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Abstract
Purpose of Review This paper discusses three scientific frontiers that need to be advanced in order to support decision-makers
and practitioners in charge of operational decisions and action on the design and implementation of concrete adaptation policies
and actions. These frontiers refer to going beyond the (1) incremental vs. transformational and (2) maladaptation vs. adaptation
dichotomies and to advancing knowledge on (3) adaptation measures’ effectiveness and roles in designing context-specific
adaptation pathways.
Recent Findings Dealing with adaptation to climate change on the ground often means answering three obvious but critical
questions: what to do, where and when? These questions challenge the scientific community’s capacity to link conceptual
advances (e.g. on transformative adaptation) and ground-rooted needs across sectors and regions (on solutions, governance
arrangements, etc.).
Summary We argue that the three abovementioned frontiers represent the most burning challenges to the Adaptation Science
community to help addressing climate-related societal needs. We also demonstrate that they are intertwined as moving one
frontier forward will facilitate moving the others forward.

Keywords Adaptation to climate change . Incremental . Transformational .Maladaptation .Measures’ effectiveness

Introduction

Together, the recently released special reports [1–3] of the
Intergovernmental Panel on Climate Change (IPCC) convey
two clear messages. First, climate change-related risks to
humankind and ecosystems will increase exponentially until
societies implement workable solutions, both for avoiding
the unmanageable by tackling the source of anthropogenic
climate change (mitigation) and for managing the unavoid-
able part of climate impacts (adaptation). The Special

Report on Ocean and Cryosphere in a Changing Climate
shows, for example, that the risk from sea-level rise (SLR)
to low-lying coastal areas can be reduced by both mitiga-
tion and adaptation, even in the case of territories that are
at the frontline of climate change impacts [4]. In urban atoll
islands, for instance, the risk by 2100 can be reduced from
high1-to-very high2 to moderate3-to-high by moving from a
still intense to a stringent global greenhouse gas emission
scenarios. In addition, implementing adaptation at its max-
imum potential in urban atoll islands can help reduce the
risk from high-to-very high to high under an intense emis-
sion scenario and from moderate-to-high to close to mod-
erate in the case of a stringent emission scenario.

Second, the IPCC special reports conclude that mak-
ing the science policy interface more effective, by

1 In the IPCC language, high means “significant and widespread” (e.g. [3]).
2 That is, very high probability of severe impacts/risks and the presence of
significant irreversibility or the persistence of climate-related hazards (here,
sea-level rise-related), possibly combined with the reaching of some adapta-
tion limits.
3 That is, detectable and partly attributable to climate change (here, sea-level
rise) with at least medium confidence.
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addressing rising societal concerns and providing nation-
al to local decision-makers with operational tools and
answers, is critical for supporting short-to-long-term risk
reduction worldwide. With respect to climate change
adaptation, key questions asked by decision-makers
and practitioners in charge of operational decisions and
action in terms of designing and implementing concrete
adaptation policies and actions at the national and local
levels are relatively simple: what to do, where and
when? That is, what type of adaptation responses are
the most effective? Which locations are priorities for
implementation? And which timescales should be con-
sidered when planning for their implementation? From
the perspective of the scientific community, these
straightforward questions call for a more fundamental
concern, i.e. to be in capacity to link conceptual ad-
vances (e.g. on transformative adaptation and maladap-
tation) and the real-world context-specific needs of
decision-makers in charge of operational decisions (e.g.
on solutions for adaptation and on how to best link
short-term and long-term challenges when responding
to climate risks).

This paper discusses three frontiers at the basic fun-
damental research interface that are critical to bridging
the adaptation science-policy gap, as well as advancing
adaptation research toward climate-related societal needs
more broadly. These frontiers are intertwined and refer
to going beyond existing dichotomies and debates be-
tween (i) incremental vs. transformational and (ii) mal-
adaptation vs. adaptation divides and advancing knowl-
edge on (iii) adaptation measures’ effectiveness. For
each of them, the text briefly describes why it is a
scientific frontier and proposes some developments as
food for thought, using coastal examples as real-world
illustrations. It concludes on their intertwining and high-
lights the benefits to be expected from addressing these
three frontiers together.

