important

M Sea level rise M Increased storminess and wave conditions
m Increased air temperature ® Increased sea water temperature

m Higher rainfall variability Changing salinity and pH

Figure 3. Ranking of climate pressures

3.1.1. Airtemperature

Until 1990 averageair temperature has been relatively steady. Compared to the present (£981
2010), annual air temperatures for the Netherlands are expected to increase by 23CC and

1.3 °C- 3.7 °C by 2050 and 2085 respectively. Furthermore, extreme winter and summer
temperatures are expected to increase. By 2100 maximum temperature can rise above 40 °C and the
number of days with frost can decrease by 45 days per{®@&atippart et al., 2017)t shouldalsobe

noted thatrising temperature may benefit tourism.

11
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3.1.2. Seatévelrise

Sealevelrise projections for the Netherlands have been recently recomputed, based on new insights
regarding accelerated sea ldvise Table delowprovides the range of sealeM&se projections in
cm for 2050 and 2100, according to an RGPahd RCP8.5 emission scenario. Onderwaarde,
Middenwaarde and Bovenwaarde reflect the mathematical p05, p50 and p95 respectively. In which
the sea level rise projection for p05, according to the assumptions and climate scenario, has a 5% of
being lower ad 95% of being higher.

Table3. Sea Level Rseprojections(sourceDeltares, 2018

[Concentraviescenario| ——— RAs | Rpes |

Onderwaarde Middenwaarde Bovenwaarde Onderwaarde Middenwaarde Bovenwaarde
2050 T 24 41 9 29 &7
2100 29 108 192 75 195 N7

3.1.3. Watertemperature

Sea water temperature and surface temperature are strongly correlated in theramgYearly
variations in sea water temperature are mostly affected by the dominant wind directionw@esr
temperature at the Marsdiep station shows a warming of aboutC®ompared to 1980. Sewater
temperature projections by00 vary between 1 °C and 5(Rhilippart et al., 2017Anotherrecent
study ndicates a warming of the North Sea waters by around 8G@per decade during the 21
century under the RCP8.5 scenaifdexander ¢al., 2018)

3.1.4. Precipitation and storminess

According to (KNMI, 2014he annual precipitation increased in The Netherlands between 1910 and
2013 with 25.9 %thoughwith marked seasonal differencegVith the exception of summer, all
seasons have becomeetter along alarge part of the Wadden Sé&dok, 1998; Sluijter, 2008; KNMI,
2014). In ausmn, precipitation in the Wadden Sea area is higher as compared to inkdmbs in
spring inland precipitation isigher (Heijboer & Nellestijn, 2002ww.klimaatatlas.nl.

It is expected that winds become strond&@abemann et al., 201%nd circulation patterns may be
disturbed. Although sources are pointing towards small circulation disturbgifeger & Barthelmie,
2010; Sterl et al., 201paccording tdebernard & Roed (2008)ind speed is expected to increase
by 24% in the North Sea area throughout thé'2entury, where the most significant changes occur
during the winter months.

3.2. Anthropogenic pressures

All over Europe, intertidareas, such as the Wadden S¥45) experience dramatic degradation of
the complexity of their food webs due toultiple stressorgonditions (Eriksson, et al., 2010) as a
result of intensified urbanization of coastal habitats. Multiple pressures can Blitmm by
chemicals and nutrients or destruction of natural habitats by lasgale Coastal and Marine
Infrastructure CMI) (Slob, Geerdink, R6ckmann, & Voge, 2016), see Higlinese anthropogenic
caused pressures increase the concentration of suspdrsd&iment nutrients and pollutants, but
also change hydrodynamic conditions, among others.

12
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Majorinfluences are maintenance wakdredging, enhancement of CMI, sand nourishment); port
activities, fishery (mussel cultivation, trawling), but also unintexbdactivities such as import of
exotic species (Wiersma, et al., 2009). The WS region traditionally is an important agricultural area
(Kabat, etal., 2010) and is a reason for nutrient and pesticide input into the system (Eriksson, et al.,
2010).

