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Abstract

Nine Bayesian Belief Networks (BBl were developed within the OpenNES®ject specifically for
modelling ecosystem services foase stug applications The novelty of the methodts ability to
explore problemsto address uncertaintgndto facilitate stakeholder interaction in the procesgsre

all reasons for choosingdNs. Most case studies had some local expertise on BBNs to assisatigdem
all used expert opinion as well as data to help develop the dependences in therBBNss lof the
decision scope of the wordll case studies were moving from explorative arfidrimative uses towards
decisive, but none were yet being used for decisiaking. Three applications incorporated BBNs with
GIS where the spatial component of the management was critical, but several concerns about estimating
uncertainty with spatial ma&dling approachgarediscussedThe tool proved to be very flexible and
particularly with its web interfaceyas an assethen working with stakeholdets facilitateexploration

of outcomesknowledge elicitation and social learning. BBNs were ratedeag useful and widely
applicableby the case studies that used thént further improvements in software and more training
were alsaleemed necessary
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Highlights

1 BBNs modelédecosystem services férdifferent case studgpplications

1 BBNs are flexible, transparent, and useful for participatory stakeholder work
9 BBNSs recognise sociecological uncertainty and stakeholders welcomed this
1 Spatial BBN/GS is a useful topbut correct uncertainty estimatias vital

1 Web interfaces helped promote interactive stakeholder participation
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(Grant agreement no. 308428).

1. Introduction

A fully i ntegatedecosystem servidES) assessmentill have components linked ifferent spatial
and temporal scaleanda diverseset of stakeholdensith plural valuesof benefit(both monetary and
norrmonetary)(Barton et al. 2016Jacobs et al. 2016)The combination ofbiophysical and socio
cultural heterogeneitipads to substantighriationin possible outcomesesulting inuncertaintyin the
predictons from any managemenstrategy forthesesystemsBayesian belief networkdBNs) have
been used widely in natural and social sciences to model various phenoroleigiing environmental
and resource managemggmdare an appropriatgecision suppotool to be exploreth the context of
ecosystem services.

BBNs are a tool fodecision analysis under uncertairand te literature indicateshere area number

of practical advantageshen usingBBNs for the appraisal of ecosystem services. Their graphical
representation helps iproblem structuring(e.g. Rumpff et al2011) andfocusing ideas in the
development phase, facilitatipgrticipatory open discussion between stakeholders armgfaduction

of the network structure (e.g. Newton 200Bjis can als@romotesocial learningprocesses between
scientists and users (Davies et2815).BBNs encourag&ansparencyabout the system structure (e.qg.
Henriksen et al. 200, explicitly addressg interactions between variables and uncertainty (Henriksen
& Barlebo 2008, Landuyt et al. 2013Pptions can be quickly explored, helping tbduild an
understandingf the strength of relationships between inputs and outcomes of scenarios-Haings
2011).Thesecan include coshbenefit analyses of alternative scenarios and of different management
interventions to meet agreed objectives (@aet al. 2012, Landuyt et al. 201%hey providea suitable
framework in which to handlemall and incomplete data s€tsg. Hamilton et al. 2015putare still
applicable tdarge datasetsThe BBN can Al earnd fr om sthewrrehtat a
state of knowledge (e.g. Trifonova et al. 2QJ&)dcan also be used in a structure learning mode to
identify the important nodes and links in the modesl extensions, lgectoriented Bayesian networks
allow the development of &ierarchicd model structure enabling experts to work ondifferent
componentsndependently (Péreidifiana 2A.6), while d/namic Bayesian networksupport models
with atimedimension (Nicholson & Flores 2Q). There arevariousreliability and sensitivity analyses
(e.g., parameter and evidence sensitivity analysis, value of information analysis)that performed

on the models and theesults Thesgproceduresid model selectioomodel comparisomrmodel testing,

and evaluation of strength of eviden@®e Johson et al 2013 for an example application of these
techniques)and are generally readily available in commersidiware (e.g. HUGIN EXPERT

S

(0]


http://dx.doi.org/10.1016/j.ecoser.2017.11.004

112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152

153

BBNs differ from aher similarmodel fameworksy theiruse of(conditional)probabilities to express
therelationships betweevariables Typically aBBN used(i) avisual graphical representati¢gee an
example in Figure 13pecifyingthe dependence relatior{inks) betweenrandom variables (nodes),
and(ii) aset of probability distributions fdhe states ofach child node conditional dhne states ats
parent nodesandthesequantify the strength of eacttependence relatiohip. An advantage of this
approach is thatandiional probability distributios are specified independentlgf each otherso
allowing very complex structures to be huirom relatively simplyspecifiedelenents. These are
parameterised arabsessedftenby domain experts (Johnson et al, 2018)nga variety of possible
sourcego provide either hard evidence ihithat is not possiblean expert opiniorfor examplegxperts
may useknowledge elicitatiorio gatherand procesepiniors, data mining to extract information from
large data resourceand historical data or literare reviewto quantify dependence3he model
development processay also identify when new knowledge or data are necessary to understand the
system. It is important vaen defining the structure to take the complexity of the network into
considerationThe knowledge requirement to parameterise the Bibdlvs exponentiallywith the
number of parentor each childand the number of statdsateachchild nodecan be insoit is worth
controlling both these numbe&s uncertainy is an implicit element othe BBN structurgestimates

of uncertainty willreflectthe weightof supportingevidencedor eachpossible outcomé& he conditional
independence properglsomeansBBNs can beused as metamodel orknowledge integration tool
(Barton et al. 2008).

