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Abstract: Climate change and relative sea-level rise (RSLR) will increasingly expose coastal cities to
coastal flooding, erosion, pluvial and fluvial flooding, episodic storm-tide flooding and eventually,
permanent inundation. Tools are needed to support adaptive management approaches that allow
society to adapt incrementally by making decisions now without creating path dependency and
compromising decision-making options in the future. We developed an agent-based model that
integrates climate-related physical hazard drivers and socio-economic drivers. We used it to explore
how adaptive actions might be sequentially triggered within a low-elevation coastal city in New
Zealand, in response to various climate change and socio-economic scenarios. We found that different
adaptive actions are triggered at about the same RSLR level regardless of shared socio-economic
pathway/representative concentration pathway scenario. The timing of actions within each pathway
is dictated mainly by the rate of RSLR and the timing and severity of storm events. For the representa-
tive study site, the model suggests that the limits for soft and hard protection will occur around 30 cm
RSLR, fully-pumped water systems are viable to around 35 cm RSLR and infrastructure upgrades
and policy mechanisms are feasible until between 40 cm and 75 cm RSLR. After 75 cm RSLR, active
retreat is the only remaining adaptation pathway.

Keywords: agent-based model; dynamic adaptive pathways planning; climate change; coastal
adaptation; coastal hazards; sea-level rise

1. Introduction

Climate change and relative sea-level rise (RSLR) create challenges for coastal cities.
They will be increasingly exposed to coastal flooding, erosion, pluvial and fluvial flooding,
episodic storm-tide flooding and even permanent inundation [1,2]. Globally, many cities
are exposed to these hazards [2,3], and the risk continues to rise with increasing global
greenhouse gas (GHG) emissions in addition to that already in the system from past
GHG emissions; there is a lag time and we have not yet seen all the impacts of past
emissions. Analysis of the interactions of these hazards with the built environment is
becoming increasingly important to planners and decision-makers. Firstly, because they
reflect current realities at the coast where hazards frequently occur simultaneously (e.g.,
storms can lead to a combination of storm surge-driven inundation, pluvial and fluvial
flooding, groundwater impacts and saline intrusion hazards [1,4]). Secondly, because
such events can have high social and economic costs (i.e., displacement of people and
communities, financial costs of business disruption and impacts on insurance premiums
and availability [5-7]). Thirdly, because future impacts of climate change and sea-level rise
(SLR) will exacerbate the magnitude, frequency and severity of coastal hazards [2,8,9].
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Complicating the ability to adapt to future change is the challenge of deep uncer-
tainty [10] in future climate-driven change to sea-level rise (SLR) and coastal hazards [11].
There are a variety of assessment methodologies available for environmental change.
Traditionally used methods such as cost-benefit analysis have long been popular [12].
Multi-criteria analysis is commonly used when impacts cannot be converted to a common
metric [13]. Real options analyses, on the other hand, take into account time flexibility
and irreversible costs [14], but are still usually based on an underlying assumption that
values can be quantified and optimised. A modified application of real options analysis has
been developed that avoids these limitations in situations of deep uncertainty associated
with changing climate that stress tests options rather than optimises them [15]. These
conventional methods can also under-estimate the uncertainties around the impact of
wellbeing values, which are magnified by the changing climate risks. Economic tools are
designed to optimise wellbeing subject to a quantifiable level of risk, but true uncertainty
calls for different practical tools that instead focus on robustness and can develop options
that perform across a range of plausible futures [16,17].

One way to address uncertainty is to test outcomes against plausible scenarios—hence
the Intergovernmental Panel on Climate Change (IPCC) developed several GHG emission
representative concentration pathway (RCP) scenarios [18,19], each having a different rate
of SLR. These scenarios are periodically updated as better information becomes available
and simulation methods improve [18,19]. The uncertainty in SLR increases with time—the
range between the median SLR projections for the lowest emissions scenario in AR5
(RCP2.6) and highest emissions scenario (RCP8.5) is 0.02 m by 2030 and 0.33 m by 2100
(relative to 19862005 baseline mean sea-level) [19]; the range difference between the
low-end of RCP2.6 and the high-end of RCP8.5 is 70 cm by 2100 [19]. There is also deep
uncertainty around the way in which society can adapt under different emission scenarios,
represented by the IPCC shared socio-economic pathways (SSP) [20]. While the most recent
IPCC ARS6 reports [18] have linked RCPs and SSPs, these linkages are subject to future
revisions. The uncertainty around both physical scenarios and socio-economic responses
to change still remains. Regardless of future global emissions, the world will experience
more than one metre of SLR, of uncertain timing, due to the temporal lag effects of historic
emissions [21]. Nevertheless, there is certainty of sea levels out to mid-century [11,22].
Hence, multiple scenarios or sea-level rise increments can be used to stress-test potential
policy options for their robustness under a range of conditions [23].

This raises the question of how to respond in the face of such deep uncertainty in
the future. Many adaptation actions, policies and decisions have a limited design-life
under rising seas and may fail under future socio-economic or climatic conditions [24].
In addition, some adaptation actions taken in the present have the potential to increase
the exposure of human and natural systems to SLR which will continue for centuries—
therefore, maladapted [18]. This occurs at the coast where increased development in
exposed locations creates lock-in of a fixed development path, such as through protection
actions that create a false sense of security and will reach hard limits as the sea rises
and coastal storms become more intense [25]. Switching from the dominant predict-
and-act coastal management strategies to approaches that allow society to anticipate a
range of actions and take initial actions that leave future options open depending on how
the future progresses, can help reduce the effect of lock-in of people and assets. Such
dynamic adaptive approaches enable flexible decisions to be made in the present while
maintaining the ability to change strategy in the future [26]. Such approaches can avoid
decisions that become insufficient as the sea levels progressively rise and can also enable
transformational adaptations, such as planned relocation and coastal realignment, to be
staged as required [27-31]. For example, increasing seawall height incrementally will reach
physical and affordability limits because of ongoing sea-level rise and increasing intensity
of coastal storms. Meanwhile, increasing development behind seawalls creates greater
residual risk as limits of protection are exceeded, exposing more assets and people requiring
a shift to active retreat (transformational adaptation) [12]. Decision tools and models
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can assist decision-making that can help avoid maladaptation and inform more effective
adaptation options and account for social, political, economic, cultural and environmental
factors that drive spatial and temporal decisions in coastal areas while addressing deep
uncertainty surrounding them [32,33].

There are several decision-making processes available that facilitate pre-emptive
adaptation decisions and which address uncertainty and changing risk in situations where
the stressor is ongoing, such as SLR [8,10,23,24]. Dynamic Adaptive Pathways Planning
(DAPP) is one such method and has emerged as a ‘fit-for-purpose” method for climate
change adaptation planning to address widening future uncertainty where the risk is
changing over long planning timeframes [8].

A DAPP for example can be developed and visualised as a series of alternative actions
that can be implemented over time, forming a number of pathways; a new action can be
implemented when conditions change, and the current or original action no longer achieves
its objectives [24]. At that point, an alternative action and pathway can be adopted before
the adaptation threshold (failure) is reached. Box 1 defines the terminology and Box 2
provides a list of abbreviations used in this paper.

Box 1. DAPP terminology.

Indicator: Also known as a ‘signpost’ [8,34]. “Specify information that should be tracked in order to
determine whether the plan is meeting the conditions for its success” ([26], p. 487).

Signal: Also known as an ‘early warning signal’. Value of an indicator variable that suggests that
the trigger may be approaching [24].

Trigger: “Critical values of indicator variables beyond which additional actions should be imple-
mented” ([26], p. 487).

Action: An adaptation action selected following a Trigger and applied after the lead time [26].
Lead time: The time it takes to implement an action after the Trigger is reached; actions usually
cannot be implemented immediately [26].

Adaptation threshold: Also known as an “adaptation tipping point’ [8,34]. “The point at which a
particular action is no longer adequate or meeting the plan’s objectives” ([26], p. 486).

Box 2. Abbreviations.

ABM: agent-based modelling/agent-based model

DAPP: dynamic adaptive pathways planning/dynamic adaptive pathways plan
GHG: greenhouse gas

MHCABM: Multi-Hazard Coastal Agent-Based Model

RCP: Representative Concentration Pathway

RSLR: relative sea level-rise

SLR: sea level-rise

SSP: Shared Socio-economic Pathway

VLM: vertical land movement

A key component of DAPP is the monitoring of change using indicators that can be
environmental, social, political, economic or cultural. When an indicator signals a change
in conditions the decision maker is alerted that a trigger is approaching, and a review can
be undertaken to establish which next actions and pathway can reach the objectives. This
enables the decision for timely adaptive actions (Figure 1). Signals provide early warning
of the emergence of the trigger and the trigger initiates a process to change adaptive action
before a harmful adaptation threshold is reached (e.g., Figure 2) [35-38]. Such a system of
signals and triggers can be included within a DAPP framework and forms the basis of the
monitoring of the changes [25].