Another source of increased nutrient loads is riverine inputs, especially @ft&rS mlgghn Q a
nutrient inputs can lead to eutrophication of the system and is considered the most significant
causes of change in the WS ecosystemnti{ the 199@)alt causes shifts in nutrient ratio, leads to
fAYAGFEOA2Y 2F aAtA02y YyR AYLIOG& LIStI3IA0 S0O2a
input by rivers are declining, leading to a decreased chloroghidlvel in summer (Van Beusekom,
Buschbaumé& Reise, 2012). Habitat changes and increased water turbidgpftbottom systems

are caused by human activities such as bottom trawling, dredging and sand nourishment (Eriksson,
et al., 2010).

) L. . s i : . . Biolic feedback
Historic situation: = ?::::C IR Current situation: landscaps pma:ses
- low human impact - high human impact {ecosystem engineering)
- structured by internal feedbacks —p  Energy flow thraugh - structured by extarnal forcing o [— "
- ecosystem angineers important trophic interaction - human engineering important SPIERL—
Lw‘tm - - B —— - = Herbworous -
1 i |Low-tide carnivores bird Low-tide camivores = | bird -
! carnivores | <l irds carnivores ialisad L D
'spemahsed on | speq e ory . spacialised on spec!allse = premme—— 4
WOrrms bivales Epibenthic I WOnmS bivalves
T :
i | 1
| Benthic Benthic | Benthic
| deposit- deposit- . filter-
| feeders | feeders | feeders
{eg lugworms * &g lugwaorms ' mussel beds |
Low biotic High biotic Lr:mi sedr'me.'n.ram:m ,,:"
arosion erosion \ = High turbidity
potential potentia
Local resources conditions Local resources conditions
high sediment stability low sediment stability —
low nutriants high nutrients
high light low light
Little Little High Strong
arosion / {} \\regufaﬁcm erosion G Rregufaﬁon
g e e N e [ I S ] - emmemsmsssseessessesees |————'
{ Human | Natural hydrodynamic & : Human : Human | : Natural hydrodynamic & Human
1 disturbance | geomarphalogical lorces . engineering | ! | disturbance . geomorphological forces ! | engineering |
i e N e e e el R e U T i e o o [ W

Figure4: Humaninduced Change in Trophic Structure eRegulation of the Wadden Sea Ecosystem (Eriksson,
et al., 2010)

3.3. Summary of pressures

Summary of main pressures in the Wadden Sea:
1. Mainland salt marshes and intertidal wetlands have been lost; management needs to
restore the natural character of the aridial forelands.
2. Many anthropogenic changes have been applied to the tidal areas. These changgs have
resulted in spatial shifts in erosion/sedimentation zones, oxygen deficiencies, loss of tidal
flat area, and siltation of gullies. This process has lukettly attributed to the reduction of
biodiversity and therefore requires remediation and a reversion to more natural state of
hydro- and morphodynamics.
3. The eutrophication of dunes and problem of invading species of bushes and trees due to
decreased gizing

13
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4.

10.

11.
12.
13.
14.
15.
16.

Decreased dynamics of bablarrier salt marshes which have been made static by dikes
dams leaving them vulnerable to eutrophication and hydrosere.
The declining quality of both bird and seal habitats caused by human disturbancq

and

(e.g.

fisheries, guaculture, and recreational activities), preventing further growth of these

populations.
The scope of foraging habitats for birds and fish (i.e. intertidal flats and low dynamic sh
waters).
Gasexploitation, which has been causing seed lowering in conjunction with sea levsg
rise, threatens benthic communities and therefore also food availability for higher trg
level organisms.
Eutrophication and pollution introduction from rivers and overland runoff, while redug

allow

phic

ed,

are still above what haseen deemed as acceptable and target levels (external presspre).

Littering has increased (external pressure).
High fishing pressure in both the North and Wadden Seas impacts predatory fishes wh
as regulatory components of the ecosystem (extepralssure).
Increased introduction of alien species (external pressure).
Climate change (external pressure).

