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Abstract

Climate change will pose new challenges to conegrizarth’s natural ecosystems,
due to incremental changes in temperature and eep#iterns, and to increased
frequency and intensity of extreme climate evefitilressing these challenges will
require pragmatic conservation actions informedgibsrspecific understanding of
susceptibility to climate change and capacity aliesties to cope with and adapt to
change. Depending on a location’s environmentatequishility and social adaptive
capacity, appropriate conservation actions wiluiegjsome combination of: (1)
large-scale protection of ecosystems; (2) actitglgsforming and adapting social-
ecological systems; (3) building the capacity ahoounities to cope with change; and
(4) government assistance focused on de-couplingramities from dependence on
natural resources. We apply a novel analytical é&aork to examine conservation
actions in five western Indian Ocean countries, i@loimate-mediated disturbance
has impacted coral reefs and where adaptive cgpdithers markedly. We find that
current conservation strategies do not reflect tndapapacity and are, therefore, ill
prepared for climate change. We provide a visiarcémservation policies that
considers social adaptive capacity that copes edathplexities of climate change
better than the singular emphasis on governmeritaand the creation of no-take

areas.
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Introduction

Climate change is expected to increase the frequama intensity of extreme
climatic events, and will profoundly influence egstems and the communities that
depend on them. Examples include droughts and ivaklin forests and bleaching on
coral reefs (IPCC 2007). In light of future climateange, effectively conserving
ecosystems and the goods and services they pralidely on the ability to predict
the risk of extreme climatic effects and to harrtegscapacity of associated human
societies to cope or adapt (SEG 2007). Despitsttiehastic nature of disturbances at
small scales, the probability of extreme climaterdgs in a particular location is
predictable over the long-term based on histoecaironmental change (Webster et
al. 2005; Baettig et al. 2007; SEG 2007). To dguelppropriate regional
conservation strategies that prioritize actionspacific sites, conservation planning
should incorporate spatial differences in suscéjtitbo extreme events, hereafter
termed ‘Environmental Susceptibility’ (Clark et 2D01). But conservation planning
should also consider the socio-economic condittbasdictate the range of
adaptations and conservation interventions possililee face of climatic
disturbances (Adger et al. 2005; SEG 2007). ‘AdepGapacity’ indicates society’s
potential to cope with perturbations and take ath@a of new opportunities, whether
due to climate impacts (IPCC 2007), conservatidaruentions, or other changes to
the social-ecological system. We present a novallytinal framework that considers
the interactions between Adaptive Capacity and i&mmental Susceptibility to
assess a range of conservation strategies. We tppliyamework to a quantified

example from coastal environments in the Indianadce

A framework for conservation planning
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We propose that quantifying and plotting the Enwmental Susceptibility of sites
against their social Adaptive Capacity providesaariework to integrate these two
considerations and gives important insights forseowmation planning (Fig.A). This
distinguishes four domains where differing polieydaconservation activities are
required. Biodiverse regions with low Environmerfaisceptibility are refugia and
have generally been considered a high priorityctorservation using protected area
management (Sanderson et al. 2002). However, iiffesocioeconomic conditions in
these regions may limit the viability of this maeatent approach. Protected areas
may, indeed, be appropriate in sites where Adagiaeacity is high because local
communities can readily adapt to restrictions ake tadvantage of new
opportunities, such as increased tourism. Conlyersemmunities with low
Adaptive Capacity are poorly equipped to cope withn short-term restrictions on
resource use imposed by no-take areas. Consequikiehe communities may be
unwilling or unable to comply with protection meessiand adding more no-take
areas may merely lead to a further proliferatiomeffectual so-called “paper parks”
(McClanahan 1999). These low EnvironmentalSuscaipgibnd low Adaptive
Capacity regions (Fig.A) will first require investments in poverty alletian,
infrastructure, social capital, and alternativeoimes to develop adaptive capacity.
Once local capacity is enhanced, these regionsare likely to be able to take
advantage of the opportunities arising from coretgon and successfully implement
management strategies. Prior to these developnraatsagement options with

minimal social costs are required (McClanahan.e2@06).