TheEU FP70penNESSrojectlooked at the operationalisation of ecosystem servitiéis each case
study team having different expertise admeing able to choose from a fairly wide range of tool
(Harrison et al2018) The use of theBBN as a toolvas explored by a numbef case studies andish
paperconsiders the outcomes frd@wery differentexampleapplicatiors developed for th©penNESS
case studies

2. Method and Background

BBNs weae amongthe most frequently applied EESsessmemhethods in OpenNES&nd he project
planned from the outset to test the BBNs &xoafor hybrid ES valuatiofSeeHarrison et al2018and
Dunford et al2018 for details of other method€Pne ofthe OpenNESS subbjectives was to explore
the develoment and commercial potential of BBNsES appraisal. To this en®penNESS included
as a SME partner one of the world leaders BBN software HUGIN EXPERT A/S. They have
provided technical support for case studies, particularlgldeing softwardunctionality to support
ES appraisaland ase stuids alsowere able talisseminate their models orHiJGIN web-platform
(http://openness.hugin.com/

Table 1. The 9 case study BBNs developed during@dihenNESS projedfor further information see
OEcosystems i n Oper aEUFRPNHOpendIBSS Prejeci2dl@ge8EN br oc h
examples are listeid order of increasing technical sophistication

Case study Issue studied Location Countrycode
KEGA Mapping supply and demand of fuelwood Kakamega KEN

DANU Adaptive management plan for Lower Danube Rivt Braila ROU

BIOF Forest bioenergy production Finland FIN

CNPM Mitigation of Cryptosporidiumn water supplies Glenlivit GBR

LLEV Impact of watepolicy on fisheries Loch Leven GBR

ALPS Regional and national forest management plannin¢ Vercors FRA

SPAT Effect of forest transitions on ES Patagonia ARG

OSLO ES liability value of city trees Oslo NOR

IVEM Integrated valuation of eutrophicatiamitigation Norway NOR
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Nine case stug BBN examples are presented here, in order of increasing technical sophistication,
moving from basistructures tanore complexnodelsand introducing temporaid spatial dimensions.

There werea range of issues investigat@ithble 1)across different ecosystems and differ@mtriori
reasons for each case study opting to try a BBN (TabléW@}her details of the ES and issues
investigated by each case studgn be found in Dick et al2018 A further two BBNSs (see
Supplementary Materialyere developed, one for classifying ecosystem services and the second as an
expert system helping to select valuation methods for gpma@ebsite(http://oppla.e) a virtual hub

for the latest thinking on natural capital, ecosystem services and -hasgd solutions from across
Europe.

Table 2: Assessment of the a priori reasons why BBN methods were chosen by each of the OpenNESS
case studies. Coloured boxes intkctinat the characteristic was very relevant to their choice and grey
boxes indicate some relevance. The different coloelste to the reporting of these questions in
Dunford et al 2018
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Four decision context@long a continuum of possibilitiegsere identified by Barton et al2018 as
relevant tahe various tools for ES assessment usédgenNESSand these are

Explorative Conduct researchaimed at developing science and chanc
understanding of research peers

Informative Change perspectives public andstakeholders

Decisive Generate actiom specific decision problems by stakeholders

Technicalpolicy design Produce outcomeghrough design and implementation of poli
instruments with stakeholders

Only one case stud{,L EV, did not choose all three of Explorative, Informative and Decisiviexts
maybean expected result for a decision support t@hly four, in many ways quite different case
studies, identified Technical policy design as a relevant context for theionwdBNs though another
2 saw this as of some relevance

All case studies,xzeptlVEM, chose to develop BBNs because thayeinterested in applying a new

method The ability of the BBNto address uncertainty wasso highlighted aseing importantor
selecting th&BN in the mgority of cases. Teir ability to bespatially explicit was only highlighted in
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four caseswhile working acrossbothspatial and temporal scales aaloringfuture scenariosvere

identified as important tthe majority ofcases, though in different combinatio@$.more relevance to

choice of method wa$e fact that BBNs could be used in conjime with stakeholderandthatthey

were perceived to have results and methods that were easy to communicate (although one case
mentioned that the ideas are easier to communicate than the underlying maths).

An area of considerable discussion during the OpenNESS project was the role of spatial information in
informing BBN developments what is the appropriate spatial structfwe the development of the

BBN in order toanswer the questions posettte BBN will be combiring ecological considerations

with other environmental, social and economic pressures, haumygno strong spatial referencing. If

the spatial component is not thetical aspect of the study then the BBN may quite satisfactorily use
nonspatial information and spatial summaries of environmental/ecological itfsgatial referencing

is more criticalpne g@proach uses th@mple insertion of a BBN into a Glghisrelies on using exactly

the same BBN at each spatial location, replacing thebased method of combining information
across GIS layers with a probabilistic procedure. This can be done using the QUICKScan integration
and spatial analysis framewoNdrweij et al. 2016along with the HUGIN Decision Engineglowever,

this technologicdy simplesolution does not address a number of concerns, especially if the GIS/BBN
is beingproposedor use as a decision support todhriants of this approach wersad in a number

of case studies arileseare discusseih thelight of the case study experiences

The diversity of ES studied and the varying abilities of the different teams mean that the BBNs
developed are not directly comparable. However the fansthus thenainresearch question, was
whether or not the BBNs could deliver to the expectation of the case study teams invodrets of
operationalising the ES concept in a reakld situation noting the variable constraints of limitations

on timeand effort. Collateral information on the whole experience of applying BBNs is also reported
and there weresome common themes that developed across case stifiesalso report where
extensions to standard procedures were required to enable a sayig&itomodel to be developed.

3. Case study examples

Kakamega forest case study

The development of a BBN for forest management ie enyan case study (KEGA) usem
explorative approach based on expert opinion of ecological aral poatesses.

Kakamega forest is the easternmost relic of tropical rainforest located in the western region of Kenya,
East Africa. This forest is rich in unique flora dadna, whichincludes endemic species dependent on

a range of soci@conomically important tree specidfie majority of the Kakamegarfesst communities

are highlydependent on the forest for their livelihood and seeiing, andor vital provisioningS

such as fuelwod (firewood & charcoal), timber, grass (pasture/fodder and roof thatching), herbs
honey, mushrooms, fruits et€he forest includeareasunder the management eftherthe Kenya

Forest Service (KFS)r theKenya Wildlife Service (KWS), and, along withe surrounding farmlands
aresociocecologically and administratilelinked asthe Kakamega ForesicBsystem (KFEith an
integrated management plan

The BBN focused on fuelwoodgrovision central to local livelihoodsand for trade with other
communities(Kiefer and Bussman, 2008)he development highlighted the pressureswtfat are
effectively two parallel but interacting systemghin the management plasince thedifferent aims
for theareas managed by tRerest Service and the Wildlife Servicave a significant impact on both
the ecology andhe social utiligtion of theforest environmentThereforewhile the structure of the
BBN for fuelwood provision could be identicdbr very similar) for the 2 foret areas,the
parameterisatidwerequite differentWith very limited resource$was not possible tpull apart the
data tosatisfactorilyparameterise and so validaher BBN individually or to modekhe important
andpotentially complexnteractions between them,
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The explicit visualisation of interconnectivity and relationshipprovoked debateon structure,
boundaries and parameterisation, exposing the issues with the two different sets of priorities for forest
areasWhile only limited progressvas possiblat this stage he exercise was regarded as beneficial

with longerterm ains to resolve the parameterisation issuegijlitate comparison of the existing
management plan viésvis alternative managemeand futurescenarios,and supporta mowve to
integrated iterative decision processes

Lower DanubeRivercase study

The substantial quantity of ecological data available for the Danube River allowed the Romania case
study (DANU) to explore HUGforMéteminagtarcarecBBNmoglel | ear ni
and then use th&xpectatioitMaximization (EM) learning algorithm to estimate its conditional
probability distributions This network can then be extendedto include habitat and fisheries
management.