Some of the key challenges in designing a DAPP include the identification of appro-
priate indicators and associated adaptation thresholds, setting the value for each trigger
(e.g., the amount of SLR that triggers an action to be taken), identifying appropriate actions
that could meet objectives once the trigger is activated, and stress testing the implications
of alternative sequences of adaptive actions (pathways) under a range of different climatic
and socio-economic scenarios.
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Figure 1. Example DAPP ‘metro map’ showing a range of actions available (left axis) and potential
transfer points (circles) between actions (coloured lines). Some actions (e.g., actions A, B and D)
will reach adaptation thresholds faster than others (e.g., actions C and E) and therefore have shorter
life spans. We tested the lifetimes of different actions by integrating a DAPP into the model. Each
coloured line represents a different adaptive action.

Present situation /w

Signal al /\
Trigger ﬁ I

Adaptive action — active retreat

Adaptation Threshold

axkid

Figure 2. An example sequence of events under climate change. DAPP uses the trigger to instigate a

change in action to avoid the adaptation threshold occurring.

In this paper we describe an exploratory modelling approach where a DAPP is devel-
oped, and signals and triggers are coded into an agent-based model (ABM) as an integrated
submodel. DAPP has previously been used in conjunction with a variety of modelling
and decision support approaches (e.g., [10,39,40]). Haasnoot et al. [17] suggested that
integrating DAPP into an ABM could be a method of developing and exploring pathways.

Agent-based modelling (ABM) simulates the interactions between autonomous agents,
and the mutual interactions and feedbacks between agents and their environment. An
‘agent’ is any autonomous entity that makes decisions for itself. ABMs can be more revealing
of the interactions of individual values and agents than comparative modelling techniques
such as system dynamics models or Bayesian networks [41,42]. ABM is a particularly useful
approach for simulating the interactions between human and environment components of
coastal systems (e.g., [43-45]).
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Much previous work in the uncertainty modelling space has focused on technical
data rather than the role of human agency. In the DAPP processes used to date, human
behavioural aspects have been included via MCDA assessments using participatory pro-
cesses [46]. We suggest that by adding simple human behavioural rules via an ABM, we can
gain new insights about the transition between, and timing of, different adaptive actions
because individual and societal responses differ depending on what type of hazard event
they are experiencing or have experienced. It is well established that hazards are not
independent and often occur at the same time; for example, river flooding and storm tides
occurring simultaneously [47]. However, simulation of the impacts of multiple interacting
hazards is largely absent from the agent-based modelling literature, despite ABMs of flood
risk being prevalent (e.g., [48,49]).

To demonstrate the value and future potential of combined ABM-DAPP models
that integrate information from multiple disciplines, we follow a novel approach using a
multi-hazard ABM with an integrated DAPP submodel called Multi-Hazard Coastal ABM
(MHCABM) [50]. In combination, the models allow us to explore how adaptive actions
might be sequentially triggered in response to hazard drivers in a coastal urban setting
using a range of climate change and socio-economic scenarios, i.e., is there an adaptive
pathway that emerges, or are there several pathways that meet the objectives, and what
would they look like? Generating knowledge about how sequences of adaptive actions
propagate and under what conditions would allow decision-makers the opportunity to
proactively plan the implementation of adaptive actions. Equally, identifying potential
opportunities to change the sequence of adaptive actions would provide greater flexibility
for climate change adaptation at the coast. We developed the modelling framework in a
New Zealand context where DAPP has been embedded in national coastal guidance [8,16]
for application over the mandated “at least a 100 year” planning horizon, to assist in the
implementation process of dynamic coastal pathways. In this paper we seek to achieve two
objectives: (1) to identify common pathways of adaptive actions that would occur using
this DAPP, and (2) to demonstrate the value and future potential of interdisciplinary ABM-
DAPP models. Section 2 describes the methods used and Section 3 presents results from
the exploratory modelling scenario analysis. Section 4 provides discussion and reflection
on the process followed, with conclusions in Section 5.

2. Materials and Methods

To achieve the objectives, we developed a DAPP submodel, and integrated it
in MHCABM.

2.1. Introduction—Model Components

MHCABM includes five interacting hazards—SLR, rainfall /runoff, inundation, ero-
sion and rising groundwater—which are spatially overlain on a representation of Tauranga
city (a New Zealand coastal city) and simulated over a 140-year period. MHCABM has
three main component systems: geophysical, socio-economic and DAPP that are run in
that order. The geophysical submodel is run first. It includes SSP/RCP, rainfall-runoff,
storm events, and physical impacts of adaptation actions (e.g., seawall impacts on erosion);
SSP runs at the same time as RCP in order for the geophysical system to respond to SSP
drivers at the same timestep as the other systems. The socio-economic submodel is run
second. It accounts for deprivation effects (based on the New Zealand Individual Index of
Deprivation 2013 [51]), new building of homes and businesses, changes in desirability1 of
property and movement of people. The DAPP submodel is run third. MHCABM controls
the interaction of socio-economic and climate forcing (SSP and RCP) drivers and physical
hazards, and their influence on the indicators through the sequential operation of five
component submodels, as described in Appendix A.
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2.2. Model Forcing

MHCABM is forced with SSPs linked to RCPs and RSLR projections (Figure 3) [20,52].
SSPs are shared socio-economic pathways that account for energy, land use, emissions
and population changes and growth. SSPs are associated with different ways that soci-
ety could react to changing climate; whether proactive as in the case of SSP1, reactive as
in SSP3, or a combination of both as in SSP5. The SSP/RCP combinations have names
and represent six plausible futures for New Zealand. For example, under scenario ‘Un-
specific Pacific’ (SSP3/RCP8.5) we might expect fast SLR and less proactive adaptation,
whereas under scenario “100% Smart’ (SSP1/RCP2.6) we might expect slower SLR and
more proactive adaptation. The SSP/RCP scenarios use IPCC AR5 SLR projections, which
have only subtle differences from the more recent AR6 scenarios that became available after
model development.

Unspecific
Pacific
1.41m No mitigation,
fragmented world,
reactive NZ
(8.5-3-A)
Homo
economicus
0 88m RCP Global growth with little
. 6.0 mitigation, NZ does
minimum but adapts
smartly
(6.0-5-D)
Kicking & Clean leader
screami ng Glob'a! grc?wth, significant
0.88m Fragmented world that mltlgat.lon, Nz Ieat?s,
mitigates through power stratesl;:ally :"p]z'ts
competitive advantage
blocks, t‘g :_r;gf)ed along (4.55-F)
100% smart Techno-garden
Global cohesive Global ambitious
RCP sustainability focused mitigation in a cohesive
069m 2 6 world with ambitious rich world focused on
0 mitigation, with NZ riding economic gain, NZ keeps
front wave economic focus
(2.6-1-F) (2.6-5-8)

Figure 3. SSP/RCP Matrix showing six plausible future scenarios for New Zealand. Reproduced
from Allison et al. [53]; with permission from Engineers Australia, New Zealand Coastal Society, and
PIANC 2021; adapted from Lawrence et al. [25].

The six SSP/RCP scenarios come from four RCPs (2.6, 4.5, 6.0 and 8.5) and three SSPs
(1, 3 and 5). The use of multiple scenarios to stress-test adaptive actions in the face of
deep uncertainty follows New Zealand guidance on coastal adaptation [23,54]. It is also
recognition that uncertainty about the future impacts the modeler as well as the agents in
the model.

The rules in MHCABM are independent of RCP but differ according to SSP. The
key rule difference is in population growth. SSP1 and SSP5 projections show population
peaking mid-21st century before a slow decline, whereas SSP3 projects population to
continue to increase throughout the 21st century. This population growth is governed
in the model by property desirability for new development, which gradually declines in
SSP1 and SSP5 as population peaks and declines but does not decline in SSP3 as demand
remains high. The ongoing high desirability of coastal property under SSP3 reflects agents
in that scenario responding to SLR and coastal hazards reactively, whereas the declining
desirability of coastal property in SSP1 and SSP5 reflects agents responding to SLR and
coastal hazards, proactively.
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2.3. Dynamic Adaptive Pathways Plan

A set of rules were developed using author expert judgement, based on our own
experiences in coastal adaptation. These rules are described in Appendix A of this paper.
The DAPP involves monitoring a set of eight indicators from five categories: financial, social,
psychological, hazard and policy (Table 1). We established a set of adaptation thresholds
for each indicator and a set of signals (warnings) and triggers (conditions for a change
in adaptive action). The choice of indicator values for signals, triggers and adaptation
thresholds (Table 2) was decided using author expert judgement, after seeking input
from council infrastructure managers and reviewing local and international literature, in
particular Lawrence et al. [25]. Each trigger was allocated a choice of plausible actions using
author expert judgement. Each action chosen has a % likelihood of selection. The action
‘PR’ automatically instigates trigger ‘preparation for active retreat’, meaning that active
retreat will begin after the 20-year lead time, with the current adaptation action remaining
in place during the lead time. Active retreat has no signal or adaptation threshold, only a
trigger; this trigger becomes active when any other trigger selects action ‘preparation for
active retreat’ as its action. Preparation for active retreat combines the three preparatory
stages set out in Lawrence et al. [55]—community engagement, planning and preparing,
and enabling investment. Active retreat refers to the act of retreating from hazard-prone
areas and is reliant on preparation for active retreat having occurred at the start of the
DAPP development as one of the options—in many cases retreat will be inevitable and be
triggered by indicators set out early and reviewed over the life of the pathways as the seas
progress inland. The 20-year lead time for active retreat used in the model recognises the
long time period required to initiate and undertake a successful managed retreat.

