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Abstract
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An integrated urban greening planning framework for Sustainable Development by Using

GIS-based Multi-criteria Approach
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This research has the major objective to develop a tool enabling the creation of an
integrated green planning for a city. On a basis of ecosystem services concept, an integrated
approach includes regulating, cultural, supporting, and providing services into urban green
planning. To achieve this objective, this research developed a decision-making tool consisting of
multiple indicators with the use of GIS application. It involved three main steps including 1)
developing a tool consisting of a set of suitable indicators with scoring system, 2) applying the
proposed tool to the municipality of Phitsanulok, which was selected as a case study, and 3)
developing an integrated urban green planning for the municipality of Phitsanulok. The proposed
tool had a total number of 24 indicators. The findings show that the proposed tool was applicable
for a middle-size municipality to develop the urban green planning based on the assessment of
four different ecosystem services, which prioritized each community into three levels of highest,
medium, and lowest. Due to its ability to assess multiple ecosystem services, this proposed tool
is flexible and comprehensive, enabling an integrated urban green planning and preventing the

development of urban green spaces with a single use.

Keywords : Urban green planning, ecosystem services, integrated approach, assessment
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uniinamisenansiaeidesiussuuiiaaineilos (Ecosystems) uazUselovduoisyuuiing
(Ecosystem services) Tngutsoaniiu 2 dau drunsnifunguiifeatuiinaines luwidfon
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2.1 sguulinaingiies (Ecosystems) warUselesuvessyuuiiaminegn (Ecosystem services)

2.1.1 Adigny
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s3UUHLIAINgT (Ecosystems) Ao yuvundudouinisiufsunlatvesiiy dnd wazadn souds
9] A 1AANa 1 oa v w ¢ Y] = = I | & Ao v oA

anmwinasuluiFinnoinanuduiussuiuUSsulalow Jun e nia NIt NwarnsEuIung
WBN15A15908U09MNUG (MA, 2005; Moll and Petit, 1994 cited in Boland, 1999) Inzanailu
SrUUinALUUSTINYIR W Ul Qun vialussuulnainaunauiunsldnuvemyee Wy wui
= a & A ] Y | a a a ] °

WeanTanuiinuasnssy LOuAY d@iuszuuiindingiiies (Urban Ecosystems) 1 JUn15A11UA
YouLuavesszuLdnainerinuanzluuinaiuifesdudunisegsiuiuseninuywduas
§55UBIH FIB19TIULDINUN L UYDULYALL DILALNUTTBEFABTEWINBIBInUTUUN (Luederitz, 2015)
sUUinmnelnalsenaulumenafiunddewariununnanua inuluiles susudeduldsuauy
Aua1s130e aununedyl aunung aunudnay Un @i @5vin neaanu neia Ui Las

fufisn$s (Boland, 1999)

Usslevtivesszuuiineinen (Ecosystem services) Ao Usglomiuywdldsuanseuuing (MA,
2005) \ilenpuaumI el Al A UTInNYuERIUNTEUINANTLAZANMAN I UBITT UL AINEN
(Daily, 1997 cited in Luederitz, 2015) wuANARDuandliiuind euloesenineszuuiing
wazanuegARuAvesmywddadunainanan1zuarUIIAe sHUNUN1ETINYR (TEEB, 2012)
fuilnasiomnusiunsUaensiy quamuazanudiiusmsdsanvesyud Tnovhluudszuuinaili
ansglordunnnimilafunsgiinalnfidudeunaiseg witimihildnarnuane duiusiunisln
amﬂsﬂwﬂﬁwmﬂwmaéf’m (Bolliger and Kienast, 2010) wansliufisessauselavtivosszuu
e

waAuAnIesUsElevivesssuuineinel (Ecosystem services) losuniswennsidunaulaluas

A11991N97897UL589 Millenium Ecosystem Assessment A@fiundulula.a. 2005 wiinazding
! = ! %4 dygj 1, a ! . . =) y . U

NANINLNNBUNTNUALAU 1970 Tneisanin environmental services %38 nature’s services NaUaY

unUasuu ecosystem services 1ag Ehrlich and others Tug29@utl 1980 (HainesYoung, 2009)



nAleudnadiures ecosystem services fiinIneeansnenauuUinguuesszlydeenilumany
Uszinn
2.1.2 Ussnvesuseleivasssuuiinemine,

nsinUselnneesuselesuvesszuuiiineingalag Millenium Ecosystem Assessment (MA, 2005)
wusoandu 4 nau leun

- Usglgauaunsasiswanan (Provisioning services) wunefiy Uszlesufiniuainyningins
g lunandnvesszuuinined wu veet W wewnds ida uazvayulng 1usu

- UszlevusumsaiuauAMnIEILInGex (Regulating services) unedia Useleviinedes
fumsinwinunndsndedldlndeulnsy wu msshwianmeinia nsussmignnde
msmueulsa waznsvinliazenn Wusuy

- Usglevisinuiausssy (Cultural services) Wudsgleauilieaiuionssuiunuins e
MIAUNTEAIANS WAZNISANY

- Usglewudnunisaduayu (Supporting services) 1uusslavuiisadasiuainuvainvans
YOI5xUUTINN WU nsAndeiu NMIFeATIZiLE Lazn1suyulsuessine1ns [usu

YaNINUTIAIUITOLUIUTELANVBITETUULLIA AR U NWULLATVUIANIINIYATNYDITEUUTIADN
718 Ine Costanza (2008 cited in Haines-Young and Potschin, 2010) wuseanidu 5 s¢au fe

- Usglewdluszaulan lawn
1) MspuANdN NN

2) MIgaduAIsUBY
3) M3finAuAIsUaY
4) N58139L3%9AUAN I TUUTTIY

- Usplpwillussauviesdu Toua
1) MyUesiudunin
2) MsuUnueaLde
3) NIAIUANNINTININ
4) maJuundsitegenfovidounasingis
- Usgleusuirmenisirarisuannuuasanludanasusian laun
1) mstlosiusivia

2) nsidunma i
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4) NATIEINDMNT
- Usslewdseduing 1dun
1) msAuilafu
2) nsudnevs/g
3) nslvdngau
- Uslewimumaindeuiivesdaululuiufisssumn
1) nsJuwmaamaniugnssy
2) maduwnastiumunnis
3) M3asNAUANITRUETIULATAUNTEA N

2619157073 Usznnuaanisiduselevd 4 wuuvad MA Wunsdnwasldfulnsvatsuinninlunis

Y

Useiulselovuvasnunaien
2.1.3 unAuAnYeIUsElev ST ULl

nIpULIANUARYBIUTEleBUsTUUTLA LL‘UIQL‘TJU 2 WIAMUAAUSN LAkA

1) Ecosystem services cascade LLu’JmmﬁﬂﬁQﬂﬁ’lLauaMa Haines-Young and Potschin
(2010) Fawvseendussutundanuduiusiulsznaulusie

Landscape structure or
process
(e.g. woodland habitat
or net mmmy
productivity) -
Functions
(capacities)
(e.g. slow passage
of water, or
A biomass)
Limit pressure via
policy action?
]
¥ Pressures
—
‘Intermediate products’
‘Final products’

a a a I o W z
E‘Uﬂ']‘W‘VI 2. 1 UIANUARYDITEUVULIALUULT U UTU
7117: Hansen & Pauleit, 2014

- Tpssadremsilie (Ecological structures) Ao anmuindeufiJugusunsounasiiogende
YOIFITIN 1wy U1 aner vuesi filasning Wudu
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- WveeTEuUilng (Ecological functions) Ain AIw@ILNTA (capacity) 98sszuuiinalunis
NEIR1996IUNTZUIUNT (process) Nillulaseadresyuuiinad1edu 1wy nsivauesin
AolvAnmsvyuisuainianglugil nmsasyiulnvesivnsliinduiauasnananm1e

~ Usslemlvessyuudlng (Ecological services) fio UselawiifilésunnannnssuiunIsvesssuy
fnafintudslailddsnafironyudlnenss wu nisesfutnhuannisgeduivesiuuay
sinfiwiigameduliseturesiiuiizuth Aufigeuauysaisnnsuitesvosndunis ns
yeneusvosiivuazdnfannnsieazesasyuaynisindouiivesdnd Wudy

- AueAvesszuviiig (Ecological values) Ao Hausylevuiilasailiosunanusslogissuy
a °o_ w ' v @ ey a0 < ! ! v A a
tneluddudemndulunalszlovuidwandeauiuegvesuyudlagnss 1y U1uiseui
Lidemennnistestuivhuvesiunddessudy fvdndudunandnaniudugauauysal
wadseuSuauastumnNMsilaInMsveneiuguesivwazdnd [Wusuy

aziiiuladnAndenuves Ecological services wag Ecological Values ¥89 Haines-Young fiA314
pauLede uazdeuriufuluuiensd wu lunsdvesnisestutviudsdsmafvounuslnonssogudn
Feanunsausneenidulseleviuendeslidnvanede fanstlesfunsidemerensndau wsvgia
waznsdestulaliAonaidesoaunin fofu Felsidanusndulunsuen Ecological services uas
Ecological Values 89n91nfu uena1nil Hansen& Pauleit (2014) Tddiauadrdududaluain
Ecological values L1 Economic values (Uil 2.2) FadunisfnaAvesszuviinresniiy
mhefufiansainandegusssuld Wy arwannsolumsiedmiviuioyindsrsumiegieiud
a1 w30 MsfanA1vesaIuaIsIsureanu L Iumiaeiiu WWusu s Ecological benefits and
Economic values Frundusidulslonivesssuuiinaiifivonywdiioau udmiiowdunisuenls
Fulssanvesslorifuiseenifulsslonidmiuisduasyarmaasugaitu

Ecosystems and Biodiversity

N m o |

Human well-being
socio-cultural context)

Yy

Biophysical
structure or Function*
process Service
Benefit(s) )
(economic)
Value

*) subset of biophysical structure or process
providing the service

dl o U 5 a =)
E‘Ueﬂ']W‘V] 2.2 3N UVUVDITSUUULIAINYN
7317 Hansen& Pauleit, 2014
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2) Ecosystem services and disservices
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nsgvauNIaInsalinaLariny Sladudqulseloviogiafenvinty Ecosystem disservices
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fngie nsviliAnvey maideulnsuesdsugnaiine sads mslavdvesdnd nsuWazessinas uas
ASITUVIAA9Y (Lyytimaki, 2009 cited in von Dohren and Haase, 2015) $1ufinw1sguuiiaagin
whlufisslovldundnuasiiilosles Suillienuddafulnewosssuuiing dwalianudilagy
f:é’amﬁagiﬁawﬁwﬁaa (Dobb, 2014)
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an3gelini (Palta, 2016) MUTUUTTYNANTENUNNAULTIFUINTDY TAUFTTU Uaznshinandn Az
3 Y1 a v L3 (Y [ & R a & da o =2 '
wiulanszuuinalinenauselovduagdunmeiuuysdluuensa dmunsussdunundgedsly
= o =2 ¢ ¢ & da Lo = T L da 1% %
msiinsAmilanalsgleyivesiiuiddeuindy amsiinnsamilafdvnwresiiuiiddedlvnseunqunneiu
LUy
3) guasAnazaumuvesUseleviseuuiliag (Ecosystem Service Supply-Demand-Flow)

(% (%
Ao A 1

a ~ v o & i ¢ o i cav vo
wwIAUAntINug ey NALdUTUSTE NI UasAlave U uinaseUselovinlasuain
seuuila lagguasaingatesiuauaiunsaveslunsvimtsnennelminUsslev diwguniu
a ¥ 1 v & 1 ¢ v 1 a = Y

AT UAIINADINTTVR N Y BEARUTE aBUAUANIvRITE VLA 91n3UN 2.3 wangliiiu
ANFNRUETENIegUad Uselewinlasuainseuuiling uazguniu ae Burkhard (2012) leaguie
I szuvinanmuanuseneulumelassaiiswuunnsgfneliminnszuiunisnsinarnindy
wiganInensnas1anandnLazimntnaneg sruuinadaduunasdeunandnuazusnisuialu
uWas UL MNuasgUNutneilinAMAIMA1eA N UEILING DY TAIUSTINLALIATYTN Uay
AuAtieatsruuinaneliminUsslevinwinudnu-wasegia wazauluegrewyud Judin
DumnuduiusndoundunanauanusienisvomywdsenumNssuuiimastiy wisguasdse
SEUUTNATINUTINANAUDNAINNIINTIUIUYTEYINTUATNITLATYLAULANIIAULATYEA AL

4 1 4

#99n15maNlTTiNan oL N LU aN I NUINADUNIINEAINYDITLUUTATUAIUYRINTSITUTL Lo UL

v ¢

hukaziununeguAuonaldsunladly dauanuduiusisesguasd-gunudslaldanuduius

MadeeidunuANLFINUS LUV TNINaR D UTTILA

Land cover / land use <:| <:] demand
2 Ecosystem services
Ecological integrity ¥ Human benefits
Ecosystem structures Regulating services Social, economic
& processes Provisioning services & personal well-being

Cultural services
supply |:> E> Population, economy

JUNMT 2.3 wnunnguasd Usslevunlasuanssuudiig wazguniu
#ia1: Burkhard, 2012

UG 2.3 uansliiiuinguniufesissuuiimiuies diuglasriannuunendudeuniniu
Wolff (2015) lasiusiudienuvesgunusieuselovivesssuuinaliniunisn 2.1 Arlleuves

v

gumusiayselevivasszuuiivg Aall

a o Aa J L3 a
M139% 2.1 Aflenuvesguniusieusylevdvessyuuiliog
N AUNINY
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Burkhard et al., 2012 NaNANNUSINANIUALazUselesInauanilnanaNuRtaNuAndaly
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F15zuznatniaviiuy tlAadeadauselvuanuaissuuidnady
ANUNTO AR

a0 £

Schroter et al., 2014 AMNTUYOUTBINgUlanguullsndnednyuzlan1zuasUselevl
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1a5UaNNsEUUTNA WU ANWUSNINTININ N1R9 wazyI9anfile

ec®. ).

52395

Villamagna et al, 2013 | nausslewvifidnulasuniodaanisizlasu
111: Wolff, 2015

90 3 Adenudnadiu Wolff (2015) laesuiednuasvesguniueendu 2 dnwazwdn fie

1) gunmuiiauduiusiunisusiaansenisldnuvesuywd Usslovivesseuuiiiaeig
Wisuiatouunaminensnintnasismandnivenisldnuveuyud

2) gumuilanuduiiusiuanudesnisvesuyed uenanwandaiuyuduilnaudeldly
Hagiuudr gunudmneieaudosnisdenandnuiensldnussuuinafinisesdu feuiuna
AnudasnsTiuzantueatosnimieunninisuslaiinduas iiead saugasenineniy
AoINNTVRILEdiuaN NYBITTUUTLIA

gumusioUselevivesseuuiiiaauas Wolff (2015) Jsmuneda Men1suslaansenisldanuass

MANTU warANABINIIAIUNITUSInALagnsIdUAmINzaY Awanslugunini 2.4 Auduiiug
| ¢ a A P ~ Y \ Y 19 '
JEninguatAkaraUMUlusEuuA WoWToUg ULHUNNAINEINUY Burkhard Wa33gnudn
gUMuIdaIwIANAmTouiy Ao nTzUIUNIINANTLLATIET 19T UUTIALUUAISY ue WOlff
wenarunuanlasuanszuuineeanuliiudaaulagldanin Service flow iieLiuindnisdesie
nszuuinaludanunilasulsslovd dmsugluuuees Service flow H99AnTuLaIRY
NIPUIUNITVDITLUVTNIA 19U NTAIVANANINYTBINTIA LATIINAINTINVINYYE 1WU N1TUUES
P30 NSITNAINUSITUIIR LTUAU LUIAIUAALTDY Service flow FIaAIlMAUINENBULNI
¥ 4 ¥ 4 ¢ X o X o4 a , o .

MeANUBIUNgUNIULaE U UAR TugunIugNISenIunnGn (Service Providing Area) d3u
WungUasreiulasulselevt (Service Benefiting Area) fufindnuaziunnlasuusslovions
WunuAPetursoauasiun saNuings 1 wiee1adl service flow WFsnunnleasulsylovinans
WiV B lumeanaunu
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ECOSYSTEM SOCIO-ECONOMIC SYSTEM

Drivers of socio-economic change

Drivers of ecosystem change s X - x
y g Socio-economic, Demographic, Socio-cultural,

Climate change, Natural disasters, Land use/ [ .

Land cover change Scientific _anq Technologlcal,_Pnlltuca l,
Institutional, Psychological
* Land use *
management Jfo=TTSTmsmmmm e e oo -
Ecosystem function | Desires |y Directusel
Y Consumption
Y v
SUPPLY DEMAND
Service
flow / Benefits

‘ I

SUNMAN 2.4 enuduiusseniguasAwazaumulussuuine

]

&

a

111: Wolff, 2015

v '
v A

Maiusglosuiinyudlasuan service flow WurauaingUasdia 2 Ukuu e nsuilaafuaiy
ABINISVBINYEE Wolff Faafuramiedtgunumaivesuysduusiasunuanindenu-Lasugng
Wi dnwarlszang anuiamthmaneimansuazinelulad wasdnvauznianisdes Wusuy

2.2 MsUseliudseleviszuuinilas

nssaiulnegenimeniiowasusinauiuanadeusefiiintuve uilesdaszuuiing
slwaruaulasunisusaidulsslevissuuiinadeafiuiuagnannluiiagdu (Baro et al., 2016)
sULuuYesnsUsziliuUsslevissuuinaiinanvatenisld 4 Ussianndn e mslinasivaz
ft fananefaiieliaseunquuselominansesawesssuuiina msldinasiransinaeiduzuuuy
mMsUsziliufivnzaniuussfuifinnududeuiifussidudesnisiansamansyssiiundens fu
(Fabos, 2004; Queiroz et al., 2015) usnaniinisldinaluladansauna GIS saudaedelining
ﬁqﬁuﬁﬁmmazmﬂum?jqﬁuﬁ”’qmiﬂszLﬁuLLasmﬁmé’uﬁummﬁﬁm W1z GIS 9elwtingneds

AN115091ANULI RPN AUNUS SE NN UN DTl AT I@5 1Az TN Nfneiule

wiimstsediudseleniszuvinadonsdsuiuiuivluiagiu uidsasddyniiesueialsl
FALAUVDIANYY LLasgﬂqumiﬂimﬁuﬁwmﬂwmEJ”L;J'LLu'uau (Pulighe, 2016) ﬁﬂﬁmmmmﬁmﬁ
THUseuifisunisussdiuld (Esoh et al, 2012) uenaninisnilsialssloninaneiuvesszuy
Anefinsliaseunquamivnudinlng fifswedssloviuaunadeunhduiidngnsudluly
n15UszLilU (de la Barrera, Reyes-Paecke, & Banzhaf, 2016; Kremer, Hamstead, & McPhearson,

2016) vauziiuszlomineTmusssudnllldsunisnannds (Erik Gomez-Baggethun & Barton, 2013)
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msUszfiuszuuinaiieadmiaanuysanmsiunsussiliuiiasvouliiuiwsslomidunainnans
Ya3EUuiIe (Meerow & Newell, 2017) guassadnauvainsussiliuysslovdssuuiliiniiosro
FBnsUsudiuvesudaziyiniunnaaiu nsfinwluuunsdssiuiriiuasandiiuinfisluuy

[
a

PlgUseiunfazidinvangwuy (Haase, 2014) 69

- MTIATIZAIINENBAENIINIEAIN (Bio-physical models) A5Ua1sadATIzAsEUUA
wagnansznuiidudould uwilingndrinegiinisleseivseleviimunsiinanindundn

- N391eBeteyavnauAnuIneuninl (Look-up tables) F5llilUselevisan1siiasgigy
AIAPUNANER

- mslluwaninisiuinududou (Modelling) felduisidsUsydnendinldusyifiuysslowd
iudsndeufiiettosiuuaivniieniea anmalionnies vienistiniiuansuey

- AslEaIMNeediaA (Statistical analysis) AdlHAATEilazAmuIaUsElosUunlasuIINHaNER
VDITTUVINALAZUSHIUAIIUADINITHIUMEITNNEDR LUU aun1Tan0oy

- mslIBBanmaw 1wy msdumwalviensdmaiiieUssiliuguAnioustleviveszuy
fnAnANAnLTEIUTEY Y
nsfnuuTINdnvarvesiitinfignlivsniulselosinareduresssuuinmiosdafinag
$uduetheds ielifinmzimdnuazvesiidtailldludagtu suisdei-doiduvesdtaile
thluguumanisimunnsusziiuusslevivesszuuinadesfinseunquuazldanuldazain a
nufnwdumsUsaiussleniiuididemansduresiuiidostudefngasd 1990-Jagiuldgn