The Lower Danube River Wetlandsssgmis a complex regional system which includes the Danube
River stretch, and surrounding lakes, wet meadows, alluvial forests, agricultural polders, and fish ponds.
It covers a number of important sites including the Danube Delta Biosphere Rese8mathksland

of Braila Natural Park and several Natura 2000 sites. The aim of the caséAy) is to enhance

the effectiveness of integrated and adaptive management planning and implementation in the Lower
Danube River watershethroughmainstreaminghe improved understanding ance ofoperational
toolsassociated with implementing &$-focused strategy

The BBNdevelopmentfocused on the drivers and pressuhegresult in changes in water and habitat
guality, fish stocks and resultant catch@sinitial water BBN predicting water qualitywas developed

using a set of monthly water parameter datéuding depth, transparency, dissolved oxygen, various
forms of nitrogen, phosphate and chlorophyll, and different algal grouffig4). These data were
available over a 20 year period at 16 locations, but due to the sporadic nature of the da24 only 6
records were initiallyused HUGI NO6s struct ur e iddntdiedrthe inodes, tleea pabi | i
dependence relations and their appropriate staidsHUGING &EM-learning algorithnthen used to
estimate conditional probability distributiariBhisleaming activity provided a plausible structure, but

the parameterisation provided some outcomes that were cniniéve. A possible reason for this

was that the dynamics of the system change between 2 states, one characterised by normal river flow
and tte other by a flooding regime, and the learning algorithm could not separate these states adequately
without additional inform@on. Thiswater BBNcan form a basis for a number of other studies. F
examplein this case studgt secondBN for fish wascreatedvhich took outputs from the water BBN

to generate a management modéle fish BBN, a development based on annual data, addidbles

for water level, water quality and nutrient availabilitith their consequences for habitat quality, and

how thesein turn affected fish stocks and management of the fish&liese are severalays of linking

the time scaleto make aroverall management model fraimese 2 BBNs, and this choice walifect
theassessment aincertainties in the combined model.

This case study application revealed that, even with a substantial dataset, purely focussing-on a data
driven approach did not deliver a reasonable model, especially with underlying effects of different states
of the river system. Expert opinion to assistiefining the BBN structure was really helpful. The initial

work did not explore fully the potential issues with linkage of different time scales.



Transparency
/Depth

Depth \\: , R —

Tramspdeicy | Waterlevel ——»|  Habitat surface
Dissolved abundance

inorganic Chlorophyll

S > Waterquality — Habitat quality ——{ Fishstock ———»/ Permissable catch |
Dissolved inorganic e a 3 g X :

Dissolved abundance ~ Fish catch per

; | Available food | unit effort |
oxygen / ‘\ ) \ )
- (CPUE)
/ \ <L = SR e

Nitrite - Bacillariophyta Chlorophyta
nitrogen abundance abundance

Phosphate -

phosphorus \
Euglenophyta

mitrogen/Phosphate -
phosphorus

Nitrate -
nitrogen

4

Ammonia -
nitrogen

284

285  Figurel. Construction phase of the Romanian BBNs, with the water gié)to the left and the fish

286 BBN (orange) to the righfThe water BBN shown is one of the versions createdW@ING6 s st ruct ur
287 learning capability and still requires further testing

288

289  Forest management case study

290

291 The Finnish case study on forest management (Bi@#ally explored their system using influence

292 diagrams and a muldriteria decision analysis (MCDA) approach, but discussions with stakeholders
293 confirmed that uncertainties and interactions were an important feature of the system. A lack of
294  uncertaintytools within MCDA and the ability of BBNs to use expert judgement indicated that the BBN
295 was the more useful approach.

296

297  This case study focusexh how intensification of forest bioenergy production can influence provision

298 of forestES In order to meethe EU renewable energy targefnland plans to increase the use of

299 logging residuegsuch as branches, stumps, thinning waad.)for energy production. While the aim

300 isto reduce carbon emissions, removal of organic material from forests can hawve ianpagt on soil

301 carbonstoragecapacity, angherverselyincrease atmospheric G the short run. Removal of decayed

302 wood from forest ecosystems can have negative consequences on biodiversity and water quality in
303 nearby water bodieand alsseduce longerm productivity as nutrients and organic matter are removed
304 from forest soils.

305

306 The research process started with a biophysical assessment on the impacts of forest bioenergy
307 production in the Hameenlinna casgtady area (Forsius et al. 2Q16he results fed into a mudtriteria

308 decision analysis process, which was carried out with regional level stakeholders to assess the trade
309 offs related toES provision in alternative forest bioenergy scenarios. The analysis revealed several
310 uncertaintesand interaction#n the biophysical assessmetite rotation period of forest management

311 islongandchanges take place slowlgndlongtermclimatetrends may havenportantinfluences on

312 the productivity of forest ecosystenidue to the uncertainties, the research team decided &aBR,

313 whichalsocan make use of expert judgements about the probability of changes in forest ecosystems.
314

315 When constructing the BBN, ten national level stakeholders from different interests gnarp

316 involved in framing theproblem domairand in building a influence diagranrepresenting related

317 variables and their dependenci€ke initialinfluence diagramvas presented in a first workshop with

318 the stakeholders and modifitmllowing stakeholér feedback. For instance, a number of forestry actors
319 pointed out that some consequences on soil productivity are not likely to take place because of the new
320 forest bioenergy extraction recommendations. The modified model was sent out for a secondél round o
321 consultation and further modifaition The agreed graphical model structure was then transformed into
322  aquantitative form (BBN) by inserting probabilistic information provided throotgrviewing expert

323 researchers.
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At a second workshop, theonstructed BBN model was reviewed with both the stakeholders and
researchers. Here, one of the challenges was to present the results to stakeholders in an illustrative way
to facilitate discussion.