Wind farms (external pressures).

ich act

Recreational pressure, such as island visitors, game fishing, boating and mudflat walking.

Aquaculture for skllfish.
Transport to and from the mainland (i.e. ferries) causes noise disturbance and pollutio
shipping laes need to be dredged regularly

14
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4. Impact
The system vulnerabilitwill define what kind of impaceach above mentioned pressure whkve,
relating back to the main functiord the Wadden Sea ecosystehen relatingmpactsto riskwe
threshold must be defined anidhdicators should be used teapture the risk

4.1. Air Temperature

Increasing temperatures will bring about ecologidaanges due to, amongst others, the survival of
flora and the increasing potential growing season. The latter will probably result in a denser
vegetation cover and in accelerated succession. On the other hand, anincrease in the frequency and
length of perods of severe drought, locally enhanced by ground water mining, may lead to a more
frequent destruction of vegetation and to dune erosisee figure belowlt is recommended to

study the implications for island nature and coastal safety management.

Tempeature rise will affect ecosystem / vegetation

(

Dune erosion,
Destruction of
vegetation

Air temperature rise

Accelerated succession,
\denser vegetation cover

Figureb. Impacts ofair temperature rise

4.2. Sealevel rise

The long intertidal zone in the shallow Wadden Sgaé¢n infrastructuremudflats, salt marshes,

and channels) constitutes a buffer against the high waves of the North Sea. Without this buffer, the
flood defences along the mainland and islamdes would have to be stronger and highEwen
though, airrent mudflats and tidal marshes have a proven effect on wave reduction/dampgthisg
might not be the case in the future.h& intertidal zone of the Wadden Sea already requires
additionalmudbecause of the rising sea level. If the rise in sea level accelerates, the intertidal zone
may no longer be able to keep pace and the buffering effect will be reduced.

According to stakeholders patrticipating in the GREEN questionnageprobability of the tidal
mudflat ecosystem in the Wadden Sea becoming submengadid-term (by 20562075 due to sea
level rise is10t very high, see figure below.

15
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Figure6. Questionnaire responses on tpeobability of the tidal mudflat ecosystem the Wadden
Sea becoming submerged by 265075 due to sea level rise

In addition,a stretch of flood defences along the mainland and island shores of the Wadden Sea
does not provide the desired level of protection. Moreover, some sections of the fleéehces

need to provide a higher level of protection due to the key role that the northern part of Groningen
plays in gas extraction and (inter)national gas transpabitpg://english.deltacommissaris.nl/delta
programme/regionsand-generictopics/waddenregion)

Consequently, the risk reduction effect of green infrastructure in the Wadden Sea area is highly
influenced by the environmental anghysical changes caused by sea level rise.

Sea level rise risks submerging of ecosystem

Increased flood risk

Sea level rise

Loss of habitat

Figure7. Impacts ofsea level rise

When the combination of SLR asdbsidence is larger than net sedimentation the tidal mud and
sand flats ecosystem will become submerged over time (Schuttenhelm, 20413, €osion in
combination with higher sea levels will lead to faster coastal ret@at to the limitations to net
sedimentation tidal flats may start to drown within this century, although resilience might be higher
than previouslyassumed (Oost et al., 2018edimentationcan prevent submergencend may
partly compensate for sea level risgased on modellindasel on historical recordshe ability to
compensatecan be estimateanaxmum 15 cm per centurgSchuttenhelm, 2017).

Theabove mentionedmplications for the abiotic and biotic ecosystems in the Wadden aesal to
be further studied Further impacts includeéhe increasel salinization of groundwater used for
agriculture and threatenedbird and seal habitat

It should be noted that the risk of submergence is increased by human activities: salt and gas mining.
Land subsidence can be considered one of the most important factors that threaten the habitat of
numerous marine bird species feeding and breeding in the Wadden Sea. Natural sedimentation and

16
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sand/silt supplementatiomay beable to compensate the effectsf subsidence, though changing
ground compositionBreunese et al. 2003

For the high range SldRenario (KNMI,201Targe partof the Wadden Sea will become submerged
inthe 2F' century. For migrange itis also possible, depending on the sedimentation and subsidence
(Schuttenhelm, 2017However, there is 8ll a lot of uncertainty about theseprojections.