Regions with high Environmental Susceptibility slible a lower priority for

traditional biodiversity conservation, as effoxgprotect nature are likely to be
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consistently undermined by the impacts of extrelimeate events. Again, the
Adaptive Capacity in these regions will influenbe hecessary and appropriate
policy and actions. Where Adaptive Capacity is higcietal change and
diversification is more likely and active ecosystsranipulation may be possible
through food web restoration, ex-situ conservatgametic engineering, or selective
breeding of resistant organisms. As climate chamgacts become more widely felt,
adaptations developed in these regions may pronm®/ations ultimately used in the
other quadrants of this framework (Figd)1Regions in the high Environmental
Susceptibility and low Adaptive Capacity quadraotbt currently have the
resources or ability to adapt to climate changes€Ehregions are a primary concern
for human development and require government oodassistance to ameliorate
disaster risk, strengthen social safety nets, difyesources of livelihoods, and reduce

dependence on local natural resources.

Western Indian Ocean Case Study

We further explore this Environmental Susceptipiidaptive Capacity framework
by applying it to locations with coral reefs and@sated fisheries in the Western
Indian Ocean (WIO), where climate-mediated coralbhing has had extensive
effects and in combination with local anthropogetraases of degradation, demands
appropriate and effective management interventidpproximately thirty million
people in the WIO depend directly or indirectlythie coastal environment for goods
and services. Coral reefs are among the ecosystémghe greatest Environmental
Susceptibility to climate change (Walther et al02pD During the 1998 EIl Nifio-
Southern Oscillation (ENSO) warming event, WIO segfderwent severe bleaching

and suffered 0-95% coral mortality, depending aration (Goreau et al. 2000).
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We used an oceanographic-environmental model aodiaeconomic survey of
coastal households to quantify indices of bleacliingironmental Susceptibility and
Adaptive Capacity at sites spanning five countimethe region. The oceanographic
model used environmental conditions during previexiseme warming events to
predict the susceptibility of coral reefs to futinteaching (Maina et al. 2008). The
model provided an index of predicted Environmetasceptibility to bleaching for

the entire Indian Ocean that is scaled from O-1tfidés).

Our socioeconomic survey provided an Adaptive Ciypawdex for 29 communities
based on eight quantitative indicators (MethodsthRlimate change and the
capacity of communities to adapt to it are multdedssues, with the latter
incorporating individual, household, community, aradional-level organization.
Adaptive Capacity can be characterized at eachesfet scales, but we considered the
household and community scales to be most apptedoaour analysis. First,
because national and local governments play avelaiminor role in determining
capacity at these sites; second, because of theatiiess of rural coastal
communities; and third, because practical initiegito increase Adaptive Capacity
typically focus on the community scale (Smit & Wahd006). Thus, our indicators
of Adaptive Capacity mainly focus on the houselaid community scale, although
national-level differences in development and gowernt investment are reflected in
the material assets and local infrastructure irtdirsa Each indicator was normalized
then combined as a weighted score to provide & s¢aldaptive capacity that also
ranged from 0-1 (Methods, Fig. 2). We plotted tboemmunities’ mean Adaptive

Capacity against the predicted susceptibility gheent reefs to bleaching
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(Environmental Susceptibility) and examined howedihg conservation actions may

be appropriate across nations and sites in the {¥ig 1B).