1%
v A

SAIUTIULVINUA LNEUNALTLADNIUANYIUNIATIZATIAIT

- msUssiuyselevuvesiunddeidoaiuinnia 1 euduly

X A o 2 X oA
- NunEnwf o TuNuleg

a a a v v Jo A v ~ Y a Y
- fnwasBeaiedtudmitin sUuwuunsusaiiy wasnsiassuielviininseile

L5 UAN U TLNNUNUNINITTUNST T

NSAUMUANELNBUINIILATIZY TIDEUALAIN 2 WARINAN A Web of Science wag Google

¥ [
o w I A A

Scholar laglgmmarAgyanilal

- Ecosystem*
- Ecosystem services
- Urban

- Multifunctional*

v v v
6 o % [

meinaeitanuinliiinudnunlglunisiesgrinedu 85 Ju (@amuuan 1) dvdelunsinse
1 U 1 d’l
7199 faralull
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2.2.1 ginARviiNIsAnK

M3197 2.2 Rlanediflunwsunsussifiulsglevissuuinadesivarnmatuansliifiuiiny
AnwUszanuaimilanuivssinalunivylsy sesasndeniviodedadiulngiduaudnunly
assusgUsrrvuiy Ussinadosas 20 uazflanizenidnmusgussanaiesay 15 Mufinwisu
msUsziulsslenissuuinedodivarnvanefinulunivdug tassuse

15799 2.2 pilmefdlaudnusunsussdiudselevdssuuinamiesainvae

Region Frequency | Percent
us 13 15.3
EU a4 51.8
Asia 17 20.0
Middle East 1 1.2
Africa 3 35
South America 4 a.7
Australia 2 24
Mixed 1 1.2

2.2.2 159851900952 UURNANI NS AN Y

Tnssasrsvossyuuinafinulununwdlng fe fuililewiaies Inenuunnindosas 40
sesaunie wnsiuiiddelaenuiuiadeiassasfuiuiddoduss TnenuUszanados
av 20 uardailnufnwiameiuiiaidoassuslugiuuurosmumssugdniosay 8.2 iufifiden
fifuaruautiuinendedniosar 4.7 uaziuiivhyuvudndosay 4.7 Fandduaissd 2.3
Tnssaseszuuiineesnufnudunsusadiulselenissuuinadiosdivainuats Jemnsauay
Ao mnussanuddiviinunefunufnnivsdiuiuiidesiuiles

AN5199 2.3 1As9as19ssuUdnATeIUAN A UN1sUSEuYsElevUsTuUTnAda9iannuane

Ecosystem
Structure Frequency Percent
Al 36 a2.4
Agricultural land 2 24
Street trees 1 1.2
Brownfield 1 1.2
Mangrove 1 1.2
Green roof 1 1.2
Green spaces 18 21.2
Residential Green 4 a7
spaces
Urbanpark 7 8.2
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Forest 4 a.7
River Floodplain 2 2.4
Greenway 4 a.7
Wetland a4 4.7

2.2.3 YUNNYDINUNLI D

YUIAVIN UL DIU TN UINIUIUUTZUINTVRAaz o wdunan Taenuadu 4 vuiatazunas

YUINRINUIUUTEIINT P91

Weawnuas 191udsensuinnin 1 atuauduly
Weowwwalvey ddruiuuszasnng 500,001-1,000,000 AL
Wesruanand 491uauUserns 100,001-500,000 AU

Waguiaan d31uiudsewnstiesnin 500,000 Ay

AN5199 2.4 VUNALERIUINUANBIPIUNNSUSERIUUSElesdssuunnAL pIRa1nane

Urban size Frequency Percent
Small 6 7.1
Medium 21 24.7
Large 14 16.5
Mega 40 ar.1
Mixed a4 a.7

nundungidentiuffnuidudiemmiuasiiovazaimil sesasnfodisswuinnalslssunc

o T ¢ v A v a A a = & Ao
Ja8ay 25 LLa%LﬂULNaﬂmuqﬂLaﬂuaUﬂ?jﬂ A 398ay 7 (15191 2.4) LUBNANTUIDIVUIAUBINUNE

WenarmudeanisvesUseleviivainnangvesssuuiiaeia Wewuialugdeulivsziuuay

AURBIN1sNINNNG Fsdnzilumeunaiiilinudnuniieswisdendnwszuuinavaadiowin

uaswaglianuaulatuiuidewunnidntosiign

2.2.4 Usglgvussuuinadiaailasunisusydiu

1) Usznnvasuselevdszuuinadaailasunisuseiiu

Usglevumeiudwndoudulssinnilasuanuaulauinfigaannudneiufeviosas

90 599a911AUsEleVUNI9RNUTAIUSTTUNLASUNITUSEIUINNIUAN SR8y 73 drulselevy

NAUTIAINY AT UNISUTEN NN UANEININATIN TINS5 oay 54 dnsuuselevinianiu

wisnghanleanuandnvessyuuinalasuanuaulatesiign A Ussunudesas 45 (1357199 2.5)

AN519% 2.5 Usznnvaauseladssuuinadinailasunsuseiiiu

Uselgrluadseuuiine U Souay

AUAILINA DL 76 89.4
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AU IRIUTTTY 62 72.9

AUTRLFINEN a6 54.1

AULATENA 38 44.7

2) uulselevissuuinailosilasunisussiiiu
a Y & 1 o & a A A ¢ | ‘a &
M5 2.6 wanslimiuindnuiulsglesiszuvinadssinuluanudnwaiulngdn1ssauns

2 uag 3 uag 4 Ussinyvesuselevdlusiuiuneqiu fe UsyuiaSesay 30 an51991 2.7 wansleidiu
TeavdgniUssinnvesUselevingnsinaniussinnlatng

AN5199 2.6 IUIURIUsELANTRIUTE IS sUUinALpanlasun1sUSELEY

INUIUVDIUTELNNVDY Y

¢ a ~ I0YY
Uselewinnatnaminen
4 Uszinn 0.27
3 Usgian 0.26
2 Useinw 0.29
1 Usenw 0.19

AN5197 2.7 S19azdenvesUselevdsyuuidnialasunisuseiv

Useloruvesszuuiliag U Sovaz
Env+Ecol+Cul+Econ 23 27
Env+Ecol+Cul 9 11
Env+Ecol+Econ 3 4
Env+Cul+Econ 9 11
Eco+Cul+Econ 1 1
Env+Ecol 8 10
Env+Cul 12 14
Env+Econ 2 2
Eco+Cul 2 2
Env 10 12
Cul 6 7

vmngianiz 2 Ussianuszleviiignianlunisuszifiunds vszlevinieinudsundeunaziu
fausssudu 2 UssuavmdniignArdslunisdssiduszuuiina (Fovar 14) sesaanfe Uselovd
msshudanadenuazsuineivel (Govay 10) dmiunsuseiiiu 3 Ussiamvesuselovt Uselod
mefumsugiasingniemsntiosiian WeRansangifinisihusslevinsinudawndeunie
TuusssuuUsziliuiissssnnifinds T3 uiuegusvunnsosas 19 winisluusdazUsvnnd
Usgiugosignuinnussiiuinnndy 1 Ussiiiu faazuandiidivluidedaly
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3) Uselevun1amnuannasy

Usglevinenudwnnseungnatilatlunisussiiussuuiimiledivaigsiu a5 2.8

wansliiudvinunignArdafiduanunudlng fe msaadgmdiviauiienisaay3uaiveain

A1 (Fovay 47) munsien1sgaduaisueu (Segay 46) Wazn1smIvANANINgloINIANIoN1Tan

gaumniflesiiuas (Gesaz 45) diusuiignAiatosdn Ao n1stiensnaNiugaNnIsaIeazees

ey (Sevar 11)

AN5197 2.8 Useleuun1emuaInIna sy

Useleguniennu .
2 v UL
ALInaDd
Climate aa.7
Waste 23.5
Flood a7.1
Air 38.8
Carbon 45.9
Pollination 10.6
Soil 23.5
Other 21.2

4) Uselgrinuidineingn

Usgleyinasiuiineingraiusanvtoantidu 2 Ussinumen fie n1sasaunasiiegende

wazANTaINaIen1sTInN Inseudiulvnglimudifuiulssinunsniissiosay 22 Fesunin

AUAIAINaNENITIN MG ag Tosay 32.9

5) Useleyumuimus sy

Usglotmuinusssunvaduamun 5 srundnuaziuseifugesdus nsuseliudseleyd

mamuillinnudfyiuuselevinenuiunuinisiinfaanesesas 65 dmnsussiiudsyloyiin

Weadaeiuanuny dnanvainialseifenans waglenianinisAinwiegrsudislnaifesiu As

Uszanuesar 20 auniinisuseiliutdesnan Ao Usslevunmamunisasianuduiusvniedeny &

$98N315088% 10 VBINUANWINNANIDIUTE e UMNUTAILEAIIUAITI9N 2.9

A1519% 2.9 Uselesinnamuiniusssy

Cultural %intotal
Recreation 64.7
Aesthetic 235
Identity 18.8

20



Social 71

Education 14.1

Other 224

6) UselelanuiAsygng

a

Usglomiiuaswgiaiedostuauaiinsavesszvuinalunislvuandaifinuamis
wiswgia dwsulunuinwszuuinados nandavdnlufiufidoudsoonduens Tngiu
wanARFIUNEY uazdug vudwlvglinnuaulefunandndiuemsuagingaul
Uszanaudesay 30 uarieay 20 mudiy (3197 2.10)

M1579% 2.10 Uselevuineiulasygng

Economic %
Food 30.6
Materials 20.0
Land 1.2
Energy 35
Other 11.8
225 friinuseleiiuiiaden
11 inluiidetiaggnesuisdmivusslovdudasduia 4 F1u TuFosinag lud Sruiufiia

[ ¥

USELANAITIN warIon15UsEIUYDILAATFAITIA

1 1
U v Y a

2.5.1 T INNUAIINA DY

N

¥ [
Y [y [

T TanudsnfeudmiunuRnuimueiiiuiugaegi 12 Mdiawaiduiueieed

Y o

#1 3.55 fringnuusesnmusslevigeamusingg daaluil

1) UNTATUANANINBINA

1% 1 '
0% It

M15°9% 2.11 wanalimdiudidinvanuailddmsusziiunisauaNan eI 1AveIssuy
Tnadauisowdseantandu 2 nqundn fie AnuaNisalunIsangumvgll wazaungivseusuia

[
LY

ANUFoUNNUEY MuAnwdulnglidaianuauaunsalunisangumgifsieusesay 60 diu
8nfovay 35 Usuiliudszloviduauauanine1niAaingunginnuiy Inedaindiulugiodu

q 3

#UIANn9mse (Direct indicator) As Mainiigniavsemuineenunlugungilaensidiefosas
77 e NATIaRuUAIuNY (Proxy indicator) NUSINaiwiussoTanH UL uAIAI I sa Y
n1sgaduauseuldifissdosar 23 Insuwdaludidinflddnwaznisnionin (Biophysical

[ '
v Ao = [ a

indicator) 5 Fuuarsinliveyaineltueadenvesiviuiiar ianuRdn 1 Ju dwmsuisms
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[
v Ao

YL ULAALAITINTNIT

= ° o A A aa v o =
FNANUIADANNTATTIVININNNUNATDNIDYAY 23 @QLL?‘@\TIUWWTNW 2.12

[
LY v o

M591 2.11 MFIadmiuusediunisauasanIne1ne

T3 (Modelling) Wundniiauasanilavesanudnewivianun 35a13

Source Indicator Method Type of
indicator
Andersson-Skold et Cooling from LAl Mo P
al. (2018)
Antognelli & Vizzari Local presence of natural T P
(2017) elements that protect from
adverse climate phenomena,
and local presence of natural
elements that improve the
microclimate
Bard et al. (2015) Percentage of tree shade area, MoT P
and number of heat wave risk
day
de la Barrera, Reyes- Mitieation of UHI and wind MMoT P
Paecke, et al. (2016) control by plant composition
Beumer & Martens Cooling, shade, and UHI P P
(2014)
Camps-Calvet et al. Local climate regulation P D
(2016)
Capotorti, Del Vico, Temperature reduction based SL D
Anzellotti, & Celesti- on leave size
Grapow (2016)
Cohen, Potchter, & Thermal sensation by PET index Mo D
Schnell (2014)
Daniels et al. (2018) Climate regulation based on five P D
factors: pollution, cold air,
transpiration, turbulence, and
radiation
Dennis & James Ability to improve climate from M P
(2016) proportion of land cover
Dobbs, Escobedo, & Temperature reduction S D
Zipperer (2011)
Dobbs et al. (2014) Shading by trees M P
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Endreny et al. (2017) Electricity consumption based MoS D
on the cooling benefits gained
from trees
Goldenberg et al. ES supply and demand for local P D
(2017) climate regulation of different
land covers
Grunwald et al. Potential heat of each location M P
(2017) based on degree of sealed
surface, green space density,
and building density
Haase et al. (2012) Land surface thermal emission T D
Haase et al. (2014) Temperature reduction Mo D
Holt et al. (2015) UHI Mo D
Hu et al. (2015) Climate regulation MT D
Kain et al. (2016) Temperature reduction L D
Pietrzyk—Kaszyﬁska Microclimate or its components E D
et al. (2017) (shade, lower temperature, etc.)
Koschke et al. (2012) Amount of cool air produced TP
Kremer, Hamstead, & Land surface temperature M
McPhearson (2016)
Larondelle et al. Emissivity values, LMo D
(2014) evapotranspiration values, and
cooling potential of tree shadow
Larondelle & Lauf The number of the elderly T DP
(2016) exposed to heat, and local
temperature variation from the
regional mean temperature
Liu, Hu, Li, & Yuan Shaded area and heat absorbed MMo P
(2018) by vegetation transpiration
Madureira & Andresen | Temperature index Mo
(2013)
Manolaki & Vogiatzakis | Climate improvement based on | Mo
(2017) vegetation
Mathey, Rofler, Banse, | Temperature reduction Mo

Lehmann, & Brauer
(2015)

Meyer & Schulz (2017)

Mediation of climate
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Meerow & Newell | Average land surface temperature | S

(2017)

Montoya-Tangarife et | Local climate regulation P

al. (2017)

Neema, Air temperature S

Maniruzzaman, &

Ohgai (2013)

Neuenschwander, Number of trees and vegetated | T

Wissen Hayek, & Grét- | area

Regamey (2014)

Robinson & Lundholm | Leaf area index (LAl), Albedo, | S

(2012) surface temperature, and light at
surface

St€pniewska (2016) Local climate regulation P

Szulczewska et al. | Air temperature, humidity, and | S

(2014) wind Speed

Zhang, Shi, Liu, Xu, & | Heat absorbed by the wetland Mo

Xie (2017)

(Tratalos et al.,, 2007) | Temperature reduction based on | MMo
sealed surface, vegetation, and
water bodies

3197 2.12 FensUszdiusd ndsuandeon
Indicator Frequency Percentage
Mapping q 0.15
Literature 3 0.12
Lookup table 2 0.08
Modeling 12 0.46
Survey 6 0.23
Expert judgement 3 0.12

2) ATUAMATNEINA

o Jo v & 1 ) ! < = A a a L= L
AVINAULLUIDBNLUUY 4 AGENNZY (®15719% 2.13) AD UiiJ’]ilJﬁ’]SiJﬁW‘U%i@i%@‘Uﬂmﬂ’]‘wa’]ﬂﬂﬂ

ANEEnsalunseaguNaivaIniuiug Jayninisasnas wagalddngannisussmdamamnin
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1 TassufnwadanilddimitalunduusnfoUiinumssaiviiovsonamuanernia sosaan
Fonauil 2 Usvanaiferar 37 osndifailddnlvgfosinmuasuaiuwilissanvewiiie
$ovay 70 Ao falfam1enss drufdfasunuanUimadiuiidideifiasonsewaiiulddogfos
av 20 Bnferay 10 WuiATauuusunuiildauemeuy vieufinusoduid iatsiunsasas
WAZAMAINGINTA

[
Y [ %

M13199 2.13 BTamuANINeINA

Source Indicator Method Type of indicator
Alam et al. (2016) | PM level based on forest M D
area and streets
Andersson-Skold Pollution removal by Mo P
et al. (2018) tree canopy
Bard et al. (2016) NO, removal, number of Mo D, P
populations exposed to
polluted areas
Bard et al. (2015) PM;o removal, NO, MoT D
removal, Os removal by
vegetation, PM10 annual
mean concentration,
NO, annual mean
concentration, and
highest O3 value
de la Barrera, Capture of PM and gases M P
Rubio, & Banzhaf by plant composition
(2016)
Camps-Calvet et Air purification E D
al. (2016)
Capotorti et al. Pollution removal by SL D
(2016) plant species
Cohen et al. Air pollution level index SMo D
(2014)
Dobbs et al. Air pollutant and PMy, S P
(2011) removal
Endreny et al. Pollutant removal Mo P
(2017)
Estoque & Gas regulation T D
Murayama (2016)
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Graca et al. Air purification through Mo
(2017) removal of air
pollutants: CO, NO,, Cs,
PMig, PMs s, and SO,
Graca et al. Air purification through Mo
(2018) removal of air
pollutants: CO, NO,, Cs,
PMio, PMy s, and SO,
Grunwald et al. Number of vehicles/day T
(2017)
Haase et al. PMip mean S
(2014)
Holt et al. (2015) Air pollution S
Kain et al. (2016) Surface emissivity L
Pietrzyk- Fresh air in maintaining P
KaszyNska et al. air quality
(2017)
Kim, Miller, & Pollutant removal ST
Nowak (2015)
Klimas et al. Pollutant removal Mo
(2016)
Koschke et al. Amount of clean air TP
(2012) provision
Kremer, Area covered by trees M
Hamstead, & and area covered by
McPhearson short grass
(2016)
Larondelle & Tree coverage to MMo
Lauf (2016) calculate PM;, removal
by trees per year
Larson et al. Ability to protect air P
(2016) quality
Li et al. (2016) NO, removal by MT
vegetation
Liu (2018) Volatile organic Mo

chemicals emissions
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McPherson, van Cost of pollution offset Mo D
Doorn, & de transaction
Goede (2016)
Meerow & Amount of PM; 5 S D
Newell (2017)
Mexia et al. Lichen diversity ST D
(2018)
Montoya- Local climate regulation P P
Tangarife et al.
(2017)
Neema et al. (2013) Level of air pollution S D
De Ridder et al. (2004) | Pollutant emissions of simulated | Mo P
traffic flow
Roussel et al. (2017) NO, removal by vegetation M D
Zhang et al. (2017) PM captured in each land cover L D
Shi & Yu (2014) Loss caused by SO, and PMyg T D
Verhagen et al. (2017) Pollutant deposition and | Mo D
concentration of NO,
Kim et al. (2015) Pollutant removal by vegetation ST P

(%

= aa a o o v
M50 2.14 QﬁﬂigLNU@Q%Q@@WUQQJﬂWW@WﬂWﬂ

Indicator Frequency Percentage
Mapping 8 0.27
Literature 2 0.07
Lookup table 6 0.20
Modeling 8 0.27
Survey 7 0.23
Expert judgement 2 0.07

TBUszudTing 3 35vdn fle NMTIASNYUENIINIEAINAINLKUA NMTATLINIINGAT WALNITETIA

Tananuiiase FBndeusesaunenisliteyaanmienuduy duwandunsii 2.14

[
Y [

3) mdinaunsandayiuiviou

[ (%
v Ao

iaTasuiludieenidu 3 ngundn fe Usnauvhuvseusinanivainiafiamsagaduls
dndruiiuiuduasiuingaduiils uasvueiunidesdetviay fdiatunguusnidunguinuly
NuUseiiiuTeay 69 sesRsNABNauTl 2 NlegIeuay 16 dwungui 3 wuleenanfeseay 9 (1131

#1 2.15) AaiuirTanuunsddunisnisUsunadviiuvs euainididaliunnianUssuinsesas 69
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gz iadunuainuszinnvesiiuindeyeuay 28 wazdndosas 3 1Wudidin

