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Keywords: Envfironmentafl poffficfies are often chosen accordfing to physficafl characterfistfics that dfisregard the compflex fin-
P?‘nﬁCﬁP"t"ry modeflfing teractfions between decfisfion-makers, socfiety, and nature. Envfironmentafl pofficy resfistance has been fidentfiffied as
Poflficy coherence stemmfing from such compflexfitfies, yet we flack an understandfing of how socfiafl and physficafl factors finterreflate to
Poflficy resfistance

finform poflficy desfign. The fidentfifficatfion of synergfies and trade-offs among varfious management strategfies fis
necessary to generate optfimafl resuflts from flfimfited finstfitutfionafl resources. Partficfipatory modeflfing has been used
wfithfin the envfironmentafl communfity to afid decfisfion-makfing by brfingfing together dfiverse stakehoflders and
deffinfing thefir shared understandfing of compflex systems, whfich are commonfly depficted by causafl feedbacks.
Whifle such approaches have fincreased awareness of system compflexfity, causafl dfiagrams often resuflt finnumerous
feedback floops that are dfiffficuflt to dfisentangfle wfithout further, data-fintensfive modeflfing. When finvestfigatfing the
compflexfitfies of human decfisfion-makfing, we often flack robust empfirficafl datasets to quantfify human behavfior and
envfironmentaf]l feedbacks. Fuzzy flogfic may be used to convert quaflfitatfive reflatfionshfips finto semfi-quantfitatfive
representatfions for numerficafl sfimuflatfion. However, sofle reflfiance upon computer-sfimuflated outputs may
obscure our understandfing of the underflyfing system dynamfics. Therefore, the afim of thfis study fis to present and
demonstrate a mfixed-methods approach for better understandfing: 1) how the system wfffl respond to unfique
management strategfies, fin terms of poflficy synergfies and confflficts, and 2) why the system behaves as such, ac-
cordfing to causafl feedbacks embedded wfithfin the system dynamfics. Thfis framework fis demonstrated through a
case study of nature-based soflutfions and poflficymakfing fin Houston, Texas, USA.

Fuzzy cognfitfive mappfing
Nature-based soflutfions
Causafl floop mappfing

1. Introductfion

Envfironmentaf]l probflems and thefir soflutfions are compflex fin nature
and are often chaflflenged by socfiafl and finstfitutfionafl constructs that are
not weflfl-understood. Poflficymakers strfive to make decfisfions that produce
maxfimum beneffits whfifle mfinfimfifing adverse consequences, whfich re-
qufires fidentfifyfing and connectfing &¥l possfibfle outcomes that coufld
produce synergfies and trade-offs between components. In compflex
systems, such finteractfions may produce emergent behavfior, where a
shfift fin one component trfiggers seflf-reguflatfing and/or dfivergent out-
comes eflsewhere. When human actors finteract wfith the envfironment
through pflannfing and group behavfior, socfiafl and pofffitficafl constructs
adapt to the new settfing, whfich further reffines flocafl vaflues and drfives
emergent phenomena. Each cycfle of thfis dynamfic system denotes a new
human-nature response, whfich must be assessed accordfing to afltered
characterfistfics. When confronted wfith a system of many parts, humans

may try to ratfionaflfize the probflem by focusfing on seflect connectfions,
thereby mfispercefivfing the overaflfl system structure and behavfior. Thfis
finabfiflfity to fidentfify compflex system dynamfics often resuflts fin mfissed
opportunfitfies and/or unfintended outcomes from weflflmeanfing fin-
terventfions, a phenomenon known as "poflficy resfistance" (Sterman,
2001).

"Pofificy resfistance occurs when pofificy actfions trfigger feedback from the
enyfironment that undermfines the pofificy and at tfimes even exacerbates the

afigfingfl probflem,” (Ghaffarzadegan et afl, 2011).
Therefore, we cannot mfitfigate envfironmentafl fissues by sfimpfly
assfignfing poflficfies that resoflve seflect barrfiers and assume the resuflts wftl

be proportfionaflfly reflated to the change. Instead, we must be abfle to
fincorporate human agency as an endogenous component that finffluences

and co-evoflves wfith the physficafl systems they seek to shape. The means
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for cfircumventfing poflficy resfistance fis to transfitfion the pflannfing para-
dfigm from a reductfionfist worfldvfiew toward a greater awareness of and
apprecfiatfion for system compflexfity (Roxas et afl, 2019). In the case of
envfironmentafl management, system compflexfity arfises from the
coupflfing between human behavfior (e.g., poflficy finterventfions, commu-
nfity actfivfism, shfifts fin perceptfion) and envfironmentafl responses (e.g.,
ecosystem performance, conservatfion/restoratfion actfivfitfies). When
such dfimensfions are fintegrated fin a manner whfich refinforces progress
toward the overarchfing goafl, the system fissafid to have achfieved "poflficy

coherence".

"Pofificy coherence for deveflopment means, as a ffirst deffinfitfion, the absence
of fincoherences, whfich occur when other pofificfies deflfiberatefly or accfi-
dentafifly fimpafir the effects of deveflopment pofificy or run counter to fits
fintentfions. A second, more ambfitfious deffinfitfion sees pofificy coherence as
the finteractfion of fipofificfies that are reflevant fin the gfiven context wfith a
Vfiew to the achfievement of overrfidfing deveflopment objectfives," (Ashoff,
2005).

In other words, pofficy coherence descrfibes the extent to whfich a
gfiven poflficy (or set of pofficfies) fimposed on a system resuflt fin optfimafl
finteractfions between the system sub-components. Whfifle the flfiterature fi
not consfistent fin deffinfing and measurfing poflficy coherence, a generafl
understandfing fis that coherence fis achfieved when finterventfions trfigger
more poflficy synergfies than confflficts. Pofificy synergy fs a term used to
descrfibe how management strategfies finteract as a cohesfive unfit to
accompflfish more than the sum of thefir parts. In other words, poflficfies
that exhfibfit synergy refinforce one another, accordfing to the dynamfic
propertfies of the system feedbacks and thefir fintemafl strengths, to
manfifest poflficy objectfives. Conversefly, pofificy conffifict occurs when
unfique strategfies finteract to produce worse outcomes, or trade-offs, than
had each finterventfion been fimpflemented fin €iflo (Muscat et afl, 2021;
Nfiflsson et afl, 2012; Reyes-Mendy et afl, 2014). In other words, poflficy
coherence heflps us fidentfify the extent to whfich unfique management
strategfies are efither refinforced or jeopardfized by the system'’s response
to the finterventfion fitseflf (Kotfir, 2020).

In adoptfing the vfiew that poflficy coherence fisan fincrease finsynergfies
and a reductfion fin confflficts, fit becomes cflear that we shoufld approach
envfironmentafl management as a compflex system of movfing parts, each
fimpactfing one another through emergent behavfior. To address such
compflexfity, we must account for a range of dynamfic trajectorfies and
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feedbacks amfidst aflternatfive poflficy strategfies, whfich may be accom-
pflfished through a hoflfistfic adoptfion of systems-thfinkfing.

1.1. Systems-thfinkfing archetypes

Systems-thfinkfing finvoflves a serfies of unfique archetypes, often per-
formed fin sync wfith researchers and stakehoflders, to understand how
compflex phenomena operate. These archetypes (fi.e., dynamfic-thfinkfing,
causafl-thfinkfing, feedback-thfinkfing, and strategy-thfinkfing) are depficted
fin Ffig. 1 and descrfibed finterms of the common phenomena they seek to
address. The premfise of systems-thfinkfing fis that compflex fissues can be
better understood when the findfivfiduafl components of the system are
fidentfiffied and the causafl flfinks between them are assocfiated (Aflflen,
1988). Common heurfistfics used to achfieve systems-thfinkfing fincflude:

1) Partficfipatory Modefls (PM), whfich derfive a coflflectfive understandfing
of the system structure and assocfiated varfiabfles through stakehoflder
partficfipatfion,

2) Causafl Loop Dfiagrams (CLD), whfich finvoflve graphficafl representa-
tfions of system feedbacks to descrfibe dynamfic behavfior as refinforc-
fing or baflancfing, and

3) Fuzzy Cognfitfive Maps (FCM), whfich combfine aspects of neurafl net-
works, system dynamfics, and fuzzy flogfic to assess shfifts fin state
components through “what-fif” scenarfios.

Whfifle such tactfics may provfide usefuf] finsfight finto compflex systems,
when used fin fisoflatfion, they do not capture the fifflspectrum of systems-
thfinkfing (e.g., fleft-hand sfide of Ffig. 1, adapted from Kfim et afl, 2017).
For exampfle, partficfipatory modeflfing (PM) has been wfidefly used wfithfin
envfironmentafl scfience to fidentfify causaflfity, facfiflfitate group flearnfing,
and empower communfitfies fin poflficymakfing (e.g., Butfler and Ada-
mowskfi, 2015; Inam et afl, 2015; Stave, 2002). However, as envfiron-
mentafl compflexfity fincreases, the number of varfiabfles and feedbacks
may qufickfly become overwheflmfing (Bures, 2017; Bures et afl, 2020).
Many studfies have reflfied on aggregatfion of CLD components for manuafl
finterpretatfion (Ryan et afl, 2021), whfich dfimfinfishes the causafl rfichness
fidentfiffied fin PM sessfions (e.g., Brennan et afl, 2015). Moreover, flarge
CLDs finvoflve hfigh-order finteractfions between overflappfing feedback
floops, whfich are dfiffficuflt to decfipher usfing vfisuaflfizatfion aflone (Osoba
and Kosko, 2019).

Systems-Thinking
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What components of the system lead to dynamic behavior?
Which variables are necessary for understanding change?
How might we define the syslem as a whole?