Sites in Seychelles and Mauritius all had high AdepCapacity, but the countries
differed considerably in their susceptibility torabbleaching. Mauritian sites fell into
the low Environmental Susceptibility, moderate Atiksg Capacity quadrant, where
our framework suggests that a protectionist coragem policy, for example large
marine protected areas, would meet conservatiols ¢joat local communities could
cope with and potentially support. Conversely, $ejles sites fell into the high
Environmental Susceptibility, high Adaptive Capggtiadrant, suggesting a poor
prognosis for their reefs, which will likely regaiactive ecosystem management
programs to recover from past coral bleaching el@s@and prepare for future
climatic change. These findings suggest strategfieslds with current conservation
action in these countries. Mauritius, where reekprvation would provide the
greatest long-term benefits, protects only 8.5 Kess than 1%, of its reefs, from
fishing (the smallest area of any country we stdd{@able 1). The Seychelles, where
reefs within and outside of parks have been, angnedict will continue to be,
severely affected by climate-induced coral bleaglftaraham et al. 2007), has
embraced a preservationist approach and protebt3 R&f, over 15%, of its reefs
from fishing, the highest amount and proportionhe&f 5 countries (Table 1). In higher
Adaptive Capacity countries, economic developmeategies that lessen
dependence on coral reef resources will reducguhnerability of their economies
and livelihoods to climate change. In Mauritius &®l/chelles these strategies

include tourism, offshore fisheries, and servicasda on information technology.
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Sites in Madagascar, Tanzania, and Kenya all shdovedo moderate Adaptive
Capacity, but highly variable Environmental Susi®laty (Fig. 1B). Our framework
suggests that development of Adaptive Capacitypsaitythroughout these
countries. Conservation strategies at sites withEmvironmental Susceptibility
should focus on integrated conservation and dewedop with, for example,
investments in income generation and livelihoocedsification. In high
Environmental Susceptibility sites it is essentiat development strategies do not
make local communities or industries more dependemtef-based resources that are
at risk. We find that the current conservationtstgees in these countries are not
aligned with the approaches suggested by our framewor example, Kenyan reefs
are susceptible to bleaching, suggesting thataineyinlikely to sustain a high-quality
tourist experience. Yet Kenya has a moderatelyelangrine protected area fisheries
closure system (8.6% of its reef area, Table 1t)ithiaighly dependent on tourism.
Therefore, the sustainability of this protectiorastgy under climate change scenarios
is questionable. In Tanzania, some sites gendnale higher Adaptive Capacity and
lower Environmental Susceptibility, suggesting timyestment in more protection
could be effective. However, Tanzania currentlk&aan effective system of large
fisheries closures, protecting only 66 %(t.9%) of its reefs from fishing. Most sites
in Madagascar have low Environmental Susceptibditg consequently are expected
to fare better than reefs in Tanzania and Kenyecyeently only 10.4 kh(0.5%) of
their reef area is protected (Table 1). The Madeayagovernment’s commitment to
triple the amount of protected areas is criticalegional conservation, but since
Madagascar had extremely low overall levels of And@pCapacity, this must be
accompanied by investing in community developméotts such that local people

can cope and comply with, and benefit from proteetesas.
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Application of our novel framework to the WIO relgéhat current conservation
strategies are poorly prepared for climate chawgesuggest that this could be
improved by a regional approach to coral reef manamnt that integrates
development and conservation based on likely l@ngrtoutcomes. Our framework
provides a basis for understanding the local cdraaa then prioritizing pragmatic
actions at the appropriate scale to manage soctb@gical systems in the face of

environmental change.

Incorporating Adaptive Capacity and Environmentad&ptibility into conservation
planning will represent a significant shift in homany resource managers and donors
approach conservation issues. We predict thatuhent emphasis on the creation of
closures, which are expected to build ecologicsilismce and minimize climate
change impacts through increasing grazing capaaitlycoral recovery trajectories
(Mumby et al. 2007; Worm et al. 2006), will only wsocially and ecologically in a
limited region where high Adaptive Capacity and lBwironmental Susceptibility
intersect. Other areas will need to focus on eningngdaptive Capacity, which will
require governments and donors to move beyond cammeasures to involve
stakeholders in protected areas (i.e. consultaparticipation, compensation), and
may involve large investments in economic altenestito reef-based livelihoods and
programs to build social and physical infrastrueti@onservation policies based on
integrated analysis of Environmental Susceptibdityl Adaptive Capacity are more
likely to result in actions that enhance the apihit reef ecosystems and local
communities who depend on them to cope with baghettpected and unexpected