WU USELANAL WaLA b Ia18UBINISANUNVINY

A1319% 2.15 MFrTasunisandeniuivion

[
Y [y

NIIBALLDYADUY

Source Indicator Method Type of
indicator
Andersson-Skold et al., Avoided runoff from permeable Mo P
2018) surface
Antognelli & Vizzari Runoff coefficient and crop effect Mo D
(2017)
de la Barrera, Rubio, et Water infiltration, runoff, and erosive MoS P
al. (2016) force of plant composition
Beumer & Martens Runoff P D
(20149)
Cabral, Feger, Levrel, water yield Mo D
Chambolle & Basque
(2016)
Cabral et al. (2017) Permeable surface cover S P
Capotorti et al. (2016) Avoided runoff by plants SL P
Davids et al. (2016) Flood attenuation Mo D
Dobbs et al. (2011) Stormwater index Mo D
Dobbs et al. (2014) Runoff Mo D
Dizdaroglu & Yigitcanlar Impervious surface ratio, surface runoff, M P
(2014) and stormwater pollution
Endreny et al. (2017) Avoided runoff Mo D
Garcia et al. (2017) Sites perceived to have flood risk P
Goldenberg et al. (2017) ES supply and demand for stormwater P
regulation of different land covers
Graca et al. (2017) Avoided runoff Mo D
Graca et al. (2018) Avoided runoff Mo D
Grunwald (2017) Percentage of sealed surface M P
Haase et al. (2014) Runoff volume Mo D
Holt, Mears, Maltby, and Runoff volume Mo D
Warren (2015)
Kain, Larondelle, Haase, Share of sealed soil T P
and Kaczorowska (2016)
Klimas et al. (2016) Stormwater volume Mo
Koschke, Furst, Frank, Run-off coefficient and amount of N TP
and Makeschin (2012) exported with seepage water
Kremer, Hamstead, and Stormwater index Mo D

McPhearson (2016)
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Levrel, Cabral, Feger, Flood volume Mo
Chambolle, and Basque
(2017)
Li et al. (2016) Soil water storage based on runoff Mo
depth
Liquete, Udias, Conte, Flood volume Mo
Grizzetti, and Masi
(2016)
McPherson, van Doorn, Cost of controlling runoff Mo
and de Goede (2016)
Meerow and Newell Average runoff coefficients and Mo
(2017) wastewater discharges
Meyer and Schulz Flood protection P
(2017)
Montoya-Tangarife, de Surface water purification P
la Barrera, Salazar, and
Inostroza (2017)
Neuenschwander, Percentage of unsealed areas M
Wissen Hayek, and Grét-
Regamey (2014)
Odgaard, Turner, Flash flood risk Mo
Bacher, Svenning, and
Dalgaard (2017)
O'Farrell, Anderson, Le | Soil type, flood area and coastal zone PMoT D
Maitre, and Holmes (2012)
Pickard,  Van Berkel, | Runoff Mo D
Petrasova, and
Meentemeyer (2016)
Radford and James (2013) | Rainfall retention potential Mo D
Roussel, Schulp, Verburg, | Flood regulation supply index Mo D
and van Teeffelen (2017)
Sanches and Mesquita | Flood risk zone and type of rivers M P
Pellegrino (2016)
St€pniewska (2016) Flood control P D
Szulczewska et al. (2014) | Surface outflow, evaporation based on | MMo DP
LAl infiltration, and runoff
Tratalos, Fuller, Warren, | Runoff volume based on land cover | MoM D
Davies, and Gaston (2007) | surfaces
Zhang, Shi, Liu, Xu & Xie | Water retention Mo D
(2017)
Zhang, Huang, He & Wu | patch area and water depth Mo P

(2017)
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= a6y a U d”u ¥ gol 1
#1909 2.16 ’Jﬁﬂ’]iﬂigLlI‘LlG]'JSU’JWWW‘Uﬂ'ﬁaWﬂQJMWUWW'}N

Indicator Frequency Percentage
Mapping 3 0.09
Literature 2 0.06
Lookup table 3 0.09
Modeling 19 0.59
Survey 5 0.16
Expert judgement a4 0.13

A13797 2.16 wansliiiuiisnisusuduildunniigafenisiiuamiugns (Seeaz 59) Lile

AN UNANEUUTEENTANUINAINRINIBUS UL MaINRY 9nISN1suilandeuly Ao N15d1579910
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Carbon Indicator Type of

indicator

Antognelli and Vizzari | Vegetation status to store greenhouse gas | Mo
(2017) emissions and soil to generate organic

matters

Baro et al. (2016) CO; sequestration, Carbon storage, annual | MoT
COz-eq emissions per ha, and annual COx-

eq emission per capita

Cabral, Feger, Levrel, Carbon captured Mo

Chambolle & Basque

(2016)
Cabral et al. (2017) Carbon storage in trees S
Camps-Calvet, Global climate regulation P

Langemeyer, Calvet-
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Mir, and Gomez-
Baggethun (2016)

Capotorti, Del Vico, Carbon captured by plant species SL
Anzellotti, and

Celesti-Grapow (2016)

Chen (2017) Carbon storage S
Dallimer et al. (2015) | Carbon captured by tree density M
Davids, Rouget, Boon, | Carbon storage Mo
and Roberts (2016)

Dobbs, Escobedo, and | Carbon sequestration by trees M
Zipperer (2011)

Dobbs, Kendal, and Carbon sequestration by trees M
Nitschke (2014)

Endreny et al. (2017) | Carbon captured by tree density M
Estoque and Climate regulation T
Murayama (2016)

Fernandez-Campo et | Land use types, ground conditions, and Mo
al., 2017 tree species

Graca et al. (2017) Carbon sequestration Mo
Graca et al. (2018) Carbon sequestration Mo
Grafius et al. (2016) Carbon capture Mo
Haase et al. (2014) Carbon storage/ha T
Haase, Schwarz, Above ground storage Mmo
Strohbach, Kroll, and

Seppelt (2012)

Holt et al. (2015) Carbon stored in soil Mo
Kain et al. (2016) Carbon captured L
Kim, Miller, and Carbon sequestration SMo
Nowak (2015)

Klimas et al. (2016) Carbon capture Mo
Koschke et al. (2012) Amount of carbon stored in vegetation TP
Kremer et al. (2016) Areas of trees, herbaceous plants, and soil | M
Larondelle, Haase, Above-ground carbon storage Lmo

and Kabisch (2014)
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Larondelle and Lauf Above-ground carbon storage Lmo
(2016)
Levrel et al. (2017) Carbon captured Mo
Li et al. (2016) Net Primary Production Mo
Lovell et al. (2010) Carbon sequestration P
Lovell and Taylor Carbon sequestration P
(2013)
Manolaki and Carbon captured based on vegetation Mo
Vogiatzakis (2017) types
Mexia et al. (2018) Carbon sequestration in above-ground ST
biomass, below-ground biomass, soil, and
organic matter
Montoya-Tangarife et | Global climate regulation P
al. (2017)
Nikodinoska, Paletto, Carbon captured by conifer, board-leave MT
Pastorella, Granvik, trees, mixed tree species, and natural
and Franzese (2018) elements, and carbon tax
Pickard et al. (2016) Carbon captured S
Radford and James Carbon sequestration based on tree cover | MoM
(2013)
Richards and Friess Carbon captured T
(2017)
Robinson and Areas covered by soil and vegetation N/A
Lundholm (2012)
Roussel et al. (2017) Global climate regulation M
Shi and Yu (2014) Carbon captured N/A
Sun, Crittenden, Li, Carbon sequestration in above-ground, Mo
Lu, and Dou (2018) below-ground biomass, soil and organic
matter
Tratalos et al. (2007) Carbon sequestrated based on tree MoM
coverage
Verhagen, Kukkala, Carbon sequestration capacity in above- T

Moilanen, van
Teeffelen, and
Verburg (2017)

ground and below-ground biomass
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Woldegerima, Carbon density Smo
Yeshitela, and Lindley

(2017)

Zhang, Huang, et al. Carbon sequestration in above-ground MoT

(2017)

biomass, below-ground biomass, soil, and

organic matter
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Source Indicator Type of
Method indicator
Cabral et al. (2016) The potential leverage annual soil loss Mo D
Ehrenfeld (2004) Organic, Redoximorphic, NH4, NO3, N,
nitrification, and fraction S P
Estoque and Soil formation and erosion
Murayama (2016) T D
Fernandez-Campo et Land use type and ground conditions
al,, 2017 MT P
Grafius et al. (2016) Erosion Mo D
Han, Ma, and Li Relief degree and NDVI
(2017) M P
Manolaki & Avoiding landslide P D
Vogiatzakis (2017)
Manolaki & Erosion prevention Mo D
Vogiatzakis (2017)
Montoya-Tangarife Regulation of soil erosion and P D
et al. (2017) regulation of soil formation
Roussel et al. (2017) Soil loss ration per land cover type MT
Woldegerima et al. Soil erosion Mo
(2017)
Lovell et al. (2010) Soil conservation/building P D
Lovell and Taylor | Soil conservation/building P
(2013)
Sun et al. (2018) Soil conservation Mo
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Indicator Frequency Percentage
Mapping 1 0.08
Literature 0 0.00
Lookup table 2 0.17
Modeling a4 0.33
Survey 3 0.25
Expert judgement 1 0.08
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A13199 2.20 AITFTAATUAINADUDUS

Source Indicator Method Type of
indicator
AIUNANHE
Alam 2015 Area of forest, Area of odour source, M P

Distance from forest

Capotorti 2017 Noise reduction by trees SL D
Cohen 2014 Noise value index Mo Pbiophy

Dizdaroglu2013 Noise pollution T D
Dobb 2011 Noise index (Noise S

reduction/vegetation unit

, LA, Distance to road, Type of

foilage), Decrease in air quality, D
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Damage to infrastructure and risk to

human safety

Neema 2012 Level of noise pollution S Pbiophy
Ridder 2004 Simulated noise level from traffic Mo D
é’mﬂmmwﬁw
Antognelli 2017 Ease of connection for wastewater Mo
treatment
Hu 2015 Gas, Waste treatment T D
AUANTNY
Buemer 2015 Pest, Poisoning E Pbiophy
Frupmn i
Cohen 2012 Proportion of engineer species, L
sealing soil D
Davides 2016 Retention of Sediment, N, P S
Ehrenfeld 2014 Drift deposits, Saturated soil, S
Chroma, Ditches D
Han 2017 Water source priority, water size M D
Levrel 2017 Nutrient retention Mo D
Mexia 2018 Water retention Mo D
Montoya 2017 Water flow regulation, Pollination E
and seed dispersal, Control of pests
and diseases P
O'Farrell 2012 Groundwater recharge, sroundwater E+MoT
yield, sroundwater conductivity
Shi 2014 Holding water resource N/A D
Sun 2018 Pollution removal Mo D
Zhang 2017 Difference between COD removal Mo
capacity of the wet land and the
classV
Cabral 2016 Nutrient retention Mo
Liquete 2016 Water quality S
Estoque 2016 Water regulation, supply, nutrient T
recycling, waste treatment D
AUNTAUNUSHIUN T YaT 0BT
Grafius 2016 Pollination Mo P
funau
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Alam 2015 forest area, Area of odour source, M

distance from forest D
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Type of indicator

Source Indicator Method
Alam 2015 Area of forest, Threat density, M Pbiophy
Fragmentaion, Connectivity
Daniels Habitat quality [Ecological integrity, E D
2018 animals, plants, pollination, beauty]
Dizdaroulu Green area ratio, Albedo M Pbiophy
2013
Roussel No. of edible plants S D
2017
Sun 2018 Habitat quality [impact of threats, Mo Pbiophy

sensibility of habitats to threats,
distance btw habitats and threat

sources, location of the protected

areas]
Levrel Fauna species T D
2017
O'Farrell Land type M Pbiophy
2012
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Burker Pollination, Habitat, Nesting, Soil, Gl, E D
2015 Species migration, Edge effects,
Irrigation, Disturbance, Extinction
Cohen Biotic interaction, adaptation to L D
2012 water
Dallimer Bird richness, bird density S D
2015
Ehrenfeld Vet density, Vet strata, Tree DBH, D
2004 Snags, Deer sign
Mathey N/A N/A
2015
Mexia Bird abundance S D
2018
Shi 2014 Producing organic matter, Nutrition N/A D
cycle
Zhang Sum of surface Mo Pbiophy
2017 water+inflow/area*depth
Liquete No of species S D
2016
Estoque Biological control, Habitat T D
2016
Alam 2015 Forest area, Threat density within 1 M Pbiophy
km, connectivity, fragmentation
Peng 2015 Mean NDVI, Rural biogas popularity T Pbiophy
rate, Average fertilizer usage,
Average pesticide usage
Meerow Potential habitat area, Patch M Pbiophy
2016 Cohesion Index
Haase Habitat potential Smo D
2012
P31 2.22 BnsUssdiudadnduundsiiagondy
Indicator Frequency Percentage
Mapping 5 0.25
Literature |1 0.05

37



Lookup 2 0.10
table

Modeling | 3 0.15
Survey 5 0.25
Expert 2 0.10
judgement
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2017

Source Indicator Method Type of
indicator
Cabral 2016 Residential areas served by the T Pbiophy
green/blue areas
Cabral 2017 Land cover, Plant richness, S D
Microbial activity
Dennis 2016 Vegetation structure Pbiophy
Dobb 2011 Shannon diversity and evenness S Pbiophy
index, Ratio of native trees
Chen 2017 Plant richness, Mammal S D
Holt 2015 Shannon diversity, Distance btw Mo Pbiophy
patches, Patch area
Hu 2015 Biodiversity T
Odgaard 2017 Biodiversity M
Robinson 2012 Plant richness, diversity, S
invertebrate abundance
Szulczewska Flora diversity, naturalness, S D
2014 butterfly richness, green plot
ratio
Woldegerima Shannon Index M Pbiophy
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Grunwald 2017 Area of green roof, Distance to M Pbiophy

natural areas

Han 2017 Landscape richness, core area, M Pbiophy
boundary density index, patch
shape index, reserve priority,

patch size

Haung GS Type, Patch size, Green cover ME Pbiophy
ration, Parameter-area ratio,

Landscape type value

Haung Value of green resources, M Pbiophy
diversity of greenery, Road
hierarchy as pressure of animal

penetrability, Green cover ratio

Koschke 2011 No of vascular plant species TE D
Neuenschwander No of trees, coniferous, T
2014 boardleaf, % of

coniferous&Deciduous, Potential

habitat area
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Recreation Indicator Method Type of
indicator
Proximity to
Antognelli 2017 tran/airport/bus/harbour/wifi M Pbiophy
Recreation potential, expected
trip to recreational site,
Population with low recreation
Baro 2016 opportunities Mo Proxy
Burker 2015 Health, Leisure E P
Residential areas served by the
Cabral 2016 green/blue areas M Poiophy
Capotorti 2017 Values based on plant species ST P
Coastal presence, cycling paths,
Climbing sites, Density of
mountain summits, Recreational
Casado2013 areas MEP Pbiophy
Cohen 2012 Use of gs, perception of gs L P
Self-report psycholosgical
Dallimer 2015 wellbeing, no. of users S D
Landuse destinations, Public
Dizdaroglu2013 transport, Walkability MT P
Pop density, Housing density,
Disturbance, Small trash, Large
Ehrenfeld 2014 trash, Trail M P
Estoque 2016 Recreation T
Haase 2012 Recreation potential ET
Haase 2015 Green space/cap M Pbiophy
Haung No. of scenic spots, Green
resources, Presence of scenic
road, pavement, level of road,
level of service road, no of fast
traffic lane, no of bus stops M Pbiophy
Herzele 2003 Size of GS, Presences of facilities,
Accessibility S Pbiophy
Proportion of the area meet the
Holt 2015 standard of 4 parks M Pbiophy
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willingness to pay, walking

Hong 2017 distance PE P
Hu 2015 Recreational potential T P
Green area for physical
recreation/ Green area for mental
Kain 2016 recreation M Pbiophy
Kosche 2011 Suitability for outdoor recreation TE P
Ratio of pop den in 500 m to ave
Kremer 2016 pop den M P
Larondelle, 2013 Area of recreational space, Area
of urban green, forest, water/pop
size M Pbiophy
Levrel 2017 Accessibility Map P
Liquete 2016 No. of visitors S D
Madureira 2014 Proximity M Pbiophy
Manolaki 2017 No. of visitors S D
Mathey 2015 People perception S D
Meerow 2016 No. of population with more than M
walking distance to parks P
Montoya2017 Recreation potential E
Neema 2012 Distance to park and open
spaces, Level of population
distribution M Pbiophy
Haung GS type for recreation value E Pbiophy
Neuenschwander Areas of public and semi-private
2014 green space T Pbiophy
Nikodinoska Area of forest trails, Tourists' WTP MT Pbiophy
Odgaard 2017 Recreation potential M P
Visitors' ratio of agricultural
Peng 2015 sightseeing garden T D
Potential organic farming lands
(irrigation potential, distance to
potable water wells, agri
suitability, %woodland, travel
time to urban center, pop
Pickard 2017 density), Camping site Mo P
Richards 2017 Accessibility, Walkway length S Pbiophy
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Leisure opportunities based on
land cover, distance to coasts,
forest characteristics, and

Roussel 2017 agricultural structure Mo Pbiophy

Recreation opportunity[recreation

Sun 2018 potential index, accessiblity] Mo P

Distance ot coast, Pop density,

Forest characteristics, Agricultural

Verhagen 2017 structure T Pbiophy
3197 2.25 F3nsUssdiusdTatununis

Indicator Frequency | Percentage
Mapping 17 0.43
Literature 0 0.00
Lookup table 10 0.25
Modeling 4 0.10
Survey 6 0.15
Expert

judgement 7 0.18
Perception 1 0.03
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Source Indicator Method Type of
indicator
Antognelli Proximity to sea/park/heritage/Sport M Pbiophy
2017 facilities/Church, visibility level of
beautiful landscape, no of overlapping
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natural areas, density of

musuem/library

Perceived value, Diversity of landscape, | MEP D
Casado2013 Relief

Daniels 2018 Desired frequency P P
Hong 2017 Value of each type SE D
Herzele 2003 Quality of nature S D
Kosche 2011 Scenic beauty/visual quality TE D
Montoya2017 | Aesthetics quality E D
Dizdaroglu2013 | Lot design, Landscape design M P
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Source Indicator Method Type of
indicator

AUBRANYAl

Burker 2015 Sense of place E D

Estoque 2016 Cultural T D

Herzele 2003 Cultural and historical S D

importance

Montoya2017 Existence E D

Neuenschwander | Size of individual gs, Ave T Pbiophy

2014 size of public gs
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AUANUAUNUSNI9EIAY

Burker 2015 Social interaction E D
Haase 2014 Home L P
ATUNISANEN
Antognelli 2017 | Proximity to M Pbiophy
schools/universities
Capotorti 2017 Values based on plant ST Pbiophy
species
Dennis 2016 Education visit S D
Montoya2017 Research and education E D
FrunmAasiiud
Antognelli 2017 | Proximity to health services, | M Pbiophy
fire station
Burker 2015 Property value, cost E D
reduction, safety,
annoyance, sound, Smell,
fear
Hong 2017 Disaster service radius EP Pbiophy
Meerow 2016 Susceptibility to natural T P
hazards (combined
indicators of age, wealth,
density, housing)
Fudue
Dennis 2016 Volunteer hours, No. of P
events
Haase 2014 Safety, Health P
Herzele 2003 Quietness S P
Nikodinoska No. of hunter, cost of T D
hunting
Peng 2015 Proportion of primary T P

industry labour, Rural
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population supported per
acre cultivated land
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Food Indicator Method Type of
indicator

Antognelli 2017 | Proximity to farms M P

Cabral 2016 Agricultural land area M Pbiophy

Cabral 2017 Species composition S P

Dobb 2011 Tree biomass, Fruit fall, S D

Allergenicity

Estoque 2016 Food production T D

Kain 2016 Food energy produced T D

Koschke 2011 Production of food and fibre TE D

Levrel 2017 Agricultural land area T Pbiophy

Liquete 2016 Production of goods T D

Haase 2012 Food yield Mo D

Haase 2014 Food production potential E D

Hu 2015 Food T D

Manolaki 2017 Cultivated goods E D

Montoya 2017 Crops, Fisheries, Livestock E D
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Neuenschwander | Yield value of fruit production, | T D

2014 agricultural areas

Nikodinoska Products [wood, biomass, S D
mushrooms, berries, water

supply], market price

O'Farrell 2012 Land capacity L D

Peng 2015 Grain output per acre T D
cultivated land, Gross output
value of agricultural products

per acre cultivated land

Richards 2017 Yield of offshore aquaculture | Mo D

Sun 2018 Food yield [grains, vet, fruits] T D

¥
v Ay Y

AN 2.29 A5NN5UTLAURTINAUNYATNTTY

Indicator Frequency Percentage
Mapping 2 0.10
Literature 1 0.05
Lookup table 9 0.45
Modeling 2 0.10
Survey 3 0.15

