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Abstract

Models are increasingly used to support decisiokimggin the management of natural
resources. They can provide system understandiamihg, a platform for stakeholder
engagement, projections of system behaviour arahainonment for virtual testing of
alternative management strategies. However, ragaysingle numerical model suitable for
all these purposes. Our experience is that a stitedels of different size, complexity and
scope can be more effective and can better adtiresgeds of environmental management
projects. Models of different complexity can addrdgferent needs, but can also be
combined as a flexibly sculpted tool kit - as theguire very different development effort
they can be deployed at different stages duringpgeqt. Using rapidly deployed qualitative,
or simple quantitative, models stakeholders caexpesed to models very early in the
project, eliciting feedback on appropriate modeiteat and familiarity with the modelling
process without affecting the development of mama@lex, resource intensive, models
aimed at answering core management questionse@Hhisand continuous stakeholder
exposure to models provides flexibility in addregsspecific novel questions as they arise
during project development, as well as an oppatyuor developing skills and changing both
modellers and stakeholders’ attitudes, as is afestded when facing complex problems.

Using an example where we used five different mogegs in an effort to inform policy-
making around regional multiple use managemenbithAvestern Australia, we describe (i)
how each model type can be used, (ii) the differelets the models cover, and (iii) how they
fit into a full decision making process and stakdbbengagement. We conclude by
summarising the lessons we learnt.

Keywords: ecological modelling, stakeholder engagementesyslynamics, adaptive
management, participatory modelling.

1 Introduction



This paper describes the use of several model tyjibs a large research project aimed at
integrating scientific information to support desismaking with the view of ensuring a
sustainable future for the Ningaloo-Exmouth regioiVestern Australia (Figure 1). The area
has immense natural beauty (listed as a World &tggiArea in 2011), but is also currently
the focus of rapid industrial development (e.guarboil and gas extraction) with a highly
diversified economy — including tourism, oil andsgpastoralist and fisheries. There are
many groups, with clashing objectives, interestetihé region and the future development
over the area will necessarily occur in a contestakieholder environment.

The political tension surrounding the location sal@rge research programme carried out in
2007-2011 to provide the information required feidence based decision making about
future management and development for the regidthik\this programme, our team was
tasked with developing both targeted industry dpeciodels and a fully integrated whole-
of-system model of environmental, social and ecdngrocesses in the region. The goal of
these models was to: (i) provide a means of intewgyanformation collected by several other
research activities within the larger project; éRplore the potential impact and effectiveness
of various management options; and (iii) encourstgkeholder engagement. Our previous
experience and much other research has shown tie lmeaefits (e.g. utilitarian, social,
ethical, political and uptake) of participatory c@nagement approaches when trying to find
long lasting sustainable outcomes for common pigpesources, such as the marine and
coastal estate (Bramwell and Sharman 1999, GlemsdMarshall 2007, Syme et al., 2012).

The original proposal for the modelling work wasuse the Management Strategy Evaluation
framework — which explicitly represents the reseurgsers and management feedbacks (de la
Mare 1998, Sainsbury et al., 2000) to model indigidsectors as well as the overall system;
with the intent of using industry specific modedsaddress pressing industry specific
guestions for tourism and fisheries while fieldgmams and the development of the whole-
of-system model was underway. However, once thggrbegan, it quickly became apparent
that the different model types had complimentaigrsze and engagement roles too and that
more models were needed — simpler ones that ceulcséd rapidly and in a highly

interactive way.

An initial round of workshops eliciting questiore the modelling efforts and discussing key
model content indicated that the models would rieetidress multiple processes and
feedbacks across a range of spatial and tempaiglssdt was evident that the complexity
required to achieve this would lead to tools towietdy and slow running for use in
interactive workshops. The models would be equalisuited as tools for introducing and
training potential users to modelling. Furthermave,knew from previous experience that
long development times for such complex models atrimeevitably leads to a loss of interest
and engagement, potentially leading to little sgosat uptake. This is because the modellers
reticence to interact with busy people can legohtohy or infrequent communication, which
combines with rapidly shifting topics of interesidaa fast turnover in the identity of
representatives of local stakeholders and regyl&todies, ultimately results in a loss of the
key sense of participatory investment in the maaiglbrocess.

Sequentially defining, implementing and deliveranghodel may be the standard vision of
modelling held by scientists and some managersi(€iga), but a more iterative and adaptive
approach (Figure 2b) has been found to lead tdgreagagement and uptake (Daniell 2008;
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Fulton et al., 2011). This form of model developiamd stakeholder engagement leads to
changes in model complexity and focus, as the prolllecomes more defined and
stakeholders appreciate what modelling can (andataprovide. Such an adaptive modelling
process also more effectively accommodates diftdygres (Joshi et al. 2007) and
dimensions (Cross et al. 2001) of knowledge.

We addressed these modelling and engagement diedléy developing a suite of models
each covering different roles within the projecin® of these models were the initially
intended quantitative models of industries andsgretem, but others were used to keep the
communication channels open and maximise the \altlee activities for all involved. Most
the modelling team had extensive experience irefies, where there was long experience,
and thus ease, with the use of models to informamament, the same familiarity is not
common in other marine and coastal sedtdesnings et al 2014). Consequently, we
developed simpler, more rapidly deployed modelsc¢bald be used interactively to
introduce stakeholders and decision makers tohiesophy of modelling; to showcase the
value of modelling and train potential users integsdynamics; and to engage with the
community over model developments and facilitategRploration of management options.
In total we developed five types of models: (i) ceptual, (i) toy, (iii) industry specific, (iv)
shuttle and (v) whole-of-system.

Conceptual models highlight the main drivers oystesm and summarise our understanding
of how the system works. Toy models are used tplgfiyrthe problem so that only a handful
of components are included. In our project, thesdets were used to help stakeholders
understand how different model components can addygecific concerns. Industry specific
models include a fairly detailed representatioa sfngle component of the system. They
address and provide an early analysis of a simgi®sor activity, which subsequently feed
into the development of the whole-of-system mo8aLttle models incorporate the minimum
number of core processes, considered crucial bas& understanding of the overall
problem. These models provide sufficient undeditepto conceive and develop a full
problem description. Finally, a whole-of-system mlodcludes all information collected
through the project and addresses a compreheretioé stakeholders concerns, whose
definition has been greatly eased by the use wigldr’ models. As found from other
ecosystem assessments (e.g. Fulton et al 2014intpéer models can highlight key issues
rapidly, facilitating fast action, with the whold-system model only called upon for the more
complex and interlinked management questions, @nwierification of conclusions drawn
from the other classes of models was required.

2 Models Toolkit and Results

In this section we will provide an overview of eaafithe model types (see supplementary
materials for additional details).

Conceptual models

In conceptual models the main drivers of a systehaghlighted and captured in a diagram
summarising the collective understanding of howsystem of interest works. For the
Ningaloo-Exmouth region these models were drawnsipg qualitative models for
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individual parts of the system (e.g. Figure 3a Whiaptures a minimal representation of
tourism drivers and connections). These could led as a basis for discussion around the
connections and concepts captured, but could &sxamined to see how shifts in one
property may propagate through the sub-system (Reahdr et al 2009). In combination with
sociograms (Syme et al., 2012), which highlightednections amongst the human actors, the
gualitative models painted a picture of the basiecture of the sub-systems and were pieced
together to form the structural basis for the namplex quantitative approaches (e.g. the
industry specific, shuttle and whole-of-system nisgde

An important role for the conceptual models waa aseans of capturing alternative
understandings of elements of the system. Forrinsta series of meetings with key
stakeholders (beginning with local Department ofiEmment staff and then moving on to
tourism operators, local land owners and tourgtsjluced a qualitative model of the key
determinants of coastal camping impacts and theds With the form of regulations used
(Figure 3b). This proved important for clarifyirftetrelative roles of regulation (including
access, infrastructure and the identity of the lsdgu, whether landowner or government),
and environmental state in determining the kingisitors to a site. This not only improved
the accuracy of the quantitative model dynamicsalso (more importantly) assisted in
developing institutional knowledge around how mamagnt actions shaped the use of the
coastline.

Toy (simple) models

Toy models are educational, helping stakeholdegerstand how (i) the modelling process
works, (ii) different model components can addsgsific concerns, (iii) their interaction
generates complexity and (iv) models can providlermation that may not otherwise be
clear. In this study toy models were used to intoada broad audience to the concepts of
stocks, flows, accumulation, and positive and negdéeedbacks. These models were of a
general form, rather that representing a specifiogonent of the Ningaloo-Exmouth system.

A descriptive CQaccumulation question (Sterman, 2008), a “stockfiow” model, was
used in a questionnaire (Boschetti et al., 201 prewide an explicit, practical demonstration
of how intuition can lead to mistaken judgemente(ewith simple problems) and how
models could be used as useful checks by peogik lphckgrounds. A feedback loop model
was also used as the core of a large interactivishiop. The mode was a version of the
tourism impact model of (Casagrandi and RinaldiZ20Q@ includes environmental status,
tourism numbers and infrastructure developmentth@adnteraction between these variables
(Figure 4). The workshop attendees were invitgoose tourism management and
development questions and predict the model bebiavidodel responses were then analysed
by following model dynamics incrementally in an opiscussion session, highlighting
where the participants’ intuitions were correchosplaced. These exercises attracted
considerable attention and while several modeltizegmained unconvinced, a few key
stakeholders were persuaded, making subsequeradtite with them much easier.

Industry specific models

These are detailed representations of the dirflaeimces on, and impacts of, the activity of a

single component of the system, ignoring most olagts of the system. If parts of the

broader system are considered they are eitherdedlas external forcing factors (drivers) or
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by simple closure terms or random parameter driwesused such models to simulate
tourism and recreational fishing on Ningaloo reef.

