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Abstract :

Coral reefs are biodiverse and productive ecosystems but are threatened by local and global stresses.
The resulting loss of coral reefs is threatening coastal food and livelihoods. Climate projections suggest
that coral reefs will continue to undergo major changes even if the goals of the Paris Agreement (Dec
2015) are successfully implemented. Ecological changes include modified food webs, shifts in community
structure, reduced habitat complexity, decreased fecundity and recruitment, changes to fisheries
productivity/opportunity, and a shift in the carbonate budget of some ecosystems toward dissolution and
erosion of calcium carbonate stocks. Broad estimates of the long-term (present value) of services
provided by the ocean’s ecological assets exist and are useful in highlighting the value of reefs yet must
be contextualised by how people respond under ecosystem change. The dynamic nature of the
relationship between people, economies, and the environment complicates estimation of human
consequences and economic outcomes of changing environmental and ecological capital. Challenges
have increased given lack of baseline data and our inability to predict (with any precision) how people
respond to changing coral reef conditions, especially given the variability, flexibility, and creativity shown
by human communities and economies under change. Here, we explore how the changes to the three-
dimensional structure of coral reefs affect benefits for people, specifically coastal protection, fisheries
habitat, and tourism. Based on a review of available data and literature, we make a series of key
recommendations that are required to better understanding of how global change will affect people
dependent on coral reefs. These include: (1) baseline studies and frameworks for understanding human
responses to climate change within complex social and ecological setting such as coral reefs, (2) better
tools for exploring environmental benefits, markets, and financial systems faced by change, and (3) the
integration of these insights into more effective policy making.
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Highlights

» Large numbers of people in tropical regions are highly dependent on the goods and services produced
by coral reef ecosystems. B Coral reef ecosystems are under severe threat from both local and global
threats, which are degrading the ecosystem services that they provide to humanity. » Past studies have
assumed that the loss of ecosystem services will lead to a proportionate impact on people. » We argue
that this is unlikely to be the case in the short-term due to the high level of adaptability illustrated by
communities associated with coral reefs. Eventually, however, stress will reach levels that exhaust the
capacity of people and communities to adapt. » Data sets and analysis are sparse, however, we call for
a greater focus on understanding the flexibility and adaptability of people associated with coral reefs,
especially in a time of rapid global change.
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1.0 Introduction:

Warm-water coral reefs are an mpo. ~r. component of the Earth’s biosphere, dominating coastal
habitats in tropical and subtrr p, 2l areas (Knowlton et al., 2010). Many human coastal
communities, comprised of at least ~J0 million people worldwide, have developed a high degree
of dependency on ecosyst.m ¢ dods and services provided by coral reefs (Burke et al., 2011,
2002; Speers et al., 2016a, ** ikinson, 2008). These communities look to coral reefs for their
daily food, income anc otber nceds. Unfortunately, unsustainable environmental stress and
escalating demands ¢ * cc.al r.efs and nearby watersheds and ecosystems have resulted in the
loss of about 50% ¥ cora. - efs since the early 1980s (Bruno and Selig, 2007; De’ath et al.,
2012; Gardner et ., 200 7). The principal drivers of these changes have been increasing levels
of pollution, unsus ~inab’e coastal development, overfishing, and outbreaks of coral predators
like the Crow” or Thorns Starfish (Acanthaster planci) (Albright et al., 2016; Fabricius et al.,
2010, 2008). And, it these pressures were not enough, human-driven climate change is having
devastating imp. ~*~ on coral reefs through anthropogenic ocean acidification and warming
(Hoegh-G. 'aur . 2tal., 2007; IPCC, 2014).

A central themv of this review is the need to understand how these rapid environmental changes
are affecting coral reef ecosystem services and, consequently, human communities. To do this,



we have reviewed the literature on ocean warming and acidification and have re flected on the
vulnerability of associated human communities reliant on benefits associated *, *h coral reefs.
Notably, we focus on the combined impacts of ocean warming and acidification, g1, ~n the
difficulty of separating these two drivers of environmental change on coral cee s. Our review
attempts to provide some preliminary estimates of how reduced levels of « ~as al protection,
fisheries productivity and tourism are likely to affect the millions of peo,.'= wn. are dependent
on these coral reef benefits.