Table 1. Indicators used in MHCABM with the category of indicator they fall into, the signal, trigger
and adaptation threshold values, and associated suite of triggered actions. Actions are as follows—SP:
soft protection, HP: hard protection, TU: infrastructure upgrades, 3W: three waters” upgrade, PR:
preparation for active retreat, AR: active retreat.

. . . Adaptation .
Indicator Category Signal Value Trigger Value Threshold Value Actions
Ins;‘rzréfifil Izilebri:;lm Financial Mean annual insurance Mean annual insurance Mean annual insurance SP 60%,
increase cost is 2.05% of net worth  cost is 2.2% of net worth cost is 5% of net worth 1U: 40%
. Mean annual building Mean annual building Mean annual building o
Mam.tenance costs Financial maintenance costis 2.1%  maintenance cost is 2.23%  maintenance cost is 5% of IU: 60 ({0’
increase PR: 40%
of net worth of net worth net worth

Aesthetic Social A seawall has been Five or more seawalls 10 or more seawalls have 1U: 60%,
degradation constructed have been constructed been constructed PR: 40%
Total hazardous 5 or more patches contain 10 or more patches 20 or more patches 3W: 60%,
area Psychological stressed or contain stressed or contain stressed or 1U: 20%,
uninsurable houses uninsurable houses uninsurable houses HP: 20%
Decline in property Financial Desirability has fallen to Desirability has fallen to Desirability has fallen to HP: 60%,
desirability 97.5% of its original value ~ 95% of its original value 90% of its original value 1U: 40%

5% of occupied patches 10% of occupied patches ~ 20% of occupied patches

Number of flood have been impacted by have been impacted by have been impacted by U: 60%
Hazard one or more events since ~ one or more events since  one or more events since O

events PR: 40%

a 10-year a 10-year event-free a 10-year
event-free period period event-free period

. 0,
Three wa.t?rs Hazard RSLR reaches 10 cm RSLR reaches 20 cm RSLR reaches 30 cm 3W: 600/0’
vulnerability 1U: 40%
PreParatlon for Policy N/A Selection of action PR N/A AR: 100%

active retreat

. . . HP: 33%

Multlple active Policy N/A Twp or more triggers N/A TU: 33%
triggers active simultaneously

PR: 33%
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Table 2. Actions represented in MHCABM. The default initial action is raising floors and land eleva-
tion of a building to remove it from the coastal hazard zone as defined by the New Zealand Building
Act [56]. Preparation for active retreat has no lead time as the preparation begins immediately, with a
20-year window before Active Retreat begins. During Preparation for active retreat agents respond to
hazards via the action selected by the previous trigger.

Abbreviation Action Adaptation Undertaken Lead Time

SQ Status Quo Raise floors and land elevation None

SP Soft Protection Beach nourishment 2 years

HP Hard Protection Build seawall 4 years
Raise floors and land elevation, pumped

10 Infrastructure upgrades three waters system, prevention of new 7 years
builds in hazard zones via planning rule

3W Improved Three Waters Pumped three waters system 5 years

PR Preparation for active Retreat Consultation and planning None

AR Active Retreat Active Retreat 20 years

Actions and their lead time are further described in Table 2. Percentages represent
pre-specified likelihood of action selection once the trigger is reached. Stressed houses are
those that have been impacted by one or more hazard events but remain insurable. A patch
is a spatial area unit representing one hectare.

There is a hardcoded lead time for each action; the lead time is the pre-emptive
action required to allow a change in pathway to occur after a trigger (e.g., the time it
takes to consent and construct a seawall). Thus, there is a series of rules within the DAPP
model that controls pathway evolution in response to socio-economic, hazard and climate-
change drivers.

The DAPP submodel checks whether any indicator value has met or exceeds the
associated signal, trigger or adaptation threshold value and if it has, then the signal, trigger
or adaptation threshold becomes ‘active’. Signals are monitored, but do not instigate a
change in behaviour: they are purely a sign that a trigger may be approaching. When a
trigger becomes active an action is selected, and each action has an associated lead time
(Table 1). Once the lead time has elapsed, the selected action becomes the current action,
and a new pathway is taken. If multiple triggers become active simultaneously a new
action selection process is undertaken, in recognition of the impending threat of multiple
adaptation thresholds being breached. The model was run in two ways: (1) with the
pathway change function active, and (2) with the pathway change function inactive. This
was to investigate the timing of signals, triggers and adaptation thresholds, both with and
without the influence of pathway changes that may prevent or delay their occurrence.

The model includes several adaptive actions (Table 2), which are triggered by the
interacting hazards according to a pre-specified series of rules (Table 1) coded into the
DAPP. MHCABM includes stochasticity, as the occurrence of rainfall/runoff events are
randomised, and the property values allocated to buildings are randomly assigned based
on a distribution of values, meaning that the ability of individuals to take adaptive actions is
different in each iteration of the model. For each SSP/RCP scenario the model is run using
a 2500-iteration Monte Carlo approach, which results in many different pathways. The
main stochastic variable is the timing and severity (condition) of storm impacts (storm tide
and inundation); the storm tide is added to SLR and influences erosion and groundwater
levels. From the 2500 iterations per SSP/RCP scenario, we extract the most common
pathway that evolves in response to each SSP/RCP scenario when following our DAPP.
Additionally, mean timings and distributions of each response variable (pathway, signal,
trigger, adaptation threshold and action) are identified for each simulation group. This
allows us to draw conclusions on how society may move along a DAPP pathway under
different conditions.
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2.4. Modeler Assumptions

We would expect RCP to have direct effects on the number of hazard impacts and their
severity, because RCP is directly linked to SLR and the severity of heavy rainfall events.
Fast SLR will mean that more houses and businesses are exposed to hazards and more
quickly, whereas slower SLR will mean that fewer houses and businesses are exposed,
and exposure will occur later. Therefore, if SLR was a key driver of adaptive actions, then
we would expect “‘Unspecific Pacific’ (SSP3/RCP8.5) to have earlier triggering of adaptive
actions than “100% Smart’ (SSP1/RCP2.6).

Individual agents in MHCABM respond to both chronic (RSLR) and acute (e.g., storm
event) hazards by implementing adaptive actions; for example, constructing a seawall or
raising floor levels of a building susceptible to hazards. In this manner, human behaviour
is one of the drivers that influences overall system behaviour, which in turn impacts on
signals, triggers and adaptation thresholds being reached. The decisions made in the DAPP
are the equivalent of those made by regional government, which implements planning
rules that are implemented by individual agents, and the decision-domain is residential
dwellings and commercial properties.

2.5. Limitations

MHCABM is a simplified representation of a highly complex system. The way the
rules play out in MHCABM is determined by the variables used to force the model, and
the timing and severity of hazard events. Triggering of adaptive actions depends on the
rules implemented in the MHCABM model, and model outcomes are sensitive to the
rules. However, while the values for signals, triggers and adaptation thresholds and the
lead time for actions are hardcoded, their timing and the condition drivers are not pre-
determined. Instead, the timing of pre-determined actions is generated by the interaction
of SSP with RCP/RSLR as well as the timing, magnitude and frequency of storm events. A
key assumption in MHCABM is that the agents have no other constraint than their ability
to pay for actions to be implemented. There are no formal planning rules that override
self-interest, such as the preservation of the natural character of the coastal environment,
and the protection of outstanding natural features required in New Zealand under the
Resource Management Act [57].

Local vertical land movement (VLM) is not included in the model as projections were
unavailable at the time of model development; recent projections suggest that the part of
Tauranga simulated is uplifting at approximately 1.3 mm/year, which would go some way
to offsetting SLR as simulated in MHCABM (refer to [58]). However, as we present results
in relation to RSLR rather than time in years, our findings are unaffected by the absence
of VLM.

An in-depth overview of the methodological process followed during the research
can be found in Appendix B of this paper. Appendix A includes a ‘recipe-book’ of the key
steps that the five submodels of MCHABM run, and how they interact to suggest plausible
alternate futures under different SSP/RCP scenarios.

3. Results
3.1. Most Common Pathway in Each Scenario

Several important drivers of plausible system change emerged from the model. MH-
CABM suggests that RSLR combined with episodic storm events is the main driver of
pathway changes and actions selected. Figure 4 shows the most common pathway for each
SSP/RCP scenario. Four SSP/RCP scenarios (100% Smart, Techno-garden, Clean leader
and Homo economicus) have the same most common pathway. This shows that the same
sequence of actions is most likely to be triggered for each of these four scenarios. These
four scenarios are all SSP1 or SSP5.
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Figure 4. Most common adaptation action for each scenario with RSLR on the X axis and adaptation
action on the Y axis. Solid line indicates the most common pathway; dotted line indicates when
another action is at least 90% as likely as the most common pathway to occur at that timestep—a
‘second-most common pathway’. Adaptive actions are shown in Figure 5.
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Figure 5. Adaptation pathway map representing the range of viable simulated pathways (i.e., that
avoid adaptation thresholds) across all six SSP/RCP scenarios, based on the approximate RSLR value
at which pathway changes are instigated. Unlike Figure 2, the X axis shows the timing of pathway
changes based on RSLR, which is the main instigator of pathway change and which varies across
scenarios. Each coloured line represents a different adaptive action.