The Ningaloo Tourism Destination Model (NTDM)was a “stocks and flow” model (built

in the Vensim software) of the relationships betwErirism management and larger scale
planning (Jones et al., 2011) which was built ota dmawn from tourist and resident surveys
and secondary sources. The model was a sophistiset®f interlinked sub-models covering
visitor types, transport, accommodation, availatvities, utility consumption, labour force
demands, economic turnover related to tourism,renwmiental impacts and social pressures
such as crowding (Table 1). The model providedranafor group learning and scenario
building by a range of interest groups. It alsovided a lens through which to view the
economic, social and environmental outcomes oédifiit development and planning
scenarios, proposed tourism events, targeted toajes of change in tourism numbers and
types and specific system shocks such as cyclpaaegiemics and loss of a significant natural
assets (e.g. coral bleaching and changing pattéinsnic wildlife visitation).The model

was spatially explicit (representing tourism anainpling nodes in the region) so that
scenarios could be tailored to the specific locatiand the outcomes used to address
opportunities and concerns identified through dtakder forums and workshops (Jones et al.,
2011). The value of the model is highlighted bysitbsequent use in regional planning
exercises.

The NTDM included a simple environmental impact lptut was further extended by
linking it with the Ecopath with Ecosim (EwE) modédkscribed below). This coupling was
one way, with NTDM usage patterns representedesspre drivers in EwE to allow for
assessments of the ecosystem implications of thel@fament scenarios. The outcomes of
these analyses were used to identify scenaricctode in the analysis undertaken with the
whole-of-system model.

Table 2 summarises the outcomes of three of thé mageested scenarios — the planning
scheme (Regional Strategy) current in 2006, whist miodest development spread across all
tourism locationsn the region; a single large resort; and a vamatn the Regional Strategy,
with additional fishing regulations (a two fish blamit). The last was defined by locals
concerned over the negative environmental outcahesgny of the other scenarios trialled.
Positive outcomes, in terms of stocks and cat@srainder this scenario encouraged the
community to seek change to fishing regulationgs Was achieved via interaction with the
ELFSim modelling team (see below), who were workintl the Western Australian
Department of Fisheries to test different recremtidishing regulations.

ELFSim is a spatially resolved fishing simulation modstt{e et al. 2007), which includes
reef habitat, a reef dependent fish stocks (tylidaR species), the fishery and its
management (Figure 5a). The Ningaloo implementdtonsed on the recreational fishery
and its primary target spangled empetatfirinus nebulos)sThe model was used to
evaluate the effects of the current fishery managerarrangements operating in Ningaloo
Marine Park. This initially included evaluationtbie current and previous arrangements of
marine reserves, the then current bag limit anoreliévels on biomass, inside and outside the
reserves, as well as catches and catch rates (@dhébal. in 2014). The results showed that
although more biomass was protected under therdugserve plan than under previous one,
in areas open to fishing, effort was more conceéedraesulting in localised depletion. This
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was only compounded if bag limits were removedagysation and tourism driven effort
increases continued. When these outcomes werenpeesst a workshop, stakeholders
worked together to propose a number of alterngtdtential future management actions,
including increasing the no-take sanctuary zoresgricting the fishing in sanctuary zones,
introducing an educational program (aimed at ragyoifringement and shifting more to
catch and release fishing), and increasing the tange monitoring on the fishery.

All of the alternative management actions were ssgs against the stakeholders’ objectives
(classified as either ecological, social or ecomnitor example, the stakeholder workshop
proposed a conservation objective that the spawsimgass in the sanctuaries should be
above 75% of pre-exploitation level with a > 75%lgability. The simulation results
indicated that restricting inshore fishing in saiactes was best able to achieve this objective
(Figure 5b) while imposing catch limits (initialijore palatable to the public and regulatory
officers) did not.

Shuttle models

Shuttle models include the minimum number of preessequired for a basic understanding
of broader issues the project needs to addresseRiitan going into deep detail on one
aspect (e.g. fishing) it is a light touch acrossrersub-systems. Such models help to ‘shuttle
information from a simple to a fuller descriptiohaoproblem. This is a journey necessary
both for developers, during model definition andapaeterisation, and for stakeholders in the
interpretation of the final whole-of-system modesults.

ScenarioLabwas designed to fulfil the role of a system lewsi tnodel. While based on the
major features of the Ningaloo-Exmouth region (IFégé) it was not intended to contribute
directly to the assessment of management optiaigokprovide a fully interactive modelling
experience to non-expert modellers. It was desigo@dlow for an exploration of model
behaviour and played a role very early in the mipjey demonstrating to key stakeholders
that understandable model approaches were possitlthat modellers were serious in
addressing the needs of non-specialists. Duriregaative workshops, stakeholders were
asked to choose parameter values, run the modebadentify input parameters they wished
to manipulate and output data they wished to viseaDiscussions resulting from these
guestions were important both for clarifying theergial model features and for allowing
stakeholders to understand what type of questionlslde asked of the models. This joint
understanding then informed the development obther industry specific models as well as
the whole-of-system models.

Ecosim with Ecopath(EwE) is a food web model that was used to cotla¢enformation
made available by various research activities aodats, while the development of fully
integrated whole-of-system model was underwayolis was important in (i) extending the
environmental impact analysis of the NTDM moda},tésting some of the management
strategies initially developed during stakeholderkghops and (iii) producing some initial
food web level results, which consequently helpedetbp scenarios for used with the whole-
of-system model.

The EwE model included 13 human activities (sglibas seven geographic locations) and 53

functional groups (Table A3), mostly marine (frolankton and habitats through to top

predators) but also including buffell and nativagges, foxes, marsupial grazers, goats, sheep
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and birds of prey so that the interactions of alasid marine sub-systems could be
considered. While the focus of the overall Ningalesearch program focused on the reef and
its users, a broader consideration of system driwes required to really understand the
region’s dynamics - where much of the tourism istbd on pastoral properties and there is
concern over the management of the coastal sthip.nfodel could not address the pressure
on utilities (water and electricity) and social a@mbnomic concerns around housing and
employment, but it could consider the environmemigllications of increasing levels of
various marine and coastal industries, especiatiyeational activities (e.g. fishing and
snorkelling).

The EwE model complimented the NTDM by providingight into the environmental
implications of the Regional Strategy, but alseralative futures such as: the slower growth
in the resource sector; adoption of modified retweal fish bag limits; a change in the type
of visitors and tourists; a land release allowimg tonstruction of 2000 more houses in
Exmouth; and construction of additional infrasturet(roads and ramps). Results showed
that even under the Regional Strategy, pressutheosystem could treble, if all the planned
and proposed developments were completed. Usingdiaiel, local planners and councillors
soon realised that their actions had consequencéisd reef and that they needed to
acknowledge the tradeoffs and discriminate betvdiiéerent types of growth and regulation.
Meanwhile government regulators, faced with budgetanstraints, struggled to find easily
implementable and enforceable management actiabsdlw good conservation outcomes
across the entire modelled food web. Decisionsratdishing can have a large impact on that
one activity, and modelled fish stocks, but hatelinfluence on the habitat or iconic species,
which were much more strongly impacted by largdesclimate drivers and ocean
acidification (Figure 7).

Whole-of-system model

Whole-of-system models aim at a comprehensive septation of the system from
biophysical to socioeconomic processes (land aadnsthis case), accounting for all
available information. In this project, an agensdzhsocioecological system modaljtro ,
Gray et al. 2006) was used to address the broasos of stakeholder concern. The
extensive and iterative interactions with key skatders, facilitated by the use of simpler
models through the course of the entire projecidpced a set of over 100 combinations of
management strategies and contextual scenariosdhlat describe alternative futures for the
region.

The Ningaloo-Exmouth InVitro (Ningaloo-InVitro) wasiplemented on a 30x30m resolved
grid and included the dynamic representation oihtlaeine food web and main terrestrial
species of interest (as originally defined in tlveEEmodel), as well as all major
anthropogenic activities, both land and sea (TAldle

A series of workshops indicated that the majorftyhe local population felt they were
recipients of pressures originating outside théoregrhese included trends in population
growth, growth in resource (oil and gas) explom@md extraction across north-western
Australia, increase in tourism and consequent stfugture development (and the resulting
potential change in usage patterns). This meanttieajuestions most often asked of the
model related to the impact of alternative develeptpaths on locally scarce resources (like
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water and electricity), on environment status (@ntlly the core driver for tourism) and on
standards of living, in terms of employment oppoities and housing availability and
affordability.

A full discussion of the results is presented inl{n et al., 2011). Multivariate cluster
analysis and Principle Components Analysis perfdarovethe simulation results showed that
there were eight major classes of outcomes (TgbE&:h class had its distinguishing
features, but there were also some significant comfeatures that held across all classes.
For instance, the proportion of the local eldedpplation (50+) consistently increases
relative to today, while large and potentially vedable megafauna like whale sharks and
turtles decrease (to differing extents dependinthermanagement strategy in place).

These simulations confirmed the complex relatigosihietween development and
environmental status in the region hinted at byesofrthe simpler models. The picture
portrayed by the InVitro simulations is one of pital “complex” system: controlled by
large-scale external pressures as much as bypooedsses, which could only be understood
via across-scale perspectives. The region’s futuadfected by global drivers, like climate
change and external industrial development, batlsydocal points of intervention (e.g., the
availability of housing), sanctuary zone boundaiiiggastructure (e.g., boat ramps or

utilities) and road access. While stakeholders lfamwith regional issues had already
identified some of these, the full extent of théegmbial interactions could only be assessed via
a whole-of-system model. Some of the simpler modisisussed above had highlighted some
aspects of these potential futures, but the interection between the industrial developments
and larger marine state (even though not physicaliocated) was only evident once the
system information was integrated in InVitro.