In 2010 the DeltaProgram Wadden Areaoncluded that currently knowledge of especially

the longterm morphological functioning of the sedimesharing inlet systems is insufficient

to answerimportant questionsd dzO K HowawvM thex sedimensharing inlet systems of the
Wadden area change under different climate scenarios, in combination with existing human
interference? What are the implications of this for: I) Flood safety, II) Natural values, and II)
Human use, such as iphing and mining?ZHow can we monitor the hydrodgmic and
morphodynamic developments and the associated flood safety risks? 3. How can we adapt
to the effects of climate changé?

Other studies also agree thdtmate change is not a (certain) problem for the tidal ecosystem (Van
Loon et al, 2014)While considering igh climate scenario large parts of Wadden Seh be
submerged F 2 NJ YSRA dzY @his kavinotib&ssanm@&dyid tolc2rRiaties around
sedimentation and land subsidence

4.3. Watertemperature

Changes of the Wadden Sea environmiedue to increasing temperatures will positively or
negatively impact living beings on all species levels, leading to new species compaositions,
interactions and distributions. Cold water species, such as cod, some zooplankton and polychaetes
were predictal to move outside of the Wadden Sea towards the poles while warm water species,
such as sardines, anchovies, herring, spoonbill and the Mediterranean gull would be driven from
southernregions into the study area. Besides, Rocky shore snails and Euuakgers evould shift

from the U.K. towards the Wadden Sea. Also, the common eiders react to a warming by moving
outwards of the region tvardsDenmark (Figur8) (Philippart et al. (2017)).
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Figure8: Migrationof Species due to Changesvedter temperature(Philippartet al. 2017)

Water temperature rise will affectaquatic ecosysteraandwater quality

Figure9. Impactsof water temperature rise

Higher water temperatures and lower salinities in combination with human induced changes
(fishery, invasive species) wilifiluence the ecology ahe Wadden Sea. Regime shifi® to be
expectedespecially changes of winter temperature are thought to be quite import&hilippart et

al., 20T). The implications for ecostem management and fishery are not yet fulilyderstood.

4.4. Precipitation and storminess
Severaklimate change scenari@stimate more frequent precipitation and resulting higher river
run-offsin the Wadden Sea are@ihese hanges in precipitation and storminess will affect aquatic
ecosystem and watequality,see figure below.

Changes in precipitation and storminessll affect aquatic ecosystem and/ater quality

FigurelO. Impacts ofprecipitation and storminess

According to(Philippart & Epping, 2009)he following changes may occur in tW¢adden Sea
ecosystem
1 Anincrease in rainfall and storminess may resufigher concentrations of total suspended
matter and subsequently to increased turbidity of the wet of the Wadden Sea (a).
1 Increased turbidity and riverine nutrient loads may resultin a shift within primary producers
from benthic (seagrass and microgbipenthos) to pelagic (phytoplankton) species (b).
1 If sea level rise is not compensated by an increase in sedimentation, the subsequent
drowning of the tidal flats may reduce species that feed on tidal flats during emergence and
favour those that mainlyaly on subtidal food sources (c).
1 An increase in river runoff and subsequent lowering in salinity may lead to shifts from
marine to more brackish species near the freshwater sources, e.g., a shift from Zostera to
Ruppia and Phragmites (d).
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1 A decrease ipH values may affect calcifying species with Mytilus being more vulnerable
than Crassostrea (e).

1 Climateinduced changes in macrozoobenthos communities will change the effects of this
faunaon the sediment, e.g., by means of stabilisationstibilisation and bioturbation (f).