The other two scenarios (Kicking and screaming and Unspecific Pacific) are different;
these two scenarios are SSP3. There is more pathway variability in these two scenarios-the
model predicts a different sequence of adaptive actions will most likely be triggered in these
two scenarios from the other four, and both scenarios also differ from each other—adaptive
actions are not triggered at the same level of RSLR in these two scenarios.

In the four SSP1-SSP5 scenarios a change in adaptive action from status quo adaptation
to hard protection occurs around 15 cm RSLR. This is followed by a change in adaptive
action to infrastructure upgrades around 25 cm RSLR before a shift to active retreat around
40 cm RSLR, which remains as the chosen adaptive action until the end of the model
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runs (2150CE). The reason this pathway occurs is the sequence of triggers that instigate
changes in adaptive action. Status quo management is insufficient even in the short term
as hazard event impacts become more severe even at very low rates of RSLR. A change to
hard protection is insufficient to prevent RSLR encroachment on the three waters system,
resulting in the shift to infrastructure upgrades. This change is viable for a time, but
insufficient to offset the impacts of hazards on insurance premiums and maintenance costs,
which instigates a change in adaptive action from infrastructure upgrades to active retreat.
A temporary occurrence of a second-most common pathway (Infrastructure) occurs in
Clean leader and Homo economicus. This shows that even under active retreat there may
still be triggers being reached and subsequent changes in pathway. However, a return to
active retreat occurs shortly thereafter (by 60 cm RSLR).

In the two SSP3 scenarios—Kicking and screaming and Unspecific Pacific—there is
a longer time to the first change in adaptive action, which occurs around 25-30 cm RSLR
with a change to an upgraded (fully-pumped rather than gravity-fed) three waters system.
This delay in instigating a change in adaptive action was expected, as SSP3 features a
reactive socio-economic setting, rather than proactive. Three waters upgrade alone is
insufficient to offset hazard impacts on homes and buildings, so both SSP3 scenarios shift
to infrastructure upgrades around 35 cm RSLR. At this point the scenarios diverge. Kicking
and screaming changes adaptive action to active retreat around 55 cm RSLR and remains
there. Unspecific Pacific changes to active retreat earlier, around 40 cm of RSLR but then
shifts back to infrastructure upgrades around 45 cm RSLR and then back to active retreat by
75 cm RSLR. The switch back from active retreat to infrastructure and back again occurred
in a primary or secondary pathway in four scenarios and was driven by the higher rates of
SLR in RCP4.5, 6.0 and 8.5 than in RCP2.6. In this SSP/RCP scenario, even a switch to active
retreat is insufficient to avoid other triggers becoming active, with high RSLR combining
with storm impacts and reactive adaptation to trigger a different adaptive action to active
retreat. It becomes clear, however, that infrastructure upgrades are not as suitable for
dealing with high rates of RSLR as active retreat, as triggers are more likely to be reached
under infrastructure upgrades than under active retreat due to the elevation of the piped
waters systems, hence the switch back to active retreat. In all scenarios, and regardless of
SSP/RCP scenario, active retreat will be required by the end of the century.

MHCABM showed that adaptation actions have limited lifespans (the period of time
in which they achieve their desired objective) in relation to RSLR (Figure 5). This is not
because adaptation thresholds or triggers had a hardcoded RSLR value attached; rather,
actions triggered at lower levels of RSLR have a limited effectiveness with rising RSLR
and become insufficient to prevent other actions being triggered. This is because under
the implementation of rules in this DAPP in this location, active retreat is the most likely
action to succeed at avoiding new triggers being reached and a new adaptive action being
implemented. The only hardcoded RSLR rule is that the three waters system needs to be
upgraded from gravity-fed to a pumped system before 30 cm RSLR. All other actions have
no hardcoded lifespan in relation to RSLR—this is dependent on the ability of each action
to achieve their desired objectives. The two options that allow for this are three waters
upgrade and infrastructure upgrades. However, three waters upgrade alone is shown to be
insufficient to prevent other actions being triggered with RSLR above 30 cm.

3.2. Timing of Signals, Triggers and Adaptation Thresholds

The activation times for signals, triggers and adaptation thresholds are shown in
Figure 6; the actions that each indicator triggers are shown in Table 1. Insurance premi-
ums, maintenance costs, total hazardous area, number of flood events and three waters
vulnerability are identical between SSP scenarios because they are triggered by RSLR and
not SSP-related rules. Aesthetic degradation and decline in property desirability are not
identical for all SSP scenarios because they are triggered by the different SSP-related rules.
Aesthetic degradation is caused by the development of seawalls, triggered by adaptive
action hard protection. As hard protection is rarely selected in SSP3 scenarios (because
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the reactive management regime delays implementation of new adaptive actions) fewer
seawalls are constructed in these scenarios. Decline in property desirability in SSP3 is only
driven by the impact of hazard events, while under SSP1 and SSP5 it has a hardcoded
decline due to tapering population growth and is also driven by hazard impacts. As there
is no hardcoded decline in SSP3 we would expect property desirability to remain steady.
While this steady property desirability occurs in Kicking and screaming, Unspecific Pacific
shows signals and triggers becoming active late in the model runs. This is due to the very
high rates of RSLR, meaning that even relatively minor storm events cause damage and
reduce property desirability.

Unspecific Pacific K&S Homo economicus Clean leader Techno-garden 100% Smart

RCP8.5 SSP3

RCP4.5 SSP3 RCP6.0 SSP5 RCP 4.5 SSP5 RCP 2.6 SSP5 RCP 2.6 SSP1

100
50 f 50
0 S— 0
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0 -— 0
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Figure 6. Activation time of signals, triggers and adaptation thresholds for the seven indicator
variables. For this and Figure 7, Y axis shows percentage of active signals, triggers and adaptation
thresholds out of 2500 Monte Carlo simulations for each SSP/RCP scenario, X axis shows level of
RSLR. Blue line indicates active signals, green line indicates active triggers, orange line indicates
adaptation thresholds breached. ‘K & S’ is scenario Kicking and screaming.

The model was run again with the pathway change function (Figure 7). In practice,
this means that no pathway changes occurred, and the model ran using only pathway
‘status quo’ with the adaptation action being to raise floors and land elevation by land filling
(currently permitted under Sections 71-73 of the Building Act), which is widely practiced
in New Zealand to avoid the statutory 50-year hazard zone for new builds. However, it has
downsides related to changes in area hydrology with flow-on effects and access problems
to the sites as the sea rises, making them temporary adaptations with potential maladaptive
impacts [59].

There is a difference in timing of the emergence of signals, triggers and adaptation
thresholds when no adaptive actions are taken when compared with the activation times
shown in Figure 6. Across the hazard-driven indicators (insurance premium rises, main-
tenance costs, total hazardous area, and number of flood events) the signals, triggers and
adaptation thresholds occurred much closer together than when adaptive actions were
taken; three waters vulnerability signals, triggers and adaptation thresholds were the excep-
tion, occurring at the same time as adaptive actions due to the hardcoded 30 cm RSLR limit
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on that indicator. While this means that the model configuration is determining the shift
to three waters upgrade, this is logical if an upgrade needs to be undertaken at a certain
RSLR threshold.
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Figure 7. Activation time of signals, triggers and adaptation thresholds for the seven indicator
variables without implementation of DAPP.

The two socio-economic indicators are different to the hazard-driven indicators. Aes-
thetic degradation never shows any active signals, triggers or adaptation thresholds as
no seawalls are ever constructed. This is because hard protection is never selected due to
no changes in action occurring with the pathway change function removed. Decline in
property desirability follows the same pattern of signal, trigger and adaptation threshold
activation in Figure 7 as in Figure 6 in all SSP/RCP scenarios apart from Unspecific Pacific.
Unspecific Pacific has most adaptation thresholds reached in the later stages of model runs,
when RSLR is >1.2 m. This shows that the adaptive actions taken delay these adaptation
thresholds being reached, but do not prevent them.

Relative to Figure 6, Figure 7 shows that a change in adaptive action can delay reaching
signals, triggers and adaptation thresholds, and is thus successful at delaying the worst
impacts of sea-level rise and more extreme hazard events.

4. Discussion

The MHCABM model overcomes a key challenge with the implementation of DAPP:
knowing when to trigger adaptive actions to delay or avoid adaptation thresholds [25]. MH-
CABM can identify approximately when (in relation to RSLR) and under what conditions
adaptation thresholds could be reached under different scenarios and can help determine
appropriate values for signals and triggers that allow for a sufficient lead time for a new
action and pathway to be implemented while avoiding unnecessarily pre-emptive expen-
diture. By identifying the likelihood of each adaptation threshold having been crossed
at any given SLR increment, this approach can be used to identify adaptation pathways
that minimise the negative socio-economic impacts that will inevitably come from climate
change and increased RSLR. Importantly, many different sequences of adaptive actions
occurred within the 2500 iterations run for each scenario. This highlights the value of the
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Monte Carlo method in scenario discovery and analysis, by exploring all potentialities in
the system under each scenario.

The results in Figure 6 highlight that RSLR is the main determinant of the emergence
of signals, triggers and adaptation thresholds for hazard-related indicators. While the only
trigger directly instigated by RSLR is ‘three waters vulnerability’, increasing sea level makes
triggers for the other hazard-related indicators more likely to be reached. The results also
highlight that some socio-economic variables trigger changes in adaptive action based on
socio-economic indicators. The decline in property desirability in Unspecific Pacific shows
that under fast RSLR, hazard-based rules that cause declining property desirability for
regularly impacted properties begin to override socio-economic rules that prevent declining
property desirability under SSP3 and initiate a change in adaptive action.