Frontier 1—the Incremental vs.
Transformational Divide

Point of Departure

Adaptation is defined as a process allowing organisms, eco-
systems and human societies to adjust to the climate-related
changes that have started to occur and, in the case of human
societies, also to anticipate future risks [5, 6•]. Despite that it is
a continuing adjustment, adaptation is often portrayed using
dichotomies as such spontaneous vs. anticipated, or autono-
mous vs. planned, which originated in conceptual thinking in
the early 1990s [7, 8]. These dichotomies continue to be
reflected in new framings that have emerged over the last

decade and that distinguish between incremental and transfor-
mational adaptation [9•]. Incremental adaptation refers to
maintaining ‘the essence and integrity of a system or process
at a given scale’ [10: 542], while transformational adaptation
aims at changing ‘the fundamental attributes of a social-
ecological system in anticipation of climate change and its
impacts’ [10: 542]. Two well-known illustrations in flood-
prone coastal areas are the implementation of hard engineer-
ing (assumed incremental) and managed retreat (assumed
transformational; [11••]). What we have experienced as scien-
tists engaging with decision-makers at large (both in charge of
designing and implementing risk reduction and adaptation
policies) and participating in scientific conferences is that in
the non-academic arena, as well as within the scientific arena,
the incremental and transformational faces of adaptation are
often opposed. The underlying rationale varies according to
the stakeholder context, but the dichotomy remains there.
Incremental adaptation is usually perceived by scientists
(e.g. [12]) as a short-term perspective that ‘may not be suffi-
cient to avoid intolerable risks’ [13: 903], while transforma-
tional adaptation rather refers to what ‘should’ be done to
address the long-term challenges raised by climate change
together with ensuring sustainability in natural and human
systems. At another level, incremental adaptation is often seen
by decision-makers as the most realistic and practical way
forward, while transformation tends to be dismissed as polit-
ically infeasible, even if the need is acknowledged (e.g. [14•]).
This has perpetuated the distinction between these two forms
of adaptation in academia, policy and practice, even when the
incremental/transformative terms are not used. Surprisingly,
creating such a dichotomy contradicts most of—if not all—the
conclusions of scientific papers stating that making adaptation
happen is complex and at the crossroads of multiple time,
spatial and social scales.

Scientific Challenges Ahead

One of the biggest current debates centres around what sort of
adaptation we should be aiming for and what is sufficient to
ensure well-being and survival. A misleading juxtaposition of
incremental and transformational adaptation questions wheth-
er incremental adaptation can lead to transformation and pre-
sumes that incremental and transformational are fundamental-
ly contradictory. When taken in isolation, incremental mea-
sures may only have short-term benefits to risk reduction,
which often has detrimental effects on a longer timescale be-
cause those measures tend to address exposure and vulnera-
bility drivers only superficially, i.e. with a short view and at
the expense of a longer-term vision. A typical example is
engineered coastal protection structures as a response to
shoreline erosion in non-densely populated areas. While of-
fering direct protection, such structures often aggravate ero-
sion [15•], compromise the natural capacity of shorelines to
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naturally keep up with relative SLR [16], increase long-term
vulnerability to larger events [17] and raise concerns in terms
of affordability and maintenance requirements over time [18,
19].While hard protection could be part of the solution in very
densely populated areas, it is generally unsustainable in more
rural areas [4]. Similarly, in other contexts, the development
of small-scale irrigation for smallholder farmers can help
overcome immediate issues with water insecurity but may
contribute to a lock-in effect and delay a transition away from
agriculture that is likely to be necessary for many people liv-
ing in dry environments, ultimately making people worse off
[20]. This shows that depending on the context, incremental
measures can becomemaladaptive if not part of a broader plan
for enhancing adaptation, a point that the emerging and grow-
ing ‘adaptation pathway’ approach captures [6•]. Adaptation
pathways highlight the need to sequence various types of
measures over time in order to implement a long-term risk
reduction strategy [21••, 22, 23, 24•]. The most useful aspect
of the pathway approach is the recognition that somemeasures
can be initially beneficial but could become obsolete or less
effective over time, due to changing climatic and socio-
economic conditions, while others that are not ready to be
implemented now may become unavoidable in the future
[25••]. The need for sequencing actions also suggests having
a strategy for change that really addresses the root causes of
exposure and vulnerability, which comes closer to the defini-
tion of “transformation” [10].