While recent estimates of the minimum economic dependence upon cu. *l reefs certainly provide
powerful support to the inescapable conclusion that coral reefs nake a 7ery substantial economic
contribution to coastal societies (Cesar et al., 2003, 2002; Cesar nd Chr ng, 2004), these studies
falter when it comes to outlining the rich set of relationships F - *wew.. Uiology, economics and
human behaviour (Cinner et al., 2012; L. Pendleton et al., 2( 162, 2. 16b). The ability to
understand how human communities along coastlines will respond o the loss of coral reefs is
complex and requires datasets that are incomplete or are not v. ~rently available (L. Pendleton et
al., 2016b). In this regard, we call for a greater effort to *ndersf ind both the flexibility, inertia,
and options for coastal societies facing the massive ecu'~gica: disruption that has begun and will
continue as the next few decades unfold. Our study nncave.  an urgent need to develop a better
fundamental understanding of the relationship betwec.> humans and living ecosystem resources
such as coral reefs.

This review attempts to address three key issu - Fir.*, how will the health of coral reefs change
under rapid ocean warming and acidification? S->co..d, how will these changes influence the
benefits that humans derive from the ecosy. 2. < vices provided by coral reefs? In this regard,
there is a big difference between estimating the < arrent human dependence and economic value
of existing stocks, and that of trying te 4o ~rmine how dependence or value might change as a
result of varying conditions on coral eef ecc systems. Third, what do we need to know in order
to understand the likely impacts of thesc ~h-.nges on the wellbeing of coastal human populations,
as well as their options for adapts.1on or migration as a response to coral reef ecosystem
damage? To what degree will the .~ s of nealthy ecosystems such as coral reefs directly translate
as a downturn in economic ac’ vity anu value, and at what scale? Furthermore, how can an
economic understanding of t.ie in,, 2cts of coral loss help us better manage corals and other
ecosystems, especially wh-.i . wch of this loss in ecosystem services may be inevitable?

2.0 Coral reefs and the’ ecos <tem services

The relationships betwc 2 cc.al reefs and humans are intricate and interwoven and have been in
existence for thou  ands ~f years at least. Approximately 850 million people live within 100
kilometres of reet - and m sre than 275 million reside within 30 kilometres, many of whom are
likely to be hig*'y a, _..dent on coral reefs, especially those who look to these marine
ecosystems fc r food 'nd livelihoods (Burke et al., 2011). These reef ecosystems protect coastal
villages, busin *sses. «nd residents from wave action and storms, providing risk reduction
benefits tc -~ =<timated 100 to 197 million people (Ferrario et al., 2014). They also support
fisheries tha® “a turn, are important for food, as well as income from tourism and recreation plus
associated pro ts, taxes, and foreign income. (Bell et al., 2013; Brander and Beukering, 2013;
Cruz-Trinidad et al., 2014; Deliotte, 2013; O. Hoegh-Guldberg et al., 2014). Coral reef



ecosystems and the benefits they generate, however, face a series of growing cb .llenges arising
from pressures that result from the direct use of coral resources, the human-ca . ~d degradation
of associated ecosystems and nearby watersheds (e.g. nutrient pollution, sediinenta.. ~n run-off
and physical damage), and large scale global environmental pressures inch Jdin ; climate change,
ocean acidification, and de-oxygenation. Given the huge and likely growi..> ¢ :pendence of
people on coral reef ecosystems, and the accumulating local environmen. ! pre. “ures on these
systems, considerable concern has arisen over the on-going sustainabi’.. - of c. val reef
ecosystems and the human benefits, or “ecosystem goods and servic .s,” “ae, produce (Millenium
Ecosystem Assessment, 2005).

Coral reefs, despite their small size (<0.1% of the ocean surface, also pr yvide habitat for at least
25% of all marine species, with estimates of over one million - pecic. .iving in and around coral
reefs (Census of Marine Life, n.d.; Reaka-Kudla and Wilsor . 197 /). Coral reefs are ecosystems
whose structures are a consequence of the abundance and ~alcityin, activities of simple
metazoan animals called corals and other organisms such as a.ae, other invertebrates and
protists (Hoegh-Guldberg et al., 2017). Cold water cor.'~ occur y habitats that are cold, dark and
maybe thousands of metres below the surface (Figure . ). vy urm-water corals, which are the
focus of this review, occupy habitats that are close the cv=+ & (0-100 m) where they secrete
calcium carbonate skeletons that accumulate over tin.. creating a complex 3-D reef matrix that
provides habitat for hundreds of thousands of m' ..~ enecies. People living along tropical and
subtropical coastlines rely particularly on many o1 ‘F ese species for food security and as a means
of gaining livelihoods (Burke et al., 2011).