Model outcomes show that the number and timing of storm events are a major driver
of triggers, regardless of RCP, SSP or adaptive action, and storm events are made worse by
RSLR. Three waters vulnerability is the only trigger that becomes active due to an ongoing
process—RSLR—coded according to the mean sea level threshold at which the system
would need to transition from a gravity-fed system to a fully-pumped system. This was
first illustrated for another coastal city in New Zealand, Petone in Lower Hutt, where
modelling identified the limits of a gravity-fed three waters system at a 30-cm trigger
for an area affected by a tidal footprint and regular heavy rainfall ponding due to high
groundwater levels [59]. This knowledge was adapted for this Tauranga case study. While
a 30-cm rise in sea level may seem small, data from four major New Zealand cities show
that 30-cm RSLR would lead to the “present day’ 1-in-100-year storm-tide levels occurring
every four years in Auckland, every two years in Dunedin, and every year in Wellington
and Christchurch [60,61], the differences reflecting different land subsidence rates.

Similarly, using 75 cm of RSLR as the limit before instigating active retreat may seem
small to international audiences. However, New Zealand has a low population density with
65% of the population living within 5 km of the coast [62] and the water and other critical
infrastructure to service them are often in low-lying locations and the first to be exposed
rising seas. Retreat decisions are not made solely on the technical ability to defend an
area but also on the affordability and social consequences of ongoing rising seas. Another
consideration is the prospect of the unavailability of insurance for sea-level rise risk since it
is regarded by the insurance sector as a foreseeable risk which they are unlikely to cover. In
New Zealand there is also a suggestion that insurance withdrawal impacts house prices
in exposed areas’, making ongoing infrastructure investment decisions harder to justify
economically and therefore less likely [7]. Partial insurance withdrawal has been projected
in New Zealand after 10 cm of RSLR (from 2022 levels; when the current ‘1 in a 100 year’
event becomes a ‘1 in 20 year” event), with full insurance withdrawal from highly exposed
coastal areas likely to occur in 20-25 years [63].

Decline in property desirability is the only trigger that becomes active due to a hard-
coded decline in population growth forecast under SSP1 and SSP5. All other triggers
become active due to the direct or indirect impacts of one-off or multiple storm events,
usually combined with RSLR. This shows the importance of future modelling to refine the
likely impacts of climate change on the timing and impact of storm events and on the El
Nifio Southern Oscillation, which influences storm occurrence and track. Storm impacts
in MHCABM are a purely random, stochastic occurrence; inclusion of more refined storm
impact forecasts may lead to notably different timings of signals, triggers and adaptation
thresholds, and associated pathway changes.

A comparison between Figures 6 and 7 shows that implementation of adaptive actions
can delay reaching adaptation thresholds but does not prevent them being reached. This
highlights the importance of preventing new development in hazard-prone areas; further
intensification in areas currently being ‘defended’ by any type of adaptive action means
that the adaptive action itself is maladaptive, increasing the exposure to future hazards. As
DAPP is intended to avoid maladaptive action [25], increasing exposure to hazards needs
careful consideration when adaptive actions are chosen by asking under what conditions
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will the option fail, and will it lock in further development and increase exposure when the
option fails.

Ministry for the Environment coastal hazards and climate change guidance [64] rec-
ommends use of the DAPP approach in New Zealand; DAPP has the potential to initiate
a significant transition in New Zealand’s planning and policy sphere as planners and
managers are confronted with uncertainty and changing risks in coastal settings. They
are developing long-term plans (>100 years) in coastal areas and require frameworks and
tools for assessing the risks and how to address them. The challenges with designing and
implementing a DAPP revolve around how to implement a dynamic plan within a static
planning and design regime and how to develop ongoing choices for retaining flexibility
in a dynamic plan. The modelling approach presented in this paper is one way to help
address such challenges.

This work has many simplifications and misses much of the detail of complex
human-environment systems. MHCABM is a simple, ‘proof-of-concept’-style demonstra-
tion of coupled ABM-DAPP. The agents in MHCABM act in their own interest and within
their own financial constraints; there are available planning measures in New Zealand that
have not been applied to avoid hazards and sea-level rise; other enablers such as funding
for adaptation are missing and there are human capability and capacity constraints [59].
Agent inclusion shows the value of adding social, political, economic and cultural elements
in urban climate change modelling, but this approach still needs many refinements around
agent behaviours, removing some of the assumptions of agent behaviour in favour of
quantitative evidence before it can be used in a planning and decision-making context.
Improving integration of social or economic scenarios in an agent-based model, in the
manner of Houssou et al., [65] who developed an integrated GIS-ABM, was outside the
scope of this work but is a logical next step in the type of modelling we have undertaken.

5. Conclusions

We developed an agent-based model (MHCABM), which included five physical haz-
ards, whose occurrence in time was influenced by six plausible future SSP/RCP scenarios.
The model simulated the response of several indicators to SSP/RCP scenarios, including
insurance costs, total area impacted by hazards, and three waters vulnerability to RSLR. To
avoid undesirable adaptation thresholds, the model simulated a range of adaptive actions,
which were triggered in response to the indicators according to a pre-determined set of
rules encoded in a DAPP submodel. The model used Monte Carlo simulations to explore
the most common adaptation pathway across 2500 simulations per SSP/RCP scenario that
was derived from application of our DAPP.

Results confirm that RSLR is the key driver of pathways changes, through the trig-
gering of actions in response to physical hazards that were made worse by RSLR. Five
indicators were triggered by hazard drivers and were dependent on RSLR, while two
indicators were dependent on the rules in the SSP scenarios. These two indicators show
that socio-economic indicators influence adaptive action, highlighting the value of in-
cluding socio-economic rules for DAPP. The relative importance of hazard-driven and
socio-economic-driven indicators was found to depend on SSP and RCP. Under the Unspe-
cific Pacific scenario, the rate of RSLR was so high that hazard impacts began to overrule
the socio-economic drivers.

The most common pathways identified reflect what is currently happening and what
practitioners largely expect to happen in New Zealand coastal communities in future [66,67].
The model suggests that hard protection will occur in response to storm events but will
not prevent property damage in the longer term (~50 years) and in some places will be
maladaptive; the current practice of avoiding the 50-year hazard zone for new builds con-
tinues, yet the 50-year hazard zone continually expands in response to RSLR to encompass
more land and assets. Eventually a realisation occurs that active retreat is the most viable
long-term action in response to ongoing RSLR and climate change. The model suggests
that this eventual shift to active retreat will occur regardless of SSP and regardless of RCP.
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Many actions are only feasible for low levels of RSLR. For the representative coastal
city study site, which is <5 m above MSL and within 2 km of the coast, the model suggests
that (1) the limits for soft and hard protection will occur around 30 cm RSLR (Figure 4),
(2) three waters upgrades are functional to around 35 cm RSLR, (3) and infrastructure
upgrades and policy mechanisms are feasible until between 40 and 75 cm RSLR, depending
on socio-economic conditions (SSP). Once infrastructural upgrades are no longer viable,
active retreat is the only remaining adaptation pathway. Active retreat is implemented in all
scenarios by 75 cm RSLR. NZ SeaRise projections indicate this could occur by 2095 under
a fast SLR rate, which could be further exacerbated by vertical land movement, which
differs at different locations around the country. Understanding the limits of the different
adaptation options enables decision-makers to plan ahead for eventual managed retreat by
preparing and avoiding further exposure in coastal settings.

This research demonstrates the value and future potential of combined ABM-DAPP
models. It indicates what is possible when a wide range of ideas and disciplines are
brought together to research, simulate and manage complex human—environment systems.
However, the model is highly simplified, with much detail and nuance missing. Building on
this method, we encourage future work focusing on the development of agent behaviours to
better reflect real-world social, political, economic and cultural settings, seeking to improve
understanding of how dynamic interactions between people, policy and place may lead to
very different futures. Detailed, quantitative behavioural data could be coupled with robust
decision-making [68] and/or deep-reinforcement learning [69] techniques to understand
which sequences of actions will meet social, political, economic and cultural objectives by
being robust and unlikely to fail under deeply uncertain futures, and which sequences
will fail. Applications of this method incorporating these suggestions could be used to
further inform decision-making around adaptation to climate change and hazard risk in
coastal areas.
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Appendix A.

This section presents a ‘recipe-book’ style explanation of how MHCABM works in two
parts: (Appendix A.1) model setup and the five submodels and their associated procedures
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that comprise MHCABM are presented in the form of a written structured walkthrough [70],
(Appendix A.2) consideration of how the submodels interact to create plausible alternate
futures under different scenarios. A description of MHCABM using the ODD protocol of
Grimm et al. [71,72] can be found at CoMSES [50], alongside the model itself. MHCABM
consists of five interacting submodels—opening boundaries, geophysical, socio-economic,
applied DAPP and closing boundaries. The first and last submodels exist solely to update
viewers, plots and timesteps, while facilitate the function of the other three submodels.
The submodels run in the chosen order to allow the system to operate as ‘realistically” as
possible. Geophysical elements of the system, including SLR and storm impacts occur in
the geophysical submodel, and individual people and buildings respond immediately in
the socio-economic submodel, then the DAPP submodel allows longer-term adaptation
decisions to be made based on the applied DAPP. The cycle repeats at the next timestep.