Understood therefore as a trajectory toward greater change,
incremental strategies formulated as part of adaptation path-
ways suggest that small steps may add up to more significant
transitions. Put differently, incremental measures can contribute
to transformational adaptation if part of a broader adaptation
pathway [12, 26••, 27••]. In reality, most transformational ad-
aptation is unlikely to be operationalized without (partly) incre-
mental responses. For example, coastal relocation of people,
assets and activities, while increasingly recognized as of poten-
tial value for dealing with SLR impacts [4], is also acknowl-
edged to face important limitations such as, among others, fi-
nancial gaps, lack of institutional leadership and social reluc-
tances (e.g. [28–30]). Implementing relocation therefore re-
quires time—at least at a decadal pace—to convince people to
be relocated, to overcome land tenure issues in destination
areas, to preserve social networks and to identify financial com-
pensation mechanisms, among others. In such a context of so-
cietal latency, and as coastal risks from SLR and increased
wave height are already occurring and constantly increasing,
maybe coastal protection (hard and soft) can, at least in some
areas, serve as an interim strategy to reduce risks until a reloca-
tion strategy is developed. That is, planning for the long-term
(transformational adaptation) may require intermediate strate-
gies (incremental adaptation) to buy time, get societal consen-
sus and lay foundations for more ambitious, in-depth action
[12, 25••, 27••, 31••]. But this only works if the incremental

strategies do not generate lock-in effects, i.e. come at the cost of
reduced opportunities in the long term [32•].

Communicating on such incremental-transformational
intertwining is necessary in order to nudge decision-makers
out of the inertia created by the short vs. long term dilemma
and promote both flexible and anticipatory strategies to man-
age risk. Adaptation science has a critical role to play here,
especially through the analysis of the way the incremental-
transformational nexus operates in real-world examples, and
in order to move away any incremental-transformational di-
vide and instead emphasise complementarities (e.g. [12]).
From a practical perspective, the adaptation pathways ap-
proach may offer a useful tool to drive such a knowledge shift
[24•, 26••] (see Frontier 3). This perspective also acknowl-
edges the turbulent and non-linear nature of transformation,
which needs to be recognised in order to accommodate for the
incremental and transitional steps involved [33].

Frontier 2—the Maladaptation-Adaptation
Continuum

Point of Departure

Another adaptation dichotomy includes judging ‘good’ and
‘bad’ adaptation and leads to an almost systematic opposition
between adaptation and maladaptation [32•]. In essence, mal-
adaptation describes an action that results in undesirable and
unintended outcome(s) and eventually increases exposure and
vulnerability [10, 20, 34•, 35]. However, most of the time,
there is a very fine line between success and failure, depend-
ing for example, on the group of population (adaptation for
who?), spatial scale (e.g. is adaptation with side effects on
other systems’ real adaptation?) and timescale (i.e. adapted
until and by when?) considered. Thus, it is difficult to draw
a clear line between what contributes to maladaptation and
what contributes to adaptation [36].

Scientific Challenges Ahead

There is consensus that adaptation-labelled measures can turn
maladaptive, as illustrated by some post-catastrophe responses
promoting in situ rebuilding (e.g. [34•]). However, as shown
with the ‘incremental vs. transformational’ divide above
(Frontier 1), measures that are maladaptive in the long run
might still help the adaptation process on the short/medium
term, depending on the duration of their implementation and if
they are part of the broader, longer-term risk reduction strate-
gy. That means that maladaptation and adaptation form a con-
tinuum (example in Fig. 1) along which the extent to which a
given measure is considered detrimental or beneficial depends
on both the extent of changes in environmental conditions (i.e.
climate change-related) and societal choices (e.g.
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implementation process and timing, territorial scale consid-
ered, governance arrangements, capacity to anticipate future
changes and societal acceptance of constraining measures)
[36, 37]. While relevant options for the present can turn mal-
adaptive due to changing climatic and socioeconomic condi-
tions, such a priori non-sustainable options could help trigger
adaptation on the ground and therefore be part of a transfor-
mational path (see example of hard coastal protection above).
The maladaptation-adaptation continuum needs to be fully
acknowledged, highlighting the need for the scientific com-
munity to provide the decision-making arena with some con-
crete guidance on how to navigate from one side of the con-
tinuum to the other (see also Frontier 3).