The maximum depth of these shallow wate. ~oiaic is determined by the availability of enough
light to power the photosynthesis of the single-c.lled dinoflagellates (Symbiodinium) that live
within the gastrodermis (tissues lining L.« ‘stomach’ of corals) (Muscatine, 1990; Muscatine and
Porter, 1977). The structure of warm water ¢ rral reefs is composed of the skeletal remains of
scleractinian corals, which deposit subs.. 7t 1l quantities of calcium carbonate over their life
cycle, the consequence of the rea .y a ailability of energy via the dinoflagellate symbionts
(Muscatine, 1990). Over time, the.© act’vities lead to the establishment of reef structures, islands
and coastal barriers in tropica’ and sub-copical waters.

In order to understand the - .. itivity of coral reef ecosystems to global change, it is necessary to
describe aspects of their ' 'olc gy and ecology. A fundamental component of this is the trapping
of photosynthetic eners y by «. » dinoflagellates (Figure 1A), most of which (>90%) is passed to
the animal host (Musr atir -, 1990). In return, the coral host provides access to inorganic
nutrients such as phosp.. ‘te 7.1d ammonium, thereby sharing in a powerful mutualistic symbiosis
which functions tc recycle and conserve nutrients in the otherwise low nutrient waters of the
tropics. These ini *ractior s between coral host and symbiont are highly efficient, providing the
large amounts ~* enc._, to precipitation limestone-like calcium carbonate (crystal form
‘aragonite’), « espite he low nutrient conditions of the water column that surrounds them
(Muscatine an.' Portr ¢, 1977). Over a single coral’s lifetime, hundreds if not thousands of
kilograms _“ ~alcium carbonate might be deposited, with this calcium carbonate being mostly
retained by Y benthos and building up over time to form the 3D-structure of the coral reef
ecosystem (K mnedy et al., 2013).



[Figure 1 goes here — reef organisms involved in reefs]

Other organisms such as calcareous red and green algae, invertebrates and siraple 0. ~anisms
such as foraminiferans, contribute to the reef-building process by infilling ‘.ie : ‘ructure with their
skeletons and shells, and in the case of encrusting calcifying reef algae, bi. 1 t'ie structure
together much like a calcareous ‘glue’(Glynn and Manzello, 2015a; Ken. ~dy c. al., 2013). These
activities work together to build impressive biogeochemical structures .. at do. iinate many parts
of the tropics and subtropics. De-calcification and dissolution of cal’ turr ca.” onate is the flipside
of these reef-building activities (Dove et al., 2013; Perry et al., 2014a,. n these processes, large
numbers of organisms bore into (e.g. cyanobacteria, sponges, an’ elid v-orms, and barnacles) or,
grind and break up (e.g. sea urchins and parrotfish, Figure 1C-D, the ca :ium carbon structures
of living and dead corals and related organisms. At the macre~:opiv ..dle, storms and wave
action, even if part of natural cycles, can also play importan rol s 1. disrupting and degrading
reef structures (Crabbe et al. 2008; Fabricius et al. 2008; Munioy et al. 2011). The processes that
create calcium carbonate and those which remove it from coi..' reefs contribute to the “carbonate
balance” (Glynn and Manzello, 2015b). The carbonate - ~lance >f corals may vary depending on
their environmental surroundings (Figure 1E versus Fi_re 11 (Kennedy et al., 2013). For
example, at higher latitudes, coral communities mav evict x- “thout the calcium carbonate
structure typical of coral reefs at lower latitudes (Figu.~ 1F) because light levels and carbonate
concentrations naturally decrease at higher latitv .~ Faually, reefs located at the tropics and
thereby receiving high levels of light, may also lac'-  alcium carbonate structures due to the
influence of carbon dioxide rise conditions as. -, ~iate." with upwelling systems such as those seen
in the eastern Pacific (Manzello, 2010). Consisi nt .vith expectations developed below, these
reefs have much lower biodiversity levels v "n w...t is expected for near-equatorial reef locations
(Figure 1E).

Whether the carbonate balance is po’ itive or negative determines whether carbonate coral reefs
persist and house the significant biclog.. ~1 - .1versity that underpins human opportunities in terms
of food, income and livelihoods, .r p'.y a significant role in protecting coastal areas from waves.
The benefits associated with carbo. te ¢ sral reefs, however, go well beyond those of food,
income and livelihoods. The ¢ «tbonate rameworks of coral reefs also fortify coastlines by
fostering the development of ree1 . “ests and barrier reef systems that protect more sensitive
coastal ecosystems from w.v. action and storms, and have formed islands where many animal
species have adapted to I +bit- ¢s (e.g. seabirds, turtles, and whales) and where large communities
of humans may live.