impacts of climate change.
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Our framework is applicable to a wide range of abecological systems and
stressors. The intensity of data collection andyamarequired for our case study was
high because adaptive capacity issues arisingedtdhsehold and community scales
are most relevant for this topic and region. Howekeetrics of adaptive capacity
have been developed at a range of scales, usirefywadailable secondary data (e.g.
Yohe & Tol 2002; Tompkins & Adger 2005). Thus, degmg on the particular topic
under investigation, our framework may be applieablsituations where less
intensive data collection and post-processing egeired. Likewise, map-based
Environmental Susceptibility models are being iasiagly developed at a range of
scales (e.g., Aragao et al. 2007, Baettig et &7200ur framework could also be
extended to consider additional axes such as logacts on ecosystems, the strength

of governance systems, or the ability of ecosystenpsovide goods and services.

Case study methods

Predicting susceptibility to coral bleaching

Six environmental variables (mean and variatiose#water surface temperature,
available photoactive radiation (PAR), UV, chlorgfpla concentration, surface
currents, and wind velocity) and past coral bleagliata were used to predict
environmental susceptibility under climate changgnsirios across the western Indian
Ocean region (Maina et al. 2008). The model usextu coral bleaching data from
216 sites taken from web archives (www.reefbasg.figdd surveys in 2005

(McClanahan et al. 2007a), and published relatipsshetween coral bleaching and
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environmental parameters to calibrate the fuzziclpgrt of the model.
Environmental parameters were normalized using3t&efuzzy logic technique
(Zadeh 1965). They were then weighted using spatiatipal component analysis
and the cosine amplitude-AHP method (Maina et@082 before they were
aggregated using the convex combination techniBuer¢ugh & Mcdonnell 2005) to
yield environmental susceptibility maps with contdus values ranging between 0
and 1. The model was evaluated and its predictié@yatested using coral mortality
across the 1998 ENSO for 27 reef locations in thstern Indian Ocean. The model
had good predictive ability%0.50, p=0.05) with the exception of northwestern
Madagascar and this area will require further itigasion to determine the factors
that created lower coral mortality than predictgdhie model. We used the model’s
Environmental Susceptibility predictions for ocesaties closest to the social surveys.
Patterns in bleaching susceptibility are mainlylaxged by gradients of SST
variation and PAR (Maina et al. 2008). Analysidarfg time seriesn situ SST data
indicates that the variable has not changed duhedast > 50 years and there were
no difference between ENSO and non-ENSO years (Btwllan et al. 2007Db).

Similarly, there are no indications that PAR haanged.

Quantifying adaptive capacity

We defined Adaptive Capacity as the ability of hehuslds to anticipate and respond
to changes in coral reef ecosystems and fisherek{o minimize, cope with, and
recover from the consequences. Based on this tlefirand previous literature (e.g.
Brooks & Adger 2005), we collected data on eighlicators of adaptive capacity in

42 coastal communities (that were later pooled #&t@reas based on proximity and
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shared fishing grounds) in Kenya, Tanzania, Madagyaseychelles, and Mauritius

(Table 2).

Communities were purposively sampled based on tisairof coral reef resources that
were included in ecological surveys. Purposive demg@f communities is an
appropriate strategy for exploratory studies suthes (Agrawal 2001), although
inferences from the data are constrained by therandom selection of study sites.
We used key informant interviews and householdesgso collect information on
the eight indicators of adaptive capacity (TableVZg surveyed a total of 1564
households. Sampling of households within commesivas based on a systematic
sampling design (Henry 1990). We conducted betv2@eh43 surveys per site,
depending on the population of the communitiestaedavailable time per site.
Household surveys targeted household heads. kwitk a low density of fishers in
the general population, additional systematic sysweere conducted from the
population of fishers. Participant observationg| distories, community transect
walks, and secondary information (report, populattensuses, etc.) was used to

triangulate the results of our surveys.