To date, no agreed analytical framework for identifying
maladaptation in real time has emerged, but some frameworks
exist that provide useful starting points to understand malad-
aptation forms, spatial and time scales, etc. Three of these

focuses on an ex ante tracking of maladaptation in different
sectors and contexts [32•]. The oldest one, the Pathways
framework, builds on the study of two engineering responses
to water stress in Melbourne, Australia [38•]. Based on the
identification of the pathways through which maladaptation
occurs, it highlights five guiding principles to limit maladap-
tation: (i) ensure that the initiative does not increase emissions
of greenhouse gases; (ii) ensure economically and socially
equitable initiatives; (iii) avoid high-cost initiatives; (iv) in-
crease incentive to adapt; and (v) build flexibility into the
initiative. The Precautionary framework [39•] claims that
‘since climate models and observation cannot provide what
current decision-making frameworks need, the only solution
is to amend these frameworks to make them able to take this
uncertainty into account’ [39•: 242]. It suggests that identify-
ing the option that is ‘the most insensitive to future climate
conditions’ [39•: 242] is more robust than looking for the best

Fig. 1 Stylized representation of the maladaptation-adaptation
continuum. The maladaptation-adaptation continuum is represented on
the Y-axis of both panels. The background colour graduation from
brown to light green illustrates a transition from unsustainable practices
to long-term adaptation supporting sustainable development in a
changing climate. The arrows represent the life span of a given measure
and its connection to a subsequent one; blue and orange arrows illustrate
adaptive and maladaptive pathways, respectively. The panel provides an
illustration of a coastal areas (e.g. a rural atoll island) with low to
moderate density of human assets (here, people and infrastructure) at
risk from sea-level rise and starting with three generic types of

responses (urban planning and land tenure regulation, ecosystem-based
management and hard coastal defences). The weakening of planning
processes and conservation policies in the coming decades, together
with the strengthening of the hard defence strategy, describe a
maladaptive path as such a combination of options generate lock-in
effects in terms of increased exposure of settlements, continuous
degradation of ecosystems and dependence to external funding. On the
opposite, the shift from a hard-engineered strategy to enhanced ecosystem
conservation and planned and local relocation could lay the foundations
for an adaptive pathway
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choice under one specific scenario and advances six ways of
intervention to avoid maladaptation: (i) no-regret strategies;
(ii) reversible strategies; (iii) safety margin strategies; (iv) soft
strategies; (v) strategies that reduce decision-making time ho-
rizons; and (vi) the consideration of both conflicts and syner-
gies between strategies. The Assessment framework relies on
the assumption that adaptation requires that climate change,
both sudden and slow-onset events, is central to a broader
approach to sustainable development [32•]. It distinguishes
between environmental, sociocultural and economic maladap-
tation to highlight 11 guiding principles to minimize the risk
of maladaptation: (i) avoid degradation that causes negative
effects in situ; (ii) avoid displacing pressures onto other envi-
ronments (neighbouring areas or areas that are connected eco-
logically or socioeconomically); (iii) support the protective
role of ecosystems against current and future climate-related
hazards; (iv) integrate uncertainties concerning climate
change impacts and the reaction of ecosystems; (v) set the
primary purpose as being to promote adaptation to climate-
related changes rather than to reduce greenhouse gas emis-
sions; (vi) start from local social characteristics and cultural
values that could have an influence on risks and environmen-
tal dynamics; (vii) consider and develop local skills and
knowledge related to climate-related hazards and the environ-
ment; (viii) call on new skills that the community is capable of
acquiring; (ix) promote the reduction of socio-economic in-
equalities; (x) support the relative diversification of economic
and/or subsistence activities; and (xi) integrate any potential
changes in economic and subsistence activities resulting from
climate change.