Figurell. Change$n the Wadden Sea ecosystem due to increased precipitation and stormiSesisce:

(Philippart &Epping 2009)

5. Semiquantitative risk assessment
Subsequently, the assessment of likelihood and impact cgrldeed in a risk matrix, distinguishing
between the shotmid-and longterm.

Based on the GREEN stakeholder interviews, the selected 3 most important climate pressures are
the following: sealevelrise, water temperature, increased storminess. Accaadingse, he
following risk indicators have been identified:

RI1¢ Loss of habitafdue to sea level rise and subsidence)
RI2¢ Shifts in aquatic ecosystem compositigdue to increase in water temperature)
RI3¢ Coastal erosioffdue to increased storminess)

Table 4. Risk matrix for risk indicators

Risk on indicators fokNWadden Sea

Impact
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6. Quantitative studies

6.1. Modelling Changes in primary production due to climate change

In this study, processbased models were applied to conductcamparative trend analysis of
potential impacts of climate change in the Dutch Wadden Sea. The hydrodynamic model Belft3D
Flow was coupled with the ecological model DelHBIAQ to quantify and predict the change of
abiotic and biotic variables. Meteorolagil data and sea level rise, projected under the RCP4.5
scenario, as well as estimations of annual average changes of salinity and water temperature, were
implemented in the modelling process to investigate the impact of changing state variables on the
study area for the time period 2010 to 2090.

Modelling was applied with the objective to better understand the effects of climate change on the
hydrodynamic and ecological realms. The results suggest that predictions of the hydrodynamic
parameters, ocean salinity, water temperature and water le&t®ongly impact the development of
biotic variables. Ecological change was monitored with the bioindicator phytoplankton, simulated

20



W, GREEN

Infrastructures GREEN Deliverable DE.2

using chlorophytk as a proxy. It was found that phytoplankton abundance decreased until 2090. In
addition, shifts in speeis compositions were predicted. These findings imply a reduction of
photosynthetic biomass in the Wadden Sea system, as well battproascading effects impacting
higher trophic levels. The shifts of species compositions were shown to bear threats bkimgvo
harmful algae blooms.

Links between climate forcing and primary production

The meteorological and climatic processes and their variables have a comprehensive impact on the
physicalchemicalecological system. Studying the linkages between the processéhe earth
system, such as water cycle, nutrient cycles, the relevant variables of the climatic system that could
have the influence to the hydrecosystem are suggestedtime Figure below

Climate variables Impacts (on) Ecological factors
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Figurel2 Linksbetween climate forcing and primary prodimn
Sensitivity testing of climate related input data to the model outputs

Sensitivity analysis is a technique used to determine how different valuesimii@pendent variable
impact a particular dependent variable under a given set of assumpliothe study, sensitivity
analysis is considered in order to understand the impact of a rangedtimate change related
variable has on ecological state variables output. A simple appilisacted in the study to access
the sensitivity of the input variables OAT (one factor attane) as illustrate in the figure below.

Climate change
perturbation

Model Model output
’ (State variables)

Model inputs m— > (BLOOM/GEM)

factor at a time

Analyzing model
outputs
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Figureld Snsitivity testing of climate related input data to the model outputs

Several input variables related to climate change projection in the model setup can be accessed,
such as sa@lrradiation, wind speed, air, water temperature, salinity boundary. Thereforestiney
demonstrateghe sensitivity testing of the response of the model outputs in cases of changing the
model input related to climate variation.

Tableb. inputvariablesrelated to climate change projectiancluded in the study

Input data Explanation/ Information

[rradiation Irradiation at the water surface

Wind velocity Velocity of the wind at the
water surface

Salinity Boundary condition of surface
salinity at sea boundary

Water temperature Water temperature at
segments

Atmospheric deposition Atmospheric deposition

As an example, the results of the sensitivity to changing water temperature are expléimeedcean

water density is driven by the variation of the water surface temperature and water salinity. The
density of water increases when the salinity increases or water temperature decreases and vice
versa. Furthermore, with seasonal changes, it impacts thengibayers in the ocean and thus the
nutrients and oxygen in the water column. The result of the testing run shows that the oxygen
saturation at the water surface varies significantly according to the change of the water
temperature. This islue to the factthat the solubility of oxygen decreasas the temperature
increasesmeaninghatthe rise in temperature decreases the ability of the water to absorb oxygen.