Expert

judgement 4 0.20
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Source Indicator Method Type of
indicator
Antognelli Proximity to resources
2017 M Poiophy
Davids 2016 Water yield Mo D
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Holt 2015 Opinion on resource potential Mo D
Hu 2015 Water, Soil, Raw materials T D
Kain 2016 Biogas energy T D
Koschke 2011 Production of wood/timber TE D
Genetic resource, raw
Estoque 2016 materials T D
Wood, Fresh water, Medical
Montoya 2017 plants E D
Water environmental
capacity, Water resource
Shi 2014 value T D
Water quality from P and N
Pickard 2017 export Mo P
Sum of surface
Zhang 2017 water+inflow/area*depth Mo
Richards 2017 Charcoal production Mo
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M3197 2.31 frTTaduAsugia
Source Indicator Method Type of
indicator
Odgaard 2017 Land rent M D
Liquete 2016 Public cost T D
Commercial land value,
Official land value, Residential
land value, Industrial land
value T D
Grazing potential of
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3 Wud 14157.9 0.170138933 1 1
3 TFunsngiumnn 29126.6 0.090777846 2
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Uil REY &1 TUST N2 oy &1 IUUST N
53 53
1 1 3 4 2 0.4 0.2 0.1 0.3
2 1 4 2 3 0.4 0.1 0.3 0.2
3 1 3 4 2 0.4 0.2 0.1 0.3
4 1 4 3 2 0.4 0.1 0.2 0.3
5 3 1 4 2 0.2 0.4 0.1 0.3
6 1 4 3 2 0.4 0.1 0.2 0.3
7 1 2 3 4 0.4 0.3 0.2 0.1
8 1 2 3 a4 0.4 0.3 0.2 0.1
9 2 1 3 4 0.3 0.4 0.2 0.1
10 1 3 4 2 0.4 0.2 0.1 0.3
11 2 3 1 4 0.3 0.2 0.4 0.1
12 1 4 3 2 0.4 0.1 0.2 0.3
13 2 1 3 4 0.3 0.4 0.2 0.1
14 2 4 3 1 0.3 0.1 0.2 0.4
15 1 2 4 3 0.4 0.3 0.1 0.2
16 2 1 3 4 0.3 0.4 0.2 0.1
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24 1 2 4 3 0.4 0.3 0.1 0.2
25 1 3 2 4 0.4 0.2 0.3 0.1
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26 2 1 4 3 0.3 0.4 0.1 0.2
27 3 2 1 4 0.2 0.3 0.4 0.1
28 4 2 3 1 0.1 0.3 0.2 0.4
29 2 1 3 4 0.3 0.4 0.2 0.1
30 3 1 2 q 0.2 0.4 0.3 0.1
31 1 2 3 q 0.4 0.3 0.2 0.1
32 2 3 1 4 0.3 0.2 0.4 0.1
33 1 2 4 3 0.4 0.3 0.1 0.2
34 1 2 3 4 0.4 0.3 0.2 0.1
35 1 2 4 3 0.4 0.3 0.1 0.2
36 3 2 4 1 0.2 0.3 0.1 0.4
37 1 3 2 4 0.4 0.2 0.3 0.1
38 2 1 4 3 0.3 0.4 0.1 0.2
39 2 3 1 4 0.3 0.2 0.4 0.1
40 1 2 4 3 0.4 0.3 0.1 0.2
a1 1 3 2 4 0.4 0.2 0.3 0.1
a2 2 1 4 3 0.3 0.4 0.1 0.2
43 2 3 4 1 0.3 0.2 0.1 0.4
aa 2 1 3 4 0.3 0.4 0.2 0.1
a5 1 2 4 3 0.4 0.3 0.1 0.2
46 2 1 4 3 0.3 0.4 0.1 0.2
ar 1 3 2 q 0.4 0.2 0.3 0.1
48 3 2 1 4 0.2 0.3 0.4 0.1
49 2 1 4 3 0.3 0.4 0.1 0.2
50 2 1 3 q 0.3 0.4 0.2 0.1
51 3 1 4 2 0.2 0.4 0.1 0.3
52 1 2 4 3 0.4 0.3 0.1 0.2
53 2 1 3 4 0.3 0.4 0.2 0.1
54 2 1 3 q 0.3 0.4 0.2 0.1
55 1 3 2 q 0.4 0.2 0.3 0.1
56 1 2 3 4 0.4 0.3 0.2 0.1
57 1 3 2 q 0.4 0.2 0.3 0.1
58 1 2 4 3 0.4 0.3 0.1 0.2
59 2 3 1 q 0.3 0.2 0.4 0.1
60 2 1 3 4 0.3 0.4 0.2 0.1
61 2 1 3 4 0.3 0.4 0.2 0.1
62 3 1 2 q 0.2 0.4 0.3 0.1
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63 1 4 2 3 0.4 0.1 0.3 0.2
64 1 2 3 4 0.4 0.3 0.2 0.1
65 2 3 1 4 0.3 0.2 0.4 0.1
66 4 2 3 1 0.1 0.3 0.2 0.4
67 1 2 3 q 0.4 0.3 0.2 0.1
68 1 3 2 4 0.4 0.2 0.3 0.1

aguAmniiniads 0.3 0.3 0.2 0.2
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AN51997 4.13 AU gV UAILINA DY

A1RAUAMNERY Anmiin
@ | an ARG ARG
il QoUNY | ASUD Aneu | Ldes an andu | e
i U dviu | avess | suniu Rauvil | ATuau i ¥999 | SUNIU
1 1 4 2 5 3 0.33 0.13 0.27 0.07 0.20
2 1 3 2 5 4 0.33 0.20 0.27 0.07 0.13
3 1 2 3 5 4 0.33 0.27 0.20 0.07 0.13
4 2 4 1 5 3 0.27 0.13 0.33 0.07 0.20
5 1 4 2 5 3 0.33 0.13 0.27 0.07 0.20
6 2 4 1 5 3 0.27 0.13 0.33 0.07 0.20
7 1 3 2 5 4 0.33 0.20 0.27 0.07 0.13
8 2 3 1 5 4 0.27 0.20 0.33 0.07 0.13
9 2 3 1 5 4 0.27 0.20 0.33 0.07 0.13
10 1 2 3 5 4 0.33 0.27 0.20 0.07 0.13
11 1 4 3 5 2 0.33 0.13 0.20 0.07 0.27
12 1 3 2 5 4 0.33 0.20 0.27 0.07 0.13
13 1 3 2 5 4 0.33 0.20 0.27 0.07 0.13
14 1 4 3 5 2 0.33 0.13 0.20 0.07 0.27
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15 0.27 0.20 0.33 0.07 0.13
16 0.33 0.20 0.07 0.33 0.13
17 0.27 0.20 0.33 0.13 0.07
18 0.20 0.27 0.13 0.33 0.07
19 0.20 0.27 0.07 0.13 0.33
20 0.27 0.20 0.13 0.07 0.33
21 0.33 0.13 0.20 0.07 0.27
22 0.13 0.20 0.07 0.27 0.33
23 0.27 0.33 0.20 0.13 0.07
24 0.33 0.27 0.13 0.20 0.07
25 0.20 0.27 0.13 0.33 0.07
26 0.27 0.33 0.20 0.07 0.13
27 0.13 0.20 0.27 0.33 0.07
28 0.33 0.27 0.07 0.20 0.13
29 0.27 0.20 0.33 0.13 0.07
30 0.20 0.13 0.07 0.27 0.33
31 0.27 0.07 0.20 0.33 0.13
32 0.13 0.27 0.33 0.07 0.20
33 0.20 0.33 0.27 0.13 0.07
34 0.27 0.13 0.07 0.20 0.33
35 0.33 0.27 0.13 0.07 0.20
36 0.20 0.13 0.27 0.07 0.33
37 0.27 0.20 0.33 0.13 0.07
38 0.33 0.27 0.07 0.20 0.13
39 0.27 0.33 0.20 0.13 0.07
40 0.33 0.13 0.20 0.27 0.07
41 0.13 0.07 0.27 0.33 0.20
a2 0.20 0.27 0.33 0.07 0.13
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3 |3 i 020 |013 027 |007 |033
a4 |2 i 027 |013 020 |007 |033
45 |2 3 027 020 013 |033 |007
a6 |1 5 033 007 013 020 |027
a7 |1 5 033 |007 |027 |013  |0.20
8 |1 3 033 |020 |013 |007 |027
9 |4 5 013 007 027 020 |033
50 |3 4 020 |013 007 |027 |033
51 |3 2 020 027 033 013|007
52 |2 5 027 007 020 013 |033
55 |1 i 033 |013 007 |020 |027
54 |3 5 020 007 013 |033 |027
55 |2 3 027 020 007 |013 |033
56 |3 i 020 [013 027 |033 |007
57 |1 5 033 |007 |013 |020 |027
58 |2 3 027 020 013 007 |033
59 |3 2 020 |027 007 033 |013
60 |3 2 020 |027 007 |013 |033
61 |2 i 027 |013 020 |007 |033
62 |2 3 027 020 033 |03 |007
63 |1 5 033 007 |013 |027 020
61 |1 3 033 |020 |007 027 |013
65 |1 2 033 027 |013  |007 020
66 |5 i 007 |013 |033 |027 020
67 |1 2 033 |027 |013 |020 |0.07
68 |1 2 033 027 007 020 |0.13
aguAminiinade 0.3 0.2 0.2 0.2 0.2
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AN 4.16 AALLUUAITIANIIAIAL

AMNRUILULYIUTETING (AL/

Uy FIWIUYNIVU 5 0) WUANT Frunuglaifiomi
GRIY YUY T
2y AZULUY 2y ALY i ALY 2y AZULUY 2y ALY

1 E:I‘Wiiiuﬁ}aﬂ’l 42 4.00 7 4.00 755.1698795 q 4.00 3.00 8 4.00
2 Tatfoamimin 12 4.00 3 4.00 272.7408698 4 4.00 4.00 2 4.00
3 AaBILMNALNY 130 2.00 13 4.00 2623.833778 2 4.00 4.00 10 4.00
4 FITUYU 118 3.00 37 2.00 1444.447615 3 2.00 2.00 32 2.00
5 5IININTHRIUN 108 3.00 35 2.00 1931.478751 3 3.00 4.00 30 3.00
6 35180 SR 110 3.00 26 3.00 2980.810438 2 2.00 2.00 34 2.00
7 a5wdn 214 1.00 1 4.00 1032.638816 3 4.00 4.00 4 4.00
8 ‘WQJﬂL?la 229 1.00 41 2.00 2002.371802 2 1.00 4.00 47 1.00
9 WAgYaANDY 93 3.00 0 4.00 819.7287129 q 4.00 4.00 0 4.00
10 mat.@‘im 240 1.00 30 3.00 1755.606188 3 1.00 4.00 51 1.00
11 NILBIAY 23 4.00 5 4.00 164.4012676 q 4.00 4.00 7 4.00
12 LSOULN 110 3.00 12 4.00 978.6190323 q 3.00 4.00 28 3.00
13 AT 0 0 0 0 0 0 0 0 0 0
14 GO 68 3.00 37 2.00 941.9396585 q 4.00 1.00 13 4.00
15 RGN G 120 3.00 27 3.00 4087.452471 1 2.00 3.00 40 2.00

96




16 ﬂ%%a;mé 48 4.00 12 4.00 971.8910875 4.00 4.00 9 4.00
17 weUNaNIY 112 3.00 1 4.00 1113.585746 4.00 4.00 6 4.00
18 INwUSFARIUN 32 4.00 3 4.00 227.7964979 4.00 4.00 1 4.00
19 NIZBIAM 57 4.00 27 3.00 1070.893125 3.00 4.00 16 3.00
20 NN 31 4.00 16 3.00 547.371302 4.00 4.00 6 4.00
21 salnandnd 53 4.00 2 4.00 1020.229697 4.00 4.00 4 4.00
22 Arwlsengy 0 0 0 0 0 0 0 0 0
23 UY9INIMNAA3ENS 0 0 0 0 0 0 0 0 0
L))
24 FUNFDT 0 0 0 0 0 0 0 0 0
25 YIYTAAINUN 0 0 0 0 0 0 0 0 0
26 wnades 70 3.00 27 3.00 978.8543513 1.00 4.00 54 1.00
27 Ianuoata 35 4.00 9 4.00 842.0151277 3.00 4.00 17 3.00
28 AGERYR 0 0 0 0 0 0 0 0 0
29 WndnInTIh 110 3.00 44 1.00 2067.664315 3.00 2.00 26 3.00
30 UsgasAuszam 0 0 0 0 0 0 0 0 0
31 Iy T 73 3.00 5 4.00 893.6752168 4.00 4.00 7 4.00
32 LAY 0 0 0 0 0 0 0 0 0
33 anald(rmey) 0 0 0 0 0 0 0 0 0
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34 Assulnslgn 16 4.00 0 4.00 444.0147817 4.00 4.00 1 4.00
35 puFUNTUAS 0 0 0 0 0 0 0 0 0

36 WSTegIan 0 0 0 0 0 0 0 0 0

37 YURLIUNTINN 120 3.00 12 4.00 2924.128385 4.00 4.00 11 4.00
38 A3 63 3.00 9 4.00 312.4617081 4.00 3.00 5 4.00
39 YN 26 4.00 10 4.00 5359631257 4.00 3.00 10 4.00
40 FouNIWAILN 79 3.00 24 3.00 936.2918814 4.00 4.00 15 4.00
a1 sullalums 131 2.00 28 3.00 1395.871924 2.00 4.00 32 2.00
a2 oA InYNT 123 2.00 aa 1.00 1847.35051 1.00 4.00 a4 1.00
a3 usulns=21 0 0 0 0 0 0 0 0 0

a4 Tenszduniao 7 4.00 2 4.00 55.39070227 4.00 4.00 0 4.00
a5 Tadunseyiusen 1 4.00 0 4.00 3.841802266 4.00 4.00 0 4.00
a6 sula 33 4.00 10 4.00 405.0259489 4.00 4.00 7 4.00
a7 PugUsa 6 4.00 0 4.00 313.6349665 4.00 4.00 1 4.00
a8 WILIGNTTO 0 0 0 0 0 0 0 0 0

49 Ut 9 4.00 11 4.00 50.40528574 4.00 4.00 6 4.00
50 Tndunsayiunn 80 3.00 28 3.00 361.1393821 3.00 2.00 22 3.00
51 Uz iving 99 16 4.00 11 4.00 589.3375242 4.00 4.00 9 4.00
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52 Usyyaiie 118 3.00 53 1.00 695.1441104 1.00 1.00 53 1.00
53 n3vde 191 1.00 3 4.00 765.6096619 4.00 4.00 9 4.00
54 ndsrna a5 4.00 8 4.00 601.5116249 4.00 4.00 7 4.00
55 Faniand 9.3 0 0 0 0 0 0 0 0 0

56 Aentoud @5 a9 4.00 21 3.00 1730.829281 4.00 4.00 10 4.00
57 N5¥92 0.2 102 3.00 40 2.00 1791.478843 3.00 4.00 27 3.00
58 Yunaesanla@ 133 2.00 1 4.00 529.7218078 4.00 4.00 3 4.00
59 35wt 49 aq 4.00 9 4.00 1013.799226 3.00 4.00 19 3.00
60 Uszgudlos 94 3.00 23 3.00 1824.094931 2.00 1.00 31 2.00
61 Asvansviod 38 4.00 0 4.00 299.2733818 4.00 4.00 0 4.00
62 MWISnE 0 0 0 0 0 0 0 0 0

63 UuAABINMUY 0 0 0 0 0 0 0 0 0

64 Togunm 18 4.00 12 4.00 247.6176575 4.00 3.00 12 4.00
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AN 4.17 wan1sUseuUselewl

L3

W

o~

PAYYIT 4 AURILIDANALLUU 3 U

AR YUY AzLULUAWIndeY AzLUUMUTNAIN AZLUUAUAIAL IAUET TN AZLUUAULATEFNT
Yo Yo Uade Yo Yo U238 Yo Yo Uade Yo Yo Uady
WU WU G Wiy Wiy GEGH Wiy Wiy dap WU Wiy G

1 qwaimﬁ’am 217 217 238 1.0 1.0 1.6 0.8 0.8 2.5 1.5 1.5 2.3
2 Tntloum 221 221 28 1.8 1.8 2.2 2.0 2.0 3.2 15 15 2.3
3 ARDINYALNE 2.00 2.00 23 1.0 1.0 1.2 0.8 0.8 2.3 1.0 1.0 2.0
aq 5ITUY 2.50 2.50 25 23 23 2.4 1.0 1.0 1.8 1.0 1.0 1.3
5 FITUINTWRAIUN 233 233 24 2.3 2.3 2.4 2.3 2.3 2.7 15 1.5 2.0
6 w3390 2.08 2.08 24 1.0 1.0 1.2 1.8 1.8 23 1.0 1.0 13
7 a¥dn 3.04 3.04 29 18 18 2.0 2.5 2.5 2.8 1.0 1.0 2.0
8 ‘WﬁyﬂLaa 2.29 2.29 2.0 2.3 2.3 2.2 3.0 3.0 2.6 2.5 25 2.0
9 LfdganNDY 2.29 2.29 2.7 28 28 3.0 1.8 1.8 29 2.0 2.0 2.7
10 AL 2.50 2.50 23 28 28 2.8 0.8 0.8 1.9 0.5 0.5 0.7
11 NILBIAY 2.79 2.79 3.2 2.8 2.8 3.0 2.0 2.0 32 0.5 0.5 1.7
12 Souun 2.83 2.83 3.1 2.8 2.8 3.0 1.5 1.5 2.8 0.5 0.5 1.3
13 URTAN 233 233 0 2.8 2.8 0 0.8 0.8 0 0.5 0.5 0