None of these frameworks suggests that there is a clear
divide between actions contributing to maladaptation and ac-
tions contributing to adaptation. Rather, they indicate that
whether a given intervention contributes to maladaptation or
adaptation critically depends on, first, the balance through
space and time between its benefits and its negative collateral
effects (see Frontier 3) and, second, the existence of a flexible
and iterative decision-making process (including institutions,
stakeholders and governance mechanisms) (e.g. [32•, 37]). In
other words, all of these frameworks suggest that enhancing
adaptation to climate change is primarily about navigating
across the maladaptation-adaptation continuum and that no
option is ‘bad’ or ‘good’ a priori.

Frontier 3—Assessing the Effectiveness
of Adaptation Measures

Point of Departure

The term ‘solutions’ has become a buzzword in the climate
policy and scientific arenas, especially in the run-up to the 21st
Conference of the Parties of the United Framework

Convention on Climate Change (COP21) in 2015, when the
international community shifted from the design of the prob-
lem to the ‘era of solutions’ [40]. However, Frontiers 1 and 2
above convey the message that there is a long way from mea-
sures to solutions. In particular, they suggest that locating a
given measure along the maladaptation-adaptation continuum
and deciding whether it serves a long-term transformational
process or is only short-sighted calls for understanding the
potential benefits of such a measure in terms of risk reduction
over time. Yet, there is still a huge gap today in scientifically
based approaches to assess potential effectiveness for a wide
range of options and according to different context specific-
ities. The knowledge gap prevents robust decisions on wheth-
er adaptation-labelled measures are potential solutions, until
when, for whom and at which spatial scale or are actually
fallacious ideas.

Scientific Challenges Ahead

To especially support national to local decision-makers and
practitioners in charge of operational decisions on the design
and implementation of concrete adaptation policies and ac-
tions, to navigate along the abovementioned incremental-
transformational pathway and maladaptation-adaptation con-
tinuum, assessment criteria are needed to describe the poten-
tial benefits of a given measure, the lifespan of such benefits,
any undesirable side effects and the barriers to implementa-
tion. Effectiveness is understood here as the degree to which a
measure fulfils specified goals in terms of reducing climate
change impacts and risks and acknowledging that such goals
highly depend on sociocultural context specificities (values
and choices) and can be debated. Building on a recent framing
on ocean-based solutions for addressing climate change im-
pacts [41], we propose the following eight criteria that we first
describe and then illustrate with a case study on the Maldives
Islands. Together, these eight criteria refer to three important
dimensions for operational decision-making: the overall ben-
efits to be expected from the measure in terms of climate risk
reduction (hereafter the ‘core criteria’), the ‘societal enabling
conditions’ for implementing the measure and the positive and
negative ‘externalities’ associated with the measure.

Core Criteria

& Potential effectiveness refers to the ability of the measure
to reduce climate impacts to critical ecosystems, ecosys-
tem services and societies (people, assets, infrastructures,
etc.) and assuming its maximum implementation.
Qualifying and measuring such effectiveness depends on
the criteria used. Gattuso et al. [41], for example, assess
the effectiveness of a given ocean-based measure against
its ability to bridge the gap between impacts under low
and high global greenhouse gas emission scenarios (i.e.
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RCP2.6 and RCP8.5). For some measures, such as
ecosystem-based options, assessing effectiveness is how-
ever constrained by a lack of experience, implementation
and long-term monitoring under changing climate-ocean
conditions (SLR, sea surface temperature, pH, etc.) [15•,
16], which in turn hinders application [42]. For others,
such as hard costal defences in densely populated areas,
information exists based on quantitative engineering stud-
ies [4, 42].