To aggregate the eight indicators into an intelgaél scale of adaptive capacity, we
used the Analytic Hierarchy Process (AHP, Saaty0)] ®8thodology. Ten
researchers individually made pair-wise comparisiribe importance of the eight
indicators, stating which was more important foagitve capacity given the range of
values for each indicator. The difference in impode between each pair of
indicators was indicated on a 3-point scale (1lmes& — slightly more important, 3 —

much more important) and the resultant matrix wggg@gated into a weighting for
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each indicator using AHP. Bray-Curtis similaritylioes between the different
researchers’ weightings ranged from 73-92%. Anayeof the weightings was used
to calculate adaptive capacity for each househslth@ weighted sum of the eight

indicators (normalized from 0-1) (equation 1).

Adaptive capacity = Recognition of causality*0.10 + Change
anticipation*0.11 + Occupational mobility*0.11 + Occupational
multiplicity*0.19 + Social capital *0.10 + Material assets*0.15 +

Technology*0.13 + Infrastructure>0.12

Where data were missing at the household level fislgeries-related questions and
non-fishing households), households were allocatedn community scores. The
adaptive capacity of each community was then basdtie mean of household
scores. The resultant score has a theoretical m@n@ed., where a score of 1 would
indicate a community where every household hadrtieimum score for all of the
eight indicators. Across the range of sites surdéyere, the weighted contributions of

community adaptive capacity indicators summed tange of 0.28-0.53 (Fig. 2).
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Figure headings

Fig. 1. A, Theoretical model indicating gradients of socidbfitive Capacity against
Environmental Susceptibility to produce four quandsaof differing conservation
priorities.B, Case study from the western Indian Ocean spartfhowntries A
Kenya, X Tanzania@ Seychellesll Mauritius, 4 Northeast Madagascar ard

Northwest Madagascar.

Fig. 2. Weighted contribution of 8 indicators of Adapti@apacity for 29 areas in 5
countries in the Western Indian Ocean ranked acugtd their overall Adaptive
Capacity scoreM D — MadagascaKY — Kenya,TZ — TanzaniaM S — Mauritius,

SZ — Seychelles).
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Table 1. Percentage of coral reefsin Kenya, Tanzania, Madagascar, Mauritius,

and the Seychelles protected by no-take fishing closures

Madagascar Mauritius  Seychelles Kenya Tanzania
Area of coral reef (kf)? 2230 870 1690 630 3580
No take area (NTA)(kf)"° 10.4 8.5 255.7 54.3 66.0
NTA as % of reef area 0.5% 0.9 15.1 8.6 1.9

2 (Spalding et al. 2001Y,(Gell & Roberts 2003Y, (Wells 2006)
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Table 2. Indicator s used to calculate adaptive capacity index.

Indicator

M easur ement

Recognition of causality and
human agency in marine

resources (Tompkins 2005)

Whether interviewee suggested factors which affslt

populations and/or interventions to improve fisipplations

Capacity to anticipate change
and develop response
strategies (Brooks & Adger
2005)

Stated response of fishers to a hypothetical 508kbraein

catches

Occupational mobility
(Allison & Ellis 2001)

Changes of employment within last 5 years, wheftveed

or voluntary, and whether new occupation preferred.

Wealth (Pollnac & Crawford
2000)

Principal component of presence of 15 materialtasse
vehicle, electricity, television, gas or electriow, fan,
piped water, refrigerator, radio, video player, #meltype of

walls, roof, and floors

Occupational multiplicity
(Allison & Ellis 2001)

Total number of person-occupations per househgjdai®-

root transformed)

Social capital
(Pretty & Ward 2001)

Whether the interviewee is a member of community

organizations

Technology Number of different gears used by fishing housetold
(IPCC 2007) (square-root transformed)
Principal component of presence of 20 infrastrieitems in
the community. Infrastructure items adapted frorfirac
(1998) are as follows: hospital, medical clinicctiw,
Infrastructure dentist, primary school, secondary school, pipetewa

(Pollnac 1998)

sewer, sewage treatment, septic tanks, electgeityice,
phone service, food market, pharmacy, hotel, restapu
petrol station, public transportation, paved rdaahking

facilities.
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Figure 2.
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