14 GRYE 2.25 2.25 23 2.3 2.3 26 0.8 0.8 1.5 0.5 0.5 1.7
15 NyaIATI 2.25 2.25 25 28 28 2.4 0.8 0.8 2.1 0.5 0.5 1.0
16 avs 263 263 3.1 18 18 22 15 15 3.0 1.0 1.0 20
17 LAUNANY 20 21 2.5 2.3 2.3 2.4 0.8 0.8 2.5 0.5 0.5 1.7
18 LNWNTFARIUN 22 2.1 28 2.3 2.3 2.6 0.8 0.8 2.7 0.5 0.5 1.7
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a19u YUBY L ISP Co AZMUUATLILATINEN AZLUUAUFIALIUTTIU AZUUUATULATYFND
Yot ot Uady Y9 Y9 Uade Y9 Yo Uady Yot Yo Uady
Wi Wi GEGH WU WU GG WU WU GEGH Wi WU GEGH
19 NILDIAAT 2.3 2.3 2.7 2.0 2.0 2.2 0.8 0.8 25 0.5 0.5 1.3
20 i’]‘U‘Wi]ﬂ‘@ 2.2 2.2 2.6 1.8 1.8 2.2 1.3 1.3 2.7 1.0 1.0 2.0
21 solvlangind 2.3 2.2 2.9 1.5 1.5 1.8 2.0 2.0 3.2 1.0 1.0 2.0
22 31,?11916118%@ 2.0 2.1 0 2.8 2.8 0 0.8 0.8 0 0.5 0.5 0
23 FqVisnEn3e 25 2.4 0 2.3 2.3 0 2.0 2.0 0 0.5 0.5 0
24 FUAIT 2.3 2.3 0 1.0 1.0 0 1.5 1.5 0 1.0 1.0 0
25 YIYLIVAR 1.9 1.9 0 13 13 0 15 15 0 1.0 1.0 0
26 ma%ﬁm 2.5 2.6 2.7 1.8 1.8 2.2 1.5 1.5 2.6 1.0 1.0 1.0
27 IANUDIU? 2.5 2.5 3.0 1.0 1.0 1.6 1.0 1.0 2.8 1.0 1.0 1.7
28 fasnuilng 2.6 2.6 0 1.0 1.0 0 0.8 0.8 0 0.5 0.5 0
29 mﬁ’]ﬁTﬂiWﬁﬁ 2.1 2.0 2.1 1.0 1.0 1.2 0.8 0.8 1.5 0.5 0.5 1.3
30 UszasAdszam 1.9 1.9 0 1.0 1.0 0 0.8 0.8 0 0.5 0.5 0
31 VYT 2.3 2.2 2.7 2.3 2.3 2.6 1.8 1.8 2.9 1.5 1.5 2.3
32 LALLE 1.7 1.6 0 1.5 1.5 0 0.8 0.8 0 1.0 1.0 0
33 AanLe 2.3 2.2 0 2.0 2.0 0 1.5 1.5 0 1.0 1.0 0
34 A3535ulR5 2.3 2.4 2.9 1.0 1.0 1.6 0.8 0.8 2.7 0.5 0.5 1.7
35 DUIUNTUAT 1.9 1.9 0 1.8 1.8 0 0.8 0.8 0 1.0 1.0 0
36 WILOATAN 2.0 2.0 0 15 15 0 1.0 1.0 0 0.5 0.5 0
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a19u YUBY L ISP Co AZMUUATLILATINEN AZLUUAUFIALIUTTIU AZUUUATULATYFND
Yot ot Uady Y9 Y9 Uade Y9 Yo Uady Yot Yo Uady
Wi Wi GEGH WU WU GG WU WU GEGH Wi WU GEGH
37 ‘quﬁLsummw 2.0 2.0 2.5 1.0 1.0 1.2 0.8 0.8 2.5 0.5 0.5 1.7
38 aszum 2.8 2.8 3.1 2.0 2.0 24 2.5 2.5 3.0 1.5 1.5 2.3
39 UAYAIN 2.3 2.4 2.9 1.0 1.0 1.6 0.8 0.8 2.5 1.0 1.0 2.0
40 FDUNIHAUN 2.6 2.6 2.8 1.0 1.0 1.6 1.0 1.0 2.4 1.0 1.0 2.0
a1 swulaluns 2.7 2.7 2.6 2.0 2.0 2.2 1.8 1.8 2.5 0.5 0.5 1.0
42 aﬁ‘mm‘qms 2.3 24 2.1 1.0 1.0 1.4 1.5 1.5 2.0 0.5 0.5 0.7
43 usulas21 2.3 2.3 0 1.0 1.0 0 1.5 1.5 0 0.5 0.5 0
44 Tansgdunsao 2.8 2.8 3.2 1.0 1.0 1.6 1.5 1.5 3.0 1.0 1.0 2.0
45 Indunsnzueen 3.1 3.2 3.4 2.0 2.0 2.4 1.8 1.8 3.1 1.5 1.5 2.3
46 Jala 2.5 2.6 3.0 1.3 1.3 1.8 0.8 0.8 2.7 1.0 1.0 2.0
a7 YUY 2.3 2.3 2.9 1.8 1.8 2.2 1.0 1.0 2.8 1.5 1.5 2.3
48 NITYIFNITU 2.8 2.9 3.2 1.0 1.0 1.6 1.3 1.3 2.9 0.5 0.5 1.7
49 WU 3.0 3.1 3.3 1.8 1.8 2.2 1.0 1.0 2.8 1.0 1.0 2.0
50 Todums 3.3 3.5 3.2 2.0 2.0 2.4 1.5 1.5 2.2 1.5 1.5 2.0
nzIunn
51 Uszaiiing 2.5 2.5 3.0 2.3 2.3 2.6 0.8 0.8 2.7 1.0 1.0 2.0
52 ‘Uiz“lﬂqﬁﬂ 3.0 3.1 2.7 2.3 2.3 2.6 0.8 0.8 1.3 0.5 0.5 0.7
53 N3LhD 2.8 2.8 2.7 2.0 2.0 2.4 1.5 1.5 2.4 0.5 0.5 1.7
54 WEIANS 2.5 2.5 3.0 2.5 2.5 2.8 1.5 1.5 3.0 1.0 1.0 2.0
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a1eu YUY AzLULA AN GO AZUUUAUILAINE AZWUUAUFIAL UG AZUUUAULATYTNT
WU WU Jady WA WA Jady WInin WInn Jady WU WA Jady
WAL WAL daAy WA WA AR WA WA daAy WAL WA daAy
55 Ao 9.3 25 25 0 2.0 2.0 0 0.8 0.8 0 0.5 0.5 0
56 Ao 9.5 2.7 2.6 3.0 2.3 2.3 24 1.5 1.5 2.8 0.5 0.5 1.7
57 WL .2 24 2.3 2.4 33 33 3.2 1.3 1.3 2.3 1.0 1.0 1.7
58 J1uAaDY 2.7 2.6 2.8 2.3 2.3 2.6 1.3 1.3 2.5 0.5 0.5 1.7
aninA
59 PITENUUT 49 2.2 2.2 2.8 25 25 2.6 1.3 1.3 29 0.5 0.5 1.3
60 UizﬂLﬁ’c’N 25 25 2.6 2.3 2.3 2.4 1.8 1.8 2.1 0.5 0.5 1.0
61 ASLADMDY 24 25 29 1.3 1.3 1.8 0.8 0.8 2.7 1.0 1.0 2.0
62 WNISNY 2.6 2.6 0 3.0 3.0 0 3.0 3.0 0 1.0 1.0 0
63 J1UAaDY 2.9 2.8 0 2.3 2.3 0 1.0 1.0 0 0.5 0.5 0
PN
64 lmaﬂym‘w 24 24 29 2.0 2.0 2.4 0.8 0.8 2.5 0.5 0.5 1.7
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A15197 4.18 NaAZLUUSINUSEIETY 4 ANUVDINUNFLTEN

AZLLUUIIUN
oy o~ fTw?ﬂ vhuednenau ﬂﬁ]j’amq

LAY GNZEY
1 anssanaen 1.35 1.40 2.3
2 TAUBUWAU 1.86 1.89 2.6
3 ARBINIA NY 1.19 1.25 2.0
4 5ITUYY 1.69 1.83 2.0
5 FITUINTNAIU 2.08 2.12 2.4
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A Review of Urban Multifunctionality Assessment: A Way Forward for A
Standardized Assessment and Comparability

Abstract

The concept of multifunctionality has been increasingly integrated in the assessment of urban
ecosystem services (ES). Although an indicator-based approach has been widely used for urban
multifunctionality assessment, a variation in assessment methods still exists. The comparability of the
assessment results across cities thus becomes difficult. This article reviewed 94 studies which included
more than a single urban ES. The findings demonstrate a variation in the coverage of
multifunctionality, indicator types, assessment methods, scoring systems, and the consideration of
two important concepts: trade-offs and ecosystem service demands. A standardized assessment
framework for urban ecosystems is therefore proposed. It contains five features: enabling users to
select ecosystem structures, enabling users to assess the same ecosystem services which are
mandatory, enabling users to select indicator types to suit their data availability, the use of reference
values to have informative results, and integration of the analysis of trade-offs or ecosystem service
demands. With this standardized approach, the comparability of urban multifunctionality is possible.

Keywords: urban ecosystem services; multifunctionality; assessment; standardize; comparability

1. Introduction

In recent decades, the need for multifunctional urban landscapes has drawn increasing attention.
There are several reasons for this. With urban populations on the rise, existing urban green spaces
are being threatened. There is a need to enhance the multifunctionality of the limited existing green
spaces to cope with increasing urban pressure (Belmeziti et al., 2018). One important reason is that
multifunctionality of urban landscapes is regarded as a means towards sustainability (Clark & Nicholas,
2013; Galler et al., 2015; Otte et al., 2007; Selman, 2017). Particularly in handling climate change,
multifunctional urban landscapes contribute to resilience enhancement (Gomez-Baggethun et al.,
2013) as they can serve as both mitigation and adaptive strategies for reducing greenhouse gas
emissions and mitigating negative impacts of climate change (Lovell & Taylor, 2013).
Multifunctionality plays a greater role in high density cities as an approach to foster synergies between
different benefits (Brandt & Vejre, 2004; Rieke Hansen et al; Yang, Li, & Li, 2013) which can be
effectively combined in the limited spaces (Ahern, 2011). Otherwise, trade-offs or conflicts among
different stakeholders can easily arise (Haase et al., 2014; Kain, Larondelle et al., 2016; Queiroz et al.,
2015).

The concept of ecosystem services (ES) is fundamental for the development of multifunctional
landscapes (O'Farrell & Anderson, 2010). The definition of a multifunctional landscape, which refers
to one that provides multiple services in response to human demand (Crossman & Bryan, 2009; Rieke
Hansen et al., 2017), highlights the linkage between multifunctionality and ES with a focus on the
contribution to human beings. Without a demand from beneficiaries, it is impossible for ES to exist
(Wu, 2014 cited in Jian Peng et al., 2017; Syrbe & Grunewald, 2017). There are four types of ESs:
regulating, cultural, supporting, and provisioning services (MA, 2005; TEEB, 2011; CICES, 2018), which
provide a comprehensive category of services delivered to society. The term “ES bundles” is usually
used to analyze interaction among “sets of ES that repeatedly appear together across space or time”
(Raudsepp-Hearne, 2010). The integration of multifunctionality in urban green planning is significantly
stressed in the concept of green infrastructure characterized as an interconnected network of natural,
semi-natural, and artificial areas (Benedict & McMahon, 2006; Tzoulas et al.,, 2007; European

169



Commission, 2013). Unlike grey or man-made infrastructures, which serve a single objective, green
infrastructures demonstrate spatial patterns of landscaping facilitating the provision of multiple ES
(Escobedo,2018). The demand for urban ES, however, is accelerating due to rapid urban growth
(Elmquist et al., 2015; Gémez-Baggethun et al., 2013). A mismatch between ES supply and demand
has become increasingly a concern. Consequently, there is currently an ongoing challenge to find a
balance between supply and demand. It is crucial to assess this mismatch to have a better
understanding for improving human well-being in urban areas (Bar¢ et al. , 2015).

Due to its significant role, multifunctionality has become the target for ES assessment (Mastrangelo
et al., 2013). However, it has been examined in only a few studies (Haase et al., 2014; Stepniewska,
2016; Yang et al., 2013). The majority of studies which focused on urban areas emphasized only a
single service, while only 10 out of 76 studies, accounting for 13% of the studies simultaneously
mapped multiple ES (Pulighe et al., 2016). Some ES are often neglected for the assessment, such as
food production (Lovell, 2010; Lovell & Taylor, 2013), species diversity and social cohesion (Rodriguez-
Loinaz et al., 2015) in spite of the fact that urban landscapes are the hotspot for cultural services
(Queiroz et al.,, 2015). Apart from little coverage of multifunctionality, there are also some
methodological shortcomings impeding the integration of multifunctionality in urban ES assessment.
Firstly, an operational definition of multifunctionality is lacking, leading to the divergence in the
assessment methods and indicators (Mastrangelo et al., 2013). Differences in assessment approach
restrict the comparability across urban ES studies (Egoh et al., 2012). Comparison across cites is
important to enable the generalization of local findings (Queiroz et al., 2015) and to have insights
about the driving factors in similarities and differences of urban ES (Kremer, et al., 2016). A call for a
standardized methodological approach for mapping ES has therefore been made to increase certainty
of the assessment results (Crossman et al., 2013; Kroll, Miiller et al.,, 2012). Secondly, suitable
indicators are also required for fine-scale assessment since most indicators were developed for large-
scale assessment at the regional level (Daniels et al., 2018; Gulickx et al., 2013; Rieke Hansen et al.,
2017). Thirdly, a comprehensive consideration of trade-offs is missing (Rodriguez-Loinaz et al., 2015).
Especially for urban ES studies including multiple services, the trade-off analysis was rarely addressed
(Haase et al., 2014; Sun & Li, 2017), even though the understanding of the interactions of ES bundles
is important for preventing unwanted trade-offs and to increase opportunities to take advantage of
synergies (Bennett, et al., 2009; Spake et al.,, 2017). The analysis of ES interactions has been
encouraged to determine the effective management of multifunctional landscape (Raudsepp-Hearne
et al., 2010; Spake et al., 2017), Lastly, urban ES demands are usually not taken into account. Mapping
both supply and demand is useful to have a comprehensive understanding of the sufficiency and
sustainability of services delivered (Burkhard, Kroll, Nedkov, & Miiller, 2012; Crossman et al., 2013).
Nevertheless, most assessments have focused only on the supply side (Larondelle & Lauf, 2016; Wolff
et al., 2015).

This article, therefore, examines the multifunctionality assessment of the available urban ES studies.
Although reviews of urban ES have been conducted before (Haase et al., 2014; Luederitz et al., 2015),
they mainly investigated the assessment approach of a single ES. Multifunctionality was not explicitly
addressed. This article therefore aims to analyze the assessment approaches used for mapping
multifunctional urban landscapes with special consideration on the following key questions:

1. What are the urban characteristics of the cities in the multifunctionality assessments?
Urban characteristics cover the geographical location, population sizes, and types of ecosystem
structures.

170



2. What is the degree of coverage of multifunctionality assessed in the urban ES studies? How
many and which ES are usually included for the assessments? Is there any relationship between urban
characteristics and the coverage of multifunctionality?

3. What are the assessment approaches used to quantify multifunctionality in urban contexts?
Are there indicators used in the assessment methods commonly employed for mapping each ES? What
are the scoring methods to derive the assessment results?

4. How are the concepts of trade-offs and ES demands treated in the multifunctionality urban
ES assessments? To what extent are both concepts integrated into the assessments?

2. Materials

2.1 Review method

A review of literature was carried out by building on a list of literature found in the recent urban ES
review conducted by Luederitz et al. (2015) which consists of an analysis of 201 studies. More recent
publications were searched for from two electronic databases: the Web of Science and Scopus. Both
databases were searched to identify relevant studies from2013-2018 by using two sets of keywords;
«urban~ or «city” was combined with “ecosystem services”, “assessment~, “valuation~, or “mapping.”

The initial search resulted in 710 papers from Scopus and 777 papers from the Web of Science. The
reading of all papers were conducted to remove irrelevant papers by using the following criteria: 1)

the ecosystem delivering the services was in an urban area and the beneficiaries were the urban
population, 2) more than one ecosystem service or subcategory of one ecosystem service, as
presented in Table 1, must be included to represent the multifunctionality of urban landscapes, and
3) data about indicators and assessment methods for each indicator was presented for in-depth

analysis. In total, there were 94 papers for the review.

2.2 Methods for urban ES assessment analysis

Analysis of the selected papers was broken down into the following steps:

Step 1: Analysis of general information. This step aimed at obtaining information about urban
characteristics of the multifunctionality assessments carried out in terms of location, urban size, and
ecosystem structure. Urban size is classified into four groups based on population: cities with a
population of less than 100,000, between 100,000 - 500,000, between 500,001 - 1,000,000 and over
one million. Regarding urban ES structure, the classification was based on four main types: 1) the whole
city which is a mix of built-up and natural areas, 2) large-scale green spaces encompassing both private
and public green spaces distributed over the whole city, such as greenways, urban parks, residential
gardens, street trees, and roof gardens, 3) blue spaces which refer to water bodies and open spaces
near water bodies, and 4) sites for specific purposes, such as agricultural lands, brownfields and
mangroves.

Table 1. Urban ES classification and subcategories of individual ES based on MA, TEEB, and CICES.

Services MA TEEB CICES This study
Regulating | Climate regulation Local climate Regulation of Local climate
regulation chemical regulation of
composition of temperature and
atmosphere thermal comfort
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Regulation of
temperature and

humidity
Air quality Air quality Mediation of | Air quality
maintenance regulation wastes or toxics | improvement
through filtration,
sequestration,
storage, and
accumulation
Carbon Sequestration Carbon
sequestration and | accumulation sequestration
storage

Water regulation
and storm
protection

Moderation of
extreme events
e.g. foods and
storms

Hydrological cycle

and water flow
regulation
Regulation of

extreme events

Strom protection

Fire protection

Water regulation

Water purification Waste-water Mediation of | Water quality
and waste treatment wastes or toxic | improvement
treatment substances
Erosion control Erosion prevention | Control of erosion | Soil erosion
and maintenance | rates prevention
of soil fertility
Pollination Pollination Pollination Pollination
Regulation of Biological control | Pest control Other
human diseases to regulate pests | Disease control
and diseases
- - Mediation of
nuisances
including smell
reduction, Noise
attenuation, and
visual screening
Supporting | Production of - - -
atmospheric oxygen
Soil formation and - Regulation of soil | Other

retention

quality (regulating
services)

Nutrient cycling

Water cycling

Regulation of the
chemical
condition of
freshwaters

Regulation of the
chemical

172




condition of
saltwaters

Provisioning of
habitat

Habitat for species

Seed dispersal
(regulating
services)

Maintaining
nursery
populations and
habitats

Provisioning of
habitat

Maintenance of
genetic diversity

Species diversity

Cultural Recreation and Recreation and Physical and Recreation
ecotourism mental and experiential
physical health Interactions
Tourism promoting health
or enjoyment
Inspiration Aesthetic Bequest value Aesthetic
Aesthetic values appreciation and Aesthetic experiences
inspiration for experiences
culture, art and
design
Cultural heritage - Culture and | Cultural and
values heritage historical values
Cultural diversity
Spirit and religious | Spiritual Symbolic meaning
values experience and Sacred or religious
sense of place meaning
Sense of place Entertainment or
representation
Knowledge systems - Scientific Other
investigation
Educational values - Educational and
training
Social relations - Other
Provisioning | Food and fiber Food Food from Food

cultivated plants,
aquatic plants,
rear animals and
reared aquatic
animals

Fuel

Ornamental
resources

Raw materials

Biochemicals,
natural medicines,
and
pharmaceuticals

Medicinal
resources

Materials and

energy derived
from fibers and
other materials
from cultivated
plants, fungi,

algae, bacteria,

Resources as Raw
materials
including raw
materials,
wood/biomass
and medicine.
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reared animals
and reared
aquatic animals

Fresh water Fresh water Surface and Resources as fresh
ground water water

used for nutrition,
materials or
energy

Genetic resources - - -

Step 2: Analysis of multifunctionality and indicator characteristics. Each urban ES study was

examined to identify:

Coverage of urban ES multifunctionality encompassing the four categories of
regulating, supporting, cultural, and provisioning services suggested by MA (2005) and
TEEB manual for cities (2011). The CICES classification system version 5.1 (2018) is also
considered as CICES explicitly distinguished between ES (La Notte et al., 2017). Unlike
MA and TEEB, CICES groups ES into three categories of regulating, cultural and
provisioning services. Supporting services are treated as part of regulating services
and maintenance. The detailed CICES sub-categories of each ES is useful for identifying
some ambiguous ES. Combining three classification systems of ES, this study
categorizes ES as shown in Table 1.

Number and type of indicators. The number of indicators measuring urban ES of each
paper was identified. Statistical analysis was performed to indicate the average,
maximum, and minimum number of indicators in each urban ES category. Following
from Alam et al. (2016), indicators were classified as either direct or proxy. Direct
indicators are used to directly demonstrate benefits gained from urban ecosystems.
Some benefits, on the other hand, are difficult to directly measure; therefore, proxy
indicators are used as the substitution of such benefits. They are usually tangible and
represent any piece of evidence inferring the interested benefits. For example, green
areas can be a proxy for local climate regulation to represent the ability of an
ecosystem to reduce air temperature.

Number of urban ES studies that considered trade-offs and ES demands. Methods to
examine trade-offs between different ES are identified. Also, ES demands are
classified into three types: risk, desired level of services, and actual consumption, as
adapted from Wolff et al. (2015).

Step 3: Analysis of assessment methods for each indicator by classification into five groups as
described below

Spatial mapping. These mapping methods are based on the measurement of spatial
features, such as land use, flooded areas, vegetation areas, sealed surfaces,
agricultural areas or distance to green spaces. This spatial data can be collected either
from relevant maps, such as topographic or hydrological maps, or from aerial and
satellite photograph analysis.

A Lookup Table (LUT). Unlike other methods quantifying ES based on self-inventory,
A LUT rely on a benefit transfer approach. They are used when ES benefits or values
derived from literature, including previous studies or government statistics, are
transferred to the current ES assessment (Haase et al., 2014). This method can be
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combined with spatial mapping to link ES benefits to mapped landscape units (Andrew
2015).

e Modelling. Compared to other methods, modelling involves complex calculations to
simulate ecological processes or impacts. Based on England et al’s (2017) and
Andrew’s (2015) model classification, two types of models falling into this category
are empirical and process models. The former requires point-based measurements to
estimate ES using regression analysis. In contrast, the latter has no requirement for
direct measurement. Its estimation is often based on a set of biophysical variables of
interested parameters. For example, topographic and hydrological variables are used
to indicate hydrological services.

e Field measurement. Field survey is conducted to directly collect biophysical data or
environmental performance at specific points across ecosystems.

e QOpinion Survey. This is a qualitative method to examine people’s opinions,
perception, or ES value. It can be conducted by using a questionnaire survey for a large
number of samples. It also includes other participatory techniques suitable for small
sample size, such as interview or focus group meetings to receive expert opinions.

Step 4: Analysis of scoring and weighting methods. Scoring methods and grading scales used
to express the final results of the urban ES assessment were analyzed. This step also examined
whether a weighted scoring method was applied for assessing the final results and how weighting
factors were elicited.