The case study scientisted considerable concerns abtww to discuss the information in the
conditional probability tables with stakeholders and other researchers, noting that the tables became so
complex that it was challenging even for the researchers to fill themdthat the stakeholders tha
difficulty in following the logic They used several workshop discussions with stakeholders to enable
them to cecreate the BBN model, possibly more so than the other case study examples, and they suggest
that improvements in software and visualisation would thefiide Initial tentative conclusions are that

the participatory model building exercise was very helpful, both to clarify differences in views and to
build shared understandinj remains a challenge to improve the BBN software interface to assist
stakehtder understanding of thesgrge conditional probability tableand present the findings in an
illustrative fashion.

Cairngorms Glenlivit case study

The Cairngorms (CNPM) Glenlivit case study used a BBN inctudstatutory environmental
regulatiors on contamination of water supplieshich introduced some measure of value and the
recognition of a potential traeeff or payment foleS (PES). The case study also used the-baed
graphical interface provided bWUGIN EXPERTto allow the regulatory elemeto be accessible in
an easy format to staff in the field.

Cryptosporidiunparasites are sk to human health as well asignificantcause of enteridisease in
neonatal livestockand are also major contaminants of the environmentohnaater supplies in
particular. The parassecan survive for up to 2 years in watand normal water treatments such as
chlorination are not effective against théFhe research examidevhether naturdased interventions
within the catchment areas could imprdkie quality and safety of water supplies by mising this
parasitic contaminatiorin recent yearshe area has occasionatyperienceccontaminabn of the
public water supplyrom small catchments close to farming actiyitgsulting in cases of iless and
requiringthesupply of bottled water.

A BBN for oocyst transmission in a specific catchment was constructed using an understanding of the
scientific processes and of engineering interventions that are used to prevent the oocysts onward
progress nto the public water supply, e.g. fine mesh filters. However, the BBN required
parameterisations to model the transport of oocysts from livestock (domestic and wild) to sinedams,

this proved to be challenging. It was concluded that current scientifiwlkdge was inadequate to
provide much evidence supporting a nato@sed solution at this time.

Additional information from the water company enabled the BBN development to proceed in a different
direction. In Scotland, there is a statutory requirentenéest public water supplies, with monitoring
frequency determined from a scoring system for assessing the Gsiatbsporidiumn a catchment.

As morefrequernt samplingis directly related tancreasecdhnalysis costs to the water company, this
generic scoring system is implicitiglatedto a monetaryalue.

After several iterations, the BBN (Fig 2) was chosen as the best representation for the scoring system.
It allowed for recognition of uncertaintiés assessment of the land use in the area and in the scores
allocated to different management strategies, and fostered discussion with stakeholders on how these
should be included in future.The BBNs were also implementecas a web tool
(http://openness.hugin.com/caseStudies/GlenLivet Scottish )\adsich was greatly welcomed by
stakeholders as they could explore the system thems@&lwesveb tool wasetup so they could store

a permanent record of any catchment assessment, a regulatory requirement.
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380 Figure 2. Partial BBN for Glenlivit based on a regulatory scoring system to determine sampling
381 frequency (a proxy for value) of the water supply @yptosporidium The histograms are shown as

382 examples of how selection of node states (top left) influences the outcome measure (lowehgght). T
383 selection of proportional areas of cattle in a catchrfraattiple statesand selection of a sheep density

384 for the whole catchmér{single statgleads to heillustratedspread of the probability distribution on

385 the sampling frequencgyartly also reflectingn uncertainty about the choidesbe made at the other

386 nodesFurther information is available from the webgitsee the wb link given in the text.

387

388 Inthe Glenlivit case study, the structure of the initial BBN was helpful to the scientific comphurity

389 it was recognised that there was insufficient data or expert knowledge to parameterise the BBN and
390 make it useful to thevider group of stakeholders. This has now led to setting up another scientific
391 project to improve our understanding of oocyst movements, so allowing the BBN development to
392 continue. Since the water companyoOsrwatergualdys det er
393 this is a useful proxy for value as ttadoratoryanalysis of each monitored sample has a cost to the
394 company In the long ternthese proxy valuesould allow the exploration of traetdfs and payments

395 for ES.As well as fulfilling expedtions in terms ofll four of the decisioncontexts(explorative,

396 informative, decisive, technical policy desigthe BBNs provided a useful way of considering the

397 effects of the uncertainties in the scores and a touwtardsimproved risk assessment procedwand

398 new policy instruments

399

400 Loch Leven fisheries managemease study

401

402 A dynamic BBN developed for the Loch Leven case study (LLEV) atite inclusion of time when

403 examining the relationship between the ecological condition of the lake and the deliZSyuith as

404 recreational angling. A web interface was used to aid information transfer and participatory involvement
405 of the stakeholders.

406

407 Loch Levenis alarge, shallow lake in Scotland, Wk& asite with high conservation value, designated
408 as a European Special Area of Conservation particularly for its wetland Bindsermore, the wild

409 brown trout population at Loch Leven has soped a worldrenown recreational fishery for over a
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439

century. The case study aimed specifically to investigate the relationships between the ecological status
of Loch Leven(with good status a target of the Water Framework Directithe quality of the
recreational fishery and the demand for the fishing service.

The Loch Leven case study illustrates a simple development of a dynamic BBN. The static BBN (Fig
3a) links the drives habitat quality(chlorophylta concentration) anchinbow trout stockingo the

guality and provision of a recreatioriab. This ismeasured by thawo proxies catch per unit effort
(CPUE) qumber of brown trout caught per hour of fishing measure of fishing quality) and boat
effort (@annual number of hours of fishiriga measure ofishing service) during a single yedoth

drivers also affect the reputation of the loch, which influences the demand for fishendynamic

BBN (Fig 3b) hasan annual time step running from 1987 to 20@h additionaltransition probabilies
specifying howdriver(s) changefrom one time step to the neixin this case only habitat qualitit is
assumedransition probabilities do not change over the stpelfod andeach years dependanbnly
ontheyearbefore

The website Ittp://openness.hugin.com/caseStudies/LochLeven_Hplisglays outputs as a map

(Fig 4). The user can select and change specific varsibtes oithe screen teee the effestin curent

and subsequent yeamich aghe impact of changing habitat quality or fish stocking on both fishing
guality and the demand for fishing. The map display uses a combination of colour and intensity to
display the most probable ecological state of |tk for the selected nod# different times. The
website example is a demonstration of the potential use of dynamic BBNstaeadndtransition
models (discussed further in the Patago(&PAT) example)or modellingES.