The degree of detail in InVitro and the volume edults generated could be daunting for
many people, so the outcomes were presented inatevaeys. Radial plots were used to
highlight tradeoffs; tabulated results allowed erado explore the numerical details and to
compare the outcome of different runs. An intekactiisualization of the model results was
also made available (www.csiro.au/seaview/index)héimd computer-generated images were
used to try to capture how different possible fesumay impact the appearance of the region
(Figure 8). This last approach proved the mostcéffe means of allowing stakeholders to
associate model results with tangible personal rexpees.

2.1 How the models informed the overall project

Each of the models types had benefits beyond immenediate outputs produced. These
included i) the models as tangible tools with oingaise after project completion, ii)
stakeholder engagement, iii) stakeholder learniograd model use and system function and
iv) education of the modellers. The later was nus&iful in model development. For example
prior to visiting the region and holding the firsund of workshops, the high biomass of
whales in the region was neglected as it was mtlighted in scientific reports or tourism
brochures for the region (both of which focusedtmnreef and the visiting whale sharks).
The addition of the whales was important howevecabise it presented a good alternative
tourism venture (one that has since become imprighe region). The modellers also
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benefited from being able to observe how real usedsmanagers of the system responded in
model based role-play sessions (responding to amgungodel states and attempting to rectify
the situations). This was exceptionally usefuldfiectively parameterising human behaviour
in the final fully dynamic models.

In our experience, the use of a multi-model appidsad a considerably positive impact on
research in the Ningaloo-Exmouth region. Firstiy tange of models developed in the
toolbox changed the perception of what modelsfamen purely academic abstractions, to
tools that can help address actual, local probi@hapman 2011). Secondly, it shaped the
definition of scenarios to be explored with the ®isdn a way that was useful to the intended
audience. If the scenario definition had beentteficientists and resource managers only,
then meaningful insights into some of the mostgingsquestions affecting the region’s
future would have been missed.

Using several models in the engagement proces®uagrthe general system understanding
(and hopefully an improved capacity for handlingnpbex systems more broadly) and
facilitated on-going use of at least some of ttistdeveloped during the project. For
instance, InVitro, NTDM and ELFSim have fed deaisinaking and consultative processes
around new management options and development. plans

This level of uptake required a significant investinof resources, both in terms of funding
and time. This investment wasn't just in the stadaaodel development and calibration
steps, but was particularly needed to build trashe models and the modelling process:
involving stakeholders in conceptual model buildiregularly communicating model
development, and new results and running trainmgses. All of this was essential for
building trust, understand and ownership amongrthry operators and residents who were
unfamiliar with modelling and because there waquent turnover in departmental
representatives. This approach also proved antefemeans of improving communication
among people with different backgrounds, assumptind knowledge.

The modellers also learned many lessons, partlguta distinction between a job
academically well done and one having meaningfiplaot. A significant insight gained by
modellers relates to the role of modelling in agkéimd answering complex questions. In its
purest analytical sense, a model is developedaaige results, thus answering rather than
formulating questions. However, helping both thidrag as well as the answering of
questions is crucial from an engagement perspegiasgicularly if we accept that modelling
which is to have any useful longevity is not whepert outsiders do, but is a process which
includes experts, stakeholders and the local contynu model built to cover both asking
and answering roles may lead to a living produat th used and appreciated, rather than
merely receiving academic praise and sitting unasedusty shelves in the region itself.
Single models are unlikely to meet this dual raleas all backgrounds and for all question
types - that is where the multi model approachbmparticularly beneficial. Table 4
summarises the role of the different types of medekd for Ningaloo within the different
engagement phases.

3 Discussion



Modelling is not always a well-understood tool,lwihany quailing at the thought of
implementing one model let alone seven differeatfpims. However, experience in the
Ningaloo-Exmouth region demonstrates the potebgakfits of integrating different types of
models at different stages of the project for défe purposes. Tackling the process as an
adaptive exercise, where new tools are brough¢#o as the modeller gets a better
understanding of local needs. A frequent admonivioexperience modellers is that you need
to “know your critters” (Walters, UBC, pers com)understanding the focus of your
modelling is not only important from an ecologiparspective, but in terms of appreciating
the hurdles that stakeholders face in engaging théhool.

Van den Belt (2004) divides the process of usingla@hs to engage with stakeholders into
three stages: an extensive preparation phase, map&gincluding qualitative and

guantitative model building), and follow-up. Theeparation stage is required to introduce the
main players, to identify and assess key stakeholdehampions”) and social and

information networks that may facilitate (or stjfthe effort. The later are key, as experienced
socioecological modellers have found that champémtsinformation networks are

ultimately key for positive outcomes (Walters 2Q07an den Belt’'s approach assumes the
same stakeholders will be involved from the begigrio the end of a project, but this is not
typically the case in adaptive management projedig;h are often characterised by a high
turnover rate among management personnel and sagreehampion to see it through is
important. Similarly, having a locally trusted chaion in isolated geographic locations, like
the Ningaloo-Exmouth region, is beneficial for donity and trust as such locations feature a
complex mix of long and short term and even trantsiesidents. This does not invalidate Van
den Belt's or similar approaches (D'Aquino et 2003), but does mean that a “two steps
forward, one back” progress often occurs. Formadpsind carrying out the modelling project
may thus require evoking and strengthening emetgamviours, which may also help in
dealing with any attitudinal inertia, high turnovates, communication barriers and
mismatches between the scales of industry operatidrthe speed of response of
management bodies (such mismatches typify the geer@astal adaptive management
environment (Chapman et al., 2011)).

Not all stakeholders wish to become model useosigh many of them may want to be
familiar with model development to better underdtamat it can offer to the final decision
making process. When dealing with issues of sustéenmultiple use management of natural
resources and coastal systems, this is not eatglit@r because of the diversity of issues,
system complexity and the wide variety of stakebolitackgrounds. The complexity of the
topics and jurisdictions means that it can be éasgegulators to feel they have little time to
add another task to their overflowing schedulegggimg with the modellers) and equally for
modellers to retreat into the modelling and spdtid time communicating more broadly.
However experience (e.g. in the Pilbara directlpeeht to the Ningaloo-Exmouth region)
has shown that models developed in such a clinmataa used and if anything act to
increase scepticism around the value of modelRegardless of the scientific excellence a
model won’t be used if potential users do not usiderd its contents or role and so feel
overwhelmed, distrustful or dissatisfied. Gainihg tequisite trust for on-going model use
requires hard work on the part of the modellersl (tue stakeholders if they are really to
participate and learn), a diversity of approaches, a flexible (but anchored) research
approach. Using multiple complimenting models is sach approach.
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It cannot be denied however that the level of adon required to develop and share the
modelling platforms was a costly exercise. The ntage of the problem would only grow
with the size of the population involved. The highel of interactive engagement associated
with this approach may start to break down on lagges (Walters 2007), where it can be
hard to find sufficiently inclusive representativ@¢hile the Ningaloo-Exmouth region is
large geographically (spanning over 300km of coastlit has a small standing population
(<6000) — meaning that industry, NGO and otherasgntatives were fairly closely woven
into the local communities.

4 Conclusion

In our experience, a multi-model approach strengthmodelling outcomes by (i) providing a
common interpretation of available information) leveloping the skills and attitudes
needed when facing complex problems; and (iii))roffpan avenue for communication,
negotiation and collaboration.

A multi-model approach facilitates the first twotoames by providing continuous
engagement and thus allowing for a much greatengity of model exposure and use. At the
same time, it de-couples the engagement proceasstfr® development of complex whole-of-
system models, which may require the full lengtlhef project to complete. Furthermore, the
parameterisation of the whole-of-system modelss alubject to interdependencies with other
projects and fieldwork, and may experience resdirglior reasons beyond the researchers
control. Adopting different model types can overeothis problem, providing for continuous
engagement, while programmers, software engineglether researchers focus on coding
and parameterisation of the whole-of-system motk, in turn, enhances the adaptive
aspect of the engagement process by providingitiepein engagement activities and variety
in presenting and discussing information (all cheeastics of a positive learning experience).
It also provides flexibility by including novel ids and available data (occasionally in real
time during meetings and workshops) in a manndrisha@levant and topical for
stakeholders. This may result in suggestions ter@tive and novel ways to carry out a
project which could otherwise be missed. While ki principle possible with whole-of-
system models, it may (i) be delayed unless theefedilready available, (i) be made less
intuitive if the model is particularly complex aii)Y prevent real-time use if the full-scale
model is slow to run.

Industry specific models and shuttle models inipaldr were useful in the Ningaloo-
Exmouth project because they were powerful enoogitiress topical issues of local
concern and allowed modellers to communicate modtguts throughout the project, rather
than only at project completion. This is particlyamportant in situations where a diverse
and divided stakeholder community may be sensit\specific issues and even specific
wording, since this sensitivity can be detected adadtessed before the whole-of-system
model is released.

Finally, a further benefit of a multi-model apprbads to facilitate the modellers’
understanding of local priorities and historiestHa Ningaloo-Exmouth project, this led to
proposals for further environmental monitoring amarism research. Whether or not this is
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an extension of the role of the modeller, or afrelytdifferent role is debatable. However, in
our experience the multi-model approach strengtthéme capacity of modellers to act as
‘change-agents’. If the purpose of modelling mameally is to support changes in attitudes,
practices and management systems, then the effaanalti-model approach on stakeholder
engagement should be welcomed and further developed

5 References

Boschetti, F., Hardy, P., Grigg, N. and Horwitz, #011. Can we learn how complex systems
work? Emergence: Complexity and Organization, 7362.

Bramwell, B. and Sharman, A., 1999. Collaboratiofocal tourism policymaking. Annals of
Tourism Research 26(2): 392-415.

Casagrandi, R. and Rinaldi, S., 2002. A theoretipgiroach to tourism sustainability.
Ecology and Society, 61(1): 13.

Chapman, K.J. 2011. A complexity-based approadmesviedge brokering and research
uptake: Working to build adaptive institutionsWestern Australia’s Ningaloo
Region. School of Natural Sciences. Perth, Editv&@oUniversity.