[Figure 2 goes here — c.. on .te balance from Kennedy et al. 2013]

The typical struct. re of a 1ealthy carbonate coral reef includes a surface community of living
corals and othe* ~rg.. “_.ns, which sits on top of a dead and consolidated calcium carbon matrix.
This consolid ited re« f matrix can provide additional habitat as well as an important barrier to
wave impacts . ssoci‘.ted with storms and cyclones (Arkema et al., 2013; Barbier, 2015; Crabbe
etal., 2007 TInderstanding the nature of these ecological functions and ecosystem services in
greater deta ', und how they might change, is central to understanding how global change will
affect econom -~ outcomes in a warming and acidifying ocean (Kennedy et al., 2013).



3.0 Human activities and record rates of coral reef degradation.

As well as being a vibrant ecosystem with its many goods and services, corai reefs «.*pear to be
very sensitive to human activities (Figure 3), many of which have expande . g1 ‘atly over the past
50 years (Bruno and Selig, 2007; Coté et al., 2005; De’ath et al., 2012; Ga. 0 r et al.,

2003). During this time, populations have grown and the per capita den.. nd o0.. vesources has
escalated, with the outcome that there are few if any coral reefs today “..°t hay - not been
significantly modified by human activities with the possible excepti n of so...e remote sites (e.g.
Cuba). These modifications have, in many cases, resulted in a rapid a. 1 transformative decline
in the distribution and abundance of coral reefs. A number of st dies bave tried to measure the
nature and rate of this decline, and have found that roughly 50% »f reef uilding corals have
disappeared over the past 30 years (Bruno and Selig, 2007; C#*% et ..., 2005; De’ath et al., 2012;
Gardner et al., 2003). This section explores the factors that I ave .¢s 'lted in this dramatic decline
in the health of the world’s coral reefs.

The demand for food, places to live that are protected fi. m stor as and storm surge, and a need
for activities that support livelihoods has meant that the nuniocr of people living along tropical
coastlines has increased together with concomitant damaca o coastal ecosystems (Burke et al.,
2011; Martinez et al., 2007; van Wesenbeeck et al., ._'5). Coastal forests have increasingly
been cut down to provide resources and to make .. ~: for agriculture, as well as the expansion of
coastal communities and urban centres. Ecosystei >« such as mangroves, seagrass and salt marsh
have been increasingly degraded leading to ci.-. es .1 water quality (i.e. increased sediments,
nutrients, agrichemicals, and other pollutants) a.d uie loss of habitat for many species, including
many that are important for food as well as “au... es such as fisheries and coastal tourism
(Beeden et al., 2014; Cesar et al., 2003; Talbot «..d Wilkinson, 2001; Wilkinson and Salvat,
2012). Fisheries have been overexplo’'c., with the resulting loss of key functional groups such
as herbivores (e.g. parrotfish, sea urc 1ins) a1 ecting reefs to a point where coral dominated reefs
have transformed to become domir atea = v "1acroalgae (seaweeds) (Harborne et al., 2008;
Mumby et al., 2007, 2014) but se . (B anc et al., 2014; Lowe et al., 2011). As international trade
has expanded, so too has ship tra1.”- wit’. an increased exchange of diseases and invasive species
across the tropics and sub-tror :cs. These changes have also been exacerbated by the introduction
of foreign species through aquacu.~re (Bax et al., 2003; Naylor et al., 2000) and the ornamental
aquarium market (Betancv -i. et al., 2011; Grieve et al., 2016; Whitfield et al., 2002).

[Figure 3 goes here: M- in ac. +s and relationships in the effect of local and global factors]

Many of the ecologicai . "an‘,es in coral reefs can be traced back to human activities that began
centuries ago with recen rawes of change escalating and leading to unprecedented losses of
ecosystem service 2. Evid nce compiled by Jackson et al. (Jackson et al. 2001; Jackson et al.
2014) indicates *hat « - .1 reefs have been in decline for many centuries, and that current
distribution a «d abui 1ance of coral reefs is a poor shadow of the extent covered by coral
ecosystems pr1.1t to t (e rapid expansion of human activities in places like the Caribbean. Nearby
coral reefc ~=near to show a story of decline (Wachenfeld, 1997) as do fisheries landing —
evidenced t_’ " hotographs of what was caught by amateur and commercial fishers in Florida and
the wider Cari “bean fifty years ago (Jackson et al. 2014). In Australia, sedimentation running off
the Australian landscape saw a tenfold increase soon after European farming methods (i.e. cattle,



crops) were applied to the river catchments associated with the Great Barrier Re 2f (McCulloch et
al., 2003). The full list of environmental pressures that arise from human activ .*=s has been
documented by a number of detailed global projects (Burke et al. 2011; Halpern et . 2008;
Jackson et al. 2014; Spalding et al. 2007).