On the other hand, the growth and mortality of algae are light and temperature dependent
proceses. The water temperature is crucial for the growth of phytoplankton species in marine
waters. The species require an energy condition, including temperature and light intensity, which is
higher than a threshold to start increasing the growth rate. Inliterature and in the simulations
show that during winter, when the water is cold, there is not much growth rate and algal blooms
rarely occur in the winter time. Moreover, other factors, such as low levels of light and air
temperature in winter or moret®rms so increase in turbidity also lowering the levels of light can
reach the water layers below, which are likely to affect the growth rate which is highly correlated to
water temperature. The output of the simulation sho(gee figure belowthat increasing the water
temperature by 2 Celsiunakes the growth of algae happens earlier and the peaks ea@uking
springtime are higher, but decrease the total amount of concentration over the year.
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Figureld. Result of sensitivity testing of changiwgter temperatureon ChlorophyHa concentration

In addition, in the graph&ee figure belowdf the accumulation of total biomass of phytoplanktons

it is easy to see the switching in the dominated algae species in the environment when the water
temperature changes. The diatoms and phaeocystis have their maximum total biomass volume
when the temperature declines 2 Celsiughe flagellates reach thearimum biomass when the
temperature increasé Celsiu§he volume dinoflagellates are the highest of their growth when the
water temperature increasesQelsius

In different cases of the experiments, the species respond differently when the energy factor
change. Among four algae species, the diatoms and phaeocystic have different trend while
dinoflagellates and flagellates growth have a similar trend with the wismperature, means the
growth of those dinoflagellates and flagallates decrease when the water temperature de3ees
figure below) In the experiments which the temperature increases, the almost the species decrease
their growth during spring timenlboth cases that the water temperature decreases, the growth of
diatoms and phaeocystis increase. Especially, when the water temperature drops dogisids

the phaeocystic outgrows the diatoms in the spring bloom, and instead, the diatoms increase
signficantly and outgrow in autumn time. This can be explained that the phaeocystis has a lower
tolerance of temperature comparing to the others, thus they can take up nutrients and grow while
the other species could not (Jahnke, 1989).
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Figurelb. Result ofsensitivity testing of changingater temperatureon the cumulative carbon
biomass of phytoplankton species

Using climate change dataset

For the second part of the study, predicted meteorological data for the Wadden Searegion was used
from EUROCORDEX whis the European branch of the international CORDEX initiatinesl
decided to use projections obtained under the climate change scenario RCP4.5, as this assumes a
more moderate development of the climate, compared to the scenario RCRA&ter level
predictions at the southern and northern boundary were provided by Slangen €R@l4).
Unfortunately, it was not possible to obtain predicted time series of salinity and water temperature

for the Dutch Wadden Sea which could be incorporated in the bawndonditions file. However,
investigations exist and general assumptions could be made based on findings obtained by several
researchers and predictions

Thus, lased on projections of meteorological data, SLR, salinity and water temperature, climate
charge impacts were modelled for the study area with Delft3D. Modelling was conducted under the
RCP4.5 scenario. Throughout the simulation process, changes of hydrodynamic components were
analyzed with thehydrodynamicmodel Celft3D-Flow. Furthermore, ecologat climate change
impacts were assessed with theogeochemical modeDelft3D-WAQ. Outputs observed for the
Delft3D-Flow simulation included water levels (WL), water temperature (Tw) and salinity (SAL).
Outputs obtained from the BWAQ simulation includedtal chibrophyll-a concentrations, as we
species group concentrations. Teehematic description of the general modelling approeah be

seen in the figure below.
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