This case study application focused primarily on the informative context and delivered, particularly to
stakeholders. The only issue raised was that the model was not complex enough to reflect a wider range
of management options.

Habitat quality over
time

Figure 3.The static (apnd dynamic BBN (b) structusdor the Loch Leven case studsee text for
more detail)
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Figure4. Partial screenshot of the web implementation ofdyreamic BBN for Loch Leven fisheries
with the loch colour related to Water Framework Directargets Further information is available in
the text or from the websitesee the web link given in the text.

Vercors case study

The Vercors case in the French Alps (ALPS) introdugespatial dimensioby integrathg a BBN

within a GIS This spatial approach helped to facilitate shared understanding of the-fandacape
relationships and foster future inclusion of collective management into landscape planning.

The French National Forestry Office and other regional stakeholdersdiiztiarget management
options for the French Alps region to support stakeholders and policymakers in reconciling biodiversity

conservation with increased demands for natural resources, especially in managed forests. The case
study focussed on 25,000 haan area to the north of théercors Regional Natural Pakknown as

Quatre
change.

Mo n t aasrsubstantjal areds iofcfdrestry musubject to pressures for land use

The spatial dimension was a key issue for local stakehcddettseirinterestwasi n

t o

i mpl ement

knowi

ng

p | a nTheéyhadclear &@¢ab af localtartd aegiondl prdblerds, but they

need operational and spatdlutions (First et al., 2014A\ BBN was developed from theoretical
principles usingseNle®and ths wasembeddedn a GIS package provide a suitable spatial model

to addresghe question of how to maintain logrm economically and ecologically sustainable forestry

at the landscape scalehilst still targeting suitable areas for conservation. B8N specifically

focused on assessing the traidfs between management for biodiversity conservation and for timber

production Fig 5).
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Figure 5.The final map in red (centre panel) represents areas of conflict whee®ffs between forest
production (left panel)and forest biodiversity conservatigright panel)will need to be balanced
(adapted from Gonzaleedin et al. 2016).

The development of spatial models highlighted suitable uncontroversial areibhdocronservéon or
timber production and areaswhich are more susceptible to conflicts arising betwgarious
stakeholded i n tlrput Efermation for this software was based on biophysical data in addition to
expert knowledge and outcomes fromaaticipatory process that took place in the region (Lardon et
al., 2013). The outputs contributed to the development of multiple alterrsativiions andhelped
prioritize different management options in synergy with decision makers. The findings grovide
information forland use planningwhich identified strategies that would provide a balaretgveen
biodiversity conservation and development activitilsese land suitability assessments (LSAst
within the context of a spatial modehhance the sugport for newregional planning initiatives
(GonzalezRedin et al. 2016)

It was a challenge to develop an integrated GIS/BBN model for this case study application and further
work is necessary to takeishfurther. Theprocess of caonstructionof the BBN fulfilled the
expectatiorof delivering within all fourdecisioncontextsthough, at this stage, the BBN outputs were
only indirectly supporting a potential policy instrument so still a proof of concept.

Patagonia case study

The Patagonian castudy (SPAT)utilised adynamic BBNto implement astatetransition modebn
howmanagement drivers of forest transitiomfuencethe production oESin livestock rearing farms.

The case study aimed to integr&®in order to operationalise sustainable usdathofagus antarctica

(Nire) forest in northern Patagopidoth for management at the farm level afor policy
implementation in the region. The degradation of the native forest cover is a pervasive problem i
Argentina. In response, the national Folestvwa s e n a c t e dforestecosysieims and then 0
goods and s er viacdahe Ndtidna yrogpam dor iNatiee 6Forest Protection was
established, which considers the design of financial and economsiruments to ensure the
implementation of the Law. Howevaeithersustainable levels afse have been achieved havethe

instruments to motivate the application of sustainable pradie®s established.
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The case study developed a framework, implemented as a development of a dynamic BBN, to analyse
far mer so

t he

mpact s

of

management deci sions

fuelwood extraction, tree planting) on the capacity of tredt to generate multipleS linked to

specific private and public benefits. The case study used three conceptual and methodological

approaches for the analysis: i) a statettransition model (STIMof ecosystem dynami¢Briskeet al.
2006; Rusch et aln press) (Fig 8)i i )
and iii) a BBNintegrating the two approachebere the drivers of change are management alternatives
(Rusch et al. submittedlrig 7).

The STM enabled modelling of the short and long term consequences of management practices on
ecosystem condition and identification of thresholds beyond which changes in ecosystem structure and

t he

0 ¢ aBESc¢Patschin &Hairk€Ybudg 2018,

function are likelyto beirreversible within the time framef d&arm management. The Cascade Model
helped structure the problem and identify the indicators of ecosystem structure (state vdigahies),
benefits derived from these servicasd their value in monetary and noonetary terms (Rusch et al.
submittedl. Implementing the model as a BBN helped define levels of use, ecosystem condit&s) and
as well as the likelihood that the system would generate different levélS ab a result of the
ecosystem conditiofde Groot et al2010) An influence diagraniD) was implemented to identify the

management options that best satisfied private benefits in the short and long term, and to analyse trade

offs between private and public benefits (Rusch etudimitteql.

This technically challenging implementatiohan STM using 88BN with a temporal cmponent was
successful, though more flexibility in specifying the time dimension would be helpful. The model
fulfilled expectation of being useful in explorative, informative and decisive contexts.

T1

T6

T13

T2

T4

T9

T3

T5

T8

T10

Ti1

T7

Figure 6. Stateandtransition model for thélothofagus antarcticéorest in northern Patagonia case
study (adapted from Rusch etialpres3. Each possible transition is indicated by a numbered T on

an arrow.
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Figure 7.Stateandtransition model of the capacity dfothofagusforest under silvopastoral use to
generateES implemented as a BBNhifp://openness.hugin.com/caseStudies/Pataofather
information is available from the website.