& Readiness describes the actual stage of the measure’s tech-
nical and technological development, suggesting some
distinction between measures that are already partly de-
ployed in situ, that are not deployed in situ but have been
implemented elsewhere and that are only at the proof-of-
concept or theoretical stage (e.g. artificial floating islands
to face SLR; [43, 44]). Readiness varies significantly
across countries. For example, while The Netherlands
are technologically ready to use mega-nourishment to re-
duce coastal risks (‘sand engine’ approach; [45]), Pacific
atoll countries are at an early stage of testing beach nour-
ishment through pilot projects [46].

& Lead time until full effectiveness describes the time needed
to reach full implementation and effectiveness of the mea-
sure. For example, while planting mangrove may help
reduce flood risk by reducing relative SLR, this measure
requires time—time for the mangrove to be mature—to
become fully effective. Other options refer to longer time-
scales, such as coastal retreat for example. Estimating this
lead time is crucial to know fromwhen this measure could
become beneficial, therefore allowing designing the se-
quencing of actions involved in the related adaptation
pathway [47, 48••, 49]. In the illustrative case below (next
sub-section), three levels describe the lead time until full
effectiveness: months (i.e. several months before benefits
arise), years (i.e. a couple of years to a decade) and de-
cades (i.e. more than a decade before effective outcomes).

& Duration of the benefits describes the duration of the pos-
itive effects to be expected once the measure is imple-
mented. De facto, it also refers to the level of sustained
commitment the measure requires to continue to produce
benefits over time [41]. In the case of hard coastal defence,
the duration of benefits is driven by both maintenance and
upgrading of structures through strengthening and height-
ening (e.g. [19]), while for restored ecosystems, it is main-
ly controlled by the ability of the latter to adapt to climate
pressures through various strategies (e.g. vertical growth
and genetic evolution for corals; [50, 51]). As assessing
the duration of benefits informs the potential obsolescence
of the measure, it is complementary to the previous criteria
to help locating the measure along the maladaptation-
adaptation continuum and subsequently within the adap-
tation pathway-related sequence of actions. In the illustra-
tive case below, four levels describe the Duration of the

benefits: short-term (i.e. months to years), medium-term
(i.e. from years to one to three decades), long-term (i.e.
from three to five decades) and very long-term (i.e. five
decades to a century).

Societal Enabling Conditions

& Societal acceptability describes the capacity of the society
or the community as a whole to support the implementa-
tion of a measure. For example, societal acceptability can
be high for hard-engineered coastal protection because in
some contexts this latter creates a ‘sense of security’ [17],
as illustrated in the Maldives Islands where residents tend
to prefer it to ecosystem-based measures [52]. In addition,
there can be reluctances to the implementation of
constrainingmeasures (e.g. refusal of a coastal community
to be relocated inland in Mauritius Island; [53, 54]) or of
measures that will have only delayed and uncertain bene-
fits, such as most of ecosystem-based options [42].

& Governability describes the potential for the measure to be
implemented in a given decision-making governance con-
text, especially by national and local public authorities as
well as local community leaders. Such potential notably
depends on the nature and degree of the socio-cultural,
ecological and economic conflicts raised among stake-
holders by the measure; on the capacity of the governance
context to identify compromises [4]; and on the readiness
of the national-to-local authorities to implement the mea-
sure. For example, on Reunion Island, Indian Ocean, the
local authorities show a relatively low readiness to imple-
ment alternative measures to hard engineering as a result
of a lock-in effect, i.e. business-as-usual vision of future
change and response [14•].

Externalities

& Potential co-benefits describe the additional benefits from
the measure that are not related to those from the direct
reduction of climate impacts. Co-benefits could include
the improvement of other components of the socio-
ecological system and, through this, the enhancement of
other ecosystem services and better foundations for other
measures. Ecosystem-based measures are well-known ex-
amples of options providing multiple co-benefits [41]. In
addition to reducing flood risk, mangroves, for example,
contribute to improved human well-being [55] through
socio-cultural (e.g. protection of cultural sites), environ-
mental (e.g. conservation of species that breed or live in
mangroves) [56] and subsistence and economic (e.g. pro-
vision of firewood and support to commercial fisheries
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and tourism) [57] benefits. Social equity outcomes are also
to be considered.