Deduce behavior of the system
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Connect cause-and-effect pathways

How do we make sense of Interrelationships between disparate parts?
Do components Impact one another in the same or opposing direction?
What is the nature of causality within the system?
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Feedback-
Thinking

Which feedback lzops lead to amplifying or dampening effects?
How do overlapping loops change the state of the system?
Do changes in certain variables result in surprising outcomes?

Identify process interdependencies
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Improve mental models toward action

What set of actions can counteract unwelcome feedback interactions?
Which policy implications are sustainable for long-term goals?

How can we update our understanding of the system?

Ffig. 1. Generafl framework of how a hoflfistfic appfIficatfion of systems-thfinkfing can be used to deffine compflex, dynamfic systems and assess poflficy effectfiveness for a set
of management strategfies. The boxes on the fleft represent the common systems-thfinkfing processes fincfluded wfithfin each of the prfimary archetypes (PM = partficfi-
patory modeflfing, CLD = causafl floop dfiagrammfing, FCM = fuzzy-cognfitfive mappfing).
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“Even fif our cognfitfive maps of causafl structure were perfect, fleamfing
especfiafifly doubfle-floop flearnfing woufld $¥ibe dfiffficufi To use a mentafl
modefi to desfign a new strategy or organfizatfion we must make finferences
about the consequences of decfisfion rufles that have never been trfied and
for whfich we have no data. To do so requfires fintfitfive softutfion of hfigh-
order nonfifinear dfifferentfiafl equatfions, a task far exceedfing human

cognfitfive capabfififitfies fin g¥ibut the sfimpflest systems,” (Sternam, 2002).

As a resuflt, many CLD-based studfies expflafin system causaflfity usfing
generaflfized storyflfines and narratfives (e.g., Bahrfi, 2020; Gebrafi et afl.,
2021), whfich ffirft quantfitatfive assessment of system performance
(Osoba and Kosko, 2019). System dynamfics modeflfing (SDM) fis the
transflatfion of causafl feedbacks finto a numerficafl modefl for dynamfic
sfimuflatfion (Rfichmond, 1993). A common SDM technfique fis a
stock-and-fflow dfiagram (SFD), whfich fiflflustrates system propagatfion
through a set of fintegrafl equatfions. SFDs requfire rfich numerficafl de-
scrfiptfions of causafl dynamfics, whfich are often unavafiflabfle for compflex
human behavfior (Bures et afl, 2020). Conversefly, FCMs use communafl
knowfledge and perceptfion to parameterfize causafl reflatfionshfips from
verbafl descrfiptfions about how system components respond to each
other. FCMs aflflow for the rapfid assessment of system aflternatfives
through “what-fif’ scenarfios to facfiflfitate a dynamfic understandfing of
compflex human-envfironmentafl phenomena that may have otherwfise
been dfiffficuflt, or fimpossfibfle, to assess through tradfitfionafl empfirficafl
approaches (Gray et afl, 2014; Ozesmfi and Ozesmfi, 2004).

However, the structurafl characterfistfics of FCMs may pose finherent
chaflflenges to causafl reasonfing. Neurafl networkfing propertfies aflflow
FCMs to exhfibfit forward finferencfing (e.g., “what-fif” sfimuflatfions), whfich
reveafl how the system behaves upon actfivatfion. At the same tfime, cause-
effect reflatfions embedded wfithfin the modefl makes backward-chafinfing
(e.g., “why-based” finferencfing) extremefly dfiffficuflt (Gflykas, 2010).
Instead, feedback compflexfitfies are entrenched wfithfin the numerficafl
sfimuflatfions and are not easfifly used to finform why the system produces
resufltfing behavfior (Harfich, 2010). As such, FCM-based scenarfios may be
deemed bflack-box methods that obscure non-lfinear deveflopments
emergfing from wfithfin the system and thefir rofle wfithfin poflficymakfing
(Kafljonen et afl, 2012).

Stakehoflders are finterested fin understandfing why thefir decfisfions
may finffluence the system toward a partficuflar trajectory due to the
contfinuous fleamnfing nature of adaptfive management (McLafin and Lee,
1996). In reaflworfld appflficatfions of partficfipatory modeflfing, a dfivfide
may arfise between the stakehoflders who are finvoflved fin the cognfitfive
mappfing and the scfientfists who present them wfith compflex numerficafl
outputs (Gray et afl, 2013). Wfithout a strong basfis of causaflfity, stake-
hoflders may be unabfle to form generaflfizatfions, and finstead, must refly on
further computatfionafl sfimuflatfions each tfime the system changes. To
facfiflfitate communficatfion between envfironmentafl managers and re-
searchers, we must be abfle to fidentfify the occurrence of poflficy coher-
ence wfithfin compflex systems whfifle aflso expflafinfing fits ratfionafle

accordfing to embedded causafl flogfic.

1.2. The need for fintegrated approaches

Severafl state-of-the-art revfiews have hfighflfighted a rfise fin systems-
thfinkfing approaches wfithfin envfironmentafl scfience (Mashafly and Fer-
nafld, 2020; Moon, 2017; Turner et afl, 2016; Zomorodfian et afl.,, 2018).
Systems-based concepts have been used to support decfisfion-makfing for
compflex water management systems, such as urban water suppfly
(House-Peters and Chang, 2011), fflood protectfion (Perrone et afl., 2020),
finfigatfion (Pfluchfinotta et afl, 2018), and agrficuflture (Inam et afl, 2015).
Other studfies have emerged where systems-thfinkfing has been appflfied to
nature-based soflutfions (NBSs) to facfiflfitate an understandfing of muflfipfle
co-beneffits and to promote stakehoflder finvoflvement (Cofletta et afl,
2021; Gfiordano et afl, 2020; Gomez Martin et afl, 2020; Pagano et afl,
2019; Santoro et afl, 2019). However, such studfies have generaflfly

consfidered the effect of physficafl processes on system performance (e.g.,

415

Environmental Science and Policy 136 (2022) 413-427

fland use change, cflfimate change, co-beneffits productfion) and have not
oft been used to assess pofificy effectfiveness. Moreover, these studfies have
focused on seflect components of the systems-thfinkfing paradfigm (dy-
namfics, causaflfity, feedbacks, strategy) and have not fuflfly fintegrated the
strengths of &¥l archetypes (Wriflflfiams et afl, 2017). Studfies that have
appflfied systems-thfinkfing to assess poflficy coherence have often reflfied on
manuafl finterpretatfion of compflex CLD feedback floops and a quaflfitatfive
presentatfion of resuflts (e.g., Coflflfins et afl, 2013; Paterson and Hoflden,
2019; Stepp et afl, 2009), whfich may obscure actfionabfle finsfights. Wfithfin
the reaflm of envfironmentafl management, FCM-based studfies have often
hfighflfighted node domfinance and scenarfio-bufifldfing wfith flesser dfiscus-
sfion of how the feedback floops finteracted to produce such behavfior (e.
g., Gfiordano et afl, 2020; Gomez Martin et afl, 2020; Kokkfinos et afl,
2020; Oflazabafl et afl., 2018; Sfingh and Chudasama, 2020).

By focusfing on system causaflfity at the expense of scenarfio anaflysfis,
or vfice versa, we separate the behavfior of the system from the structure
presumed to cause fit (Warren, 2004). As such, there have been ciflfls
wfithfin the flfiterature to more cflearfly fidentfify the ratfionafle behfind
envfironmentafl poflficy effects by expflorfing the causafl floop structure of
fuzzy cognfitfive maps aflongsfide thefir dynamfic, numerficafl behavfiors (de
Gooyert et afl, 2016). To address thfis gap, thfis study fintegrates quaflfi-
tatfive and semfi-quantfitatfive approaches across the fiflfl spectrum of
systems-thfinkfing, thereby reveaflfing systemfic finteractfions that woufld
not be cflear from numerficafl anaflyses aflone, but whfich aflso do not
requfire compflex data finput. The proposed framework promotes a deeper
awareness of compflexfity fin the pflannfing of envfironmentafl systems and
denotes the eflucfidatfion of poflficy coherence as a prfimary goafl of hoflfistfic
systems-thfinkfing. By amaflgamatfing stakehoflder cognfitfion wfith fuzzy-
and causaflflogfic, thfis study extends beyond measurfing system perfor-
mance toward understandfing fits finherent nature amfidst compflex,
poflficy-drfiven finteractfions.

2. Methodologfical framework

The prfimary methods used fin systems-thfinkfing (PM, CLD, FCM) are
weflfl-documented throughout the envfironmentafl flfiterature and, as such,
are brfieffly fintroduced fin Sect. 2.1-2.3. A means for fidentfifyfing poflficy
synergfies and confflficts wfithfin FCM-based scenarfio deveflopment fis pre-
sented finSect. 2.4. In Sect. 2.5, an approach fidescrfibed for wefightfing
CLD-based feedback floops to better understand causaflfity wfithfin the
FCM-based poflficy effects. The framework fis appflfied to a case study of
envfironmentafl management fin Houston, TX, USA (Sect. 3), and the
resuflts of the case study are dfiscussed fin Sect. 4.