Chapman, K., Jones, T. and Fulton, E., 2011. Medetian help their research make a
difference, CSIRO, Canberra.

Cross, R., A. Parker, et al. 2001. Knowing whatkwew. Organizational Dynamics
30(2): 100-120.

Dambacher, J.M., D.J. Gaughan, M.-J. Rochet, Po&signol and Trenkel, V.M., 2009.
Qualitative modelling and indicators of exploitembsystemskish and Fisheries
10:305-322.

Daniell, K.A., 2008. Co-engineering participatorpaelling processes for water planning and
management. PhD thesis: Australian National Unityers

D'Aquino, P., Le Page, C., Bousquet, F. and Bah2@03. Using Self-Designed Role-
Playing Games and a Multi-Agent System to Empowlen@al Decision-Making
Process for Land Use Management: The SelfCormasriment in Senegal. Journal
of Artificial Societies and Social Simulation, 6.

de la Mare, W. K. 1998. Tidier fisheries managenequires a new MOP (management
oriented paradigm). Reviews in Fish Biology anchErges 8:349-56.

Fulton, E., Gray, R., Sporcic, M., Scott, R., l6{tR., Hepburn, M., Gorton, B., Hatfield, B.,
Fuller, M., Jones, T., De la Mare, W., Boschettj, Ghapman, K., Dzidic, P., Syme,
G., Dambacher, J. and McDonald, D., 2011. Adagfwrires for Ningaloo, Ningaloo
Collaboration Cluster, Perth.

Fulton, E.A. Smith A.D.M., Smith D.C. and Johnsar2B14. An Integrated Approach Is
Needed for Ecosystem Based Fisheries Managemeights from Ecosystem-level
Management Strategy Evaluatidtl.oS One

Glasson, J., and Marshall, T. 2007. Regional Ptanriondon: Routledge.

Gray, R., Fulton, E., Little, R. and Scott, R., 80Bcosystem model specification within an
agent based framework, CSIRO Australia, Hobartmgasa.

Jennings, S., Smith, A.D.M., Fulton, E.A. and SmilC. 2014. The ecosystem approach to
fisheries: management at the dynamic interface dmtvbiodiversity conservation
and sustainable use. Annals of the New York Acadef®ciences doi:
10.1111/nyas.12489

Jones, T., Wood, D., Hughes, M., Deery, M., Freglin, Jones, R., Fulton, B., Pham, T.,
Pambudi, D., Spurr, R., Dwyer, L., Chapman, K., Issw., Chandler, P. and Catlin,
J., 2011. Exploring the Socio-Economics of Tourtenough the Ningaloo
Destination Model, CSIRO, Canberra.

12



Joshi, K. D., S. Saonee, et al. 2007. Knowledgestea within information systems
development teams: Examining the role of knowlestm&rce attributes,
Elsevier Science Publishers B. V. 822-335.

Little, L.R., Punt, A.E., Mapstone, B.D., Pantus, &mith, A.D.M., Davies, C.R. and
McDonald, A.D., 2007. ELFSim-A model for evaluatinganagement options for
spatially structured reef fish populations: Anslitation of the "larval subsidy" effect.
Ecological Modelling, 205: 381-396.

Sainsbury, K. J., A. E. Punt, et al. 2000. Desifjoperational management strategies
for achieving fishery ecosystem objectives. ICE&rdal of Marine Science
57(3): 731-741

Sterman, J.D., 2008. Risk Communication on Climitental Models and Mass Balance.
Science, 322: 532-533.

Syme, G.J., Dzidic P., Dambacher J.M. 2012. Enlmgnetience in coastal management
through understanding its role in the decision mgkietwork. Ocean and Coastal
Management 69:92-101.

Thebaud, O., Little, L.R. and Fulton, E.A. 2014 akation of management strategies in
Ningaloo Marine Park, Western Australia. InternaéibJournal of Sustainable
Society 6: 102-119

van den Belt, M., 2004. Mediated Modeling: A Syssdbynamics Approach to
Environmental Consensus Building. Island Press,Hivigson.

Walters, C.J., 2007. Is adaptive management hetpisglve fisheries problems? Ambio
36(4): 304-307.

13



Figure Captions

Figure 1:Ningaloo-Exmouth region of Western Australia, shogvihe major tourism nodes identified
in the region — including the major settlementdl¢ye), pastoral stations (red), national parks ége
and other features (blue and purple).

Figure 2: Model development steps (a) the traditiosequential model development stages (with
stakeholder interaction only in the first and fistdges); (b) iterative model development (with
stakeholder interaction throughout).

Figure 3: Example conceptual models for (a) tourisivers and (b) coastal camping and its
regulation. Links ending in an arrow head indigadsitive direct effects, those ending in a fillectie
indicate negative direct effects and the dashedlinks indicate potentially opposite ways that
campers may react to regulation (some like it, istide not).

Figure 4: Tourism feedback model, showing the axtgon between environmental status, tourism
numbers and infrastructure development. Arrowsciaidi positive interactions and circles indicate
negative interactions.

Figure 5: Schematic of the components of the ELR®mdel (a) and a summary of the main ELFSIim
model trajectories (b).

Figure 6: Schematic of the components of ScenakioBalid lines indicate within software steps,
dashed lines are the ways in which users can otteith the model.

Figure 7: Example Ningaloo EwE output.

Figure 8: Examples of the computer-generated imaged to help visualise the results of the
Ningaloo-InVitro model: (a) an undeveloped tourisode if tourism operations and management
regulations of 2010 remained in place (i.e. beachping dominates) and little industrial resource
development in the region; (b) an undeveloped soumode if 2010 tourism operations and
management regulations remain in place and alhgldmesource sector development occurs in full by
2035 (i.e. high level of camping and recreatiorgtlifg by industry workers); (c) coastal tourism
location developed with ecolodge accommodation;(dipdesort and retail development on a coastal
node.
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Tables

Table 1: The nine sub-models included in the Nimg& ourism Destination Model

(NTDM).

Sub-model

Summary content

Visitor numbers
and mix

Links the visitor cycle (numbers, mix and seasaygto other cycles in
the region (weather, cyclones, marine, Europeataticn, holidays).

Residents and
industry

Addresses growth in regional industries and houairaglability as
determinants of population numbers and the adiitindertaken by the
resident population.

Visitor activities

Links visitor activities and eggences to tourism infrastructure,
environmental quality and the characteristics efttiurism industry.

Accommodation
sector

Addresses accommodation supply and demand in titexdoof land
availability, investment returns, demand from otbectors and staffing.

Visitor spending

Uses visitor spending and econatata to calculate employment,
income, value added and gross regional product.

Environmental
loads

Addresses water availability in the context of @temchange and water
consumption, waste water generation, treatmentraplications for the
region’s ecology, electricity demand and supply Hre potential impacts
of sustainable technologies for reducing watereladtricity use.

Environmental

Links activities of visitors and residents to agamf environmental

impacts impacts, including marine and terrestrial impacishsas coral damage,
fish stocks and vegetation loss, and the monitasirthese impacts.

Transport Addresses transport to (and within) the regionuidiog transport

linkages/options| constraints and shocks that could disrupt traved, lanks to national

trends.

Social impacts
of tourism

Identifies positive affects (extra facilities, regal pride) and negative
impacts (crowding, incidents, dislocation) to resits’ quality of life.
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Table 2: Example outputs of the coupled Ningaloarigm Destination Model and the
Ningaloo EWE Model (catch rates and biomassesyengas percentage change per indicator

from 2007 to 2037. The Regional Strategy and laegert scenarios assume 2006
management rules continue throughout.

% Change (2007-37)
Indicator Regional Large Additipngl
Strategy resort bag limit
Visitors 66 420 67
Visitor nights 64 380 62
Visitor activities Going to beach 41 305 42
Fishing 60 220 54
Snorkelling 48 310 50
Eating out 59 80 64
Surfing 97 120 100
Jobs 95 670 96
Expenditure 63 510 60
Water use 20 730 18
Electricity demand 71 570 72
Landfill generated 57 75 49
Community pride 60 95 61
Housing availability -9 -12 -8
Catch rates -55 -75 22
Fish stocks -20 -31 13
Lethrinus nebulosus -30 -38 18
Coral -6 -12 -4
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Table 3: Major classes of outcomes from the Ningdfo/itro whole-of-system model.

Class of InVitro Outcome

Description

Base case

Little if any population growth, stagnation of ttegional economy,
rising unemployment and an aging population; tisieti mix moves
toward recreational fishing, with a further declinestocks, but some
reduction in demand for services and infrastructure

Reduced growth

Similar in trend to the base case, but more extreorthat there is a
contraction in the system state away from neatlglgectives
(environmental, social or economic)

Changed management, but
no developments

Irrespective of the form of alternative managemesatd (increased
spatial zoning, education or enforcement), the ghartypically
mitigate some of the environmental impacts (e.gtgmting habitats),
but have little overall effect on the system

Ecolodges and reduced
growth

Reduced growth in the broader regional economwyifségnt per capita
increase in expenditure, positive environmentatonies (due to the
visitor profile attracted); strong competition focal housing continues
(as there is insufficient development for land asks but sufficient
tourism labour market to generate in-migration eachpetition for
dwellings).

Modified bag limits

Significant fish stock increase, probability ofdaihg trophy fish per
trip significantly increases; the recreational éshattracted to the
region help maintain the local economy, but compsétk residents for
dwellings

Large developments (resor
or resource sector)

IsMajor expansion of a sector (oil and gas, tourisratber industry)
increases regional economy, road transport, resmmpulation and
demand on services and infrastructure; environmedlines.

Large developments and th
introduction of modified
bag limits

eTrends as for the large development case, butlittithimpact on fish
stocks (which remain at the 2006-2010 levels orease).