While awareness of the rapid decline of coral reefs has increased, and m. *v pi._ 2cts have been
initiated to try and reverse the impacts of local factors on the health of . ~ral 1 >fs throughout the
world, the rate of decline has remained the same or has increased (D >’att e .i., 2012; Hughes et
al., 2017). Exploration of data sets going back to the early 1980s revea: - that the percentage
cover of reef-building corals may well have decreased by as muc.1 as 5% across the Indo-
Pacific region (Bruno and Selig, 2007; De’ath et al., 2012) altho. ¢h not n all sites (e.g. Moritz et
al. 2018). Similar losses of coral have been reported from the “rea. Zarrier Reef (Bruno and
Selig, 2007; De’ath et al., 2012) over the same period with 1)sse . 11 ensifying (50% over 2016-
2017; Hughes et al. 2017). The loss of coral cover has alsn been ev.ensive in the Caribbean with
decreases in coral cover across the wider Caribbean exceeding 80% over 3 decades although,
like elsewhere, not all due to climate change (Coté et ai., 2005; sardner et al., 2003; J B C
Jackson et al., 2014). Similarly, emerging reports now ‘ocu...cnt large scale coral loss for the
Indian Ocean (Baker et al., 2008) and other locations (e = - -abian Gulf, (Riegl, 2003). While
there are many encouraging reports documenting tha. ~orals and other ecosystem components
have been preserved, and in some cases, been re’ _*'* the majority of human efforts have not
been enough to avoid the general decline of coral « » amunities and reefs (as evidenced by the
decline). As if the task wasn't already challer. -.~< . ~ugh, dramatic changes from global climate
change (i.e. ocean warming, acidification and sc. l¢. el rise) have further accelrated the pace at
which the abundance of corals on reefs has *eci...d (Hoegh-Guldberg et al. 2007; Hughes et al.
2018; Hughes, Kerry, and Simpson 2018) and a. which ecosystem services for humanity have
decreased (Cinner et al., 2011). In the ..c. * section, the role of these global factors in changing
the circumstances under which coast .| comn unities can operate, is described. By exploring past,
present and future drivers of changz, it .. heped that the potential advanced warning will enable
us to avoid the worst, and manag: the uanavoidable.

4.0 Climate change, ocean ac’ ‘ificatiow. and their impact on coral reefs

The ocean is one of the me .. mportant components of the climate system (O. Hoegh-Guldberg
et al., 2014). Once thoug 't tc pe relatively inert to changes in temperature due to the size and
thermal mass of the ocr an, 1. .- now clear that the surface layers of the ocean are changing
rapidly and that the ir.plir ations are fundamentally important in terms of what they mean for
human communities, es, >cie 1y to the 40% (Ferrario et al., 2014) of humans that live in close
proximity (100 kr ) to crasial areas and are dependent on the ecosystem services already
discussed. Appro -imatel - 93% of the extra heat trapped by the planet already has been absorbed
by the upper la~~rs 7 “’.¢ ocean and has resulted in increased ocean temperatures (Alexander et
al., 2013). A the oc “an has warmed it has also expanded, leading to an increase in the average
global sea levi' (~25 cm since Pre-Industrial Period). Climate change has also melted land-
locked gle “~r< which has contributed to the observed increase in sea level, with projections of
as much as . r.etre of sea level by 2100 and much higher over subsequent centuries (IPCC
2013).



In addition to the increased absorption of heat by the ocean, approximately 30% of the carbon
dioxide produced by human activities has dissolved into the upper layers of th . ~cean, causing
ocean acidification (Caldeira and Wickett, 2003). Carbon dioxide reacts with water .~ produce a
weak acid (carbonic acid) which subsequently releases protons (H") leadin , to 1 reduction in pH
(i.e. increased acidity). The protons that are released as consequence of ti.. e ra carbon dioxide
entering the ocean also react with carbonate ions to produce bicarbonate. This . >duces the
concentration of carbonate, which is an essential building block for m-... - bio.. gical processes
including reproduction, respiration, behaviour, calcification and the orn atie.. of skeletons and
shells by many marine organisms (Doney et al., 2009; Kleypas, 1999).. Ibright and Langdon,
2011; Ekstrom et al., 2015; Gattuso et al., 2015a; Kroeker et al., ~013) Geological exploration
of geochemical proxies for pH reveal that the current rate of oce. n acidi ication is unprecedented
within the last 65 million years, if not 300 million years (Hor*--h ¢. ..., 2012). Marine organisms
are highly connected to the watery environment surrounding the ., ‘ith pH and ions like
carbonate/bicarbonate playing a central role across exposed tissues  Not surprisingly, there is an
extensive and growing list of organisms and processes that ha = been shown to be affected by
changes in temperature and acidity, in isolation or in co. “hinatic n (Gattuso et al., 2015b; Kroeker
etal., 2013).