2.1. Partficfipatory modefifing

Partficfipatory modeflfing fi a styflfized approach for deffinfing compflex
system components and thefir finter-reflatfionshfips from stakehoflder
knowfledge (Vennfix, 1999). The mentafl modefls hefld by humans descrfibe
an fintemafl representatfion of reafl systems as shaped by socfiafl fin-
teractfions wfithfin the envfironment, fincfludfing cognfitfive bfiases, vaflues,
goafls, and experfiences (Jones et afl, 2011). PM hfighflfights the
probflem-structurfing process, rather than the end-goafl of a sfimuflatfion
modefl, to form a dynamfic hypothesfis of how the system operates
through reafl-worfld observatfions shared by a coflflectfive group. Common
PM technfiques fincflude behavfiorafl sfimuflatfions, rofle pflayfing games,
workshops, whfite-board sketches, and curated fintervfiews (Pahfl-Wostfl,
2007). Such processes are often facfiflfitated through the use of scrfipts,
whfich were spawned by Andersen and Rfichardson’s (1997) cflfl to
strengthen the scfientfiffic basfis of PM best-practfices fin communfity modefl
bufifldfing. PM scrfipts encompass a range of topfics, fincfludfing embedded
beflfiefs, system causaflfity, modefl refflectfion, and coflflectfive actfion (Hov-
mand et afl, 2011). By eflucfidatfing mentafl modefls through structured
protocofls, we are better posfitfioned to evoke compflex reflatfionshfips

embedded wfithfin human cognfitfion.
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2.2. Causafl floop dfiagrams

Causafl floop dfiagrams stem from the PM process to form dynamfic
hypotheses about how the system functfions. In CLDs, findfivfiduaf] flfinks
are marked as posfitfive (+), such that reflated varfiabfles change fin the
same dfirectfion, or negatfive (-), where a change fin one varfiabfle has the
opposfite fimpact on the flfinked varfiabfle. The flfinks may connect to form
baflancfing floops (odd number of negatfive flfinks, counteractfing change fin
the system) or refinforcfing floops (even number of negatfive flfinks, prop-
agatfing change throughout the system). CLDs are conceptuafl fin nature
and are fintended to fincrease a hoflfistfic understandfing of the causaflfity
between findfivfiduafl components and sets of components. The resufltfing
modefl fis cycflficaf], rather than flfinear, and expflafins non-flfinear behavfior
accordfing to feedback floop finteractfions. Such finteractfions expflafin
varfiabfiflfity fin the system response, whfich fis fimportant for understandfing
how the dynamfic behavfior fisgoverned. The domfinant CLD floops finform
management where key fleverage pofints are flocated and what types of
actfion woufld resuflt fin the system equaflfizfing or changfing exponentfiaflfly.
Poflficfies afimed at such fleverage pofints fimprove effficfiency wfithfin the
system and heflp us to better manage emergent behavfior (Sternam,
2002).

2.3. Fuzzy cognfitfive mappfing

Whfifle CLD’s provfide finformatfion regardfing the dfirectfion of centrafl
reflatfionshfips of the system, an understandfing of how the system wfffl
pflay out over tfime fis necessary for decfisfion-makfing. For thfis, fuzzy
cognfitfive maps (FCMs) provfide a semfi-quantfitatfive basfis for sfimuflatfing
compflex dynamfics accordfing to the system structure and the strengths of
varfiabfle reflatfionshfips. FCMs parameterfize system reflatfionshfips ac-
cordfing to fuzzy flogfic by transflatfing quaflfitatfive descrfiptfions of strength
(e.g., flow, medfium hfigh) to semfi-quantfitatfive wefights between  1.00
(strong negatfive causaflfity) and + 1.00 (strong posfitfive causaflfity) (Gray
et afl, 2014). Mathematficafl pafirwfise assocfiatfions between system varfi-
abfles are then summarfized wfithfin a square adjacency matrfix, whfich may
be sfimuflated to better understand current and projected system states
(Ozesmfi and Ozesmfi, 2004). The dynamfics of FCM modefls are specfiffied
by state vectors, finwhfich the state vector of one varfiabfle depends on the
state vectors of dFlother connected varfiabfles over tfime.

To stimuflate the FCM network, varfiabfles are denoted as equfivaflent to
neurons that can be actfivated at the onset of the sfimuflatfion whfifle aflso
adoptfing fin-between states. An actfivatfion vaflue of + 1.00 findficates the
varfiabfle fis strengthened to the maxfimum possfibfle wefight (known as
“cflampfing”), thereby finffluencfing &¥lconnected varfiabfles throughout the
sfimuflatfion. Conversefly, an actfivatfion vaflue of 0 means the varfiabfle does
not change at the on-set of sfimuflatfion and fis onfly finffluenced by the
dynamfics of causafl connectfions. The actfivated varfiabfle state fis
muflfipflfied by the adjacency matrfix at each tfime step, whfich propagates
throughout the sfimuflatfion accordfing to causaflfity, thereby spreadfing fina
non-lfinear fashfion untfifl the system reaches equfiflfibifium (Jetter and
Schwefinfort, 2011). When appflfied to poflficymakfing, a serfies of artfifficfiafl
scenarfios are sfimuflated by “cflampfing” seflect management varfiabfles and
comparfing end-state vectors agafinst a baseflfine scenarfio. The extent of
change between the actfivated and the baseflfine scenarfio projects how the
system Wil respond to unfique pofificfies accordfing to dynamfic
finteractfions wfithfin the modefl.

2.4. Identfifyfing synergfies & conffificts

Poflficy anaflysfis descrfibes the sensfitfivfity of the modefl to human
finteractfion. By aflterfing one (or more) of the system varfiabfles and
assessfing the resufltfing outcomes, patterns begfin to emerge that reveafl
whfich pofificfies woufld flead to optfimafl (or sub-optfimafl) resuflts (Barflas,
2002). Here, FCM-based scenarfio modeflfing fis used to sfimuflate NBS
management strategfies and assess changes to the state of NBS fimpfle-
Specfifficaflfly, vectors for varfious poflficy

mentatfion. end-state
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combfinatfions are compared to fidentfify areas of synergy or confflfict, as
descrfibed by Eqs. 1-2.

Poflficy synergy occurs when a strategy produces better output than
the sum of any findfivfiduafl components comprfisfing the gfiven cohort,
deffined by

BSy(jm >
JjeA

as,, 6))

where AS, descrfibes the percent change of the end-state vector for the
system goafl varfiabfle wfithfin management strategy (k), j fisthe number of
unfique poffficfies befing combfined wfithfin strategy k to a maxfimum of n
totafl poflficfies. [Note: j fiswfithfin the set of naturafl fintegers (A) that sum to n
(e.g., fiftn = 6, j = {1,5}|{2, 4}|{3, 3}|{2, 2, 2}|{1, 2, 3}, etc.)].

Poflficy confflfict occurs when addfing any extra components to the
strategy resuflts fin fless output than had the components not been com-
bfined, such that

>
DSigomy < B AS,;, B={

=

B < n}

- (2)

jeB

where j fswfithfin the set of naturafl fintegers (B) that sum to be fless than n.
The flogficaf] or operator (v) means that any combfinatfion of ASy; whfich fis
greater than AS,  woufld resuflt fin pofificy confflfict (e.g., fifn = 4, confflfict
occurs for any ASk>ASks, where j = {1}[{2} [{3}{1, 1}[{1, 2}[{2, 1},
etc.).

2.5. Expflafinfing pofificy coherence

Areas of synergy and conftlfict may be compared to the strengths of
finternaf] feedback floops to better understand the poflficy fimpflficatfions of
embedded causafl flogfic.

Here, the wefighted strengths of causafl feedback floops are deffined by

M 2wm
iyl ©)

wi=? =

where w f descrfibes the average wefighted strength of each feedback floop
f at sfimuflatfion tfime t = 0, wy fis the fuzzy strength between varfiabfle fi
and j, and M fi the totafl number of unfique connectfions wfithfin the
feedback floop. The floop strength fis assfigned a poflarfity of ‘+ ’ for refin-
forcfing and ‘-’ for baflancfing.

3. Case study: nature-based solutfions

To demonstrate the methodoflogy descrfibed fin Sect. 2, a case study
was conducted fin Houston, TX, USA regardfing pofificfies for fimproved
adoptfion of nature-based soflutfions (NBSs). As cflfimate change and urban
densfifficatfion contfinue to rfise, tradfitfionafl stormwater systems are befing
chaflflenged by flfimfited conveyance capacfitance and expensfive mfitfigatfion
strategfies (ASCE, 2020). Many fflood-prone communfitfies, such as
Houston, are consfiderfing soft-scafle soflutfions to compflement drafinage
networks by emuflatfing naturafl watershed processes and flfimfifing the
amount of stormwater runoff enterfing the system (Demuzere et afl,
2014). In addfitfion to mfitfigatfing stormwater, NBSs have been assocfiated
wfith numerous co-beneffits, fincfludfing fimproved mentafl and physficafl
heaflth, socfiafl vuflnerabfiflfity, economfic prosperfity, afir and water quaflfity,
temperature reguflatfion, and ecosystem conservatfion. Aflthough such
beneffits have been broadfly observed throughout the flfiterature (see
Tabfle S.1), wfidespread adoptfion of NBS has remafined stunted due to
socfiofinstfitutfionafl ~ compflexfitfies assocfiated wfith envfironmentafl
poflficy-makfing.

For exampfle, observatfionafl case studfies have fidentfiffied severafl key
chaflflenges to NBS uptake, fincfludfing communfity perceptfions and un-
derstandfing of NBS functfionaflfity (Baptfiste et afl, 2015), cuflturafl vaflues
pertafinfing to rfisk and/or change, (Derkzen et afl, 2017), and finstfitu-
tfionafl frameworks assocfiated wfith fundfing, reguflatfions, fleadershfip,
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technficafl desfign, and mafintenance (Soflhefim et afl, 2021; Zunfiga-Teran
et afl,, 2020) (summarfized fin Tabfle A.1). Whfifle these barrfiers have been
studfied as fisoflated events, we flack a generafl understandfing of how such
factors operate hoflfistficflfly to finffluence one another. A recent workshop
conducted by the Unfited Natfions Envfironment Programme (UNEP)
Intergovernmentafl Panefl on (flfimate Change (IPCC) emphasfized that
compflexfitfies ~ wfithfin ~ mufltfifunctfionafl  poflficymakfing and thefir
physficaflsocfiafl feedbacks are key fimpedfiments to NBS uptake. The IPCC
recommended a shfift toward co-produced knowfledge between practfi-
tfioners and researchers to overcome such fimpflementatfion chaflflenges
(Frantzeskakfi et afl, 2019). An exampfle of co-produced knowfledge and
systems-thfinkfing wfithfin the reaflm of NBS fis demonstrated by the

foflflowfing case study.
3.1. Hffififing stakehoflder knowfledge

A vfirtuafl workshop was hefld to capture the mentafl modefls of experts
who had been finvoflved wfith NBS fimpflementatfion efforts fin Houston,

Local Political
will

Increased
Development

External
Regulations/Laws
(Federal & State)
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TX, USA (Text S.1, Tabfle S.2). The PM workshop was facfiflfitated by
gufidfing the stakehoflder group through a serfies of finteractfive scrfipts for
understandfing system causaflfity, deffinfing key reflatfionshfips, fidentfifyfing
feedback strengths, and refflectfing on modefl-based finsfights (Text S.2).
Durfing the PM process, stakehoflders were asked to consfider how unfique
factors have flfimfied or advanced NBS efforts accordfing to thefir flfived
experfiences. Throughout the semfi-structured process, partficfipants
fidentfiffied numerous causafl factors assocfiated wfith NBS fimpflementatfion,
whfich were documented fin reafltfime and grouped accordfing to key
socfiofinstfitutfionafl themes (e.g., chaflflenges and barrfiers, management
opportunfitfies, and exogenous factors) (Ffig. S.1, Tabfle S.3).