Changed climate

Contraction of the local economy (e.g. agricultangl tourism), tourism
season constrained to the cooler months, or towsegments willing to
pay for air conditioned accommodation; slower papiah growth,
decline in available services; strong ecologicglacts, turtle nesting
beaches often washed out (by storm surges an@selaise), increase
habitat vulnerability (due to storms and acidifioaj.
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Table 4. Relation between modelling purpose, moged and engagement phase

Engagemen Modelling Purpose Model Type
t Phase
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Supplementary Materials — Model details

Conceptual models:

The qualitative modelling approach of Dambachex €2009) was used to capture
conceptual understanding of drivers and connecfiansub-systems, particularly those that
had not previously been modelled. These conceptodkls define system variables and links
between them. The models are constructed in stidexh@orkshops, focusing on relevant
sub-systems, the main ecological and anthropogeniesses and feedbacks that sustain or
regulate it, and the potential system stressors.

The most formal work on the conceptual models watkettaken for the tourism sector (see
Jones et al., 2011 for full details). Workshopseneeld in the region to define qualitative
models for:

i. Visitor numbers and mix: defining links between ttigitor cycle (numbers, mix and
seasonality) to other cycles in the region (weattylones, marine, European
visitation, holidays).

ii. Residents and industry: addressing the driversap in regional industries and
housing availability, which are determinants of plaion numbers and the activities
undertaken by the resident population.

iii. Visitor activities: linking visitor activities anexperiences to tourism infrastructure,
environmental quality and the characteristics efttsurism industry.

iv. Accommodation sector: addressing accommodationlgamal demand in the
context of land availability, investment returneneand from other sectors and
staffing.

v. Visitor spending: identifying the links betweenitas spending and economic data to
calculate employment, income, value added and geagsnal product.

vi. Environmental loads: the connections between vaataitability in the context of
climate change and water consumption, waste watagrgtion, treatment and the
implications for the region’s ecology, electricdgmand and supply, and the
potential impacts of sustainable technologiesdducing water and electricity use.

vii. Environmental impacts: linking the activities osiors and residents to a range of
environmental impacts (and the monitoring of theaets), including marine and
terrestrial impacts such as coral damage, fistkstand vegetation loss.

viii. Transport linkages/options: identifying the linkstveen transport to the region and
within the region, including transport constraiatel shocks that could disrupt travel,
and links to national trends.

ix. Social impacts of tourism: identifies the positingacts (extra facilities, regional
pride) and negative impacts (crowding, incidenisiodation) of the tourism industry
on residents’ quality of life.

Conceptual models (taking the form of signed dipgsd were also used in an informal way
in project meetings, workshops and stakeholdenir@e's as a touch point for sharing
information around key concepts or contentiousgetain or new topic areas — for example
see the issue of coastal camping highlighted imthin text of this paper.

Toy models:

While academia (from physics to ecology and ecoosejrtias used models to increase

understanding and make projections or forecastseftls an increasing awareness of the

usefulness of models as evidence-based “flightdsitars”, training users to fly in the space
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of management challenges and to guide them in theice of appropriate strategies
(Boschetti et al 2011). Toy models are simple medeilt in this context to address dynamic
(but often poorly understood) processes charaatgrzomplex systems — like phase
transitions, tipping points, hysteresis, and aatidhs. Both of the toy models used in this
work can be found at
http://www.per.marine.csiro.au/staff/Fabio.BoscithEttyModels/ToyModels.htm.

The first toy model used by the study was inspirg@&weeney and Sterman (2000) and
allows users to interactively control the in and fbows into a bathtub (Boschetti et al. 2011).
The user is asked to predict the amount of wat#rerbathtub (the stock at tirtjeas a

function of how much water enters and exits ateddht times (the flows):

Stock(+1) = Stockt) + Inflow(t) - Outflow() 1)

This proves a surprisingly challenging task evarttie well educated (Sweeney and Sterman
2000). All managed systems depend on a carefuhbalaf resource usage (water, energy,
people, CO2, biological species) so understandimgks and flows are crucial to effective
management.

The model (in the form of a questionnaire) was gmésd to biologists and ecologists working
in the Ningaloo-Exmouth region as well as managéthe region’s resources and local
stakeholders active in tourism development or egoéd sustainability. As observed by
Sterman (2008) well over two thirds of the mathecadly proficient experts (scientists and
managers) failed the tests and the figures wetgehigtill amongst the operators and general
public. Sterman (2008) and Cronin et al. (2009)ssts that this failure is due to a human
tendency to match patterns and assume the stoekrdgs matches that of flow. While the
broader stakeholder audiences found this a sobexiaggise, it was particularly useful for
demonstrating to skeptical professional audientastheir knowledge of the system was not
a sufficient guide alone and that models could beedul decision support tool for them.

The second toy model used was a tourism feedbagkntmdel (Casagrandi and Rinaldi
2002, Boschetti et al. 2011), which allows for apleration of the interaction between three
abstract variables: (i) the size of a populatiopl@iting a resource, (ii) the way exploitation is
carried out and (iii) the dynamics of the enviromtehich provides the resource. By
specifying the nature of the population and typessburce, this abstract representation can
be applied to a range of different problems, intigdishery management, water
conservation, tourism development and climate chgimgthis case the modelled resource
was a tropical ecosystem and the users were teufise management levers that could be
pulled included technological fixes (infrastructoamitigate impacts such as pollution),
advertisements, reclamation, bed capacity andsoutype being serviced (e.g. ecotourism
Vversus mass tourism).

While a simple three-variable model cannot captineecomplexity of a real system, it can
help understanding of the medium and long-terncisfef positive and negative feedback
loops. It can also help users develop an intuitimrihe role and impact of specific links on
system behaviour and where points of interventiay tie. This type of model can thus be
seen as a learning tool and a reality check tdw#ré soundness of assumptions about
system behaviour. While some of the stakeholders wdtially suspicious of the model,
assuming the difficulty of constraining environmanimpacts under mass tourism was the
result of an agenda rather than model dynamidfiemain when confronted with the
difficulties of managing and predicting outcomegien such a simple system many
stakeholders who had previously had little expkoihtact with models (and so were
skeptical, untrusting or even nervous of them) hegaappreciate that models had a potential
role in helping find sustainable outcomes for thiegdloo-Exmouth region.
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Industry specific — Ningaloo Tourism Destinationdéb(NTDM)

The NTDM was developed to allow for the exploratajralternative futures related to
infrastructure development, tourism growth, exteam@nomic impacts, resource use, service
delivery, energy consumption, waste generationsystem shocks (such as cyclones or
changed usage patterns as the result of trangsbrtictures). It was constructed through a
consultative process. In addition, an extensiveesuof 1574 visitors and 287 locals
(regional population of about 7800) was undertakegorovide parameters for behavioural
and attitudinal components of the model that cowldbe readily obtained for large-scale
tourism, census and economic databases. Goverrmaménhdustry data bases were used to
supply tourism data (from Tourism Research Ausiisiinational and international visitor
surveys); water, electricity and waste data (fromAustralian Bureau of Statistics (ABS),
local government strategic waste management plahservice providers); and employment
and accommodation capacity data (from the ABS, lsmpgnted by information from local
visitor centres, real estate agents and planners).

Conceptual diagrams drawn during a series of staélehworkshops were refined in

Vensim, focusing on key feedback loops so as ttucapmportant system dynamics while
remaining as simple as possible. Inputs were asgdeggminst planning documents for the
region, to help address uncertainties around fudaxe@lopment. A regional scale model
(including the entire Ningaloo Marine Park, plu®Bo of adjacent coastline stretching
across two local government areas and a varidgnoftenures) was developed as past
research indicates that the regional level is dquéarly appropriate scale for territorial
integration of natural and socio-economic systefasKins et al. 2003, Roberts 2006, Yorque
et al. 2002).

While standard sensitivity analysis, hindcastind emodel validation were performed on the
NTDM, final model validation and the communicatieihmodel outcomes was done via 15
forums held across the Ningaloo-Exmouth regioniding regional knowledge and
understanding of the potential consequences oéouplans and decisions, and overlaps in
areas of institutional responsibility. This theneatas a springboard for workshops, with
attendees from a broad range of backgrounds (rigsm industry, pastoralists, the shires,
government agencies, researchers and interestgsogh as NGOs) defining archetype
scenarios for further consideration (Table Al).sTjrocess linked groups through the
modelling process, building relationships and sthamederstanding, resulting in support for
use of the model in future planning exercises. Tpiake was only successful however,
because of the degree of interaction between nevdedhd stakeholders (with requests for
information and experimentation coming from a widege of collaborators) and because of
the flexibility of NTDM to morph as planning pridies shifted through time, but also
between locations (with interest in the differemirism nodes reflecting locally important
issues; destinations in Carnarvon, resorts andnacmalation in Coral Bay and cumulative
impacts of tourism development and resource sectavth in Exmouth).

Industry specific — ELFSIim

ELFSim is a simulation model intended for use g§héiries management strategy evaluation
(Little et al., 2011), incorporating the variousyst of an adaptive management cycle;
specifically:

* a(meta) population dynamics model of the targetigs, which captures its full life
history (including larval dispersal, reproductiaeyelopment, and habitat use);

» a spatial fisheries effort allocation model that@mts for behavioural patterns of
fishers, but also harvesting by multiple sectoexkewith its own idiosyncrasies); and

28



* a management model that simulates the implementafimanagement strategies
(such as bag limits, spatial zoning and quotas).

The biological model at the heart of ELFSim is ismpented on a 1 minute spatial grid and
operates at a monthly time step, representingattyet population as a set of several age-,
sex- and size-structure sub-populations, each iadsdavith a single reef or spatial location.
It incorporates a stock-recruitment relationship allows for larval movement (in this case
based on distance between habitat patches asvab datvection model existed), sequential
hermaphroditism, variable larval survival, naturartality and growth curves. An adult
movement module also exists for the model, butnedsised in this case.