Climate change in the ocean has been observed to ati. ~t a wide range of variables important to
corals including surface salinity, water column ¢ ._*#cation, nutrient availability, ocean currents,
oxygen concentrations, and wind and storm streng b among other changes (O. Hoegh-Guldberg
et al., 2014)(IPCC, 2013). These changes are .-..~ly v * influence marine organisms and ecological
processes. The evidence, however, is complicatc 1 b, long-term patterns of variability as well as
significant data gaps and baseline measure.. ~uw {_iroeker et al. 2013). Despite this, there is
overwhelming evidence that species and ecosys..ms have already responded to changing ocean
conditions. A large number of marine .. “*es are moving to higher latitudes or to other warm
regions, with fish and zooplankton s’ owing "e fastest rates of relocation. Warming ocean
temperatures, at the same time, have alw *2d che timing of life history events such as plankton
blooms, reproductive behaviour, .nd -aigratory patterns (Burrows et al., 2011; Poloczanska et al.,
2013). Many organisms, such a< ¢~ s #.1d macroalgae are fixed to the substrate and, not
surprisingly, showing slower / f any) rates of relocation to high latitudes. Some of the greatest
responses by marine organis.as to ~cean warming and acidification have been seen in these
benthic ecosystems, with 2 . ar line of sight, in some instances, of impacts on ecosystems
services and hence coast: - e’ ple (Hoegh-Guldberg et al., 2007)(Figure 3). These instances are
a major focus of this re",ort 1. . m now on.

Coral reefs have a proic nd - esponse to stressful conditions which involves normally brown
corals turning a br'ght whitec colour (Hoegh-Guldberg, 1999). This is referred to as coral
‘bleaching’ and it volves he breakdown of the symbiosis between brown Symbiodinium and the
coral host (Figrr== 4. .1 range of conditions from too much or too little light, low salinities,
chemical toxi 1s like ‘yanide, and small changes in temperature can cause this disruption to occur
(Hoegh-Guldt ~rg, 1€99). While corals may recover their symbionts when exposed to mild
amounts ¢ “ ~*ress, prolonged exposure can result in starvation, disease and death. Prior to 1980,
bleaching w s only known from a few studies where small patches of coral reefs had been
observed to b1 ach in response to freshwater after rainstorms at low tide and other local
disturbances (Freeman et al., 2001; Goreau, 1964). In the early 1980s, however, coral bleaching



began to affect coral reefs across entire regions such as the Caribbean (Glynn,

1983a). Experimental work plus field observations soon identified the driver -, " these large-scale
mass coral bleaching events as due to small increases in sea temperature (1-2’C) ab. e the long-
term summer maximum expected for a particular region (Glynn and D’Crc -, 1 '90; Hoegh-
Guldberg and Smith, 1989; Strong et al., 1997a). Since the early 1980s, tl.. fr quency and
intensity of mass coral bleaching has increased, with 3 (and possibly 4) g'~bal . ~ass coral
bleaching events occurring in 1982/83, 1998, 2010, and most recently ... 201v.2017 (Berkelmans
et al., 2004; Glynn, 1983b; Hoegh-Guldberg, 1999; Hughes et al., 21 {7) E..vated temperatures
are driving the mass bleaching and mortality of coral, with satellites t.. - measure positive sea
temperature anomalies predicting when and where coral bleachir g everts occur with a high
degree of accuracy (Strong et al., 1997b)(Heron et al., 2016).