Oslocity treescase study

The Oslo case studfOSLO) used BBNs which combimespatial aspects with monetary value
assessment wetermine thealueof trees within the city.

The majority of Oslods over 700,000 | arge city t
their location, species or quality. Rapid population growth and urban development has led tf a loss

trees across the citliability value is assgsed by the municipality in cases of damage or killing of city

trees, for example during construction works. The modelling of the compensation value of individual

city treesis based onthe-scal | ed AVal uation of Trees 2030 me!
Randrup (2003) in Denmar k. Osl o Municipalityos
fine to be paid by responsible parties in the case of individual trees.

The BBNmodel(Fig 8) estimats the compensatiomaluefor all city trees in Osldor the purpose of
municipal accountingn particulat it assesssuncertainty in valuation due to heterogeneity across an
urban landscape angtarcity of detailed information on individual treesindividual trees were
identified based on mapping of indlual tree tcations using remote sensing LiDARata
interpretation. For further information on the application of the Uamethodology see Barton et al.
(2015). HUGIN EXPERT has linked the BBN model to web platform which is available at:
http://openness.hugin.com/caseStudies/Oslo_urban. Furtser details on thealuation methodology
and theextensive input datasedfor this study are available in Barton et(@015a,b.

This BBN was part of a more extensive set of valuation exeexsenpleswvhich demonstrate the
practical use of economi@luation ofESfor awarenessaising purposeswith the web platform using
a BBNa very visible awarenesaising tool The BBN was desloped over a longer period than some
case study examples and delivered to etgimn of being useful in all foutecision contexts.
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Figure8. BBN for assessment of compensation value of individual trees. The lowest node calculates
the compensation valuedtr. The intermediate nodase thematic factors (basic compensation value,
age, health, location) which are multiplied to determine compensaéilne. Thematic factors are
determined by a series of characteristics of the iddal tree and its environment (outer nodes)

Integrated valuation of eutrophication mitigation

A second example from NorwayVEM) demonstrated a map interface fotegrated valuation of
eutrophication mitigation in a catchment.

The Vansjg Lakes southeastern Norwayave since 2001suffered toxic algal blooms in summer,

which have been attributed to a combination of increasedffuand erosiorirom climate ©iange and

farm tillage and fertiliation practices An objectoriented Bayesian netwoHad previously been used

to link a cascade of sulnodels across drivers, pressures, states, impacts and societal responses to lake
eutrophicatior(Barton et al2016).This was @velopedusingsystems dynamic, empirical drexpert
judgement modelmtegrated ima spatiaBBN,i | | ustrating an operational
v al u a tEB b assessdtrhdeoffs betweerecological, social and econontienefitsresultingfrom
improving lake ecological conditiomsing nutrient abatement measur@sg 9. The integrated
valuation BBN makes it possible to assess the combined uncertaietytrsphicationmitigation
management predictionsom natural tempal variability, spatial heterogeneity, monitoring data
resolution, submodel prediction error and information loss at model interfates also possible to
demonstratthe spatial mapping giredictechouseholdvillingnessto-pay (WTP) for a sewage fee.

15



Resources v

Programs of Measures Household WTP (NOK/year Map:
incr. sewage fee) AR T

Grass & all structural(S4 | {
0:00% -8727 - 6000 :‘ Kart  Satellitt U LJ /7
0.00% SEO d
Lake User (type) o ey Riks
-5000 - -4000

bathing v b ~4000 - -3000 A
0.06% -3000 - 2000 { \
0 1.74% -2000 - -1000 £2.05 J
Update map @ o o Kongsvin
@ 020% AR A 5 i
[ 2l 0-1000 i
0 s 1000 - 2000 My - l4;
0 408% 2000 - 3000 5 ‘, y ] A,
[ dal% 3000 - 4000 s 3 '5"30' r

0.20% 4000 - 5000 { bi Wiy
) 4 E1
BT
Hokksunde ““=Dramme
.{‘ oVestfossen 5_ A
J : ) 3
1 Q) el J
gsbero NS DN

0.01% 5000 - 6000

o.00% 6000 - 8935

Expected Utility (NOK/year) 356.37

Total WTP (NOKlyear incr.
sewage fee)

0.00% -inf - -1000000000

@@ o ~1000000000 - 0
@ 2020% 0-0
—=3- 0- 1000000000

0.04% 1000000000 - inf

Expected Utility (NOK/year)
134472099.79

587 G9ugle
588 Figure 9. @line map interface to the integrated eutrophication model for the Vansjg Lakes showing

589 predicted change inwillingnessto-pay (relative to the status qudpr eutrophication abatement

590 measures at different distances from the Lakes

591

592 In theinterface the user can select three programmes of measures corresponding to two different
503 baseline situations without addi {20080n7ath)scenarib i gat i C
594  where all cropping areas in the catchment are converted tagastwlting in less fertilisation and

595 ploughing and the implementation of all bikgeeen structural rehabilitation measures (constructed

596 wetlands, vegetation buffers, nutrient point sources treated). Different user groups can also be selected
597 and theilWTP displayed. IrFig 9, the spatial change in WTP of households who go bathing for the
598 most ambitious program of measures is shown. The model captures that WTP is higher closer to the
599 lakes, but with considerable spatial variation as we move towardsitsiérts of Oslo.

600

601 The spatial elements of this BBN, along with how it pulls together a number of strands of previous
602  work, make the development of this valuation maehterest Although there is an element of policy

603  application through estimatgatential willingness to pay, the BBNimarily delivers on the first three

604 decisioncortexts of explorative, informative and decisegplication

Google  Bruksvilkar

605

606 4. Discussion

607

608 Synthesisand summary of experiences
609

610 This synthesis does not rely on a formal mechanismptumathe feedback from experBick et al

611 (2018 reflect more genengl on the stakeholder feedback collected by the case stuRBiather, this

612 synthesis summarises the experienokthe experts leading the development of BBNs in the case
613 studies.