Step 5: Analysis of the consideration of trade-offs and ES demands. According to Mouchet et
al. (2014), ES interactions are categorized into three types: supply-supply, supply-demand, and
demand-demand. In this article, the concept of trade-offs only deals with supply-supply. Supply-
demand trade-offs, which place emphasis on mismatch between ES supply and demand, is separately
considered in the concept of ES demands. As defined by Mouchet et al. (2014), supply trade-offs
include “trade-offs and synergies in simultaneously provided ES”. It focuses on the supply of ES with
an aim to examine simultaneous enhancement or conflicts of different ES supplies. Firstly, the
frequency of studies integrating supply trade-offs in urban ES assessment was determined. Secondly,
ES bundles was defined to identify the number and category of ES considered. Thirdly, the method for
trade-off analysis was identified. The same procedure was conducted for analyzing ES demands.

Step 6: Statistical analyses. SPSS v.17 was used to perform a descriptive statistic for analyzing
the frequency and the average values of urban size, ecosystem structures, the coverage of
multifunctionality and the consideration of ecosystem concepts related to ES supply-demand and
trade-offs. Also, chi-square tests were performed to examine the relations between three categorical
variables including urban size, ecosystem structures and the coverage of multifunctionality. This
analysis helped to evaluate if such three categorical variables have any significant relations, or if they
are independent. The strength of relations can be determined from the level of significance (or P-
Values). With 95% confidence level, P-Values should be less than .1, .05, and .001. Lastly, one-way
ANOVA test was performed, a method for examining significant differences between the means of
two or more groups. The analysis was therefore performed to indicate whether independent groups
of multifunctionality coverage and urban ecosystem structures have a different number of indicators.
To ensure that the data was suitable for one-way ANOVA analysis, data was checked for four concerns
including independence of observation, the presence of outliers, normal distribution of dependent
variables, and homogeneity of variances.
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3. Results

3.1 General information about a city where indicators are applied

As shown in Fig. 1, urban ES studies with a multifunctionality approach were developed for cities in
three main geographical regions: Europe, Asia, and North America. About half of the studies (49%) are
found in the European region. A similar number of studies appear in both Asia (19%) and American
(18%) cities, followed by cities in South America (6.5%). The remaining studies are in other regions
across the world. There is also one study that looks at areas in several cities located in different
regions. Regarding urban size (based on population), the number of urban multifunctionality studies
positively relate to city size. The majority of the studies were found in the largest cites (48%) while
less than 10% of the studies targeted the small-sized cities.
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Fig. 1. Distribution of urban multifunctionality assessment across regions
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Fig. 2. Distribution of urban multifunctionality assessment in different city sizes

Urban multifunctionality assessment is dominated by two ecosystem structures: the whole city
(44.7%) and green spaces (42.6%). Blue spaces and specific sites, such as agricultural land and
brownfields, had a small share of urban multifunctionality studies. For green spaces, most studies
focused on public green space, for 37.3%, covering green spaces (19.1%), urban parks (8.5%), forest
(4.3%), greenway (4.3%), and street trees (1.1%).
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3.2 Coverage of multifunctionality in urban ES assessment

Among the four ES, regulating services were the priority in 90% of the studies, followed by cultural
services (70%) and supporting services (52%). Provisioning services was the priority in the least
number of studies, at 43%. Considering multifunctionality, 78% of the studies incorporated more than
one ES in their assessment. The remaining studies assessed only one ecosystem service but considered
several sub-categories. Only a quarter of papers covered all four ES. About the same number of papers
included either two or three urban ES as presented in Fig. 3.

W4 ES
W3 ES
m2ES

Several subcategories of 1
ecosystem service

Fig. 3. Number of ES included in the assessments by percentage

Fig. 4 illustrates the coverage of multifunctionality in detail. When two ES were assessed, most studies
focused on regulating and cultural services together (13%) or regulating and supporting services (9%).
When three ES were assessed, regulating and cultural services were often combined with supporting
services (12%) or provisioning services (10%). Overall, most of urban multifunctionality studies
therefore covered multiple ES. Only 20% of the studies targeted one ecosystem services but several
subcategories of such ecosystem service.

Cultural

Regulate

Cultural/provide
Regulate/provide
Regulate/cultural
Regulate/support
Regulate/cultural/support
Regulate/cultural/provide
Regulate/support /provide
Regulate/cultural/support
4 ES

o
(]

10 15 20 25 30

Number of urban ES studies

Fig. 4. Coverage of multifunctionality

3.2.1 Regulating services

Water regulation related to stormwater management attracted the most attention for the
assessment of regulating services, accounting for 48%, followed by 47% for carbon sequestration and
44% for local climate regulation. As Fig. 5 shows, other services were also targeted, including air
pollution reduction, water quality improvement, soil erosion prevention, and pollination.
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3.2.2 Cultural services

Three major benefits considered in cultural services assessments in the studies were:
providing recreation opportunity (63%), aesthetic appreciation (25%), and enhancing cultural or
historical importance (18%). In contrast, benefits related to providing educational opportunity (14%)
and strengthening social cohesion (6%) appeared in far fewer studies.
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Fig. 5. Sub-categories of urban ES found in the multifunctionality assessments

3.2.3 Supporting services

There are two supporting services relevant to cities: maintaining a diversity of plants and
animals and providing habitats. The former was found in 31% of urban ES assessments- higher than
the latter, which appeared in 22% of the studies.

3.2.4 Provisioning services

Food is the most frequently mentioned product - shown in 31% of the multifunctionality
assessments - followed by biomass (9%) and water supply (9%). Other products included were
medicine (3%) and raw materials in general (7%).

Table 2. Average number of indicators in relation to the number of multifunctionality coverage

Number of Indicators Number of Standard
Number of ES Minimum | Maximum studies Deviation
1 4.55 2 12 22 224090
2 7.33 2 18 24 359549
3 1313 4 53 24 1146758
4 10.54 4 33 24 6.94687
Total 898 2 53 94 769440
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Table 3. Summary of indicator characteristics and assessment methods of urban multifunctionality assessment

ES

Category

Sub-category

Indicators

Number of indicators

Percentage of
indicator

types (%)

Assessment method (%)

Total
number
of
studies

Min

Max

Mean

Direct

Proxy

Spatial
mapping

LuT

Modelling

Field
measurement

Opinion
survey

Regulating

Flood mitigation

Flood volume/runoff
reduction (74%)

Ratio of
sealed/unsealed
surfaces (12%)

Flood risk (10%)

Others, such as the
presence of flood
control
structure/measures
(5%)

45

1.31

74

26

14

67

17

Carbon sequestration

The amount of
carbon sequestered
by vegetation

47

1.23

100

20

13

100

Climate regulation

Cooling capacity of
vegetation (65%)

Surface temperature
(25%)

Other (15%)

43

1.44

70

30

20

21

25

22

17

Air quality
improvement

Pollutant level (58%)

The amount of
pollutants removed
by vegetation (22%)

Traffic problem (6%)

39

1.38

78

12

17

25

33

25

14
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Others (11%)

Other

Water quality

23

1.48

90

10

13

22

35

30

Soil erosion
prevention

13

1.65

91

19

28

Supporting

Habitat for species

Landscape
characteristics
(32%)

Species abundance
(63%)

Other (18%)

22

2.50

68

27

23

Species diversity

Animal species
diversity (60%)

Plant species
diversity (40%)

28

2.00

76

24

17

24

14

28

28

Other

Soil formation

2.12

100

33

33

33

Cultural

Recreation

Recreational values
based on people’s
perceptions (40%)

Recreational values
based on facilities
(40%)

Accessibility to green
areas (17%)

Number of visitors to
green areas (3%)

60

2.02

29

71

38

22

13

36

Aesthetic experiences

Aesthetic perception
(64%)

Aesthetic values
based on physical
features (36%)

22

17

2.42

64

36

23

23

Cultural and historic
values

Cultural and historic
values (81%)

16

1.40

81

19

13

13

13
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Cultural and historic
values based on
physical features
(19%)

Other

Social cohesion

1.00

100

100

Education

13

1.08

77

23

17

77

Other

18

2.10

67

33

11

17

17

56

Provisioning

Food

Potential food
production (72%)

Cultivation areas
(9%)

Economic value of
cultivation (9%)

Plant composition for
producing
agricultural products
(6%)

Land capability for
urban agriculture
(6%)

32

1.75

75

25

19

53

16

13

31

Resource

Raw materials

Wood

Medicine

Water

23

13

2.13

22

15
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3.3 Indicators
The total number of proposed indicators for assessing urban ES ranges from 2-53, with the average
number being 9. The majority of urban ES assessments with a multifunctionality approach contain less

than ten indicators. Only 21% of the studies have a range of 11-20 indicators and about 5% of the
studies proposed more than 20 indicators. It should be noted that the number of indicators positively

associates with the coverage of multifunctionality. As Table 2 presents, the average number of
indicators used for assessing three to four ES was higher than that used to assess only one and two
ES. About five indicators were used, on average, to assess a single ES, while the average number of
indicators increased to more than 10 when the assessment covered three to four ES. The result of a
one-way ANOVA test between the number of indicators and multifunctionality coverage classified into
four groups according to the number of ES also confirms that the mean values of indicator numbers
are significantly different among four groups of multifunctionality coverage (F(3,90) = 6.404, P =
0.001). Accordingly, it is likely that an increase in the number of indicators relates to an improved
ability to measure multifunctionality in assessment of urban ES.

In the following section, indicator characteristics and assessment methods for each ES are described
in detail based on the analysis of indicators found in the current urban ES studies (Supplementary
document A). A summary of indicators classified into groups is shown in Table 3 which provides details
about the number of indicators, types of indicators, and the percentage of assessment methods
applied in all urban ES.

3.3.1 Indicators for assessing regulating services

3.3.1.1 Water regulation

o C(Classification. Indicators are divided into three main groups. The first group, the most
common of indicators, refers to the estimates of flood volume or the storm water-
runoff volume. The estimates of flood volume usually involve multiple factors, such
as annual precipitation rate, depression area, and runoff coefficients. To make the
assessment simpler, some urban ES assessments focused on runoff coefficients or the
ability of ecosystems to reduce runoff volume from green areas or permeable
surfaces. The second group of indicators found in a smaller number of studies relies
on spatial data of sealed and unsealed areas. The higher the proportion of the sealed
areas to the unsealed areas, the higher the flood risk. The last group, with the least
common indicators, is also based on the spatial data of flood risk areas.

e Type of indicators. The first group of indicators associated with the amount of flood
volume or the avoided runoff are considered as the direct indicator, used in 74% of
the total studies. The second and third groups of indicators associated with spatial
data to estimate the ability to reduce runoff or the exposure level to flooding are
proxy indicators and are used in 26% of the studies.

e Assessment methods. Modelling is the most frequently found method for quantifying
the flood or runoff volume. Opinion survey was the method used (often combined
with other methods such as modelling) for valuation of flood benefits in a smaller
number of the studies. Spatial mapping was equally employed to quantify sealed or
unsealed surface areas affecting the quantity of runoff. Lastly, a LUT and field
measurement were found in the fewest number of studies. The latter was mostly
conducted for specific areas, such as wetlands or community gardens.

3.3.1.2 Carbon sequestration
e C(lassification of indicators. Unlike flood mitigation which is measured by using several
indicators, the amount of carbon sequestered by urban green areas is the only indicator found
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for this subcategory. However, landscape components in which carbon is sequestered were
defined differently in the studies. Only 15% of studies specified that both above-ground and
below-ground biomass of vegetation and soil were included for estimating carbon
sequestration. The rest of the studies did not specifically indicate landscape components for
quantifying the benefits of urban ecosystems, such as carbon sink.

Type of indicator and assessment methods. Based on the ability of vegetation to sequester
carbon, a direct indicator was the type of indicator for this ES and modelling was the method
to compute the amount of carbon sequestered by vegetation and soil.

3.3.1.3 Local climate regulation

Classification of indicators. The ability of urban ecosystems in regulating climate is mainly
measured from cooling capacity in reducing overall temperature and surface temperature or
the amount of heat absorbed. The first group of indicators is more common for assessing the
urban ES in this subcategory. Cooling potentials were measured from vegetation
characteristics, such as leaf area index (LAl), tree shading, or plant composition. Another
group of indicators was based on surface temperature principally derived surface
temperature data was obtained from remote sensing images. Other indicators for this ES
subcategory relate to urban population characteristics for identifying the vulnerable areas,
but they were considered in only six studies.

Type of indicators. Direct indicators dealing with surface temperature or temperature
reduction account for most of the studies. Proxy indicators based on either land cover types
or biophysical data of green areas were used for computing temperature reduction achieved
through cooling and shading effects of vegetation.

Assessment methods. Modelling was widely used in about one-third of the studies to
calculate cooling capacity of urban ecosystems. It involves several factors related to
vegetation characteristics and climatic condition including air movement and thermal
radiation. The second most used method, relied on expert judgment or people’s perceptions
to determine the role of urban ecosystems in modifying microclimates. Mapping green areas
and field measurement of urban temperature were also frequently applied to estimate
temperature reduction by vegetation and directly measure urban temperature and the
amount of heat trapped.

3.3.1.4 Air quality improvement

Classification of indicators. Four groups of indicators are pollutant level, the amount of
pollutants removed by vegetation, traffic problem, and others. The first group were most
often included to assess air quality.

Type of indicators. Due to the dependence on the amount of pollutants for urban ES
assessment, direct indicators were used in the majority of the studies. Proxy indicators
including traffic load, street length, and lichen diversity were used as an indirect measure for
pollutant level.

Assessment methods. Modelling was widely used in one-third of the studies, followed by LUT
and field measurement. A LUT was often combined with other methods to quantify benefits
based on data obtained from previous studies. For example, the ability of urban trees to
remove air pollutants was referenced from Nowak’s study (Nowak et al., 2006) of urban trees
in American cities. The use of spatial mapping and an opinion-based approach was found in
the least number of studies.
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3.3.1.5 Water quality improvement

e Classification of indicators. Water quality was mainly indicated from the amount of nutrients
or pollutants retained in water (48%), the quantity of water recharged (35%), and the
presence of wastewater treatment (13%).

e Type of indicators. Direct indicators were used in almost all studies to measure water quality.
The remaining ones assessed water quality through proxies such as distance to wastewater
treatment plants and the proportion of engineering plants.

® Assessment methods. Modelling and subjective assessment were two important methods
used to determine water quality. Other methods were equally applied in different studies.

3.3.1.6 Soil erosion prevention

e C(lassification of indicators. The amount of soil loss (or erosion rate) was the indicator found
in almost all studies except for two studies that relied on expert judgement on the ability of
ecosystem in erosion prevention.

® Type of indicators. Almost all studies used direct indicators. Only two studies measured from
a proxy indicator by associating soil loss with land cover types.

® Assessment methods. Modelling was performed in most studies. Few studies conducted
opinion survey and field measurement.

3.3.1.7 Others

Other regulating services found in less than ten studies include:

e Noise pollution reduction. Direct indicators were used to measure either noise level or the
amount of noise reduced by vegetation. A variety of methods including modelling, field
measurement, and a LUT was applied to assess indicators in this subcategory.

e Odor reduction. Only two studies included the ability of urban ecosystems to reduce odor.
One used the distance to the odor source and forest area for reducing odor emissions as the
measure. Another assessment was based on people’s perceptions of the odor problem.

e Pollination. This service was assessed through either bee habitat or habitat quality to attract
bees. Opinions on the importance of the areas for pollination is also a measure for pollination
service.

Overall, regulating services is mostly based on an objective approach requiring quantitative
indicators for measuring benefits related to urban environmental quality. Methods which relied on
empirical data, such as modelling, were therefore frequently used for computing regulating services
related to water and air quality, urban temperature, storm water runoff, carbon emissions, and soil
erosion. Almost 70 modelling tools have therefore been developed for assessing multiple services,
particularly regulating services (Grét-Regamey et al.,, 2017). For urban ES assessment, the two
modelling tools most often used are Integrated Valuation of Ecosystem Services and Trade-offs
(InVEST) and i-Tree. Both tools are applied in 13 papers, accounting for 14% of the total studies. INVEST
is capable of quantifying all ES while i-Tree can only be used for assessing regulating services based on
the capacity of urban trees and the characteristics of permeable and non-permeable surfaces.

Another important method for quantitative measurement is mapping bio-physical data used as
proxies for assessing ES. Land use or land cover is the common bio-physical data widely used since
1997 when Costanza et al. mapped economic values of ecosystems based on different land uses at the
global level (Englund et al., 2017; Schagner et al., 2013; Shoyama et al., 2017). However, this method
is ineffective for small-scale areas where spatial variations are high (Van der Biest et al., 2015). For
urban areas with heterogeneous land uses, land covers associated with fine-scale landscape elements,
such as vegetation types, geography, and soil types serve as a basis for urban ES assessment (Haase
et al., 2014). Among 84 studies which assessed regulating ES, 19 studies relied on the land cover
approach. However, not all studies showed interest in using a refined land cover classification. Ten
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studies incorporated additional data with land cover data, as shown in Table 4, to provide more site-
specific assessment. Refined land cover classification was found in two studies to capture variability
in urban landscape. The refinement of a land use system helps to improve the accuracy of mapping
methods particularly for regulating services (Van der Biest et al., 2015). The remaining studies relied
on the standard land cover classification to detect the impact of land use change on ES. The usage of
field measurement for testing water, air, or soil samples was limited to the assessment of small-scale
ecosystem structures (e.g. urban parks and wetlands) as this empirical approach is time consuming
and resource intensive (Englund et al., 2017). For regulating services, air quality improvement had the
largest share of studies using field surveys which were usually conducted in sampling sites distributed
across study areas.

In addition, qualitative measurement is found in several studies which assess urban ES based on
people’s opinions. Participatory methods based on expert opinions were mostly found to assess two
subcategories of water quality and soil erosion prevention.

The number of indicators varies greatly across subcategories. The average number of indicators
is lower than 1.5. Only two subcategories have an average number above 1.5, namely soil loss
prevention and others. This means that both categories had more than one indicator for their
assessment.

Table 4. Urban ES assessment with land cover approach

Source

Additional data

de la Barrera et al. (2016)

Vegetation cover and impervious cover

Cabral et al. (2016)

Davids et al. (2016)

Location and biophysical data

Estoque & Murayama (2016)

Landscape connectivity and fragmentation analysis

Fernandez-Campo et al. (2017)

Tree canopies, the potential for trees to grow, and
ground conditions

Goldenberg et al. (2017)

Soil data and habitat classification

Grafius et al. (2016)

Haase et al.(2012)

Haase et al. (2014)

Holt et al. (2015)

Topography map to provide heterogeneous land
cover

Hong & Guo (2017)

Demographic data

Hu et al. (2015)

Ratio of impermeable surface

Kroll et al. (2012)

Land use intensity, soil, climate, and population data

Klimas et al. (2016)

Tree cover, non-woody vegetation cover, and
impervious area

Larondelle et al. (2014)
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Pickard et al. (2016) Use of INVEST model

Roussel et al. (2017) -

Sun et al. (2018) -

Tratalos et al. (2007) -

3.3.2 Indicators for assessing supporting services
Among 54 studies, indicators for assessing the two subcategories of supporting services can be
presented as follows:

3.3.2.1 Provisioning of habitat

e Classification. This subcategory is mainly measured through landscape characteristics (32%)
and species abundance (63%). Landscape connectivity and the percentage of green area are
landscape metrics used for assessing habitat quality based on landscape characteristics
related to connectivity and patch characteristics. More specific characteristics, such as the
depth of water features, were analyzed for small-scale landscape features, such as wetlands.
Indicators related to species abundance can be classified into plant and animal richness. Other
indicators used for measuring habitat quality relate to ecosystem processes, such as biotic
interaction and overall habitat quality.

e Type of indicators. Indicators that rely on landscape metrics for assessment are considered as
proxies, accounting for about 30% of the studies. The usage of direct indicators based on the
number of species or ecological value is more common.

® Assessment methods. Field survey and spatial analysis are the two methods most frequently
used to derive landscape data, followed by an opinion survey. A LUT and modelling were the
methods undertaken in only a small number of studies.

3.3.2.2 Species diversity

e C(lassification of indicators. Among 29 studies, species diversity was assessed through animal
species diversity (60%) and plant diversity (40%). Only three studies use landscape
characteristics to indicate biodiversity.

o Type of indicators. Since species diversity was the indicator in most studies, direct indicators
were the main indicator type of this subcategory. Proxy indicators indirectly indicate
biodiversity according to physical characteristics of urban ecosystems and were found in 24%
of the studies.

® Assessment methods. All methods except for modelling were performed in most studies.
Similar to that found in habitat for species, field survey and opinion survey were the methods
used in the majority of the studies to indicate the quantity of species found in the study areas
and to indicate ecological value of urban ecosystems. Spatial mapping was mostly conducted
to identify plant diversity from landscape characteristics. Use of a LUT was also a significant
method to gather benefits or biological data from literature or government documents.