Fishing mortality experienced by the sub-populaiendictated by the harvest sub-model,
which includes catchability, size based selectigityl a representation of daily effort
allocation that allows for multiple vessel-classgsveral effort allocation models exist for
ELFSim (Little et al. 2004, Little et al. 2008),ttthe one used for Ningaloo was an
individual based model, which simulated the spditsaing behaviour of individual
recreational and charter fishing vessels. This hsidaulates the movement, reef selection
processes, and fishing activities of individualseds — each of which has its own preferences,
efficiencies, perspective, accumulated knowledgéh(avdegrading memory if a site is not
visited for a length of time), learning and hist@pprt/ramp of origin); responding to their
situation using a rule based model of the decismahking processes. Decisions are based on
fishing conditions (e.g. catch rates on individiggfs) and management arrangements (e.g.
area and seasonal closures). Progressively disogumstorical catches, the effort allocation
model looks to maximise expected catch per unitreéind responds to the more recent
experiences and personal information (which ough®historical information or fleet-wide
experience). A small level of exploratory fishirsgallowed, but vessels are largely
constrained to fish at locations they have fisimethe past. If bag limits are in place any fish
caught in excess of that limit are released afipture. Shore based fishing was done in a
similar way but was only allowed from a list of sékine fishing locations (e.g. camp sites).

The model was parameterised with biological andicdata from the Department of
Fisheries Western Australia, with little to no fistp assumed to have occurred before 1965.

As the model is based on the adaptive managemel®, dyndamental to the approach is the
identification and representation of stakeholdgectes. This makes stakeholder
engagement essential for the definition and acoeptaf credible management objectives
and strategies that represent the divergent ingeoéshe different user groups. Stakeholder
workshops are used to elicit specific operationahagement objectives, associated
performance measures and management strategidsisAgas a recreational fishery only
ecological and social objectives were identifiedtfee Ningaloo ELFSim modelling exercise
(Table A2), each with a performance target and aswe of tolerance or acceptance that the
indicator must achieve (specified as a probability)

Management strategies evaluated included:

1. spatial management: whether to use then currem arcreased network of marine

sanctuaries;

fishing access: allowing (or not) fishing to océuom shore in sanctuaries;

3. effort levels: maintaining then current recreaticféort, (presumably through a
licensing platform), or allowing it to increasedannection with projected increases
in visitor numbers in the region;

4. quotas: whether to implement an annual total allevaatch (TAC) of 38 t, or to
simply focus on input controls;

n
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5. education: implementing an educational programediat reducing infringement
into closed areas and informally reducing the lbag by encouraging a catch and
release style of fishing;

6. enforcement: whether to rely solely on ramp andsate checks or to have a
monitoring vessel patrol the coast;

General bag limits and minimum legal sizes werealuisall simulations, as the fisheries
department had ruled out changes to these regugatio

To capture variation in external drivers and systemtext the simulations were repeated
under “stable” conditions and in cases where thene environmental pressures as a result of
climate change, an environmental catastrophe lggge cyclone), infrastructure (ramp and
road) upgrades allowing for greater fisher accesissagnificant technology creep increasing
catchability or leading to a wider footprint of eff (e.g. if fishers moved to bigger and more
powerful boats).

The results of the simulations pinpointed the ingatrfeatures of the biology and human
exploitation that were driving change in the Nirmgasystem. The results also indicated that
under current environmental and use conditionsirtheagement strategy that best achieved
the ecological objectives was the preclusion dfams fishing in sanctuaries in combination
with the introduction of a TAC. Increasing sancjusize did increase the biomass conserved,
but in the absence of reduced fishing pressutlesatit reductions in biomass outside of the
sanctuaries. Stopping fishing in sanctuaries atrddncing a TAC also saw the best
performance in terms of CPUE, but failed to meetdbcial objective of landing a high
proportion of trophy sized (large) fish; only segies resulting in high catch serviced that
objective (at least in the short term). This patiwas similar across many indicators, with the
strategies that performed well in terms of ecolababjectives doing less well on the social
objectives.

The modelling work drove home to stakeholders Wiate sanctuaries can be useful in
controlling a possible increase in fishing pressutieey are not particularly effective in
dealing with potentially impending environmentahalge. Only control of catch, or even
effort (if technological creep can be controlled®s capable of doing this. Moreover, the
modelling demonstrated that if environmental chang@acts upon natural mortality rates
that even in the absence of fishing it is posditids the population would never recover to
historic unfished biomass level. Discussion arativedmodel results was also lively when it
came to socially conditioned management optionsh a8 self imposed “wilderness fishing”
bag limits (which had performed well in the NTDM)aatch and release fishing, both of
which were attractive to the local community. Regoits were sceptical as to the
effectiveness of such options, which rely on sd¢ihforced compliance, in a place with
such a high transient population.

Shuttle model — ScenarioLab

ScenarioLab (Boschetti et al 2010) is based onpmreiples: (i) the evaluation of a
modelling outcome is subjective and contextualhwlifferent users judging an outcome
based on their expectations, needs, assumptionsxaedtise; and (ii) that humans find it
easier to express relative judgments (relativegoerénce of scenarios in comparison with
each other) than absolute ones (e.g. in the forquahtified score).
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ScenarioLab was developed to allow users to coatrdlevaluate model runs in parallel and
to direct future modelling iterations. This medmttScenarioLab was graphical user interface
GUI oriented and designed to

* be comfortably controlled by non-expert modellers;

* have fast execution times;

» provide a flexible way to define the suitability aktrategy outcome; and

» allow modification of goals at any point (e.g. @sponse to information provided and
workshop discussions).

The GUI was fed by a simulation model (representiregbehaviour of the socio-ecological
system) and could be supplemented by an optimisatiatine (a genetic algorithm). Figure
S1 represents the typical workflow: the user adjgsthe parameter settings for the
simulation model, in order to explore managemetibap and their effects; judging the
output according to criteria (which may be subjeg)i exploring those options in detail; or
expanding the exploration via an optimisation noeitihat automatically works through the
space and provides new potential management sosrfarifurther evaluation. For Ningaloo
the socio-ecological system was the reef and réored fishers using it (commercial fishing
is banned within the confines of the marine parig the aim of the model exploration was to
devise a set of fishing regulations that would eamsusustainable future for the park;
preferably without severe reductions in recreatifishing, which currently represents one of
the main drivers for local tourism.

The simulation model goes beyond the single spefiEs FSim to include in simple 5 group
foodweb: a lower trophic level prey (the basal feodrce); 3 intermediate species (two of
which are targeted by recreational fishing); andpapredator. The non-target intermediate
species and the top predator could be taken asdbyiog the recreational fishers. While a
gross simplification of reality (constrained foethake of computational speed) the simple
web does include the main predator-prey, compdtiteractions which can lead to counter
intuitive outcomes of management due to indirefgat$. This food web was implemented in
each of the spatial zones used to define the nodpditial domain (Figure S1).

A simple fishing sub-model used including fishirghaviour such as information sharing,
gear selection, the choice of target species asitidpaffort allocation on maximising
expected profit (in terms of catch versus costtamlto reach the location), based on learning
and past records of catches per zone. Fisherietatems were also represented, including:
the extent of sanctuary zones, the number of fighognces allowed, bag limits, and legal
minimum and maximum length for the two main targecies spangled emperor and
chinaman codEpinephelus rivulatys For each regulation option chosen by the user th
model is run under 3 alternative ecological paranedtions, so that the user gets some sense
of how uncertainty due to the lack of precise kjidal data, as well as the inherent
uncertainty of biological and ecological processas, influence lead to variable outcomes.
Inexperienced users need to learn to expect vétyaini the modelled response even given
precisely defined fishery regulations.

After the simulations are complete an evaluatiogepa launched by the GUI, showing three
panels. The first (top) panel contains plots ohtass and catch for each set of runs of the
simulation model (with the species identity andakimn chosen by the user); a second panel
presents the best outcome across all simulationsadar (based on user rankings of the
biomass and catch plots in the top panel in theeatiand previous iterations of the
simulation); and a third panel is a menu allowing tiser to summarise current results,
initiate new simulations or start an assisted $easing the genetic algorithm (with the user
providing feedback to the algorithm, and effectvehining it, on good versus bad outcomes
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via the ‘ranking’ option). Note that the rankinge aiser defined and can be personal
subjective choices, or (in a workshop setting)dbeome of discussions and joint choices.

ScenarioLab was not used to provide formal anabyfsibe Ningaloo system, but acted as a
multifunction platform. It simultaneously allowedrf

» exploration of the behaviour of the simulation miadktting users come to grips with
the dynamics of a simple foodweb);

e numerical optimisation to identify the best penfiimg regulatory options given the
user defined rankings (objectives);

» participatory modelling, with the modelling actiag an avenue for communication
around the management problem; and

» ateaching tool that can help people little useahtalelling and complex systems how
to deal with models and how to think about ississ®eaiated with an interconnected
socio-ecological system.

This flexibility was a major strength of the appebaas it allowed people who thought of
themselves as non-modellers to combine differeptagerhes (e.g. human-driven
optimisation and more formal quantitative modellexation) in a way they felt comfortable
with, which facilitated more rapid learning withagetting into the jargon of global versus
local optimisations (etc). The multifaceted natoféhe platform also allowed experience
modellers to lead new users through model explmmashowing how model outputs relate to
the input parameters. Similarly facilitators usegisarioLab to assist discussions around
defining management strategies and objectives tsbd with the other Ningaloo models.
With the model as a talking point potentially digielg views can be given a hearing without
prejudice.

Shuttle model — Ecopath with Ecosim

Ecopath with Ecosim (EwE) (Christensen 2011) isdely used modelling platform which
was originally developed to explore marine food svabd the potential consequences of
fishing or environmental disturbances. The NingalweE implementation uses all three of
the main components of the software - the troptdassrbalance module (Ecopath); the
temporally dynamic modelling module (Ecosim) thekes the Ecopath values as initial
conditions and runs it forward under fishing or ieowmental drivers; and the spatial module
(Ecospace), which replicates Ecosim models oveatiad map grid to allow exploration of
policies such as marine protected areas, whileusattw for spatial dispersal/advection
effects.