Appendix A.1. Structured Walkthrough

The ‘MODEL’ section of the interface contains multiple sliders and choosers that al-
lows the user to set the opening conditions for MHCABM. Six sliders pertain to population,
houses and businesses in the Mount-North and Omanu areas of Tauranga, preset to repre-
sent the city as of the 2013 NZ Census [73]; values for these can be altered if desired. Three
‘choosers’ (dropdown menus) allow the user to select scenarios, personalities and cost
apportionment scheme (who pays for climate change adaptation). Importantly, MHCABM
is designed to be used in the BehaviorSpace of NetLogo; this allows a user to run a desired
number of iterations, each with different settings of scenario, cost apportionment and
personality and then compare the model outputs of these different settings. Running a
single iteration on a single setting cannot shed light on system form and function. Three
‘monitors” and four ‘inputs’ display the mean household income and net worth, desirability,
RCP, SSP, and main character selected for users to observe. Some of these are dynamic and
change throughout model runs.

The ‘Create-Mount-North-Omanu’ button is pushed to set up the model according to
the chosen settings. ‘go” makes the model run continuously; ‘go once’ makes the model
run for a single timestep. ‘update-patches’ allows the user to change the ‘patch-viewer’
while the model is stopped; the “patch-viewer” menu allows the user to visualise levels of
desirability, elevation, land cover, hazards, precipitation, groundwater, and deprivation.
The ‘reset’ button returns the model to an inoperable state by clearing all globals, agents,
patches, drawings, plots and outputs. ‘reset” also returns all components of the DAPP
submodel (signals, triggers, etc.) to their default settings, and the number of houses,
businesses and people to match 2013 New Zealand census data for Mount North-Omanu.

The ‘DAPP TRACKING' section of the interface has choosers that are automatically se-
lected by the DAPP submodel. These show the DAPP pathway, the current action, previous
pathway, cost apportionment scenario, and type of three waters system (gravity-fed/fully
pumped). A ‘plot’ shows the tracking of the pathways over time, and an ‘output’ prints
details (indicator group) and timing (in ticks) of signal and trigger activation, adaptation
threshold breaches, and pathway changes. This section displays the ‘multiple-active-
triggers’ procedure, showing whether multiple triggers are active, the timing of a shift to a
new pathway if multiple triggers are active, the action selected, and the pathway after this
action is implemented.

The ‘SIGNALS, TRIGGERS AND THRESHOLDS’ section of the interface presents
each indicator group. From left to right, the value for the indicator is displayed, the status
of the signal (Off/On), the status of the trigger (Off, On, or Passed), the pathway that was
in place when the trigger became active, the timing of the shift to a new pathway, the action
that was selected by the trigger, whether the adaptation threshold has been reached, and
whether the adaptation threshold has been exceeded.

The "APPEARANCE PREFERENCES' section of the interface has four buttons. These
allow users to hide people and buildings and make them reappear. In reality, the ‘hide’
options do not truly hide the agents, but reduce them to the smallest possible size, where
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they are not visible on the screen; model processing speed is increased by not having to
visually simulate the location and movements of agents over time.

The unlabelled section of the interface, to the far right, contains multiple monitors and
plots. One plot shows hazards at each timestep, and one shows the mean net worth and
income at each timestep. Monitors show the number of each type of agent in the model
(people, houses, businesses, adapted buildings, stressed buildings, retreated buildings,
and abandoned/uninsurable buildings) along with the number of hazardous patches,
the number of patches with beach renourishment, and the number of patches containing
seawalls. The variable viewers (pycor and pxcor) allow model users to view spatial plots
of the selected variable (selected using “patch-viewer’), in two dimensions.

The run-opening-boundaries submodel has only one operation: ‘update-year’, which
updates the year based on the number of elapsed ticks (timesteps). This allows other
operations that are time dependent, such as SLR, to occur.

The run-geophysical-submodel is comprised of nine sequential operations: ‘run-RCF”,
‘Tun-SSP’, ‘rain’, ‘runoff-drains’, ‘rain-evaporates’, ‘set-water-depth’, ‘run-storm-driver’,
‘existing-seawall-impacts’, and ‘set-min-max’. ‘rain” has a suboperation ‘flow” that occurs
immediately after ‘rain’.

Tun-RCP’ drives SLR and associated changes in elevation. It is coded so that sea
level rises every ten years with patch elevation (with a MSL datum) reducing accordingly;
decadal rates of sea-level rise come from the Ministry for the Environment [54]. ‘run-SSP”’
influences land use change over time. The proportion of land in pasture, introduced forestry
and native forest changes over time based on data from Riahi et al. [20]. As MHCABM is
a predominantly urban model the majority of the land is classed as ‘available’ (meaning
available for development) with only small areas of forest on Mauao/Mt Maunganui and
at the southern-most point of the model.

‘rain’ causes rain to fall, with different maximum volumes falling based on RCP;
RCP2.6 and RCP4.5 have lower maximum rainfall volumes than RCP6.0 and RCP8.5. This
procedure is kept separate from ‘run-RCP’ to ensure that RSLR and rainfall /runoff events
are treated independently; data are derived from IPCC [74] and Carey-Smith et al. [75]. Rain
flows downhill (suboperation ‘flow’) to the neighbouring patch with the lowest elevation;
flow rates are determined by land use and high flow events causing erosion.

‘runoff-drains’ causes rainfall to be removed from the receiving basin via tides. ‘rain-
evaporates’ causes precipitation to evaporate or be absorbed into the groundwater table,
based on the amount of precipitation. The groundwater level drops if there is no rainfall.
‘set-water-depth’ allows water-depth of patches to be calculated (based on whether ground-
water level is higher than land surface elevation), and if groundwater is above land surface
elevation in any patch the ‘impact-counter’ for that patch increases by one. The impact
counter is used to determine how many hazard events have occurred in any patch since
the last ten-year period without an event; the ten-year period is based on evidence that
suggests that people have an ‘event memory’ and that multiple events in a relatively short
space of time are perceived as worse than events spaced over long periods [41].

‘run-storm-driver’ generates intermittent storm impact events that drive erosion and
coastal inundation and influence groundwater levels. Storms occur on a stochastic basis,
with a random-float function to determine a randomised distribution of storm events and
severities. This randomness means that over a suite of model iterations in a Monte Carlo
analysis, the uncertainty in timing and severity of future storm impacts is accounted for.
During storms, the water level rises based on known distributions [76] and buildings
impacted raise the impact counter of their patch. Building with three or more impacts
become ‘stressed’, while those with eight or more hazard impacts become “uninsurable’.
Erosion occurs during 1%, 2% and 2% annual exceedance probability (AEP) storms, with
the amount of erosion increasing with lower AEP events.

‘existing-seawall-impacts’ simulates the known impact of seawalls in causing lateral
erosion [77], creating erosion in patches adjacent to seawalls. ‘set-min-max’ is a bounding
procedure, ensuring the values of elevation and groundwater remain within realistic limits.
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For example, one command within the procedure prevents the occurrence of negative
groundwater levels (groundwater below sea level).

The run-socio-economic-submodel comprises four sequential operations: ‘deprivation-
effects’, “decide-to-build’, ‘desirability-decay’, and ‘move’. ‘build” has two suboperations:
‘build-house’ and ‘build-store’.

‘deprivation-effects” updates the deprivation index of patches, based on any changes
to mean income and mean net worth of buildings in each patch. These changes are caused
by new builds, hazard impacts, and adaptation pathway changes, which have associated
costs. The deprivation index is based on the New Zealand Individual Index of Deprivation
2013 (NZiDEP) [51]; this system ranks the socio-economic deprivation of individuals on
a scale of 1 to 9, with 1 being the least deprived and 9 being the most deprived. The
deprivation index in MHCABM ascribes a level of deprivation to buildings, rather than
people, as buildings are the agent that adapts to hazard events in the model.

‘choose-to-build” gives each person in the model an opportunity to build a house
and/or a business. The likelihood of building is based on the average construction rate
of new buildings in New Zealand over the last 50 years, derived from Statistics New
Zealand [78]. This translates into a 0.062% chance of an individual building a house in
any given year. The subprocesses ‘build-house” and ‘build-store” are triggered by ‘choose-
to-build” and (when triggered) houses and businesses are built and assigned values for
income, net worth, insurance costs and maintenance costs, all of which are SSP-dependent.,

As SSP1 and SSP5 show population peaking around the mid-21st century, the ‘desirability-
decay’ process facilitates the desirability of patches gradually reducing over time under
these scenarios, which prevents population growth. This process is not triggered under
SSP3, under which population growth will not stop or slow.

‘move’ causes people to move around in the model. They move randomly, but are
kept away from certain parts of the map (estuary, ocean, Mauao/Mount Maunganui) and
are not allowed to leave the map.