The facfiflfitator seflected severafl varfiabfles from the eflficfitatfion exercfise
and drew them as nodes wfithfin a web-based whfiteboard. Sampfle causafl
reflatfionshfips and feedback floops were descrfibed and demonstrated
viisuaflfly wfithfin the shared finterface. The partficfipants were asked to
descrfibe thefir understandfing of causafl feedbacks between the dfifferent
eflements, whfich fostered robust dfiscussfions of the underflyfing system
dynamfics. Indfivfiduafl stakehoflders dfiscussed thefir finterpretatfion of
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Climate  Growth 4
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+ ) Programs E;(ternal
N Nature-based rants +
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Ffig. 2. Stakehoflder-derfived causafl floop dfiagram depfictfing socfiafl-finstfitutfionaf] factors finvoflved wfith fimpflementatfion of nature-based soflutfions. Bflue = management
opportunfitfies, wfithfin the scope of stakehoflder finffluence. Bflack = exogenous varfiabfles, outsfide the scope of stakehoflder finffluence. Green = system goafl varfiabfle.
Poflarfity of feedback floops fis findficated by ‘+ ’ for posfitfive (same-dfirectfion causatfion) and ‘-’ for negatfive (opposfite-dfirectfion causatfion). Refinforcfing and baflancfing
feedback floops are denoted by dfirectfion and nomencflature ‘R’ and ’B’, respectfivefly. Note: Coflor shoufld be mafintafined when prfinted.

417



C.V. Castro

causafl reflatfionshfips, whfich fled to group agreement or uncertafinty, often
stfimuflatfing deeper dfiscussfions of system causaflfity. As the stakehoflders
communficated, the workshop facfiflfitator moved varfiabfle nodes on the
screen and marked the causafl flfinks to correspond wfith the group
consensus. Durfing the flfive modeflfing sessfion, CLD connectfions were
drawn as one-way arrows between varfiabfles usfing tradfitfionafl poflarfity
notatfions (e.g., posfitfive (+), such that reflated varfiabfles changed fin the
same dfirectfion, or negatfive (-), where a change fin one varfiabfle had an
opposfing fimpact on the flfinked varfiabfle). The stakehoflders were aflso
asked to deffine, quaflfitatfivefly, the percefived strength of each causafl
feedback. Feedbacks that were deemed to be partficuflarfly strong were
denoted wfith three causafl arrows, and moderate connectfions were
fidentfiffied wfith two overflappfing arrows. Affl other causafl reflatfionshfips
were depficted wfith a sfingfle arrow (Ffig. S.2). Thfis approach was meant to
mfimfic the use of coflor-coded stficky notes used fin fifive PM workshops
(Andersen and Rfichardson, 1997; Inam et afl,, 2015), thereby facfiflfitatfing a
vfirtuafl envfironment wfith finteractfive group dfiscussfions and reafl-tfime
causafl floop dfiagrammfing.

After the workshop, the causafl floop sketch was transflated finto a
composfite CLD usfing Vensfim software (Ffig. 2). Severafl NBS poflficy
fleaders who were not finvoflved fin the stakehoflder workshop revfiewed
the composfite CLD for overaflfl agreement and coherency. When areas of
ambfigufity were noted, the modefler synthesfized causafl connectfions and
system varfiabfles to capture key components (e.g., ffloods and cflfimate
change were noted as provfidfing a Simfiflar exogenous fimpact wfithfin the
system, whfich were thus synthesfized as one varfiabfle). A verbafl
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transcrfipt of the recorded sessfion was revfiewed durfing the transflatfion
process to ensure the varfiabfles and causafl reflatfionshfips were correctfly
represented. The optfimfized CLD was emafifled to &l workshop partficfi-
pants for vaflfidatfion, and no dfiscrepancfies were noted.

3.2. Deffinfing fuzzy wefighs

The precedfing steps fidentfiffied the stakehoflders’ understandfing of
system varfiabfles and how they finteract amongst one another to facfiflfi-
tate, or hfinder, flocafl NBS fimpflementatfion. These system components
provfided the quaflfitatfive foundatfion for deffinfing the system structure.
Next, the CLD was transposed finto a semfi-quantfitatfive FCM modefl usfing
the web-based mappfing sufite Mentafl Modefler (Gray et afl, 2013, 2015).
The degree of finffluence for each causafl flfink was deffined wfith fuzzy flogfic
accordfing to stakehoflder perceptfions from the PM sessfion. Fuzzy
wefights were used to fidentfify the strengths of system feedbacks ac-
cordfing to the foflflowfing categorfies and respectfive scores: flow strength
(£ 0.25), medfium strength (+ 0.50), hfigh strength (+ 0.75), where ‘+
" represented posfitfive causaflfity, and ‘-’ descrfibed negatfive causaflfity (Ffig.
3). A score of + 1.00 was reserved for “cflampfing” key decfisfion
varfiabfles for scenarfio deveflopment (e.g., Gray et afl, 2015) as descrfibed
fin Sect. 2.3. The system structure was summarfized by a square adja-

cency matrfix (fix j varfiabfles), demonstrated fin Tabfle S.4.
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Ffig. 3. Fuzzy cognfitfive map, as eflficfited by the stakehoflder group for descrfibfing NBS socfio-finstfitutfionafl chaflflenges as efither management opportunfitfies (wfithfin the
scope of stakehoflder finffluence) or exogenous varfiabfles (outsfide the scope of stakehoflder finffluence). Bflue arrows = ‘+ ’ poflarfity. Bflack, dashed arrows = -’ poflarfity.
Strengths of connectfing arrows are represented by flfine wefights, as deffined finthe flegend (flow strength = +/- 0.25, medfium strength = +/- 0.50, hfigh strength = +/-

0.75). Note: Coflor shoufld be mafintafined when prfinted.
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Ffig. 4. Scenarfio output from Mentafl Modefler (FCM-based sfimuflatfion software), where the poflficy varfiabfle(s) fIfisted fin each chart tfifle were actfivated through cflampfing
to a vaflue of + 1.00, and changes fin each varfiabfle state vector between the status quo and the ffinafl dynamfic sfimuflatfion were graphed as a reflatfive percentage
(ASngs). The shfifts fin state vector magnfitude for nature-based soflutfions, whfich were the goafl varfiabfle for thfis system, are shown fin green.

3.3. Sfimuflatfing management strategfies

The wefighted FCM was used to sfimuflate varfious “what-fif” manage-
ment strategfies (where a strategy comprfises one or more findfivfiduafl
pofificfies) to better understand how a change fin flocafl poflficy woufld fimpact
the reflatfive state of the NBS goafl varfiabfle. Out of 19 totafl system varfi-
abfles, the FCM contafined 9 management opportunfitfies whfich were
deemed to be wfithfin the stakehoflders’ sphere of finffluence (fi.e., Educa-
tfionafl Outreach (EO), Technficafl Trafinfing (TT), Pfiflot Projects (PP), In-
centfives Programs (IP), Advocacy and Leadershfip (AL), Pofffifficafl WEFEL
(PW), Mafintenance (MT), Locafl Fundfing (FU), Locafl Reguflatfions (RE)).
From these varfiabfles, 129 fuzzy scenarfios were fidentfiffied by assumfing
the stakehoflders woufld fimpflement efither a sfingfle poflficy strategy (n
= 9), a strategy combfinfing two pofffifies (n = 36), or a strategy
combfinfing three pofificfies (n = 84).

The sfimuflatfions fin Mentafi Modefler use the adjacency matrfix
(Tabfle S.4) to represent the strengths of finterconnectfions and state
vectors to characterfize the degree of varfiabfle change once a scenarfio fis
actfivated. As such, the modeflfing sufite quantfiffies dynamfic finteractfions
between system components for dfiscrete tfime-steps unffifl the system
converges to equfififibrfium by appflyfing formaflfized actfivatfion rufles and
transformatfion functfions to the adjacency matrfix. The specfiffic mathe-
matficafl functfions used wfithfin Mentafl Modefler fincflude the Kosko’s actfi-
vatfion rufle and the hyperboflfic transformatfion functfion, whfich are
further detafifled by Gray et afl, (2015, 2013). After the system stabfiflfizes
(typficaflfly before 10 fiteratfions), changes fin the end-state vectors are
output as a reflatfive percentage. Ffigure 4 demonstrates how actfivatfing a
unfique set of poflficy nodes may fimpact a varfiety of state shfifts fin the
remafinfing varfiabfles, both posfitfive and negatfive, accordfing to the modefl
structure and the system dynamfics.