Ningaloo—EWE contains 53 ecological groups (Tal3g, Ancluding both key terrestrial and
marine components, ranging from primary producerng. (nacrophytes, grasses or
phytoplankton) to top predators (like demersal@agic sharks). The food web represents
the major components pertinent to the human aiedvif interest (including conservation and
exploitation). These species were selected basethamdance or biomass surveys of the
system (i.e. dominant species that characteris®fh85-90% of the biomass in the system),
network analysis of data on diets and habitat dégecies and expert ecological advice about
system structure and key dynamics. The regulaucatmn clustering method (Johnson et al,
2003) was used to help identify useful levels aflegical aggregation when creating the
ecological structure of the model. In the Gascawggon the close connection of coastal
terrestrial and marine activities meant that it imagortant to extend the ecological
representation to terrestrial habitat (pasturetarsth), domestic and feral livestock and key
native fauna (macropods). The final food web stmectormed the basis of the InVitro
(whole-of-system) model (see below).
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While EWE was originally written to consider thdesfts of fisheries it is relatively
straightforward to extend it to include the impaaft® broader set of human activities. In
Ningaloo-EwE the footprint of coastal agricultusbjpping, camping and tourism were
included in addition to commercial, charter andeational fishing. These activities were
spatially structured so that output from NTDM cobklused to drive Ecosim and Ecospace
scenarios. This combination of relatively detaifiexphic representations (including the
potential for multiple age stages of things likelas) with a pressure-response representation
of human activities makes EWE a perfect shuttle-@haabt only for looking into the potential
ecological structure of the system, but also famortucing users to the use of system-level
models. EWE is much easier and faster to pararsetand easier to learn. This made it a very
useful tool for workshop settings were key stakdéphroups (e.g. staff form the Department
of Environment, Department of Fisheries, planneosincil members and conservation NGO
representatives) could experiment with the modelanilective talk through and trial
management ideas. Conversations held during thksiops indicated that the participants
came to appreciate that ecosystems do not respamtiriear fashion and are a lot more
interconnected than they had previously appreciated

For example, there is a lot of pressure to upgeoadwriild new infrastructure along the
Ningaloo coastline to facilitate tourist and re¢i@aal access. The upgrade of a boat ramp
near Exmouth (at Tantabiddi) was of interest tmpéas in Perth as well as locals in
Exmouth. The proposed upgrade was to create aameoramp to reduce congestion. The
greater size facilitates more and larger boatskaml scenarios employing that level of
visitation projected >35% drop in the local biomagspangled emperor and ultimately a
66% drop in the catch rates of trophy fish. Thighliphted to local planners that there can be
a tradeoff between recreational experience and@mwviental outcomes. The boat ramp was
already in the final stages of state planning shepgever and has since been built. Fish
surveys in the area have seen a >40% drop in tmedsis of lethrinids, including spangled
emperor (Russ Babcock, CSIRO, pers. com).

Whole-of-system model — Ningaloo InVitro

The InVitro modelling framework (Gray et al. 2068)a hybrid agent-based approach that
couples sub-models of processes at a range okagsiley a scheduler similar to that found in
modern multi-tasking operating systems. The flditjbof the approach facilitates the
creation of models of the interrelation of the mgjmocesses of interest in coastal
socioecological systems. As it brings togethemtiagn system components (physio-chemical,
ecological, social and economic), it captures faellb in the system and helps highlight
tradeoffs between the demands of different econawtiwities and the requirements for
social and ecological sustainability.

The cross-scale capability is achieved by combiringlytical, equation-based formulations
for physical, chemical and lower trophic level prsses with algorithmic, rule-based,
formulations for higher trophic level processes hathan activities and behaviour (Table A4
provides a list of the agent types used in Ningdtro). Each sub-model acts at time and
spatial scales appropriate to the processes #septs. For the Ningaloo implementation the
model includes a food web containing 54 groupssghaf EwE plus large lutjanids), detailed
representation of several physical processesdesgnography, weather and climate,
geomorphology, contaminants, etc.) and industryraolel for commercial and recreational
fisheries, tourism, oil and gas exploration andatton, salt production, mariculture, coastal
development and infrastructure, urban servicesaamehities, port operations, shipping, road
transport, regional economics, catchment use (@mtpagriculture), recreation and
conservation (Fulton et al., 2011). Few models fatempted to represent so many industries
to the same level of detail, but as the aim ofstiuely was to support sustainable multiple use
management (and the system was so interconnetiadyvied necessary to represent each of
the major industries dynamically and in some detailg. their regulation, production and
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environmental impacts.

The effects of these human activities on the maaimecoastal environments are represented
using a combination of analytical decision modedsponse functions, specified rules,
historical data and scenarios. Stochastic unceytarnncluded in each of these options,
capturing the natural ambiguity of human and anibeddaviour, as well as missing or
incorrect information and unpredictable events.

The final form of the model displayed a range okegent properties, including seasonally
shifting ecological community structure, the evmaotof services and industry mixes,
regional prosperity, urban development and levetegulatory intervention. These shifts
were driven by mechanistic adaptive behaviour ragiincluded in the demographic and
industry models. These behavioral rules attempieddet acceptable levels of (rather than
maximize) agent specific objectives using the dgantisting (imperfect) knowledge of the
system and any available (also imperfect) infororatiources. Organizational level
objectives included economic returns and the sdicethse to operate, while individual
operators or demographic actors made decisionsatkefin terms of income versus costs, the
degree of social network support, access to raoredtor lifestyle “amenities”, and
experience versus expectations (conditioned otu@étiprofiles). While both approaches
included objectives in actuality there is a sigrafit difference between modelling
management bodies and modelling lower level agemns fishers, pastoralists or tourists).
Management models can typically be constructedjusial guidelines and regulation, which
are explicit in detail and of public record. Modlegj individuals is much more complex.
Many things that influence behaviour at this lesed not codified and the relevant individuals
may be incapable or reluctant to pass on theirvatitins. Psychology and personality
profiles can help, but their responses to novalleggpns or situations remain highly
uncertain.

Initial values for state variables are taken fraatedcollected in the region as part of the
broader Ningaloo research program (which ran 20D, published literature, national
databases (e.g. ABS Census data), annual repomslitstry members, information from
government departments (local, state and feder&tpm expert advice (such as records from
the local pastoralists) and regulatory documents {essheries license conditions and council
zoning plans).

Extensive interaction with groups interested inltliregaloo-Exmouth region was used to

elicit information on useful indicators that modébuld report, objectives for the region, and
to define a wide range of management strategies@amextual scenarios that could describe
alternative futures for the region. These strategi®d scenarios were driven by key questions
around the effects of a range of proposed develafs{e.g. the existing Ningaloo Regional
Coastal Strategy, to hypothetical developmentsthasenew camp sites, a large resort, the
paving of the Gnaraloo road and resident developsrdniven by the growth of the oil and

gas industry in the region) and management steg€gicluding extended spatial
management, alternative fishing regulations anceaed education and enforcement).

The most likely future state of the system, shauldent trends continue unaltered (e.g.
developments already underway), would see moréstsuresidents and more investment
from the resource sector — which results in morpleyment, more infrastructure
development, more recreational activities (fishémgl snorkelling), and more pressure on
local resources (water and electricity) with nagicke impacts on the environment, fish stocks
and catches (Figure S2). The greatest increadeigross economy is when the system
undergoes considerable development — either ifothe of high industrial growth or a large
resort development. Although if there is no asgedi@xpansion in infrastructure, services,
housing then the local economic benefits are mihiegany potential benefits of the
industrial expansion are either channelled ouhefregion or prevented altogether by flying
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labourers in and out, bypassing the local econdmgontrast the strongest local life style
outcomes are associated with scenarios where itharsufficient initial development (or the
promise of it) to deliver infrastructure to popidat centres, but further development is
aborted or there are access failures (either galations that cap local population sizes and
visitor numbers, or the failure to construct roadd sector specific infrastructure, such as
boat-ramps); so the locals receive all the “lifjdestbenefits while avoiding the substantial
effects due to crowding, growing utility demandseavironmental degradation.

Climate change impacts and the legacy of past ube @ystem means the ecosystem (in
terms of biodiversity, habitat, iconic species &al stocks) will continue to show some level
of degradation for many decades, even with no éurginowth. Any form of heavy use of the
region under the 2010 management arrangementsteadsegradation of the system.
Although fish stocks can be conserved under mati@nagement arrangements (e.g.
modified bag limits), if these are stringently d@pgl- otherwise increases in recreational
fishing pressure (as a result of industrial deverlept in the region) in conjunction with
climate and ocean acidification impacts can ovetmteny positive changes due to altered
management arrangements. Despite the area stitj Blebught of as “remote and untouched”
by many Australians, the model work indicates tiratonstrained use of the system is no
longer possible.

The regional future will be affected by global dnig, like climate change and external
industrial development (e.g. in the neighborindp&i&), but also by local intervention points
(e.g. the availability of utilities and housinganetuary zone boundaries, opening or closing
of specific infrastructure (e.g. boat ramps) aratraccess. While some of these drivers (e.g.
the level of development and visitation, housiragess points, toilets and some of the
environmental pressures) had already been idahtifjestakeholders familiar with regional
issues, and aspects of the general InVitro resudte evident in other smaller models of the
system (see Jones et al., 2011; Little et al., Rahé full extent of the potential
interconnections were only evident once the systdonmation was integrated and assessed
in the InVitro model.