The last 2-3 years have underscored the major threat that ris ng -~a 2mperatures pose to corals
and the reefs that they build (Hoegh-Guldberg, 2016, 2015 hugher et al., 2017). In 2015,
unusually warm temperatures appeared in the ocean, includin, tropical areas resulting in
bleaching that affected a range of northern hemisphere « ~ral ree s such as those of Samoa and
Hawaii (Figure 4C). These globally driven temperaturc. reac..cd the threshold for mass coral
bleaching and mortality in the southern hemisphere in the « -y part of 2016 (Figure 4C), leading
to massive impacts on coral reefs in the Indo-Pacific \ ~cluding the Western Indian Ocean,
Maldives, Great Barrier Reef, Western and Cent ..' Pacitic). One of the best documented impacts
was that on the Great Barrier Reef in Australia (H. ¢’es et al., 2017). In this case, temperatures
began to increase in the latter half of 2015, p1..ntin, - the first reports of bleaching in
February/March 2016 (Figure 4D). By the end « f April, around a third of rebuilding corals had
been killed across the Great Barrier Reef, a.~¢1 . .h impacts concentrated in the Northern and
Far Northern sectors. Significantly, these impac s began again in 2017 in the first example of
mass coral bleaching affecting Great P ... >r Reef for two years in a row (Hughes et al

2017). The mortality of the 2017 ev at saw he additional loss of around 20% of corals (Hughes
et al. 2018). The increasing stress rlus u.~ r ojections of multiple bleaching events occurring in
successive years matches the prer icti- ns made soon after the 1998 bleaching event (Hoegh-
Guldberg, 1999).

[Figure 4 — 2016-2017 bleac.iing « "ent goes here]

Concern about the effect 'f o ean acidification on coral reefs was first raised in the late 1990s by
a number of researcher: (Klc, nas et al. 1999). Models and measurements revealed that, since
the Industrial Revoluf on. .he npper layers of the ocean (700 m) had undergone significant
changes in pH and in rcl ted concentration of molecules such as carbonate (Caldeira and
Wickett, 2003; Ra .en et al., 2005). Since the beginning of industrialisation, average ocean pH
had decreased by ).1 unit ,, representing an increase in hydrogen ions (protons) of around

25%. These ch~~ge. " .ve been matched by similar decreases in the concentration of carbonate
ions (Figure 4 8). Sithsequent work followed which showed that a wide range of organisms and
biological pro. =sses w~ere influenced by changes to carbon dioxide, pH and water chemistry
generally "M~mev et al., 2009; Dove et al., 2013; Freeman Ja; Miller, Aj;, 2013; Kroeker et al.,
2013; Riebe ~e’t and Gattuso, 2015). Table 1, updated from Kroeker et al. (2013) and Gattuso,
Magnan, Bille et al. (2015), illustrates the large range of responses that have been reported so far
and demonstrates the not too surprising close linkage of the metabolism in many marine



organisms to the chemical milieu that surrounds them (i.e. seawater). Ecologics | impacts are
also likely to be far reaching and fundamental given that so many organisms 2 .* ecological
processes are affected by ocean acidification (L. Pendleton et al., 2016b). There m« - also be
important interactions with other factors such as intensifying storms, wherr oy oral skeletons
made more fragile under ocean acidification may be more susceptible to L. ~a! age during storms,
which may also be growing more intense (Hoegh-Guldberg et al., 2014).

Future ocean conditions will involve both warming and acidificatior, bu’ no. one or the other.
Whereas some studies have tried to separate the impacts of warming 1.. m those of acidification,
separating the impacts of the two drivers is questionable biologic ully, 1~rgely impossible in
practice, and may only be relevant in the case of radiation manag @ment vhere it might be useful
to understand how ocean acidification on its own might affect -ora. .. fs.

[Insert Table 1: Response of organisms and processes to o~eau acic .fication]

Given the direct and indirect effects of warming, declin. o pH ¢ 1d decreasing carbonate on
physiological (e.g., skeleton formation, gas exchange, . “»rouuction, growth, and neural function)
as well as ecological processes (e.g., primary productivitv  ef building and erosion), the risk
profile for people dependent on coral reefs for food, | ~tection and livelihoods is increasing. As
part of the 2015 Paris Climate Agreement, coun’ .-~ have been encouraged to make Intended
Nationally Determined Contributions (INDC) whi b are voluntary commitments to reduce
emissions based on what is feasible nationally o fa. however, modelling shows that pledged
INDC:s fall short of the 2°C or well below targe., wi.h current contributions leading to average
global surface temperatures of around 3.0-_ ~ C L, the end of the century (Roge]j et al., 2016).
Under these conditions, coral reefs and indeed 1..any other ocean-based ecosystems will have
disappeared by mid-to-late century wi*'. . ~ious consequences for people and communities.