Areas of poflficy synergy and confflfict were then caflcuflated from the
sfimuflatfion outputs (per Egs. 1-2) to fidentfify whfich combfinatfions of

management strategy produced cohesfive or resfistant outcomes. The

strengths of the refinforcfing and baflancfing feedback floops were aflso
caflcuflated (per Eq. 3) to better understand the observed poflficy effects fin
accordance wfith the system’s causafl structure.

4. Results

4.1. Characterfizgfing system causafifity

The stakehoflder workshop reveafled 19 unfique varfiabfles and 37
causafl flfinks assocfiated wfith NBS fimpflementatfion and management fin
Houston, TX. These resuflts corresponded weflfl wfith the average number
of varfiabfles (n = 23) and connectfions (n = 37) observed fin socfio-
envfironmentaf]l systems, accordfing to a meta-study by Ozesmfi and
Ozesmfi (2004). Accordfing to Vensfim, the CLD varfiabfles connected to
form 97 unfique feedback floops. A key sampflfing of four refinforcfing floops
and two Dbaflancfing floops were chosen to demonstrate the
systems-thfinkfing framework (Ffig. A.1). Durfing the PM sessfion, the
stakehoflders were asked to deffine the fuzzy strengths of causafl con-
nectfivfity between system varfiabfles, whfich were used to determfine the
average wefightfing of each feedback floop at the onset of FCM-based
sfimuflatfion (Eq. 3). Tabfle 1 summarfizes the poflarfity and wefighted
strength for each feedback floop. Here, refinforcfing floop R1 was noted as
the “Mafintenance Loop”, where fimproved mafintenance from flocafl reg-
uflatfions woufld reduce habfitat over-growth and fimprove communfity
buy-fin of NBS technoflogfies, drfivfing pofifificafl wiffland flocaf] reguflatfions.
Refinforcfing floop R2, the “Fundfing Loop”, was fidentfiffied as an oppor-
tunfity to fincrease NBSs by usfing flocafl funds to fimpflement more pfiflot
projects, thereby enhancfing vfisuaflfizatfion of co-beneffits and strength-
enfing communfity buy-fin. The refinforcfing floop R3, “Communfity Loop”,
descrfibes the generafl stakehoflder beflfief that enhanced externafl regufla-
tfions woufld drfive flocafl reguflatfion, negatfing the need for vofluntary fin-
centfives programs. Thfis, fin turn, woufld drfive flocafl pofffitficafl wfitl and

trfigger addfitfionafl finffluence of federafl and state reguflatfions. Refinforcfing
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Table 1

Summary of feedback floops fidentfiffied wfithfin the stakehoflder-fled causafl floop
dfiagram. R = refinforcfing feedback floop (even number of negatfive connectfions). B
= baflancfing feedback floop (odd number of negatfive connectfions). The dfi-
rectfion of poflarfity and strength of each feedback fis shown.

Loop Varfiable Connectfions W;r:0>

R1 Pofffitficafl WEFFl-> (+0.75) Locafl Reguflatfion - (+0.50) Mafintenance 0.35
- (-0.75) Habfitat Growth -(-0.25) Communfity Buy-fin -(+0.50)
Pofffitficafl WHTL

Pofffitficafl WHF1->(+0.75) Locafl Fundfing - (+0.25) Externafl Grants
—(+0.75) Pfiflot Projects - (+0.50) Vfisuaflfizatfion of Co-beneffits
-(+0.50) Communfity Buy-fin - (+0.50) Pofffitficafl WEFFL
Poflfitficafl WEEF1 - (+0.25) Externafl Reguflatfion - (+0.75) Locafl
Reguflatfion -(-0.25) Incentfives Programs ->(-0.25) Communfity
Buy-fin -(+0.50) Pofffitficafl WETEL

Poflfitficafl WEEF1 > (+0.50) Locafl Advocates —(+0.25) Pfiflot Projects
—(+0.25) Technficafl Trafinfing - (+0.25) Educatfionafl Outreach
->(+0.25) Communfity Buy-fin -(+0.50) Pofffitficafl WETEL
Poflfitficafl WEEF1 > (+0.75) Locafl Fundfing - (+0.50) Nature-based
Soflutfions - (-0.50) Cflfimate Intensfifficatfion - (+0.50) Locafl
Poffitficafl WHTL

Socfiafl Equfity -(-0.25) Popuflatfion Growth - (+0.75) Increased
Deveflopment - (+0.25) Locafl Fundfing - (+0.25) Nature-based
Soflutfions - (+0.50) Socfiafl Equfity

R2 0.54

R3 0.40
R4 0.33
-0.56

Bl

B2 -0.40

floop R4, the “Advocacy Loop”, descrfibes the condfitfion where pofffitficafl
wfFlcoufld be used to fincrease the amount and finffluence of NBS advocacy
groups and flocafl champfions, thereby difivfing fimpflementatfion of addfi-
tfionafl pfiflot projects, trafinfings, and outreach to boflster communfity
acceptance.

Baflancfing floop B1, “Cflfimate Loop”, was fidentfiffied as an opportunfity
to baflance the system of NBS fimpflementatfion upon achfievfing a desfirabfle
flevef] of cflfimate mfitfigatfion (e.g., urban heat reguflatfion, stormwater fflow
abatement, water quaflfity enhancement, carbon sequestratfion),
dependfing on flocafl goafls and condfitfions. The baflancfing floop B2, “Equfity
Loop”, was observed as an opportunfity to counteract the negatfive fim-
pacts of popuflatfion growth and subsequent fimpervfious deveflopment
whfifle aflso strengthenfing communfity buy-fin. Loop R2 exhfibfited the
strongest potentfiafl for system ampffifficatfion, whfifle floop B1 dfispflayed the
strongest equaflfizfing capacfitance wfithfin the system. Loops R1 and R4
demonstrated reflatfivefly weak functfions of system propagatfion, whfifle

floop R3 and B2 provfided moderate refinforcfing and baflancfing effects,
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respectfivefly.

4.2. FCM-based pofificy effectfiveness

The dynamfics of the system resuflted fina posfitfive fincrease finthe state
of the NBS varfiabfle for &Flof the modefled management strategfies, except
for flocafl reguflatfions, whfich resuflted finno fimpact. The reflatfive change fin
NBS fimpflementatfion for each management strategy fis summarfized fin
Tabfle 2. Here, AS, represents the change fin state vector for the NBS
varfiabfle after unfique poflficy strategfies were actfivated. Poflficy combfina-
tfions that were synergfistfic, meanfing they worked together to produce a
greater NBS state change than had the poffficfies been fimpflemented fin<fiflo,
are hfighflfighted fin green. For exampfle, the combfined strategy IP-PW
(fincentfives programs and pofffificafl wff¥) resuflted fin an NBS state
change of AS L ow= 74%. Had each of these pofificfies been fimpflemented
separatefly, and the dynamfic finteractfions not consfidered, the NBS state-
vector woufld have onfly fincreased by AS wpw— 08% (e.g.,AS =12%-+A
Spw=56%)‘ Management strategfies that were confflfictfing, meanfing they
finteracted to produce an NBS state vector that was fless than that of the
correspondfing findfivfiduafl pofificfies, are noted fin orange. For exampfle,
whfifle strategy AL-PW-FU (advocacy and fleadershfip, pofffitficafl w1 flocafl
fundfing) resuflted fin a flarge state-vector shfift (AS ALPWFU™ 80%), the
poflficy components worked agafinst one another to procﬁlce sflfightfly fless
output than had they been fimpflemented separatefly. The shfift fin NBS
state-vector for strategy AL-FU, wfithout PW, was AS = 81%. In
other words, the addfitfion of PW decreased the reflatfive poflficy effec-
tfiveness by 1%.

Thfis approach fis usefufl for cycflfing through numerous poflficy optfions
and thefir combfinatfions to gufide decfisfion-makfing, partficuflarfly when
such decfisfions are cycflficafl fin nature (fi.e., where each decfisfion aflters the
system envfironment and fimpacts the state vaflues of &¥lconnected varfi-
abfles). However, sofle reflfiance upon FCM-based modeflfing does not
expflafin why unfique strategfies finteracted to trfigger synergfies or confflficts.
For thfis, we must expflore the causafl feedback floops embedded wfithfin
the system structure and how actfivatfion of key poflficy varfiabfles mfight

trfigger varfious flevefls of refinforcfing or baflancfing behavfior.

4.3. Makfing sense of pofificy coherence

Here, the management strategfies dfiscussed fin Sect. 4.2 are further
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Ffig. 5. Iflflustratfion of causafl feedback floop finteractfions assocfiated wfith actfivatfion of seflect pofificy varfiabfles (bflack), and a¥lassocfiated causafl varfiabfles (grey) for a)
pofificy synergy and b) poflficy confflfict. [Educatfionafl Outreach = EO, Technficafl Trafinfing= TT, Pfiflot Projects = PP, Incentfives Programs = IP, Advocacy and Leadershfip =
AL, Pofffifficafl WEfFl= PW, Mafintenance = MT, Locafl Fundfing = FU, Locafl Reguflatfions = RE, Externafl Reguflatfions = ER, Communfity Buy-fin = CB, Habfitat Growth = HG,
Vfisuaflfizatfion of Co-beneffits = VC, Externafl Grants = EG, Nature-Based Soflutfions = NBS, Cflfimate Intensfifficatfion = CI, Socfiafl Equfity = SE, Popuflatfion Growth

= PG, Increased Deveflopment =ID]. The refinforcfing (R) and baflancfing (B) floops correspond to coflor-coded nomencflature fin Ffig. A.1.
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Table 2

Fuzzy cognfitfive mappfing-based scenarfio output used to understand poflficy effectfiveness on the ffinafl state change ASk

Environmental Science and Policy 136 (2022) 413-427

of nature-based soflutfions. k = nomencflature of

each strategy. [Educatfionafl Outreach = EO, Technficafl Trafinfing = TT, Pfiflot Projects = PP, Incentfives Programs = IP, Advocacy and Leadershfip = AL, Pofffitficafl WEFFL

= PW, Mafintenance = MT, Locafl Fundfing = FU, Locafl Reguflatfions = RE].