& Potential negative collateral effects describe the observed
or anticipated adverse consequences of the measure either on
the socio-ecological system in which it is implemented (e.g.
inequity in accessing economic activities or food resources)
or on other environments (i.e. neighbouring areas or areas
that are connected ecologically or socioeconomically; e.g.
hard coastal defence compromising sediment accumulation
at the coast, in situ and/or downstream; [16, 32•, 58]). This
criterion refers to several guiding principles of the frame-
works presented in Frontier 2 aimed at avoiding maladapta-
tion, especially criteria (i) and (ii) of the Pathways
framework; (ii) and (vi) of the Precautionary framework;
and (i), (ii), (iv), (vi), (viii) and (xi) of the Assessment
framework.

From Understanding Effectiveness to Designing and
Implementing Adaptation Pathways: a Practical
Example

Here we provide an illustration of how the above 8-criteria
matrix could support decision-making toward robust climate
adaptation pathways (Fig. 2). We use the case of the Maldives
Islands, IndianOcean, in the face of SLR and build on recently
published works highlighting, first, various island types ac-
cording to the degree of human disruption of the capacity of
the reef-island system to naturally adapt to SLR [59] and,
second, adaptation pathways for each of these island types
[25••]. Supplementary Material SM1 briefly presents the is-
land types. The example here considers two island types de-
scribing inhabited islands with relatively moderate population
and assets densities (mean of ~2090 hab./km2 in 2014), and
very densely populated islands (mean of ~6860 hab./km2, up
to ~65,700 hab./km2 in the capital island of Malé) (SM2). A
set of five generic adaptation pillars (Fig. 2, Panel B; see [25••]
for extended explanations) is considered under which a wide
diversity of specific measures can be implemented. (i)
Ecosystem resilience strengthening consists of options for
maintaining or restoring, where possible, the marine and
coastal ecosystems, in particular vegetated beach systems,
mangroves, seagrass beds and coral reefs. In the Maldivian
context in particular, this adaptation pillar refers to maintain-
ing both reef-to-island functional sediment transport pathways
and accommodation space at the coast to allow continuous
island adjustment (both vertical and horizontal) to ongoing
environmental changes. (ii) Minimisation of the risk of
maladaptation addresses the prevailing human-driven drivers
that have operated over the last decades and contributed to
past and current human exposure and vulnerability to SLR.
An example of a practical measure experimented in the
Maldives is the replacement of hard protection structures by

soft devices, including the use of removable groynes (made of
sand bags), to prevent human asset damage from seasonal
sediment shift. (iii) Internal relocation considers the potential
for relocating people, assets and activities within and between
the Maldivian atolls, i.e. nationally. Such a pillar requires to
consider island geomorphic characteristics (including size, el-
evation and exposure to storm surges), locally available food
resources (that is, near-shore reef fish and cultivable land), as
well as island communities’ social networks within the relo-
cation area, and technical and financial support to relocation,
which together drive societal acceptability. (iv) Island fortifi-
cation associated with ground elevation refers to the protec-
tion of existing settlements by properly designed and built
engineered structures (e.g. seawalls) and, in a context of
SLR, some level of ground elevation. In the Maldives, this is
ultimately illustrated by the ~2 m-high artificial island of
Hulhumalé that has been developed since the 1990s to host
the rapidly growing population of Malé and prevent SLR-
driven damage. Therefore, hard coastal defences and island
raising are examples of practical measures to be considered
under this pillar. (v) International migration is considered a
very last resort option in the case of a high-end climate-related
ocean change scenario. Examples of practical measures deal
with legal arrangements with hosting areas and sociocultural
action toward greater social acceptance of migration.