As a set the InVitro simulations highlighted thengex relationships between development
and environmental status in the region. The fisbks have already been depleted due to
increasing fishing pressure (especially recreatipressure) over the last 20 years. The
simulations clearly show that any further growthtiis pressure leads further decline — with
additional recreational pressure applied by oil gasl workers perhaps sufficient to cause a
local collapse in some key target species (e.qxgipd emperor). However, without some
form of development there is a significant risksotial issues for residents of the area, as
younger generations would be apt to move outsidedion and the remaining working age
population turning over frequently (i.e. enterihg region, working for a short period, and
exiting again). Taken together these findings sagtiat there is a direct conflict between
economic and conservation objectives. Sustainaiileds are possible, but typically only if
they are focused on targeted growth (so theretiexaess pressure on housing and utilities)
and with significant changes to the regulationglate as of 2010; even then some
components of the system may be very difficulttatgct against the effects of climate
change and ocean acidification (e.g. turtles wiifesas nesting beaches are inundated by
storm surges on the back of sea level rise).

A valuable lesson for stakeholders from these teswds that while the models can explore
the implications of alternative proposals they wik “spit out” the best form of
development. Instead, people interested in andrediple for the system (e.g. local shires)
need to discuss options, to pose questions thelrnadéelp address.
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Supplementary Material - Figure Captions
Figure S1: Map of the spatial areas used in Saelreio

Figure S2: Example output for Ningaloo-InVitro médecontinued growth scenario (i.e.
resource sector developments continue as planmgaaged in the 3 ways found to be most
useful across the broad range of stakeholder bagkds and preferences: (a) as a barplot of
the magnitude of relative change; (b) as a radid} pnd (c) as change icons. The size of the
change shown in the bar and radial plots is thenmade of change (so +2 means double the
original level whereas -2 is half the original 1§y¢his scale was used so that change could
be considered symmetrically (if a simple ratio ergent change is used then it is possible to
get very large increases in one indicator (e.g0W(hcrease), which dwarfed the possible
declines in another (it is not possible to dectimare than 100% as then that system feature is
completely gone)). In the radial plot the blaclclgrindicates the zero mark (i.e. no change vs
2010), with values further out than that zero mzgig better outcomes and inwards worse
and for turtles the solid line indicates the cagbaut fox baiting and the dashed line
indicates the value with fox baiting maintainedienim some cases it makes little difference.
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Figure S1
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Figure S2
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Table Al: Four archetype scenarios developed fddM by workshop participants.

Scenario

Description

Scenario 1: Alarge
increase in visitor
numbers (with and
without market control
of visitor type)

Addresses the impacts of growth in visitor numlzers, if you can
control growth in particular market segments (a@iter types, for
example in terms of a particular accommodation)tymel for
particular activities, what will be the costs arehéfits to the
environment, community and economy?

Scenario 2: Changes td
governance

Addresses questions about governance raised icydartin
Exmouth and Coral Bay. If there are changes in gwmece over
accommaodation and activities, what will be the ictpan
tourism? Will they be substantial or minor? Paticweoncerns
were over tourism license tenure and land releas@r{g).

Scenario 3: Varied rate
and uncertainties of
growth

5 Addresses a second aspect of growth. What if hwer@nexpected
interruptions in tourism numbers? What are the bieategies for
fast recovery following an unexpected event orat&ns in visitor
numbers to the region? The scenario also addréssessue of

capacity constraints by testing a variety of lagléase policies.

=

Scenario 4: Green
technologies and

development strategies

Addresses how adoption of green technologies caftidt the
capacities of the town sites to expand in the shaedium and
long term, given current constraints on water, telgty and waste
water, and the spatial allocation of touristsIdbaaddresses the
costs and savings over different time periods.
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Table A2: Management objectives for the recreatitishery on Ningaloo reef. The general
levels of landed catch, discards, catch variabditg the number of fishing trips ending
without catching a fish were also tracked, but weseassociated with a specific management
objective.

Objective Rule

Ecological objectives

Spawning biomass in Should be above 75% of pre-exploitation spawnirmgrass 75% of the
sanctuaries time

Average age in the Should equal unexploited average age + 1 year M#edime
population

Average length in the Should equal unexploited average length + 10cm @b8e time
population

Spawning biomass outsideShould be greater than spawning biomass in 2007
sanctuaries

Spawning biomass Should be greater than 40% of the pre-exploitatjpenvning biomass
75% of the time

Social objectives

CPUE (of landings and | Should be greater than CPUE (for true catch) in72Z& of the time.
discards together, i.e. true
catch)

D

Size (length) of catch 25% of the catch should feaigr than 50cm in length 75% of the time
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Table A3: Functional groups and human activitieduded in the Ningaloo Ecopath with

Ecosim (EwE) model. Note adult = ad, juvenile =.juv

Functional Groups

Human Activities

(%))
c
ie] =
B S |5 3
§ O = § © | <
g s | ® S |c % o | o
= =] o 7] = c e | 'S
S |0 |0 |@® |© |35 X 2
O | |O [ |2 |@ | W|=
Terrestrial fauna Terrestrial flora Tourism activities
Foxes Buffell grass Whale watching Y Y Y
Marsupial grazers Native grass Snorkelling Y Y Y Y Y
Goats and sheep Dune activities* Y|Y|[Y|Y|Y|Y]|]Y]|Y
Ospreys Camping Y|Y|Y]|Y]|Y Y
Coastal seabird
Primary producers Habitat Other activities
Macrophytes Large Coral Agricultgre Y|Y Y
Phytoplankton Small Coral Boat strikes Y Y YLY Y
Invertebrates Reef fish Fisheries
Squid Lethrinids adults Charter Y Y Y Y |Y
Octopus Lethrinids juv Recreational boating Y Y| Y |Y|Y|Y]|Y
Kingprawn Lethrinus nebulosugad) || Shoreline recfishing Y | Y | Y | Y 1Y | Y | Y
Bananaprawn Lethrinus nebulosu§uv) gommermall-ﬂnﬁsh Yy v
Lobster Small lutjanids rawn traw
Crabs Serranids
Shells Tuskfish
Urchins Saurids
Benthos Nemipterids

Zooplankton

Herbivorous fish
Small reef fish

Other fish
Shallow demersal fish
Trevallies
Mackerels
Queenfish
Tuna and billfish
Reef Associated
Pelagics
Small pelagics

Sharks and raus
Demersal sharks
Pelagic sharks
Manta Rays

Marine Mammals
Dolphins
Whales
Whale sharks
Dugongs

Turtles
Adult Turtles
Hatchlings
Turtle eggs

Detritus
Litter
Discards
Detritus

* Such as quadbike tours or hikes
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Table A4: List of agent types used in Ningaloo-lmyi For agents listed as using nodes, see

nodes marked on Figure 1.

Agent

Agent-type

bathymetry, geomorphology

static or series of thatars

light, wind, currents, temperature, rainfall,

spatial time series

turbidity

detritus gridded

coral, seagrass, algae, sponges gridded meta-piopuleellular automata)
coral spawn gridded (populated by coral agent)

nutrients, phytoplankton, zooplankton

gridded d#fgial equations (standard nutrient-
phytoplankton-zooplankton model)

commercial prawns, small reef fish, tusk fish,
small lutjanids, large lutjanids, herbivorous fig
serranids, lethrinids, saurids, nemipterids, oth
demersal fish, small pelagic fish, large pelagi
fish, tuna and billfish, octopus, squid, macker
queenfish, trevallies, crabs, urchins, other
benthos, seabirds

L
a)

h,
er

meta-population (age, size and spatially strucfured

Lethrinous nebulous

meta-population in combination with individual bds
model (for oldest age classes)

lobster

multiple linked meta-population models (per lifstoiry
stage)

manta rays, demersal sharks, pelagic sharks,
whale sharks, whales, dolphins, dugong

individual based model (using small groups per
“individual”)

turtles

meta-population for eggs and juveniles, switchimg t
individual based for adults (using small groups per
“individual”)

pasture

gridded rangeland differential equations, includsog
layers

sheep, goats, kangaroos

individual based livestomitel

pastoralists (farmers)

individual based model (\withsonality type and social
network)

pastoral stations

polygon data layer (wit homestezte)

shoreline recreational fishers

tithe applied ortiapaodes (fishing sites) with magnitude

dictated by (i) distance and (ii) resident and ismrmodels

charter boat recreational fishers

individual basedel (kalman filter used for decision
updating), based out of home ports

small boat recreational fishers

individual basedleignumbers dictated by resident and
tourism models), launched from access points albag
coast (e.g. boat ramps)

commercial fishers (prawn, finfish)

operators regrged by individual based model, with
associated survey vessel (fisheries surveys are pliean
season for prawn fishery)

fisheries statistics reporting

table (temporaltalker species per vessel)

fisheries management

region wide rule set thatgedtas, gear restrictions, size
limits and spatial zoning

D

spotter plane

grid, cells filled in with biomassfadance values of target

species if searched (defined on search patterosiatsd
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Agent

Agent-type

with either the prawn fishery or the dive boatgeteing on
what they are servicing)

oil and gas exploration and extraction

differentiglation model (per company)

oil spill

times series of footprints (defined by a separateectivity
model)

trucking differential equation model (per company)

shipping individual based model (travelling between way-p&in
volume based on level of industry and market séespar

port rule based (level of use and need for extensioredrby

demand from industries)

petrol prices

time series

road network

data layer (that can be updated basedenario details)

tourism tours

individual based model

tourism accommodation

rule based (capacity setelgldpment and build scenario
use set by tourism demand

tourists

individual based model (where an “individual” degermon
the tourist group type — individual, family grodpur group)

tourism management

region wide rule set that ssisictions and spatial zoning

dive boats

individual based model

regional economy

input-output table

urban settlements

nodes, with each node griddedeftuoccupancy, zoning)

human resident population

1-to-1 individual basexleh (gender, age, training,
employment, housing, family and social connections)

monitoring (by management or researchers)

grids éed in based on surveys)
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