1 Policy (n=1) 2 Policies {n = 2) 3 Policies (n = 3)
k ASp, k ASo k ASy4 k ASps k ASys k A5y
EO 9% TT-MT 7% EQ-TT-PP 53% EQ-PW-RE 55% TT-FU-RE 63% IP-MT-RE 18%
T 5% TT-FU 66% EQ-TT-IP 24%, EQ-MT-FU 67% PP-IP-AL 71% IP-FU-RE 77%
PP 48% TT-RE 3% EO-TT-AL 42% EO-MT-RE 10% PP-IP-PW 86% AL-PW-MT 68%
P 12% PP-IP 80% EO-TT-PW 56% EC-FU-RE 83% PP-IP-MT 62% AL-PW-FU 80%
AL 36% PP-AL 60% EO-TT-MT 14% TT-PP-IP 62% PP-IP-FU 90% AL-PW-RE B67%
PW 56% PP-PW 76% EO-TT-FU 67% TT-PP-AL 61% PP-IP-RE 62% AL-MT-FU 81%
MT 5% PP-MT 51% EO-TT-RE 9% TT-PP-PW 76% PP-AL-PW 79% AL-MT-RE 36%
FU 65% PP-FU 84% EC-PP-IP 64% TT-PP-MT 51% PP-AL-MT 61% AL-FU-RE 79%
RE 0% PP-RE 47% EO-PP-AL 3% TT-PP-FU 84% PP-AL-FU 88% PW-MT-FU 73%
IP-AL 50% EC-PP-PW 76% TT-PP-RE 48% PP-AL-RE 58% PW-MT-RE 55%
2 Policies (n = 2) IP-PW 74% EO-PP-MT 54% TT-IP-AL 53% PP-PW-MT 76% PW-FU-RE 72%
k ASjz IP-MT 18% EO-PP-FU 84% TT-IP-PW 54% PP-PW-FU 85% | MT-FU-RE  B63%
EO-TT 11% IP-FU 76% EQ-PP-RE 50% TT-IP-MT 20% PP-PW-RE 75%
EO-PP 52% IP-RE 16% EO-IP-AL 55% TT-IP-FU 77% PP-MT-FU B4%
EO-IP 21% AL-PW 68% EQ-IP-PW 74% TT-IP-RE 19% PP-MT-RE 48%
EO-AL 41% AL-MT 39% EQ-IP-MT 27% TT-AL-PW 68% PP-FU-RE 82% Synergy:
EO-PW  56% AL-FU 81% EC-IP-FU 77% TT-AL-MT 40% IP-AL-PW 81% Conflict:
EO-MT 13% AL-RE 35% EQ-IP-RE 24% TT-AL-FU 81% IP-AL-MT 53%
EQ-FU 66% PW-MT 56% EO-AL-PW 68% TT-AL-RE 37% IP-AL-FU 88%
EO-RE 8% PW-FU 73% EOC-AL-MT 43% TT-PW-MT 56% IP-AL-RE 52%
TT-PP 50% PW-RE 55% EQ-AL-FU 81% TT-PW-FU 73% IP-PW-MT 74%
TT-IP 18% MT-FU 66% EQ-AL-RE 39% TT-PW-RE 55% IP-PW-FU 84%
TT-AL 39% MT-RE 2% EO-PW-MT 56% TT-MT-FU B6% IP-PW-RE 74%
TT-PW 56% FU-RE 62% EOQ-PW-FU 73% TT-MT-RE 4% IP-MT-FU 77%

expflored to assess the finffluence of feedback floops on poflficy coherence.
In consfiderfing the synergy between IP and PW, we may flocate each
poflficy varfiabfle wfithfin the composfite CLD and examfine thefir assocfiated
feedback floops. As demonstrated fin Ffig. 5a, pofffificafl wifFl(PW) fis flocated
at the conffluence of ffive feedback floops, each wfith unfique strengths and
poflarfitfies (R1, R2, R3, R4, B1). Incentfives programs (IP) are onfly flocated
on floop R3. Sfince R3 fisconnected to the same feedback floops as PW, vfia
the PW node, actfivatfion of both poffficfies generates a very strong response
from ¥l four refinforcfing floops fin the dfiagram. Even though baflancfing

floop B1 fistrfigged fin thfis scenarfio, the combfinatfion of refinforcfing effects

fismuch stronger than the equaflfizfing effects of B1 (e.g., 2 ;wa B
In other words, flocafl actfivfism produces a synergfistfic effect that propa-
gates a strong, posfitfive trajectory throughout the system through
fimproved mafintenance, fundfing, communfity buy-fin, and fleadershfip.
Once actfivated, these floops are not easfifly dampened by the baflancfing
effects of the cflfimate floop.

In consfiderfing the confflfictfing nature of AL-PW-FU, we may observe
the feedback floops demonstrated fin Ffig. 5b. Actfivatfion of PW exhfibfits
the same effects as descrfibed prevfiousfly. Actfivatfion of AL trfiggers floop
R4, whfich when combfined wfith PW, resuflts fin a strong refinforcfing ef-
fect. However, when node FU fsactfivated, both baflancfing floops B1 and
B2 are trfiggered, thereby dampenfing the system trajectory. Accordfing to
the stakehoflders, FU was presumed to have a posfitfive causafl assocfiatfion
wfith flocafl deveflopment and popuflatfion growth, whfich negatfivefly
fimpact urban greenfing. Sfince floop R4 fisreflatfivefly weak, actfivatfion of AL
does not offset these baflancfing effects. Whfifle thfis strategy does not shfift
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the system finto a negatfive state (fie., poflficy resfistance), fit coufld be
argued that addfitfionafl PW aflongsfide AL-FU fis not an effficfient use of
resources.

Addfitfionaf] finsfights may be derfived by rankfing the NBS end-state
vectors for ¥l strategfies and notfing the occurrence of specfiffic pofificfies
(Tabfle 3). Varfiabfles PP, PW, and FU are noted wfithfin many hfigh-
effficfiency strategfies (fi.e., upper quartfifle). Both PP and PW are flocated at
the conffluence of severafl strong refinforcfing floops, whfich expflafins why
they are assocfiated wfith greater NBS fimpact fin the system. FU fis a
component of both the strong baflancfing floops B1-B2 and the strong
refinforcfing floop R2, whfich may have trended the system toward equfi-
fifibrfium had there been no other dynamfic forces finvoflved. However, floop
R2 trfiggers severafl other refinforcfing floops, thereby potentfiaflfly ampflfi-
fyfing systematfic change, dependfing on the actfivfity of other assocfiated
varfiabfles. Other system varfiabfles that finteracted wfith floop B1, but
whfich dfid not have strong refinforcements to counteract the baflancfing
forces, showcased fless favorabfle outcomes. Conversefly, varfiabfles TT,
MT, and EO tended to exhfibfit weak effficfiencfies when combfined wfith
other poflficy optfions. An assessment of the assocfiated causafl structures
demonstrated how these varfiabfles are each flocated on onfly one feedback
floop, thereby trfiggerfing fless change and momentum fin the overaflfl sys-
tem trajectory than those varfiabfles that are fleveraged at the fintersectfion
of many overflappfing floops. Whfifle such manuafl finterpretatfions of &l
poflficy combfinatfions and feedback floops wfithfin the system woufld
qufickfly become burdensome, the approach presented here provfides a

rapfid vfisuafl assessment of how strategfies may finteract wfithfin the system
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Table 3
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Rank of management strategfies (k) and thefir correspondfing NBS end-state vector vaflues (ASy), descrfibfing the effficacy of poflficy combfinatfions toward furtherfing
fimpflementatfion of nature-based soflutfions fin the case study modefl. [Educatfionafl Outreach = EO, Technficafl Trafinfing = TT, Pfiflot Projects = PP, Incentfives Programs
= IP, Advocacy and Leadershfip = AL, Pofffitficafl WEffl= PW, Mafintenance = MT, Locafl Fundfing = FU, Locafl Reguflatfions = RE.].