3.3.2.3 Others
e Soil formation. Soil quality related to soil fertility and the amount of nutrients was used to
assess this ES. Different assessment methods were found to measure soil quality including
modelling, field measurement and the use of expert opinions.
For supporting services, two subcategories contain a similar set of indicators related to the
number of species or landscape characteristics. Compared to regulating services, field survey takes
the greater role as the assessment method since data collection at site-specific areas is required to
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analyze species diversity of habitat quality. In contrast, modelling becomes the least frequently used

method. The number of indicators for supporting services are higher than that for regulating services.
Up to ten indicators were used for assessing habitat quality, with the average number being more
than two.

3.3.3 Indicators for assessing cultural services
3.3.3.1 Recreation.

Classification of indicators. A total of 58 studies investigated recreational services along with
other urban ES. Recreational services were measured through either qualitative or
guantitative indicators. Indicators can be classified into five groups. The first group, used by
most studies (40%), is recreational values based on people’s perceptions, followed by
recreational values based on facilities provided in green areas (21%) and the proportion of
green areas per capita (19%). The other two groups of indicators were accessibility to green
areas (17%) and the number of visitors to green areas (3%).

Type of indicators. Based on the five groups of indicators described above, only the first group
measuring recreational values from people’s perceptions is considered to be direct indicators.
The remaining groups demonstrate the attempts to use proxies enabling quantitative
measurement through the quantity of facilities and amenities, green areas, the distance to
green areas, and the number of visitors.

Assessment methods. For indicators related to people’s perceptions of recreational services,
survey methods were undertaken in almost all studies except for a few studies which
referenced data from previous studies. Two other two important methods are spatial
mapping, which rely on quantitative data of green areas for the assessment, and a LUT as a
reference recreational potential from previous studies.

3.3.3.2 Aesthetic experiences

Classification of indicators. Among 22 studies, two main indicators used for measuring cultural
services related to the aesthetic aspect are aesthetic perception (64%) and aesthetic values
based on physical features (36%).

Type of indicators. Direct indicators refer to those that depend on people’s opinions on
aesthetic values of urban ecosystems. Proxies were used when aesthetic assessment was
assessed through physical features of urban ecosystems.

Assessment methods. A questionnaire survey was the main method used to measure
aesthetic value from people’s perceptions (59%) and expert judgment (23%). Spatial mapping
was conducted in 23% of the studies, and their assessment was based on physical features of
urban ecosystems. Only one study measured aesthetic experience from a field survey
(Pietrzyk-Kaszynska et al., 2017), and another study used the LUT method by linking of
aesthetic values to land cover classification (Koschke et al., 2012).

3.3.3.3 Cultural and historical values

Classification of indicators. Most studies measured cultural importance of urban ecosystems
through people’s perceptions. Such studies used qualitative measurement to directly ask
respondents to assign a value to a particular place. Only few studies used quantitative
indicators (such as distance to historical sites, size of green areas or the presence of historical
buildings) to determine cultural importance of an urban ecosystem.

Type of indicators. As most studies directly ask opinions about cultural values, direct indicators
took account for 81% of the studies. The remaining used proxies that relied on the spatial
aspect of a place.

Assessment methods. A participatory approach was the most important method used
including a questionnaire survey of people’s perceptions (56%) and expert judgment (13%).
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Field surveys and a LUT were the method undertaken in 13% (each) of the studies. Spatial
mapping was conducted in only one study that made the judgment according to the distance
to historical sites.

3.3.3.4 Others

e Social cohesion. Seven studies include social cohesion as one of the cultural services for urban
ES assessment. All of them utilized a qualitative approach by asking people’s opinions on the
social significance of urban ecosystems in connecting people.

e Education opportunity. A variety of indicators were used to determine education opportunity
of urban ecosystems. Qualitative indicators used in ten studies include those that asked
people directly to rate their value on either learning opportunity or nature experience.
Quantitative indicators found in three studies refer to the distance to educational facilities or
the number of educational visits.

e Others. Other cultural services relate to benefits of urban ecosystems that help to provide
inspiration, improve health condition, and enhance well-being associated with environmental
quality of sound, smell and safety.

Overall, the assessment of cultural services was largely based on a qualitative approach relying
on people’s perceptions or expert judgment. This subjective-based assessment involving
participation of stakeholders has been reported as the main method for measuring non-monetary
services for small-scale areas (Haase et al., 2014; La Rosa et al., 2016; Wolff et al., 2015). Only
three studies employed both non-monetary and monetary valuation methods like benefit-
transfer, travel cost method, and contingent valuation for assessing multiple cultural services (Dou
et al.,, 2017; Estoque & Murayama, 2016; Langemeyer et al., 2015). In contrast to large-scale
assessments that have no obvious indicators for measuring cultural benefits (Bryce et al., 2016),
city-scale assessments are is likely to employ the same perception-based indicators for assessing
this category. Only cultural services related to recreation were not exclusively assessed from
participatory methods. Quantitative measurement was also incorporated to assess the role of
urban ecosystems in facilitating recreational activities through the proportion of green area per
capita and the number of visitors.

The number of indicators for cultural services varied across the subcategories. Recreation and
aesthetic appreciation often had more than one indicator, with the maximum number being 17.
The other subcategories mostly contained only one indicator.

3.3.4 Indicators for assessing provisioning services
3.3.4.1 Food

e Classification of indicators. Different indicators were used to assess provisioning services in
terms of potential food production, convenience to have access to fresh food, and economic
values of agricultural products. Most studies focused on the assessment of potential food
production (72%). Other indicators include cultivation areas (9%), economic value of
cultivation (9%), plant composition for producing agricultural products (6%), and land
capability for urban agriculture (6%). Accessibility to food was measured in only one study
using proximity to farms as the indicator.

e Type of indicators. Direct indicators related to yield per area unit and economic value of
cultivation were used in 75% of the studies. Proxy indicators were found in the studies based
on spatial information of agricultural land.

® Assessment methods. A LUT was the method applied in most studies (53%). This method was
often combined with spatial mapping, modelling, or field survey to estimate crop yield. A
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guestionnaire survey of agricultural value was another important method conducted in 44%
of the studies.

3.3.4.2 Resource

e C(lassification of indicators. A total of 23 studies had indicators measuring resource provision.
About 75% of the studies focused on the provision of natural resources covering raw
materials, wood or timber products, and medicine. Water resources received the second
largest share of attention in the studies at 40%. Five studies were interested in converting
provisioning services into economic values.

o Type of indicators. Most of the indicators were direct indicators based on the production of
certain resources. Only two studies used proxies based on spatial information of distance to
the resources and vegetation types to indicate the value of provisioning services.

e Assessment methods. A LUT was the important method applied in nearly 60% of the studies
to quantify resource production of the study areas on a basis of relevant data derived from
previous studies. For example, Hu et al. (2015) assigned the value of each land use category
in Fuzhou in accordance with the value of ecosystems in China estimated by Xie et al. (2003
cited in Hu et al., 2015). Larondelle & Lauf (2016) obtained information about the demand for
water supply and the groundwater recharge of the city of Berlin from statistics of government
agencies. Two other important methods were a survey of people’s valuation to determine
provisioning services in one-third of the studies and spatial mapping (31%).

Overall, food production was more highlighted than the provision of resources for
provisioning services of urban ecosystems. Compared to other services, a LUT became the most
important method for assessing food and resource production based on data derived from previous
studies. In addition, participatory methods, particularly valuation surveys, were another important
type of assessment method for a number of studies that utilized qualitative measurement.

The number of indicators for provisioning services varied from 1-8 for food production and up
to 13 for resource provision. Generally, the assessment of resource provision used more indicators
with the average number being two.

3.4 Scoring methods and results

Scoring methods vary according to measurement scales of each indicator. There are four
measurement scales found in urban ES assessment: nominal, ordinal, interval, and ratio. Nominal
scales are also known as categorical scales and are used to classify data into categories, such as “yes”
and “no.” Ordinal scales are often used for rating preferences or ranking order. A Likert scale ranging
from 1-5 is the common ordinal scale used for rating preference by assigning a value of 1 to represent
the least preference and a 5 for the highest preference. Interval scales, in this study, refer to ranking
order that is based on measurable quantity classified into a scale. In contrast to ordinal scales
measuring perceived values, interval scales are physical measures like land cover types or desired
characteristics. For example, different land cover types can be assigned scores by using a scale of 1-
10 based on their urban ES. Or, a scale of 1-4 can be used to classify local climate regulation of urban
districts based on the ratio of sealed to unsealed surfaces and urban density. Lastly, ratio scales
represent quantity, and the differences between scales can be quantified. Obviously, nominal and
ordinal scales are used for qualitative data while interval and ratio scales are used to measure
guantitative data.

Fig. 6 illustrates that about 70% of urban ES studies used numeric scales consisting of ratio scales
(62%), interval scales (4%), a mix of ratio and interval scales (5%), and a mix of ratio and ordinal scales
(3%). The usage of ordinal scales for ranking ES values was found in 22% of the studies, while
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categorical scales were used in the least number of studies - about 3%. A mix of ratio, interval, and
ordinal scales was found in only one study.

With nominal, ordinal, and interval measurement, each indicator is assessed by using grading scales.
Therefore, a range of certain scores according to grading scales is given for an individual indicator. The
total scores of each subcategory or category can be achieved from the sum of an individual score
divided by the number of indicators. For interval measurement, assessment criteria were developed
to indicate reference values for each indicator. Scores are therefore determined based on reference
values.

1% 1% 1%

A\

3%\

Fig. 6. Type of measurement scales in urban ES assessment

= Ratio
= Ordinal
= nterval
Ratio and ordinal
= Ratio and interval
= Ratio and categorical
m Categorical and ordinal
m Numeric, interval and ordinal

m Categorical and interval

Regarding indicators with a ratio measurement scale, the assessment results of each indicator are
numeric values with different measurement units. Such numeric values are therefore often
normalized relative to the maximum and minimum values derived from each indicator. These
maximum and minimum values are usually derived from urban ES in the study areas, demonstrating
the focus on a certain city. The normalization process converts the numeric values into a scale of 0-1
or 0-100. Then the total scores can be indicated from the average values of each ES. However, a
number of studies (39%) did not normalize numeric values of individual indicators since the overall
assessment results were not considered as much as those of individual services.

Table 5. Weighting methods used in urban ES studies

Weighting Number of Groups of Reference
method participants participants
Rating N/A Experts Alam et al. (2016)
AHP 8 Experts Andersson-Skold et al.
(2018)
AHP N/A Stakeholders Antognelli &  Vizzari
(2017)
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Rating N/A Experts Fernandez-Campo et al.
(2017)

AHP N/A Experts Huang & Tsou (2006)

Rating, AHP 12 Experts Koschke et al. (2012)

Expert judgment | N/A Experts Kremer et al. (2016)

AHP 19 Stakeholders Liquete et al. (2016)

Rating 30 Stakeholders Meyer & Schulz (2017)

Rating, Ranking, | N/A Stakeholders Meerow & Newell (2017)

AHP

Rating 15 Experts Montoya-Tangarife et al.
(2017)

AHP N/A Stakeholders Peng et al. (2015)

AHP N/A Stakeholders Sun et al. (2018)

Rating 21 Stakeholders Dizdaroglu & Yigitcanlar
(2014)

A weighting system was incorporated in 16% of urban ES studies. This helps by taking into account the
different values given to urban ES (Koschke et al., 2012). Weighting factors were derived from people’s
opinions through three main methods: expert judgment, Analytical Hierarchical Process-AHP, and
ranking or rating. Usually, there are two groups of participants in the weighting process: experts in the
concerned fields and public stakeholders (Bryan, 2010 cited in Kremer et al., 2016). With expert
judgment, weightings were assigned depending on the priority given to urban ES. The AHP technique,
known as Saaty’s method, elicits weights from participants who assessed pairwise comparisons by
using a 9-point rating scale. After the questionnaire survey is assessed, a reciprocal matrix is
constructed from all responses and computed to determine the relative values of individual services.
Ranking or rating is the simpler technique recommended as the method among planners to acquire
weighting (Andersson-Skold et al., 2018). Interestingly, the number of participants in this weighting
process was not often reported. Table 5 shows that only six out of fourteen studies mentioned the
number of participants, which ranged from 8-30.

With or without a weighting system, the assessment results are expressed through either total scores
or grading scales. Several grading scales are utilized as presented in Table 6. A scale of 0-1, 0-10, or 0-
100 was the most common scale-type used by a quarter of the studies. A lesser number of studies
(15%) displayed the assessment results through a scale of 1-5. Most of these studies assessed urban
ES from people’s perceptions. The use of other grading scales was infrequent. Due to the differences
in grading scales, it is clear that there is no standardization for the representation of urban ES
assessment results. Notably, over 60% of urban ES studies expressed the assessment results by using
grading scales. The remaining only displayed scores obtained for each service. Different methods
make comparability of the assessment results impossible.

Table 6. Grading scales used for the assessment results of urban ES studies

Grading scales Frequency Percentage
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0-1 13 13.8
0-10 5 3.3
0-100 6 6.4
1-3 6 6.4
1-4 2 2.1
1-5 14 14.9
1-6 2 2.1
1-7 1 1.1
1-8 2 2.1
1-9 1 1.1
-1.5-+1.5 1 1.1
Yes/No 4 4.3
No scale 37 39.4

3.5 Integration of trade-off analysis
Only six studies investigated the interactions among ES in urban landscapes. Table 7 provides the
details of such studies in terms of the coverage of multifunctionality, the types of urban ecosystems,
and the methods for trade-off analysis. It shows that the concept of trade-off was mostly incorporated

when the whole city or large-scale areas became the target of the assessment, although small-scaled
landscapes like wetlands and river flood plains were assessed for identifying a trade-off relationship.

Table 7. Characteristics of urban ES assessments with the consideration of trade-offs

Coverage of multifunctionality

Type of
Auth ypb Methods for trade-
uthor urban off analysis Regulating | Supporting Cultural Provisionin
ecosystems services services services g services

Dobbs et al. City Correlation for all ' ' v '
(2014) ES
Fernandez- City Pairwise v X v v
Campo et al. comparison for only
(2017) bioenergy provision
Richards & Wetland Scenarios and v v v v
Friess (2017) pairwise

comparison with

urban development

and between ES
Stepniewska Floodplain Opinion \ \ \ X
(2017)
Sun et al. City Scenarios and \ \ \ \
(2018) correlation for all ES
Li et al. (2016) City Correlation for all v v v v

ES
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For multifunctional urban landscapes, interactions among ES were considered when a minimum of
three ES was included. Almost all studies examined supply trade-offs by using correlation analysis to
identify positive and negative relations between ES. Only one study investigated trade-offs between
maintaining habitat for wildlife and recreation services from the discussion among stakeholders
(Stepniewska, 2016). The main purpose of these six studies was to indicate gains and losses of urban
ES from changes in landscape structures as a result of urban development in order to formulate better
ecosystem management plan that is able to balance ES.

3.6 Integration of urban ES demands

Only six studies integrated the concept of urban ES demands in the multifunctionality assessment as
given in Table 8. All studies conducted the assessment at the city level and had indicators for
measuring the demands for regulating services. Half of the studies contained indicators for other ES.

Regarding the types of urban ES demands, the demands for regulating services were considered as
risks and required mitigation in five studies. These risks included air pollution, high temperature, and
flood risk. They were measured through the ability of urban green spaces to remove pollutants, reduce
temperature, and reduce runoff volume. Otherwise, the demands for regulating services were treated
the same way as the demand for actual consumption, such as energy consumption.

Table 8. Characteristics of urban ES assessments with the consideration of urban ES demands

Author Type of w Indicators for | Types of ES Method for
urban fgo B %D 81 ® ¢ % ¢ | urban ES demand demand
2| S2| 58| 68 .
ecosyste ;20 § % § § § g § demand analysis
ms = A o
Larondelle & City v X v V | Water Risk, Differences
Lauf (2016) consumption, | consumption, | between
demand for desired supply and
particulate target demand in
matter same unit
removal, ratio measurement
of elderly to
overall
population
density,
required heat
regulation,
demand for
carbon
sequestration,
quantity of
green spaces
Verhagen et City v X v X | Potential Risk, desired Comparison
al. (2017) flood damage, | target between the
NO2 priority areas
concentration, of supply and
pollination demand by
dependency using a scale
of a crop type, of 0-1
population
density for
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urban leisure

demand
Baro et al. City The Risk, desired Differences
(2016) availability of | target between
recreational capacity and
sites, demand by
population using a scale
density, NO2 of 1-5
concentration
levels
Bar¢ et al. City PMio, NO2, Comparison
(2015) and O3 with the
concentration Risk, desired desired
levels, annual target levels. High
CO2-eq and
emissions per moderate
ha, annual levels of
CO; emissions mismatch are
per capita, the assigned
number of based on the
heat risk days extent to
which supply
is lower than
the reduction
targets.
Goldenberg City Opinions on Risk Differences
et al. (2017) demand for between
local climate supply and
regulation and demand by
storm water using a scale
regulation of of 0-5
each land
cover
Kroll et al. City Final energy Actual use Ratio
(2012) demand per between
hectare of supply and
each land demand

cover type,
water
consumption
per hectare of
each land
cover type,
food demand
per hectare of
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each land use
type

4 Discussion

4.1 Comprehensiveness of urban ES assessment

As shown in section 3, multifunctionality assessment of urban ecosystems concentrates on three
geographical regions: Europe, Asia and North America. This non-uniform distribution also occurs for
the general ES assessment (Crossman et al., 2013). The high number of studies in cities having over
one million inhabitants demonstrates that the concept of multifunctionality was often integrated for
urban ES assessment of a highly populated city where ES demands are high. No relationship between
urban size and the coverage of multifunctionality was found from a Chi-square test (X?(12) = 13.612,
P = 0.326). This means that the inclusion of all four ES is applicable for multifunctionality assessment
in small, medium, or large cities.

A review of 94 studies shows that indicators were proposed to cover four ES. It is clear that regulating
services receive the greatest attention from nearly 90% of multifunctionality assessments, followed
by cultural and supporting services, which were included in 70% and 52% of the total studies,
respectively. Provisioning services received the least priority from 43% of urban multifunctional
assessments. The emphasis on regulating and cultural services in urban settings corresponds to
previous findings (Camps-Calvet et al., 2016; Cortinovis & Geneletti, 2018; Luederitz et al., 2015). The
chi-squared test shows significant relations between the number of ES and urban ecosystem structure
classified as the whole city, green spaces, and the others (X3(6) = 17.87, P = 0.007). It is found that
three to four ES were mostly assessed for all urban ecosystem structures except for green spaces,
which mainly focused on the assessment of one to two ES. An association between ES category and
urban ecosystem structure was also observed, X? (20) = 38.51, p = 0.008, indicating the differences in
multifunctionality coverage among four ecosystem structures It is clearly shown that provisioning
services were mostly included when the whole cities were considered, accounting for 55% of the total
studies. Smaller shares of studies covered provisioning services in the assessment of other urban
ecosystem structures, especially green spaces, which are found only in 25% of the studies. Different
coverage of multifunctionality not only demonstrates a lack of consensus of an operational definition
of multifunctional urban landscaping, but also indicates local variation in the needs and concerns for
urban ES (Hubacek & Kronenberg, 2013).

Differences in local concerns contribute to discrepancies in the assessment framework of urban ES
multifunctionality and result in the incomparability of the assessment results between different cities.

To enable this type of comparison, the main values of each ES category that share common concerns
at global and local scales should be defined with a set of pre-requisite indicators. These types of

indicators are aimed at preventing failures in achieving the minimum requirements of key issues
(Alwaer et al., 2010). In addition, indicators for measuring other urban ES that are specific to some

local contexts should be considered as optional.
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4.2 Variation in indicators

A variety of indicators were used for the four ES. As shown in Section 3.3, quantitative indicators were
applied in the majority of urban multifunctionality ES assessments. Qualitative indicators based on
people’s opinions were found in 20% of the studies, and mostly aimed to measure the values of ES.
They were also significantly used for assessing cultural services that are intangible. Aesthetic
appreciation, historical significance, and education opportunity are three services heavily measured
through qualitative indicators employed in over 70% of the studies.