614

615 Most case studies started from a position of little immediately available data but a lot of expert
616 knowledge about the ecosystem, as illustrated by the early work on the Kenya case study. A key feature
617 of the BBN is its ability to combine (sparse) data ardert knowledge, and this allows some initial

618 progress to be madefor example by exploring possible structures and checking for sensitivity of
619 outputs to various inputs allowing the knowledge acquisition phase to be more focused. The Romania
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620 case studexplored the use of a data driven, theory free, model structuring approach, but found the
621 results were not ideal and needed integiireh and modification usingxpert knowledge. The

622 supporting system that deliveES is often complex, making it challemg to derive the structure of

623 that system withut guidance from an expert. Thiase study also highlighted an isscemmon to

624 manyESmodels, in that data for the different inputs are not necessarily on the same time scale, so an
625 element of rescaling igften required and that hasnsequences for the uncertainty assessment.

626

627 Two case studieB({OF and CNPM explicitly noted that an important attraction of using a BBN was
628 its handling of uncertainties, and that this aspect was specifically raised in discussions with
629 stakeholdersWhile recognisingthat there arepotentially difficult issueswith the interpreation of

630 uncertaintieghat challenge both scientists and stakehold#rs,importance of determining explicit

631 uncertainties for the outputs when developitgyy modelsto better aid management and policy

632 decisionoutweighed anglisadvantages

633

634 Three casestudies (LLEV, ALPS, IVEM) explored the use of dynamic BBNs introducing a temporal
635 component, and a fourth case study (SPAT) had a dynamiciBipMdmentingan STM.The basic

636 dynamic BBN is easy to develop in HUGIBhdthe case studies all used equallycguhsteps in the

637 time dimension and not too many thus keeping control over the number of temporal transition
638 probabilities.There was a desire to implement a more flexible approach to the time component, e.g.
639 having variable time stepBndingways of accommodating different time steps for different processes
640 and having temporal transition probabilities that themselves varied over time

641

642  Several casdudies (CNPM, LLEV, OSLO, IVEMjound the ability to explore (even partly specified)

643 modelsusing a web frorend was an important element of the knowledge elicitation process and model
644 testing/validation, and one which many stakeholders felt was very bendfiuiet case studies (ALPS,

645 OSLO, IVEM) used a BBN within a GIS because thdiapkbcations were important fanterpretation

646  of the resultsbut generally these GIS/BBNs did not fully explore the spatial dependences within the
647  BBN structures

648

649  All case studies appreciated the value of the BBN to their work, but also recognised tlaidgvbe

650 BBNs was not a trivial taskand local expertise was a very important factor in a successful
651 implementationofaBBNT he BBN model s were not onl ymakingder st o
652 (e.g. a managing authority choosing between alternative actions), but also as a tool that helps structure
653 a decisioAmaking problem. Using a BBN alsallowed uncertaintyto be exploed explicitly and

654  brought the quality of information availakitesupport § a decision into focus.

655

656 On the other handpopulating the conditional probability tables as definitely challenging for

657 stakeholders (and many researchers) and this was seen as a concern. The case studies generally would
658 have benefitted from more guidance on elicitation and discussion of these types of values with
659 stakeholders or stakeholder gpsy rather thamelying onthe more common situatian the earlier

660 stages of BBN developmeot getting values from expertwhich then have less acceptance within the
661 wider stakeholder community

662

663 The decision scope of BBNs

664

665 The overall goal of the Ope®$S project has been a search for appropaigppeoaches, mebvds and

666 tools to operationales natural capital and ES concepts that they camform decisions at various

667 scales; theseange from the design of policy instrumeni®ational) planning implementation

668 (regional)to decisions made bgnd and water managetscal). These approaches need then to address
669 the core chacteristics of the ES framewoirkcludingthe modeling of socioecological interactions.

670

671 Several characteristics of BBNs matlerh anappropriatemethodfor this purposeBBNs hadbeen

672 used to model natural resource management syskeignd-fayer et al. 2014McCann et al 2006;

673 McVittie et al. 2015, but these applications seem to have been mainly exploratory and kept within the
674 research sphere. WhileanyBBNs have been edesigned with stakeholders.g.Fletcher et al. 2014;
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Mamitimin et al 2015; Schmitt & Brugere 2013ewer have been used topport decisions directly.
BBNs bring added value to the ES framework when used in thisagsakgey link support fatecisions
about the management and use of the natural reseiircexplicit modeling of the interactions in the
socicecological system

The experiences from OpenNESS show examples that move the application of BReNSwatker
towardsdecisionmaking All, but one of the OpenNESS BBN case stud@s/eredthree ofthe four
decision context categorieExplorative Informative andDecisivg and this was giveasone of the
mainreasongor selectingBBNsto operationalise the ES concept in their case qfUdlyle 2) though
these aspects were implemented to varying degrees.

Most case studies had a strong component of stakeholdexation when developing their BBNs. The
process of model building is initially very simple and transparent when discussing the structure of the
system. In all caseshe BBN developmerromotal a common understanding between researchers
and stakeholders of the reasons for the choice and role of the variables within the BBN, including the
availability and quality of data and/or expert opinion, the critical elements in the desugipart chain,

and the degree of complexity requiredprovide a satisfactory model. Therefore bothERkplorative

and Informative decision contexts were addressed simultaneoéglgitionally, the process of €o
production of BBNgpromoted social learning about theeaf ES within decisions, especially when
stakeholders were able to use the Wabed interfaces themselves to explore how alternative actions
affect the outcomes.

The use of a BBN within th®ecisivecontext was not fully addressed within the OpenNES® ca
studies, and this aspect lpagentialfor further explorationSeveral case studies (CNPM, LLEV, ALPS,
OSLO, IVEM) developed an aspect of decisinaking potential through valuatipthough only the
Oslo case studies approached a monetary valuatitrinvdat BBN All had the longeterm goal of
developing BBNs for decision suppddowever, the additional structure and information to move from
adecision support tool to a decision implementation tool was lacking.

Four case studie@ANU, CNPM, ALPS, OSLO) identified thatTechnical policydesignwas an
important factor These were situations where close collaboration between the research community and
stakeholders who were developing policy initiatives allowed an easy transfer of knowledge, with the
development of the BBNs enabling that flow of information.

Finally, two additionalBBNs (see Supplementary Materidbmonstrate how tHBBN can be used to
create or manage useful information within a projdtte classification example wasformative
whereas the method selection BBN wiagisive Both were designed and implemented by experts and
fulfilled their intended aims.

Further considerations of appropriate modelling of spatial processes

The experience from the case studies showedtbated to incorporate spatial structure to asE&ss
was very case dependent.