The run-DAPP-submodel is comprised of thirteen sequential processes: ‘run-multiple-
triggers’, ‘run-STAT-A’, ‘run-STAT-B’, ‘run-STAT-C’, ‘run-STAT-D’, ‘run-STAT-E’, ‘run-STAT-
F’, ‘run-STAT-G’, ‘run-STAT-H’, ‘retreat-switch’, ‘run-Pathways’, ‘action-impacts’, and
‘drown-soggy-turtles’. STAT groups A-G all run the same way, only differing in indicator,
so this section will only use STAT A as an example.

‘run-multiple-triggers’ checks whether multiple triggers are active, and if so a new
action selection process is chosen. Once the lead time for the selected action (known as
‘action-MAT’) has passed, the selected action becomes the new pathway.

Each indicator group (STAT A-STAT G) checks whether an indicator value has met
or exceeded the assigned value for a signal, trigger or adaptation threshold. If it has, the
signal, trigger or adaptation threshold becomes active. When a trigger becomes active an
action is selected, and each action has an associated lead time (as shown in Table 1 of main
paper). Once the lead time has elapsed, the selected action becomes the current action, and
a new pathway that corresponds with this action is taken. Using STAT A as an example,
when the mean insurance cost of buildings exceeds 2.05% of mean net worth, signal A
becomes active. When the mean insurance cost of buildings exceeds 2.2% of mean net
worth, trigger A becomes active, and a choice of future action is made from the prescribed
list of options developed during the workshops (shown in Table 1 of main paper). Once
the lead time for the selected action elapses, the selected action becomes the current action
and the pathway changes (commanded by ‘run-Pathways” operation). When the mean
insurance cost of buildings exceeds 5% of mean net worth, threshold A (corresponding to
adaptation threshold) shows as breached on the interface.

While not considered in depth in this paper, knowing the timing of adaptation thresh-
old breaches gives the option of using models such as MHCABM as optimisation tools.
Knowing when an adaptation threshold is likely to be reached in relation to RSLR means
that the value of the trigger can be investigated to determine whether it could have been
set at a higher value (so triggered at a later time) while still allowing for an adequate lead
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time. Alternately, the trigger may need to be set at a lower value; this would be evident if
the adaptation threshold is breached before a change of pathway occurs.

‘run-STAT-H’ does not have a signal or an adaptation threshold. STAT H is triggered
when any other trigger selects ‘Prepare to retreat” as the subsequent action. A 20-year
lead time elapses, then the current action switches to managed retreat. The ‘retreat-switch’
operation simply switches the ‘Retreat-Planned’ chooser on the interface from ‘No’ to “Yes’.
‘run-Pathways’ ensures that the current action is the action selected and updates the DAPP
pathways monitor on the interface.

All actions have an associated cost, shown in Table A1, and this cost is removed from
the net worth of buildings through the operation ‘action-impacts’. There are three cost
apportionment scheme choices in MHCABM: individual cost apportionment means that
only those buildings requiring an action pay for it, and those with deprivation indices of
8 and 9 cannot adapt [53]. Collective cost apportionment means that the cost burden of
adaptation is spread evenly across all buildings. Mixed cost apportionment means that
half the cost burden falls on individual buildings, and half is paid collectively through a
more modest reduction in net worth across all buildings. The individual cost of ‘prepare to
retreat’ differs depending on the current action, as that action is necessarily maintained
during the 20-year lead time to managed retreat. The cost of ‘improved three waters’ is the
same for all cost apportionment schemes as this is a upgrade to an infrastructural system,
rather than to an individual building; the current action does not change and buildings
impacted by hazard events continue to adapt using the existing current action.

Table Al. Implementation cost of each pathway under each of the three cost apportionment schemes.
Costs are shown as A%: B%, with A being the percentage of net worth reduction for all agents, and
B% the percentage of net worth reduction for individually impacted agents for each action.

Action Individual Scheme Mixed Scheme Collective Scheme
Soft protection 0%: 10% 1.5%: 5% 3%: 0%

Hard protection 0%: 20% 2.5%: 5% 5%: 0%
Infrastructure 0%: 30% 3%: 15% 6%: 0%

Improved three waters 5%: 0% 5%: 0% 5%: 0%

Prepare to retreat 0%: 10-30% 0.5%: 10% 1%: 0%

Managed retreat 0%: 50% 10%: 15% 20%: 0%

‘beach-nourishment’ carries out beach nourishment in patches where it is required
if soft protection is the current action. ‘build-seawall” places a seawall in patches where
it is required if hard protection is the current action. ‘raise-floors’ raises the floor levels
of houses, businesses and stressed buildings where it is required if infrastructure is the
current action.

‘drown-soggy-turtles” updates the impact counter for houses and businesses when
they are inundated, lowers the desirability of affected patches and lists impacted patches
as ‘hazardous’. It also turns houses, businesses, adapted buildings and stressed buildings
in these patches into uninsurable buildings if they lie below high tide mark (high tide mark
changes during model runs due to RSLR).

The run-closing-boundaries submodel updates patches and moves the time step
forward by one tick. Patches are updated according to option selected in the ‘patch-viewer’
on the model interface. The model runs for a total of 1681 ticks, simulating the period
2010-2140CE, with each tick representing one month.

Appendix A.2. Consideration of Submodel Interactions in Practice

This section considers how the operations and submodels in MHCABM interact to
create plausible alternate futures. Discussion is limited to MHCABM as set up and used in
this paper rather than considering all possible opening conditions for the model, which
are numerous.
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While scenarios are coded into MHCABM, they are generated from their constituent
parts—SSP and RCP. Coding the SSP and RCP components of scenarios into the model
separately makes it possible to disentangle the impacts of SSP and RCP in a way that would
not be possible if the scenarios were coded as unitary entities. The interactions between SSP
and RCP are what creates the plausible alternate futures in model outputs. RCP instigates
changes in sea level, elevation and rainfall volumes, while SSP instigates changes in land
use and desirability, with desirability being used as a proxy for population growth.

To demonstrate the relative impacts of SSP and RCP we use three examples:

(1) ‘Kicking and screaming” and ‘Clean leader’ are both RCP4.5, but have different SSPs
(SSP3 and SSP5, respectively). Analysis of the most common pathways in each of
these scenarios (Figure 3 of main paper) shows notable differences; as the RCP coding
is identical for these two scenarios, these changes can only be driven by SSP.

(2) Comparison of the most common pathways in ‘kicking and screaming’ (RCP4.5 SSP3)
and ‘Unspecific Pacific’ (RCP8.5 SSP3) shows differences in both pathways selected
and the timing of these pathways; as the SSP coding for these scenarios is identical, it
can be inferred that RCP is the driver of these differences.

(3) ‘Homo economicus’ (RCP6.0 SSP5) and ‘Clean leader” (RCP4.5 SSP5) show identical
pathways, as RCP6.0 and RCP4.5 are coded very similarly, with only minor changes
in rainfall/runoff patterns between the two RCPs; as the pathways between the two
scenarios are identical, rainfall /runoff can be ruled out as a driver of pathway changes,
and the rate of SLR and associated coastal inundation confirmed as the main drivers
of adaptation pathway changes in these scenarios.

Storm event impacts are simulated stochastically, with sea level during storms based on
water level data for Omokoroa, Tauranga [76]. The likelihood of a storm event is based on
AEP, with a random-float function to ensure a randomised distribution of event occurrence.
Hazards are counted as an impact event on the impact counter when: inundation occurs,
with sea water above ground level, or groundwater level is above ground level. Two indirect
hazards (erosion and inundation) do not directly raise the impact counter of a patch but
can render patches more susceptible to inundation or groundwater intrusion. Erosion
gradually reduces the elevation of affected patches. High volumes of rainfall /runoff can
lead to groundwater level being above ground level. The likelihood and timing of storm
events are not influenced by RCP due to insufficient data, and so the size of storm events
does not change over time. However, sea-level rise makes high impact storm events
increasingly likely, as surge height is added to sea level to give the total water level during
storms. Sea level also influences groundwater level and the likelihood of a 1%, 2% or 3%
AEP storm impact (which drives erosion), while maximum rainfall /runoff volumes are
coded based on RCP; hence, all hazards in MHCABM are driven by RCP.

The number of buildings in MHCABM is set up to represent the Mount North-Omanu
area of Tauranga but downscaled; one building in the model represents ten in the actual
system. This downscaling was carried out to speed up model run-time, which in NetLogo
is largely dependent on the number of agents in a model. Buildings may be impacted by
hazard events depending on their elevation above mean sea level, the groundwater level in
their patch, and the timing and magnitude of storm impact events.

A mixed cost apportionment regime was chosen based on the results of Allison et al., [53],
with half the costs of adaptation falling on the affected individual, and half covered by
rates and taxes. Only the most deprived dwellings (9/9 on the NZ individual index of
deprivation) are unable to pay their contribution and so are unable to adapt to hazards.
Mixed cost apportionment is the most likely method of climate change adaptation [6],
hence is a sensible choice.

MHCABM spatially intersects hazard events with the buildings in the impact zone of
these events, and thus shows exposure leading to consequence; risk is generally calculated
as (exposure * likelihood). For example, the number of houses exposed to an event of
a certain size, combined with their ability/inability to respond to an event, leads to the
consequence of the exposure. MHCABM can also be used to calculate economic risk by
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considering the value of buildings exposed to an event, rather than the number of buildings
exposed. The Monte Carlo simulations, and the probability distributions they produce,
extricate risk from exposure by determining the likelihood of an event or other system
change. This method allows for the quantification of risk for any given event in any given
year, within the constraints of the simplified version of reality simulated in the model.
The coded DAPP submodel instigates societal adaptation responses to hazard impacts.
The seven indicators (Table 1 of main paper) are monitored at each timestep, and if they meet
or exceed a trigger value the process discussed in Appendix B is followed, where an action
is selected, a lead time established, and eventually a change of action and pathway occurs.