No. Upper Quartfile (Q3) Mfiddle Quartfile (Q2) Lower Quartfile (Q1)
Strategy (k) Effficacy (ASk), % Strategy (k) Effficacy (ASk), % Strategy (k) Effficacy (ASk), % Strategy (k) Effficacy (ASk), %
1 PP-IP-FU 90% EO-IP-PW 74% TT-PP-AL 61% EO-AL-MT 43%
2 PP-AL-FU 88% IP-PW-MT 74% PP-AL-MT 61% EO-TT-AL 42%
3 IP-AL-FU 88% IP-PW-RE 74% PP-IP 60% EO-AL 41%
4 PP-IP-PW 86% PW-FU 73% PP-AL 60% TT-AL-MT 40%
5 PP-PW-FU 85% EO-PW-FU 73% PP-AL-RE 58% TT-AL 39%
6 PP-FU 84% TT-PW-FU 73% EO-PW 56% AL-MT 39%
7 EO-PP-FU 84% PW-MT-FU 73% TT-PW 56% EO-AL-RE 39%
8 TT-PP-FU 84% PW-FU-RE 72% PW-MT 56% TT-AL-RE 37%
9 PP-MT-FU 84% PP-IP-AL 71% EO-TT-PW 56% AL-MT-RE 36%
10 IP-PW-FU 84% AL-PW 68% EO-PW-MT 56% AL-RE 35%
11 PP-FU-RE 82% EO-AL-PW 68% TT-PW-MT 56% EO-IP-MT 27%
12 AL-FU 81% TT-AL-PW 68% PW-RE 55% EO-TT-IP 24%
13 EO-AL-FU 81% AL-PW-MT 68% EO-IP-AL 55% EO-IP-RE 24%
14 TT-AL-FU 81% EO-TT-FU 67% EO-PW-RE 55% EO-IP 21%
15 IP-AL-PW 81% EO-MT-FU 67% PW-MT-RE 55% TT-IP-MT 20%
16 AL-MT-FU 81% AL-PW-RE 67% TT-PW-RE 55% TT-IP-RE 19%
17 AL-PW-FU 80% EO-FU 66% EO-PP-MT 54% TT-IP 18%
18 PP-AL-PW 79% TT-FU 66% EO-TT-PP 53% IP-MT 18%
19 AL-FU-RE 79% MT-FU 66% TT-IP-AL 53% IP-MT-RE 18%
20 EO-IP-FU 77% TT-MT-FU 66% IP-AL-MT 53% IP-RE 16%
21 TT-IP-FU 77% EO-PP-IP 64% EO-PP 52% EO-TT-MT 14%
22 IP-MT-FU 77% TT-IP-PW 64% IP-AL-RE 52% EO-MT 13%
23 IP-FU-RE 77% EO-PP-AL 63% PP-MT 51% EO-TT 11%
24 PP-PW 76% EO-FU-RE 63% TT-PP-MT 51% EO-MT-RE 10%
25 IP-FU 76% TT-FU-RE 63% TT-PP 50% EO-TT-RE 9%
26 EO-PP-PW 76% MT-FU-RE 63% IP-AL 50% EO-RE 8%
27 TT-PP-PW 76% FU-RE 62% EO-PP-RE 50% TT-MT 7%
28 PP-PW-MT 76% TT-PP-IP 62% TT-PP-RE 48% TT-MT-RE 4%
29 PP-PW-RE 75% PP-IP-MT 62% PP-MT-RE 48% TT-RE 3%
30 IP-PW 74% PP-IP-RE 62% PP-RE 47% MT-RE 2%

dynamfics to produce synergfies or confflficts accordfing to embedded
causaflfity. When combfined wfith the quantfitatfive strengths of scenarfio-
bufifldfing, we are abfle to gafin a fuflfler pficture of poflficy effects assocfi-

ated wfith human-nature systems.

5. Methodologfical lfimfitatfions

Severafl flfimfitatfions to thfis methodoflogy stem from the chofice fin FCM
software (e.g., Mentafl Modefler), whfich restrficts user modfifficatfion. Mentafl
Modefler was desfigned to be used by, or aflongsfide, stakehoflders as a qufick
and sfimpfle toof]l for FCM mappfing and sfimuflatfion. As such, the software
sufite contafins no computer flearnfing-based aflgorfithms, and system
actfivatfion fis onfly possfibfle through Kosko's finference rufle (Gray et afl,
2015). In essence, Mentafl Modefler flacks extensfive capabfififitfies for re-
conffigurfing the fintemmafl mechanfisms of the modefl, such as transfer
functfions, number of fiteratfions, or flearnfing-based finference toofls.
Severaf]l papers have descrfibed these flfimfitatfions of Mentafl Modefler (e.g.,
Feflfix et afl, 2019; Nfikas et afl., 2019) whfifle aflso hfighflfightfing how fitfsan
optfimaf] chofice for flow-entry and user-fifiendfly FCM-based stakehoflder
modeflfing. A deeper finvestfigatfion of FCM-based modeflfing, actfivatfion
rufles, and finference capabfifffitfies fis noted by Napofles et afl. (2018) and
Papageorgfiou et afl. (2018). Usfing FCM to understand how the system
shfifts fin terms of end-state vector vaflues has been shown wfithfin the
socfio-ecoflogficafl flfiterature to be a vaflfid use of Mentafl Modefler (Ozesmfi
and Ozesmfi, 2004). As such, the emphasfis of thfis artficfle fis to descrfibe a
flearnfing-based framework for spurrfing systems-thfinkfing and coflflabo-
ratfion across dfiverse stakehoflders whfifle extractfing both the why and the
how of generafl poflficy effect. Such a framework, naturaflfly, fis not finten-
ded for hfigh-resoflutfion predfictfive capabfiflfitfies of system dynamfics
modefs.

Moreover, fitshoufld be noted that Eq. 3 descrfibes floop strength at the
onset of FCM-based sfimuflatfion. Naturaflfly, the wefighted strengths wfffl
change durfing the dynamfic sfimuflatfion as the floops are finffluenced by
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other system components over tfime. Wfith 97 causafl feedback floops
wfithfin the case study, manuafl finterpretatfion fi fimpractficafl. However, by
fidentfifyfing the fifififl strengths of key feedback floops and comparfing
them to pofificy synergfies and confflficts, fit becomes possfibfle to compfle-
ment our understandfing of generafl system behavfior wfith finsfights
regardfing floop structure. Ffinaflfly, thfis sfimpflfiffied approach to caflcuflatfing
poflficy synergy or confflfict does not consfider dynamfic tfime effects of
separate fimpflementatfion strategfies. For exampfle, strategy EO-PW-RE fis
consfidered a confflfict accordfing to Eq. 2 (e.g., 55%(AS [—
< 56%(AS ) ) By addfing RE, the system exhfibfited fless output than
had just EO-PW been fimpflemented. However, the shfift fin end-state-
vector for EO-PW-RE depends on the order of fimpflementatfion. Thfis
study assumed that sfingflepofificy strategfies were fimpflemented after
mufltfipofificy strategfies. Had RE been fimpflemented ffirst, varfious system
states woufld have shfifted fin accordance wfith RE-based causaflfity. A
subsequent sfimuflatfion for EO-PW shoufld consfider the propagatfion ef-
fects of the prevfious pofificy fimpflementatfion(s). Such dynamfics were
outsfide the scope of thfis study, and future research coufld expflore the
sensfitfivfity of adjofinfing fimpacts assocfiated wfith the tfimfing of unfique
poflficy combfinatfions.

6. Insfights & dfiscussfion

Thfis case study hfighflfights how hoflfistfic systems-thfinkfing may be used
to finvestfigate compflex poflficy effects whfifle aflso fosterfing adaptfive
fleamnfing opportunfitfies. Durfing the PM workshop, unfique beflfief schemas
were noted regardfing the group’s fifififl perceptfion of system perfor-
mance. Some of these assumptfions confflficted wfith generafl ffindfings fin
the NBS flfiterature (e.g., Tabfle S.1) whfifle others were contradficted by the
FCM-based sfimuflatfion resuflts (e.g., Tabfle 2). For exampfle, the stake-
hoflders feflt that a flack of externafl flaws regardfing sustafinabfle deveflop-
ment was the mafin hfindrance to flocafl NBS fimpflementatfion. The
stakehoflders presumed that fif the externafl reguflatfions (ER) coufld be
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strengthened, the remafinfing components of the system woufld somehow
transform to work seamflessfly together for optfimafl fimpact. However, the
NBS flfiterature suggests that coflflaboratfion across socfiofinstfitutfionafl
scafles fis paramount for successfufl poflficymakfing. Ffigure 4 demon-
strated how a streamflfined focus on ER resuflts finsfignfifficantfly fewer NBSs
when compared wfith coflflaboratfive management opportunfitfies.

The stakehoflders were aflso wary of the rofle pflayed by enhanced
vfisuaflfizatfion of co-beneffits from NBS productfion. The group finsfisted
that flocafls were more concerned wfith stormwater mfitfigatfion capacfi-
tance due to the fflood-prone nature of Houston. They conceded that
wififle a causafl connectfion exfists, the envfironmentafl and socfiafl co-
beneffits assocfiated wfith NBSs were sfignfifficantfly fless vaflued fin the
flocafl cuflture and woufld not enhance the overaflfl system performance.
Whfifle the stakehoflders beflfieved that vfisuaflfizatfion of NBS co-beneffits dfid
not serve a prfimary rofle fin flocafl uptake, Tabfles 2-3 demonstrated how
fimproved pfiflot projects (PP) woufld trfigger posfitfive refinforcfing out-
comes of co-beneffit vfisuaflfizatfion, whfich had a strong posfitfive fimpact on
NBS deveflopment.

Such ffindfings emphastize how the beflfiefs of system behavfior at the
forefront of cognfitfion may confflfict wfith the actuafl system dynamfics
deffined by deepfly embedded causafl knowfledge. As a resuflt, stakehoflders
may fleave PM sessfions wfith seflf-conffirmfing finferences that do not
represent the system they had coflflectfivefly deffined. The framework
presented here aflflows us to work aflongsfide decfisfion-makers fin expflorfing
unfique poflficy effects usfing mathematficafl modefls and causafl reasonfing.
When we fidentfify an outcome whfich contradficts group perceptfion, we
are abfle to foster seflf-refflectfion and adaptfive fleamfing. For finstance, after
the concflusfion of thfis study, the FCM modefl was sfimuflated aflongsfide key
resiflfience fleaders fin Houston, TX. These fleaders observed a posfitfive
response throughout the system when socfiafl equfity was strengthened.
Over the course of severafl meetfings, fifififl perceptfions regardfing system
causaflfity and domfinance began to shfift fin accordance wfith the outputs
descrfibed fin Sect. 4. Indeed, thfis finteractfive process facfiflfitated a shfift fin
flocafl NBS decfisfion-makfing. Foflflowfing the group-flearnfing exercfises,
flocafl fleaders requested assfistance wfith transfitfionfing from hydroflogy-
based NBS pflannfing to a composfite framework finvoflvfing hydroflogfic,
envfironmentafl, and socfiafl co-beneffits (e.g., equfity-based pflannfing)
(Castro, 2022).

Infitfiafl stakehoflder perceptfions do not aflways match our empfirficafl
ffindfings of system causaflfity and domfinance. By usfing causafl reasonfing
and fuzzy flogfic to fidentfify and counteract flfimfitatfions fin stakehoflder
beflfiefs, thfis study transposed domfinant system propertfies finto actfion-
abfle finsfights for ongofing adaptfive management. Specfifficaflfly, by
combfinfing compflex beflfief systems across finstfitutfionafl scafles and by
usfing a mfixed-methods approach to systems-thfinkfing, we may better
match the system dynamfics to group cognfitfion wfithfin a cycflfic process of
dfiscovery and actuaflfizatfion.