The assessment approach proposed in this paper identifies
two main steps once the various adaptation-related measures
have been identified by operational decision-makers and sci-
entists. The first step consists in informing the ‘core criteria’
(Potential effectiveness, Readiness, Lead time until full
effectiveness,Duration of benefits) for the set of selected mea-
sures (e.g. use of removable groynes in (ii)) or at the adapta-
tion pillar level (e.g. for internal relocation of a given island
community), depending on the context. The aim here is to
understand the potential of a specific measure or pillar to con-
tribute, individually and/or together, to climate risk reduction.
This is illustrated in Fig. 2 by the move from Panel A to Panel
B: when informed, the core criteria matrix serves as a starting
point to design an adaptation pathway. An expert judgement-
based approach could be used to conduct the assessment
(Panel A in Fig. 2), that is, for example, assess if a given
measure has none/very low-to-low/moderate/high-to-very
high Potential effectiveness to reduce SLR risk and
Readiness; requires months/years/decades in terms of Lead
time until full effectiveness; and would provide benefits
(Duration of benefits) over a short-/medium-/long-/very
long-term scale. Panel B in Fig. 2 provides an illustration of
the outcome (i.e. design of adaptation pathways) at the adap-
tion pillar level, for the two abovementioned atoll island types.
It especially uses a visual representation of the combination of
the core criteria (right-hand side of the legend of Panel B) that
serves to position the adaptation pillars along a timescale (to-
day, mid-century, end-century) and SLR scenarios (from low
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to high-end). The resulting context-specific adaptation path-
ways are detailed in [25••]; the aim here is not to develop the
underlying assessment but to illustrate the usefulness of the
assessment criteria to organize a set of measures/pillars over
time by considering both their specific features and their po-
tential connections with other measures/pillars.

The second step is represented by the move from Panel B to
Panel C (Fig. 2), and consists of understanding the practical
feasibility of the adaptation pathways. While the core criteria
(Potential effectiveness, Readiness, Lead time until full
effectiveness, Duration of the benefits) are foundational to the
design of scientifically sound adaptation pathways, they do not
reflect the overall feasibility, in a given context, of the pathway
as a whole. Such a feasibility actually crucially depends on the
societal enabling conditions (Social acceptability ,
Governability) to decide if and how to operationalize the path-
way and on the analysis of the externalities (Co-benefits and
Negative collateral effects) to put this adaptation strategy into
the broader context of sustainable development. This step
should especially involve the decision-makers and practitioners
who are in charge of operational decisions relating directly or
indirectly to climate risk reduction and adaptation. Involving
the civil society and private stakeholders (e.g. professionals)
is also recommended at this stage in order to be able to also
consider connected dimensions such as, for example, social
equity and economic competitiveness.

At the end, these two steps (from Panel A to Panel C)
illustrate that when considered together, the eight criteria de-
fine the full assessment matrix that helps moving from ‘mea-
sures’ to ‘solutions’.

Conclusion: Intertwined Frontiers

The three scientific frontiers discussed in this paper are inter-
connected and, as a result, form a consistent storyline starting
from reconciling the incremental-transformational dilemma in
the aim of combining multiple solutions, benefiting from their
synergies and avoiding trade-offs (Frontier 1) to better navi-
gate along the maladaptation-adaptation continuum (Frontier
2) and assess the potential effectiveness of adaptation

measures (Frontier 3, with both insights from and implications
for Frontiers 1 and 2). From our vantage point, it seems nec-
essary to locate a given measure along the maladaptation-
adaptation continuum and decide to what extent it serves a
long-term transformation process, if we are going to capture
the potential benefits of such a measure in terms of risk reduc-
tion over time. Overall, we argue that advancing knowledge
on these 3 frontiers will be decisive to understand a given
socio-ecological system’s room for manoeuvre and ultimately
design robust long-term risk reduction strategies through the
development of adaptation pathways. In this view, our paper
specifically targets the national to local decision-makers and
practitioners on the ground that are in charge of operational
decisions and action in terms of designing and implementing
concrete risk reduction and adaptation policies and actions.

Lastly, such intertwining means that moving one frontier
forward will facilitate moving the others forward, which is
expected to have a knock-on effect on scientific investiga-
tions. Two major benefits to be expected from moving for-
ward these frontiers together relate, first, to providing the pol-
icy arena with both scientifically robust and pragmatic infor-
mation and, second, given the urgency to act against climate
change, to reducing delays in providing such information.
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