With the Glenlivit BBN(CNPM), the system is modelled fgeneralconditionsin the catchment and
will not depend orafarmerchangingthe use of particular fields or thmainfall amountin a particular
year.In contrastin the Vercors case stu@gLPS)the spatial element was very important in stakeholder
discussion to makaetaled local management decisioighile local spatial dependentethe dataan
comeinto themodelthrough the GISthesimpleGIS/BBN combinatiomused in Vercorsiill not resolve

the BBN spatial structural dependenci€sr examplethe optimal management strategy for one forest
parcelmaydepend on the outcome of a BBN somewtlatse in the aredf so, the BBN structure would
need to be more flexible and spatially dependent, an issue raised by scientists in the P&&®Ram)an
case studyinformation on neighbours can beedby including extra nodes representing properties of
the surroundingsas was done in the city trees (OSLO) case study to allewathe of one tree in the
city to dependbn bothwhere it is located and the number of surrounding trees
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Potentially more complex to resolyés the dependence across the entire landscape of the value of ES
delivery. For example, the economic value of a-faedching area depends not just on the neighbouring
locations but also on the number and relative accessibility of such locations aerosgitim. The
second location will tend to be less valuable than the first and the marginal value of additional bird
watching locations will continue to diminish. This has implications for integrated spatial modelling of
ES delivery and may lead to misléaglassessments if not carefully estimated and mexdlell

In the recent literature, Landuyt et al. (2015) developed a QGISmphagoromote the use of BBNs to

model and map ES delivery, an approach also being implemented by HDGIERT. Landyut et al.

discuss the appropriate presentation of outputs to reflect uncertainty, but the paper does not look at
uncertainty with more complex spatial dependencies. In a different development, Chee et al. (2016)
have an interesting prototype for extending a sdatétransition dynamic Bayesian network to model

spatial and temporal changes, so partly addressing some of the issues mentioned above. Assuming that
hierarchical structuring of ecological systems allows them to simplify the system of dependencies and
that treir assumed temporal links are indeed deterministic, then the paper is a proof of concept and
provides a possible basis for addressing these issues more complételyiare.

Thesemore complex, but quite typicaltuations all require more specifispatial dependencies to be

set up, and the problems of properly assessing the spatial covariances now needed for the conditional
probability tables become much more challenghtmne of the case studies in OpenNESS resolved this
issue though some recogristhat the models available to them at the time would not be adequate to
represent the spatiemporal dependences with future BBN developments.

In conclusion, aimple embedding of a BBN in a GIS will not resolve the spatial dependencies between
the spatial structure of the ecosystem and the value of the services (e.g. Termans18j}.aust
assuming that an owsimplistic model reflects the true situatisnno solution, and without that extra
work one of the major benefits of using a BBN to rigorously assess evidence will be lost.

5. Conclusions

BBNs were used in 9 case studies within the OpenNESS project by researchers and stakeholders with
a wide rangefoprevious experience. As it was a new methodology for many researchers, the initial use
was to explore the capabilities. This was aided by one of the partners in the pliofetl EXPERT,

a software company developing BBN software. Their web platfpraviding interfaces to the BBNs
developed in the projegtroved to be very beneficial for stakeholder consultafidwis is arimportant
elementfor both the knowledge elicitation and the model testing phases of BBN development.

All case studies founthat the BBN provided a useful approach to ES anabysis satisfied their
apriori expectationsbut that here were some aspects that could benefit from further development.
The case studies used BBNSs in different ways and the diversity shewsots flexibility with many
potentialroles in ES operationalisation. The BBtklivered partularly well on three aspects.

9 Firstly, the coproduction of a BBNwvith stakeholders helped to generate a common understanding
of the structures and the role of B&hin decision processes, leading to social learning about the
concepts as well as the tool itself.

1 Secondly, he transparency of a BBN structunas important for stakeholders and researchers
exploring the behaviour of the BBN for themselves and seangdutputsreflect changes in the
network.

1 Thirdly, the expected fear of handling uncertainties did not becam®jor issue as most
stakeholdersvorking with a BBNrecognised why uncertainties were important to the modelling
and why it was importarnb understand the level eividencean supportof any conclusioa

However, these benefitame at a price in that BBNs continued to be seen as difficult tmuode

required specialist expertis€he case study examples highlighted that more work was necéssar

resolve issues with the spatemporal modelling of more complex so@oological dependences, but
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also, more basicallythat more targeted training of staff and some new softwac interface
developnents would help to increase the BBIN®fulnes$n ES operationalisation.
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SUPPLEMENTARY MATERIAL

Additionalexample lclassification of ecosystem services

There are now a number of different ways of classifying ecosystem services in the user community,
including definitions outlined by the Millennium Ecosystem Assessment (MA) and by The Economics
of Ecosystems & Biodiversity initiative (TEEB). At nationalafes, other systems have also been
designed, as is the case of the UK National Ecosystem Assessment (UKANE#hmon International
Classification of Ecosystem Services (CICES) has been develogetdp people navigate between
these different systems, tms areplacenentbut to allow the easy translation between thérough it
doesthenrepresent aew classification system in its own right. CICES was developed as part of the
work carried ouin Europe on ecosystem accounting (see Hafwsg and Potstn, 2013; Potschin

and Hainesyoung, 2016). It has also been taken up by the European working group on Mapping and
Assessment of Ecosystem Serviceaédl et al2012).

Given that different approaches start from different perspectives, BBNs were redogmisne way of
representing the sometimes O6fuzzyd and often n
systems. CICES provides a framework for classifying final ecosystem services that are dependent on

' iving processes ( iis herarchitd instductwree (Fig 10y, with)each I&VEICE S
providing a more detailed description of the ecosystem service being considered. The hierarchical
structure means that studies undertaken at different thematic and spatial resolutions can more easily
compared. It also enabled a translator to be built, using the categories at the most detailed level in
CICES This classification is an output derived from expert opinion and is implemented as a

deterministic model, though the CPT could be modified tauintle &6éf uzzyd correspond
stage

Figure 10. Structure of the ecosystem service classifier based on HUGIN; CICES Classes are used as
the basis for translation between systems.

BBNs generally express the chance that a node is in a particular state as a probability. Here the
probabilities merely indicate how likely you are to be taking a category in one classification given the
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