7. Conclusfion

Nearfly three decades ago, at the dawn of cflfimate awareness and
envfironmentafl poflfitficfizatfion, systems scfientfist Barry Rfichmond urged us
to embrace hoflfistfic systems-thfinkfing as key for overcomfing poflficy

resfistance.

“The probflems that we currentfly face have been stubbornfly resfistant to
softafion, parficufiafly wyflaterafl sofutfion. As we are pafiniffly dfiscoverfing
there fs no way to wnfiflaterafifly softve the probflem of carbon dfioxfide
bufifldup, whfich f& steadfifly and finexorabfly rafisfing the temperature around
the gflobe...Why fifino flonger possfibfie for some worfld power to pffflout a
bfig stfick and beat a nasty probflem finto submfissfion? The answer f& that fi
probabfly never was,” (Rfichmond, 1993).

I argue here that the web of finterdependencfies between envfiron-
mentaf]l mfitfigatfion efforts and the human process of poflficymakfing has
onfly worsened over tfime, and our capacfity for thfinkfing fin terms of
compflex systems has become further chaflflenged. As our technoflogficafl
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capacfitfies for modeflfing systems have become more robust, our epfiste-
moflogficafl boundarfies have thfickened. It fis not the detafifled computa-
tfionafl aflgorfithms that shoufld domfinate at the expense of causafl
understandfing, or vfice versa. Rather, we shoufld fintegrate broad systems-
based phfiflosophfies to achfieve a mufltfifaceted understandfing of envfi-
ronmentaf] pofificfies amfidst compflex human-nature feedbacks.

Thfis study hfighflfights how fidentfifyfing the functfion of envfironmentafl
poffficfies must be suppflemented by characterfizfing the causafl context
wfithfin whfich the system fis embedded. Severafl major synergfies and
tradeoffs assocfiated wfith NBS fimpflementatfion, whfich had hfitherto been
studfied as a serfies of findfivfiduaf]l barrfiers (Tabfle A.1), were reveafled by
combfinfing the strengths of dynamfic-, causafl-, feedback-, and strategy-
thfinkfing. Thfis hoflfistfic approach was descrfibed and demonstrated usfing
best practfices among the compflementary ffieflds of PM, CLD, and FCM.
Here, the fifififl stages of systems-thfinkfing were used to capture system
compflexfity from embedded stakehoflder knowfledge. A dynamfic anaflysfis
of the resufltfing structure expflafined how the system woufld respond to
unfique poflficy finterventfions fin terms of synergy and confflfict. Ffinaflfly,
causafl feedback floops were assessed accordfing to fintemafl strengths and
overaflf] connectfivfity to better understand the ratfionafle behfind observed
poflficy effects. Such an finteractfive process transforms eflusfive systematfic
barrfiers finto a broad vfisfion of adaptfive management opportunfitfies.

Effectfive poflficy desfign necessfitates understandfing how unfique fin-
terventfions woufld propagate throughout the system to fimpact the end-
goafl. Wfithout consfiderfing the causafl chafin reactfions drfivfing compflex
poflficy effects, weflflfintended strategfies may resuflt fin stubborn envfiron-
mentaf]l responses. As hfighflfighted by Bfiesbroek et afl. (2017), envfiron-
mentafl scfience has been flargefly unsuccessfufl fin capturfing the
compflexfity of human governance feedbacks, partficuflarfly when used as
an expflanatory mechanfism of causaflfity. The vfisfion for the future fi that
we Wil approach human-envfironmentafl probflems as a web of finter-
flfinked connectfions wfith wefighted finterdependencfies through the flens of
systems-thfinkfing, thereby provfidfing a mechanfism based on human re-
aflfity to better understand management actfions wfithfin a rapfidfly chang-
fing worfld. The framework descrfibed here enrfiches the theoretficafl
mergfing of systems-thfinkfing epfistemoflogy (fi.e., embeddfing human
cognfitfion wfithfin the system) wfith ontoflogy (fie., usfing the underflfing
structure of the system to efifit finsfights). Rather than mafintafinfing the
conffines of methodoflogficafl bflack-boxes, thfis study serves as an
encouragement and practficafl means for embracfing the fiflfl spectrum of
systems-thfinkfing archetypes fin envfironmentafl governance.
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Table A.1

Summary of flfiterature revfiew fidentfifyfing key socfio-finstfitutfionafl barrfiers to wfidespread NBS adoptfion and fimpflementatfion.

Theme Varfiable References Key Consfideratfions
Communfity Buy-fin Economfic Incentfives (Baptfiste et afl, 2015; Tayouga and Gagné, 2016; Vogefl et afl., 2015) Subsfidfies, grants, floans, fee reductfions. Incorporated finto flocafl deveflopment pflants. Drafinage tax/fee
reductfion for findfivfiduafl resfidents. Federafl subsfidy programs.
Educatfionafl (Chafffin et afl., 2016; Derkzen et afl,, 2017; Soflhefim et afl., 2021; Thorne et afl,, 2018) Communfity perceptfions and understandfing of NBS functfionaflfity and beneffits, as weflflas costs. Outreach
Opportunfitfies programs. Medfia reportfing.
Pubflfic Partficfipatfion (Baptfiste et afl,, 2015; Bfissonnette et afl, 2018; Cohen-Shacham et afl,, 2019; Dhakafl ~ Adaptfive governance structure. Targeted and strategfic cfitfizen finvoflvement fin seflectfion and pflannfing
and Chevaflfier, 2017; Santoro et afl, 2019; Wamsfler et afl,, 2020; Zunfiga-Teran et afl,  process, fundfing, fincreasfing pubflfic awareness. Nefighborhood workshops. Dfiaflogue wfith dififl groups.
2020) Targeted medfia outflets.
Socfial Culture Cuflturafl Vaflues (Derkzen et afl., 2017; Soflhefim et afl,, 2021; Thorne et afl.,, 2018) Tradfitfionafl versus progressfive engfineerfing cuflture. Pubflfic perceptfion shfift. Fear of percefived rfisk to
change. Lack of sense of urgency to addressfing cflfimate change.
Equfitabfle Resfiflfience (Derkzen et afl, 2017; Zunfiga-Teran et afl., 2020) Capacfitance bufifldfing fin vuflnerabfle and margfinaflfized communfitfies wfith reference to NBSs.
Strategy
Co-beneffits (O'Donneflfl et afl., 2017; Ramirez-Agudeflo et afl,, 2020; Soflhefim et afl., 2021) Cflear fidentfifficatfion of co-beneffits to support shared set of vaflues and communfity support. Long-term
focus on co-beneffits.
Instfitutfional Fragmentatfion (Chafffin et afl,, 2016; Hffsand Lundy, 2016; Kabfisch et afl, 2016; Ramirez-Agudeflo Centrafl, sfinguflar NBS department. Integrated across sectors, separate from other utfiflfitfies. Transverses
Characterfistfics et afl, 2020; Soflhefim et afl, 2021; Vasquez et afl,, 2016; Wamsfler et afl., 2020; mufltfipfle jurfisdfictfions. Interagency work. Actfive cohesfion.
Zunfiga-Teran et afl., 2020)
Ffinancfing (Lfi et afl, 2017; McRae, 2016; O'Donneflfl et afl., 2017; Soflhefim et afl., 2021; Thorne Understandfing cost comparfison to grey-finfrastructure. Quantfifficatfion of co-beneffits. Combfined fundfing
et afl, 2018; Zunfiga-Teran et afl., 2020) sources. Adequate economfic resources. Competfing prfiorfitfies.
Reguflatory (Dhakafl and Chevaflfier, 2016; Gersonfius et afl, 2016; Levy et afl., 2014; O'Donneflfl Less strfingent than grey-water, fimproves costs and fimpflementatfion. Deffined flegafl standards. Threshoflds
Frameworks et afl, 2017; Sarabfi et afl., 2020; Soflhefim et afl., 2021) to trfigger NBS stormwater management. Confusfion/confflfictfing provfisfions. Reguflatfions regardfing flong-
term mafintenance requfirements.
Engfineerfing & Desfign Standards (Kronenberg, 2015; Soflhefim et afl, 2021; Zunfiga-Teran et afl, 2020) Uncertafintfies regardfing how NBSs work flocaflfly. Technficafl manuafls. Spatfiafl pflannfing gufideflfines.
Mafintenance Technficafl (Lfi et afl, 2017; O'Donneflfl et afl, 2017; Soflhefim et afl., 2021; Wamsfler et afl., 2020; Hfistory of past project success. Certfiffied expertfise. Workshops and trafinfings. Staff turnover of NBS
Experfience Zunfiga-Teran et afl., 2020) expertfise.
Mafintafinabfiflfity (Kabfisch et afl,, 2016; Ifiet afl, 2017; Ramirez-Agudeflo et afl, 2020; Thorne et afl, Reguflar finspectfions, monfitorfing gufideflfines. Cost of reguflar mafintenance (dfiversfiffied responsfibfiflfity).
2018) Low-mafintenance desfign optfions.
Pfiflot Projects (Lfi et afl, 2017, 2018; Zunfiga-Teran et afl, 2020) Pofffificaf] fleadershfip and champfions. Successfufl communfity pfiflot projects (tours, educatfionafl sfignage,

press Coverage).
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Ffig. A.1. Feedback floops fin causafl dfiagram, deflfineated by coflor, presented for ease of vfisuaflfizatfion whfifle readfing and consfiderfing the fimpact of causafl flogfic on
poflficy effectfiveness. Note: Coflor shoufld be mafintafined when prfinted.
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