For quantitative indicators, both proxy and direct indicators were used, but the degree to which these
two types of indicators were used was different depending on each ES. Proxy indicators can refer to
proxy models that relate ES to land cover using abiotic and biotic variables (Lavorel et al., 2017). Spatial
mapping is the common method for assessing proxy indicators, coupled with other methods, such as
using a LUT and expert judgment. Among the four ES, proxy indicators were mostly found for the
assessment of cultural and supporting services including recreational opportunity and habitat
conservation. The use of proxy indicators was not common for regulating services which were
predominantly assessed through direct indicators based on a modelling approach for all
subcategories. The largest share of direct indicators requiring empirical data from field survey were
found in supporting services. For provisioning services, most studies used direct indicators coupled
with a LUT to quantify food or resource production from statistical data. Accordingly, a variation of
indicators and assessment methods is found not only in each ES but also across the four ES. This
divergence in indicator types requires a standard approach for indicator selection to enable the
comparability in multifunctionality between urban ES studies.

4.3 Variation in scoring approach

Assessment results of the urban multifunctionality studies were expressed as the real values of ES or
a grading scale. The former is used by the majority of the studies. With the real values, the capability
of urban ecosystems in providing ES is known, but the extent to which the provision of ES meets the
desired level remains unknown. On the other hand, a grading scale indicates the performance level of
urban ecosystems in relation to the reference values. The reference values are different depending
on the type of measurement scale. For a ratio scale, a score derived from min-max normalization
indicates the performance of the urban ecosystem based on the poorest and highest performances
found in the study area. Therefore, ES in the local context is used as the reference values for a grading
scale with the min-max approach. For an interval scale, the scores are assigned based on the reference
values. These reference values can be set according to biological thresholds, policy goals, or from
established expert judgment (Pollesch & Dale, 2016; Rodriguez-Loinaz et al., 2015). However, most
studies set the reference values in an arbitrary manner. Only a small number of studies explicitly
provided the sources of their reference values. For example, Baré et al. (2016) used the minimum
concentration of air pollutants set in the European Union air quality Directive as the reference values
for regulating services related to air quality. Grét-Regamey et al. (2015) defined the reference values
of recreational services based on the local standards set by the municipality of Zurich concerning the
maximum distance to, minimum size and maximum capacity of recreation areas. Without the ability
to generalize reference values to a larger scale, the assessment results of urban multifunctionality are
useful only at the local level, impeding the ability to compare the ES provision with other cities.

To make the assessment more informative, assessment values of each indicator should therefore be
used as a reference or benchmark against what is considered as a high standard or an accepted
standard. The decisions on measurement scales that are defined on an ad hoc basis or external values
should instead be shifted to the use of reference values that relate to baseline or target values. This
approach with standards benchmarking is useful for monitoring of results and indicating measures for
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continuous improvement as it provides information on the state of the system in respect of ideal
targets or agreed upon standards (Pollesch & Dale, 2016; Rok & Szmajda, 2014). It is argued that the
urban ES assessment should provide relevant policy-support (van Leeuwen et al., 2009). Accordingly,
reference values need to be defined based on the minimum requirements for urban ES development
set in standards or regulations as well as the preferred targets aimed at to be achieved according to
government policy.

Despite the small number of studies which applied a weighted scoring system, the methods for
eliciting weights were still highly varied. The two most popular methods were AHP and rating. AHP
method is not suitable for eliciting weights of the assessment tools with more than seven indicators
(Satty & Ozdemir, 2003). This method is considered time-consuming and complicated (Cinelli, Coles,
& Kirwan, 2014), leading to a lack of motivation among participants to assign weights and inaccuracy
in the weighting results when compared to those derived from easier methods, such as by using the
Likert scale for rating (Koschke et al., 2012). To prevent any biased decisions regarding the assessment
results, Koschke et al. (2012) implemented three scoring approaches: equal weighting, weighted
system from AHP method, and weighted system from rating method, and then conducted a sensitivity
analysis for informing decision makers. Importantly, this scoring approach allows the comparison of
the assessment results computed either with or without a weighted system.

4.4 A lack of analysis for trade-off relationships and ES demand

Only a small number of studies included the concepts of trade-off and ES demand, accounting for
about 6% of the total studies. Based on the multifunctionality assessment framework of green
infrastructure proposed by Hansen & Pauleit (2014), it is important to not only identify the hotspots
of multifunctionality, but also to understand other issues including trade-off relationships and balance
between ES supply and demand. The consideration of synergies and trade-offs between ES helps to
set priorities for the improvement of urban landscapes (Hansen & Pauleit 2014). In the existing studies,
there were two studies that incorporated scenario analysis with the trade-off concept to identify
losses and benefits from different urban development options (Richards & Friess, 2017; Sun et al.,
2018). This application for identifying the best options demonstrates the ability of the valuation with
the trade-off concept in supporting decisions between different measures that influence the provision
of ES (Hansen & Pauleit, 2014). To analyze relationships between ES, correlation is the most common
method used in almost all studies to compare relationships between each pair of ES. However, this
method tends to identify a no-effect relationship. By comparison, descriptive methods without any
explicit quantitative measures have a high probability of identifying trade-offs (Lee & Lautenbach,
2016). Therefore, a combination of both correlation and descriptive methods for assessing trade-offs
should be undertaken to validate the results.

Regarding ES demand, the types of ES demand used in the assessments can be distinguished from ES
as shown in Table 9. For regulating services alone, ES demands were mostly considered as risks
needing ES supply for mitigation. It should be noted that only one study conducted by Larondelle and
Lauf (2016) included the social aspect for the analysis of regulating services demand. They considered
population density and the ratio of elderly as the factors affecting the degree of ES demand. In terms
of recreational services, ES demand was correlated with the suitable amount of green spaces as a
desired target. For provisioning services, ES demand was clearly identified as the actual consumption
of food and water.

Table 9. Characteristics of ES demand in urban multifunctionality assessment

ES Subcategory Indicator for ES demand Type of demand

Regulating Air pollution ® Pollutant concentration e Risk and vulnerability
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e Acceptable level of air
pollutants

Local climate regulation

e Ratio of elderly
e Population density

o Risk and vulnerability

Storm water management

® Potential flood damage

e Risk and vulnerability

Carbon sequestration

® CO2 emissions

e Risk and vulnerability

Pollination

e Pollination dependency of
a crop type

e Desired target

Energy eoEnergy demand for each | ®Actual consumption
land cover type
Cultural Recreation e Recreation demand | eDesired target
based on population
density
Provisioning | Food e Food consumption e Actual consumption
Water supply e \Water consumption e Actual consumption

To analyze the mismatch between ES supply and demand, different methods were used including
identifying the differences or indicating the ratio between supply and demand. For supply and demand
of regulating services, most studies directly compared the capacity of urban ecosystems with the
degree of the concerned risk by using the same measurement units, such as the comparison between
the quantity of air pollutants removed by vegetation and the concentration amount of air pollutants.
Indirect comparison through a scale of 0-1 or 0-5 is found when ES supply and demand were not set
in the same measurement units or when ES assessment was based on a land cover approach. Although
the concept of ES demand still receives little attention, the type of ES demand can be distinguished
for each service. As with indicator types for multifunctionality assessment, a variety of methods for
demand analysis exist. Thus, a standardized approach is required for understanding the ES supply and
demand balance.

5. Proposed assessment framework for urban multifunctionality

This assessment framework is proposed for developing a standardized approach for urban
multifunctionality assessment to address the shortcomings of the existing approach with a variation
in coverage, multiple indicator type assessment methods, and a scoring system. This proposed
framework enables a comparison across cities and provides informative results for decision makers in
order to accurately assess the performance of urban ecosystems and reach the desired goals.

Fig. 7 illustrates the proposed framework for urban multifunctionality assessment. This proposed
framework provides the methodological procedure for assessing multifunctional urban landscapes. It
consists of five main stages.

Stage | is to define the characteristics of an urban ecosystem in terms of urban size and ES type. Urban
size can be defined from the number of populations as suggested in this study. Based on a review of
urban ES assessment, there are four main categories of urban ecosystem structure and subcategories
as presented in Table 10. This classification of ecosystem types enables the selection from general to
more specific types. ES bundle types are quite distinctive for certain areas with similar social-ecological
systems (Raudsepp-Hearne et al., 2010). It is therefore necessary to compare urban ES assessment
when the same type of urban ecosystems and similar urban contexts are concerned. The identification
of urban ecosystem structure helps to clarify urban characteristics in the early stage.

Table 10. Urban ecosystem structure

| Category Subcategory
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The whole city

Green space

Urban park

Urban forest

Public green space/ Greenway

Street tree

Public and private green space

Residential garden

Blue space

Public water bodies

Flood plain

Wetland

Sites for specific purposes

Agricultural land

Brownfield

Mangrove

Green roof
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Fig. 7. Proposed assessment framework for urban multifunctionality

Stage Il is to identify ES for the assessment. All four ES are included for the assessment but not all
subcategories of the individual ES are needed to be assessed. It is suggested that only the most often
assessed subcategories found in this review are considered as a mandatory ES, while the subcategories
that are less frequently found in the multifunctionality assessment are classified as optional ES. Based
on the findings in Section 3.2, the mandatory subcategories of regulating services are water regulation,
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carbon sequestration, local climate regulation, and air quality improvement. Other services which are
mandatory for cultural, supporting, and provisioning services are recreation, species diversity, and
food production.

By using this framework, the coverage of multifunctionality would remain the same among different
studies. Each study is still able to address the local concerns through the inclusion of optional ES if
such ES are not in the mandatory list. This mandatory and optional assessment system is used for the
world’s leading sustainability rating systems, Leadership in Energy and Environmental Design (LEED)
and Building Research Establishment Environmental Assessment Method (BREEAM), offering
flexibility and comparability of the assessment. It also helps to identify the prioritizing areas
influencing the performance of the system. The inclusion of all ES is useful for the comprehensive
assessment of urban ecosystems; however, it perhaps makes the assessment become cumbersome.
Some ES are irrelevant to some cities. For example, water regulation may not be important for cities
in arid climate. In this case, the selection of scoring methods in stage IV is required to consider both
equal weighted and weighted systems in order to convey the assessment results that can be
comparable and relevant to local contexts.

Stage Il is to select the level of indicators for assessing ES and develop an assessment index.
Classification of indicators based on the level of complexity is suggested by Grét-Regamey et al. (2015),
Roussel et al. (2017) and Alam et al. (2016) to cope with inconsistent ES mapping methods. Grét-
Regamey et al. (2015) introduced a tier approach for mapping ES to help scholars to select a set of
indicators that are adequate and manageable in a given setting. They classified indicators by using a
three-tier system. A step up in the tier refers to the increasing level of detail and complexity required
for the assessment. Based on their examples of indicators at different tier levels for mapping
recreational services, indicators in tier 1 are mainly based on the assessment of biophysical data and
those in tier 3 require more detailed data from field survey or in-depth analysis. A tier 1 approach is
suitable for mapping ES in data poor regions and a tier 3 approach can be useful for urban planning
(Gret 2015). Instead of three levels of indicators, Alam et al. (2016) and Roussel et al. (2017) classify
indicators into two levels. Level 1 contains simple indicators assessed through spatial analysis or proxy
models based on land cover types, while Level 2 contains complex indicators assessed through more
complicated models like phenomenological or empirical models. For the sake of simplicity, two levels
of indicators suggested by Alam et al. (2016) and Roussel et al. (2017) are used for the assessment
framework proposed in this study. Table 10 presents the suggested indicators for mandatory services
in level 1 and level 2 found in the previous studies of urban multifunctionality assessment.

Stage IV is to assess ES through the selected indicators against the reference values. The reference
values should be based on the local context, but they should be applicable at the global level. Table
11 presents the reference values for the suggested indicators. These reference values are mainly
obtained from three sources: preferred targets set by international organizations, national standards
or local regulations, and previous urban ES studies. Reference values from the first source type are
suggested mainly for ES related to water and local climate regulation. These values are the preferred
targets derived from a consultation process among experts who make judgement based on their
experiences and best practices. The second source type offers more specific targets associated with
local concerns, national standards or regulations are used to indicate reference values for ES related
to human health including air quality and recreation. Lastly, reference values from present literature
are used when international or national standards are not available. The use of reference values from
literature is found in ES related to carbon sequestration, species diversity, and food production. For
carbon sequestration, reference values are based on a number of studies that quantified the amount
of carbon sequestrated by urban vegetation. The highest values are used as reference values to
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represent best practices and the desired goals that should be achieved. For species diversity and food
production, the reference values are the same values suggested in recent studies which seek suitable
benchmarks based on the comparative analysis of various cities around the world.

Using the reference values, the capacity of ES for each ES can be determined by using distance to a
reference as a normalized method. Alam et al. (2016) suggests that it is one of the common techniques
for comparing performances at the country level, but with limited use for ES assessment. According
to Juwana, Muttil, and Perera (2012), the score of an individual indicator can be computed by dividing
the actual value of an indicator with the reference value of such indicator. The final score can then be
achieved through aggregation with equal weighting. The weighted scoring method is optional to take
local context and needs into account. For a weighted approach, weighting factors of ES should be
assigned according to the level of importance to reflect local concerns. The final score is a sum of
individual scores multiplied by their own weights. Accordingly, the final scores can be expressed in
two values: one with equal weighing scoring and another with weighted scoring. With a score of 1, it
means that the ES capacities meet the minimum requirements. A score lower than 1 means the ES
capacities are below the standard, and a score higher than 1 means the ES capacities are above the
standard. This scoring system helps to indicate the performance or quality of urban ecosystem. It also
helps to inform decision makers where hot spots of ES are located and where the ES capacity should
be increased relative to specific targets.

Stage V is to identify the relationship between ES and the mismatch between ES supply and demand.
This stage is optional since additional indicators are required to quantify ES demand. The use of
indicator level | and level Il can also be applied for the selection of indicators for ES demand same as
indicators for ES in Stage Ill.
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Table 11. Suggested indicators and reference values

ES

Simple indicators

Reference values

Complex indicators

Reference values

Justification for reference
values

Regulating
Water regulation

e Ratio of unsealed surfaces
to sealed surfaces®

050% (Grunwald et al., 2017;
Liu et al.,2015; Yao et al.,
2015)

e Runoff coefficients®

® The amount of storm

water retained in the
area?

® Runoff coefficients for
each land use type

e 80% (U.S. Green Building
Council, 2018)

Ratio of unsealed surface
to sealed surface are
suggested in several urban
ES studies. These values
can be considered as the
preferred target based on
best practice from several
cities.

As runoff coefficients are
usually provided as
guidelines for designing
drainage systems of a
country, they can be used
as a national standard.
The percentage of
stormwater retained in the
area is given by the U.S
Green Building Council as
the preferred target for
green neighborhood
development.

Carbon sequestration

e Carbon sequestration by
vegetation®

® 1.2-2.6 tons CO2¢e/ha

e Ratio of carbon
sequestration by
vegetation to carbon
emissions from urban
activities®

e 4.4%

Reference values are based
on the highest amount of
carbon sequestrated by
vegetation in cities found
in literature (Hutyra et al.,
2011; Jo, 2002; Strohbach
et al., 2012; Zhao, Kong,
Escobedo, & Gao, 2010)
and the average ratio of
carbon sequestration by
vegetation to carbon
emissions which ranges
from -0.01-4.4%(Chen,
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2015; Crawford & Christen
2015, Velasco et al., 2016)

Local climate regulation

® Percentage of shade from
trees®

e Percentage of areas with
vegetation or light color
pavement or open-grid
pavement?®

® Percentage of streets with
height-width ratio
between 1-2 or
percentage of east-west
oriented streets®

® Percentage of tree
coverage®

® 40% of the total street length
(U.S. Green Building Council,
2018)

® 50% (U.S. Green Building
Council, 2018)

e50%  (Achour-Younsi &
Kharrat, 2016; Algeciras et
al., 2016; Bakarman & Chang,
2015)

©30% (Ng, 2012)

e Physiological Equivalent
Temperature (PET)
index for each country®

e 18-23°C for Western-
Middle Europe
26-30°C for hot humid
countries
20-25°C for

Mediterranean climate
(Coccolo et al., 2017;
Gbémez-Baggethun et al.,
2013)

Length of streets with
shade and light color
pavement is suggested as
the preferred target for

designing a green
neighborhood.
Urban temperature

depends on the amount of
green areas. The greener
cities are, the better
thermal comfort can be
achieved. However, 30% of
tree coverage was
suggested as a feasible
target for cooling a city
since higher tree coverage
is considered impractical
(Ng, 2012).

PET values are indicated as
the comfortable thermal
range for cities in different
climates.

Air quality improvement

e Percentage of tree canopy
on the total street length?

® Percentage of tree
coverage®

® 50% (U.S. Green Building
Council, 2018)
® 30% (Ng, 2012)

e Concentration of air
pollutants (PMzio, NO,
and SO)P

e Air quality standard of
each country

Length of streets with tree
canopy is suggested as the

preferred target for
designing a green
neighborhood.

Like local climate

improvement, the greener
cities are, the air pollutants
can be absorbed (Nowak et
al., 2018; Jeanjean et al.,
2016). A lack of available
land for green spaces in
cities, however, limits the
percentage of tree
coverage in urban settings.
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e Air quality standard is a
national standard differing
across countries.

Cultural e Green space per capita™? e Varied across countries e Green space per capita® | ® Varied across countries e The amount of green space
Recreation e Distance from various | ® 400 m for neighborhood per capita is usually set as
types of public parks to parks national standards for each
residential areas country. If not, a global
standard, 9 m?/capita,
suggested by the World
Health Organization (2010)
can be used.
Supporting

Species diversity

® Average size of green
spaces?

® Proximity between green
spaces®

® Percentage of impervious
surface®

0.5 ha (FAO, 2000) 100-500m
(Novak & Konvicka, 2006;
Hlse et al.,, 2016; Sanches,
2016)

0 60%

e The relative abundance
of the most common
plant species?

e 10% (Santamour, 1990)

® A minimum green space of
0.5 ha is suggested as forest
by the FAO (2000).

® A proximity of 100-500 m to
urban green spaces is
suggested in literature as
the preferable distance to
enhance and maintain
species diversity.

e The percentage of
impervious surfaces of 40-
60% is suggested as the
threshold for plant diversity
(Yan et al., 2019).

e Santamour’s proposed a
benchmark for  species
diversity in the urban forest
was tested in 151 sites
located in 108 cities around
the world and it s
considered as the suitable
benchmark to increase
diversity at the species level
(Kendal et al., 2014).

Provisioning
Food production

® Percentage of agricultural
areas supplied by a city®©

® Average caloric gained
from fruit and

® 400 grams

® One-third of the total urban
area is recommended as the
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° 030% of the total urban area vegetable production adequate amount for urban

(Bren d'Amour et al.,, 2017; per capita® agriculture to meet the

Martellozzo et al., 2014) vegetable consumption of
urban dwellers regardless of
different populations across
citeis (Martellozzl et al.,
2014)

® A minimum of 400 g of fruit
and vegetables per day is
the dietary
recommendation by
FAO/WHO (2004).

2 Note: ? target set by international organizations, ® national standards or local regulations, and ¢ previous urban ES studies
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6. Conclusion

To examine the existing approaches for assessing urban multifunctionality, this article reviewed 94
papers that mapped more than one ES. The findings demonstrate a wide diversity of assessment
approaches including coverage of multifunctionality, indicator types, assessment methods, and
scoring systems. A lack of a standardized approach for assessing multifunctional urban landscapes
contributes to difficulties in comparison across cities and prevents the possibility of applying data
gained from other cities with different contexts. A standard assessment framework for urban
multifunctionality is therefore proposed to overcome the variation in the assessment approaches
which arise due to different local concerns and different degrees of data availability. Key features of
this proposed assessment frameworks are:

1) The coverage of all major ES: regulating, cultural, supporting, and provisioning. Some
subcategories of these ES are mandatory for the assessment while the remaining ES are optional.

2) Two levels of indicators: simple and complex. Simple indicators are mainly based on spatial
mapping. They are suitable for rapid assessment and for cities with limited data collection. On the
other hand, complex indicators are useful for urban planning which requires more details and greater
accuracy.

3) Scoring systems with the use of reference values. The reference values are based on
environmental standards or targeted goals set by international organizations. Therefore, any city can
use these reference values as the minimum requirement to assess their ES capacity. With the same
reference values, the assessment results can then be compared across cities.

4) Incorporation of the concepts of trade-offs and ES demand. Both concepts are important
to have a better understanding of losses and gains from multifunctional landscapes and to find a
balance between ES supply and demand.

It should be noted that the suggested reference values are defined based on current situations
and recent studies. They should be dynamic and regularly revised to be responsive to future
challenges. In addition, this assessment approach, which is based on explicit reference values, may be
problematic for cultural indicators, which usually rely on qualitative measures. Despite such
shortcomings, this proposed framework for urban multifunctionality assessment has major
advantages related to its comparability between urban ES studies and the provision of informative
results for decision makers with specific targets recognized at the international level.
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