Appendix B. Methodological Overview

This research establishes a mixed-methods approach combining qualitative and quan-
titative methods for developing a shared system understanding between the researchers
involved, then developing and testing a model to investigate system form and function and
which is comprehensible to researchers from a diverse array of disciplinary backgrounds.
It builds on the transdisciplinary modelling methodology developed by Allison [41]. This
section presents the methods used to scope, develop, test and document MHCABM: work-
shops, expert judgement, face validity, Dynamic Adaptive Pathways Planning (DAPP),
agent-based modelling (ABM), scenario analysis, Monte Carlo analyses, the ODD protocol
and structured walkthroughs.

Workshops are useful at the early stages of research for developing a shared system
understanding and problem definition [41,79]. In later stages, workshops are a common
approach of determining the accessibility and acceptability of model outputs to researchers
and stakeholders at the model testing stage [41,80].

Two commonly-used techniques in workshops are expert judgement and face validity.
We distinguish expert judgement, where a group of researchers/stakeholders are brought
together in a discursive process, from expert elicitation, where a structured and replicable
framework to knowledge acquisition is applied. Face validity is a specific type of expert
judgement where, in the later stages of a research program, experts collectively consider
whether a model and its behaviour are reasonable [70].

Development of a DAPP requires expert judgement to determine the indicators, system
states, and adaptation thresholds to be avoided, along with identifying realistic possible
responses to these indicators in the form of actions and options. DAPP development
commonly occurs in a workshop setting due to the need for fluid discussion of the system
and to negotiate potential responses to hazards [25]. In other situations, a DAPP may have
already been developed for a community, infrastructure assets, or a region.

Determining the initial values for signals and triggers is generally carried out via expert
judgement and/or stakeholder input as these values are necessarily system-specific [17,33,81].
However, once developed, models can be used as optimisation tools to determine the most
likely time that signals, triggers and adaptation thresholds will occur through an iterative
series of Monte Carlo simulation analyses. Through determining the distribution and
mean timing of signals, triggers and adaptation thresholds, more timely adaptation can be
implemented by ensuring that the values for signals and triggers are appropriate to avoid
the adaptation threshold in question.

Two workshop discussions were held among the authors to develop a DAPP
for the Tauranga case study. The first considered a range of indicators derived from
Lawrence et al.’s [25] work looking at developing signals and triggers in a New Zealand
context and assessed their potential applicability to the case study. The DAPP makes use of
eight indicators from financial, social, psychological, hazard and policy fields (Table 1 of
main paper) and is driven by RCP [19,82] and shared socio-economic pathway (SSP) [20].

Each STAT group uses the same indicator for signals, triggers and adaptation thresh-
olds, with different values for each, and runs as an independent entity without influence
from other STAT groups. A signal becomes active, followed by a trigger and subsequently
the adaptation threshold is breached; these can happen separately or at the same time,
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depending on the driver of the indicator. For example, a large storm event can make all
components of a STAT group activate simultaneously (signal and trigger become active
and adaptation threshold is breached). Multiple triggers can become active at once for
the same reasons, so a ‘multiple active triggers’ (MAT) STAT group was built into the
model. If MAT is activated, a new action selection process begins, as would happen in
a real decision-making situation when multiple triggers are active, to check whether the
action selected by the first trigger will be suitable. Under MAT, a choice is made between
options C, D and F, with the caveat that the current adaptation action cannot be selected.
As an example, if the current action is C then the choice is made between options D and F.

The second workshop discussion considered the values for a signal, trigger and
adaptation threshold for each of the indicators and plausible actions associated with each
trigger. A suite of options was developed (Table 2 of main paper) and their applicability
for each trigger considered. Each trigger was allocated a suite of plausible options and the
next action (pathway) is selected from the options based on pre-determined probabilities
determined during the second workshop. STAT H has no signal or adaptation threshold,
only a trigger; this trigger becomes active when any other STAT group selects option
‘F—Prepare to Retreat’ as its action. As with the MAT STAT group, the current adaptation
option cannot be selected by any trigger, as that would constitute no change in action
or pathway.

ABM is a well-established approach for simulating the interactions between people
and the environment [83-86] and is the most common approach for modelling with stake-
holders [87,88]. ABM is particularly useful for improving system understanding [84,85],
for investigating the actions of autonomous actors on system form and function and in-
vestigating interactions between actors [44,45]. ABMs are spatially explicit, which allows
researchers to investigate the interactions of processes discrete in space and time [84,89].
ABM can help to illuminate non-linear dynamics in complex systems, making it a partic-
ularly useful approach when exploring possible impacts of decision-making on coastal
communities. ABM is known for the ease in which new variables and interactions can be
coded into a model, and the models produced can quickly become irredeemably compli-
cated [41,84]. Care must be taken to only include the variables and interactions required to
simulate system form and function to the extent required [41,90].

Scenario analysis involves the simulation of plausible alternate future states that may
change and evolve over time. The approach of selecting already-existing scenarios is well
established in modelling and simulation, for example the common use of the IPCC’s RCP
and SSP scenarios [19,20]. The scenarios can be fully interrogated through running large
numbers of simulations to identify the full range of potential system states each scenario
can generate. Monte Carlo analysis is one such computational technique that makes use of
stochastic processes to analyse risk. It consists of running large numbers (usually 1000+) of
iterations of the same scenario to identify the range of possible system states that scenarios
can generate and to derive probability distributions [91,92].

MHCABM gives users a choice of six scenarios, developed by Frame et al., [52] and
expanded by Lawrence et al. [25]. The scenarios fit within an SSP-RCP matrix and each
show a different potential future for New Zealand. The five interacting hazards drive
overall system change over the period 2010 to 2150. MHCABM demonstrates a process of
choosing pathways and moving through a DAPP over time, showing how a community
may potentially move through the decision-making process given the conditions simulated
in the model. Users can choose to run the model with a choice of six non-player characters
adapted from Blackett et al. [93], each with their own preferred suite of options in response
to each trigger. This paper uses the default selection of no character, allowing the model to
select DAPP options for each trigger that were developed based on expert judgement.

Monte Carlo analyses were run on the six scenarios within an exploratory modelling
process [94] to identify the most common DAPP pathway at each timestep for each scenario.
Additionally, mean timings and distributions of each response variable (pathway, signal,
trigger and adaptation threshold) were identified for each simulation group. With the inten-
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tion of demonstrating model utility for decision-making this research uses 2500 iterations
per calibration, increased from 1000 in the previous work [53] when MHCABM was being
used in a purely exploratory manner.

Following the robust decision-making approach of presenting ‘possibilities’ rather
than “probabilities’, and the known issues with using statistical significance to interpret
model results set out in White et al. [95], we suggest only using statistical testing to confirm
or refute significant differences between scenarios, rather than to suggest the likelihood
of any given scenario occurring. If there is a demonstrable need to identify statistically
significant differences between scenarios, we suggest comparison of scenarios via selected
response variables using generalised linear models (GLMs), with a family-wise error rate
correction (Holm—Bonferroni) to counteract the problem of multiple comparisons, in R
Project for Statistical Computing Software (R) [96], as per Allison [41,43].

To minimise the issue of non-standardised /non-replicable model descriptions, the
Overview, Design concepts and Detail (ODD) Protocol was introduced by Grimm et al., [71,72].
The ODD protocol is an increasingly common format for documenting and presenting
ABMs, particularly human-environment systems models (e.g., [97,98]).

Structured walkthroughs are a form of face validity that involve a model and code
being formally reviewed by a group of peers; the code can be reviewed either line-by-line
or operation by operation [70]. Structured walkthroughs are an increasingly common
method of model testing and are a proven method of testing model robustness and com-
prehensibility [41,70]. An ODD protocol description of a model can facilitate the structured
walkthrough by presenting the model in a standardised way.

A structured walkthrough of model code and function was led by the model developer
(AA) and undertaken with the other researchers in this project. A formalised, written
version of the structured walkthrough is presented in Appendix A.1.

MHCABM, with its rule-based code structure and open-source platform, is flexible
enough that it could be explicitly applied to a place if given a GIS interface, as is possible
with NetLogo. MHCABM uses a patch-based spatial system, with information from hazard
maps converted into point data and each point representing one patch. The size of the
system that a DAPP can be applied to is flexible, with some being designed for use in small
communities [99] and others for much larger geographic areas [100].

Notes

1

We define desirability in the context of development/intensification on any given spatial area unit in the model with respect
to sea levels. It is based on land being above high tide level, the value and age of property in the location, and the record of
hazard impacts on the location. Any spatial area unit with a desirability value above the minimum threshold can have a house or
business developed on it, if a ‘person” agent at that location chooses to do so.

Freshwater, wastewater and stormwater provision.

House loans in New Zealand require insurance to be available and increasingly insurance companies are seeing sea-level rise as a
foreseeable and therefore an uninsurable cause of damage.
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