5.0 The Value of Current Ecosysten Sc. ric . Provision

One of the signature characteristic. f c7.bonate coral reefs is the rich surface community of
calcifying organisms and the * ree-diniensional framework that provides habitat for many
species as well as ecological proc. “ses and services for people (Kennedy et al., 2013)(Figure 3).
Here, we summarize the re ... * literature on (1) the linkages between habitat structure and
complexity (coral cover) ‘nd isheries production, and (2) the linkages between net accretion rate
and protection from we /es. 1.. loing this, we recognise that these are among the first steps to
addressing critical qu' stic is ir terms of how global environmental changes will affect the
ecosystem services ot ¢. al r sefs and that there are a number of assumptions within our analysis.
Even if some or cr mplet coral reef loss may be inevitable, the timing and distribution of this
loss is still very n 1ch in1 lay.

We start with a discu 3sion of the current economic output and value associated with corals today.
Then we exa.ine Fow a loss in coral reef ecosystem health would affect the activities and
wellbeing _“ »~eople and communities. In doing this, we try to point out oversimplifications that
are often n. d: in traditional analysis of expected coral reef loss. Through narrative, we also
attempt to sho ¥ how we can begin to develop a more nuanced understanding of potential human
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change to coral reef loss. In doing so, we hope to catalyse a more realistic und- rstanding of how
global change influences ecosystem services and the wellbeing of coastal peor .~

[Figure 5 - illustrating carbonate ‘matrix’ and surface covering of corals - < oes here]

5.1 Coral Reef Fisheries

Coral reef fisheries support as many as 6 million direct fishing jobs «. 1 more than $6 billion in
revenues globally (Teh, Teh, and Sumaila 2013). “Catches by s .osistence and artisanal fisheries
make up more than half of the essential protein and mineral inta. e for o ser 400 million people in
the poorest countries in Africa and south Asia.” (Dulvy and * "liso.. Zu09; see also Hughes et al.
2012). Based on estimates of catch in 2005, Teh et al. (Te 1 et 1., 2013) provide country-level
estimates for the gross revenues associated with reef fisheries and .he jobs associated with these
fisheries. To summarize these estimates, we follow L. Pc. dleton et al. (2016a) and provide
aggregated measures of dependence on reef fisheries, v~ ocear province (as defined by Donner
and Potere 2007; Maina et al. 2011). These calculations roviuc a first approximation of the human
dimensions of coral reef fisheries that depend on cor=- reefs, with Table 2 providing and
exploration of how many fishing revenues and jobs .. ‘eht be supported under different levels of
productivity for coral reef fisheries (holding all ! .= ~~ral cover unchanged).

[Insert Table 2: Fishing jobs and revenue as a . ~ctic 1 of lost reef productivity]
An important outstanding question is, ‘i.>w ... 1 these human benefits associated with reef
fisheries change in the face of coral reef decline .nd death?”” To shed light on that, we look at the
potential economic output of fisheric, .~der different assumptions about coral cover. The
percentage cover (or abundance) of # reef by -eef-building corals is regularly used as a measure of
relative condition (‘health’) and the trajc. *or y of reef systems (e.g. (Bruno and Selig, 2007)). Coral
cover is a measure of the livin ; cc.nmunity of calcifiers driving positive accretion (i.e. net
accumulation of calcium carbonaiwc wer (dme) and maintaining reefs. The focus on the amount of
living corals in an area maker conside.able sense given the central role that reef-building corals
play within the ecosystem that ba. < their name.

Studies of how coral cov + h7 s changed generally conclude that cover of reef-building corals has
declined by around 50°) sinc. the early 1980s across the tropics and subtropics in a large number
of cases (Bruno and S .lig 2007; De’ath et al., 2012; Gardner et al., 2003; Hughes, 1994). A range
of non-climate as well «. clir ate-related stressors has been attributed to the observed decline (see
discussion above) 1ne}-ey question, however, is how these changes in the aerial coverage of reef-
building corals ha ‘e influ :nced the other organisms that live in and around coral reefs. Coral reefs
support an eno™ou. ~..nber of species, with estimates of the number of species associated with
coral reefs rar ging fi \m 1-9 million (Census of Marine Life, n.d.; Reaka-Kudla and Wilson, 1997).
One of the ke, factc s underpinning the extraordinary biodiversity of coral reefs is the intricate,
three-dim’ ~~i~nal habitats that reef-building corals provide, and which enable species with very
close ecoloy ‘c «l niches to coexist. Reef-building corals are essential to many species as resources
(food) or as c1 *ical habitat. In the former case, many species have diets that are restricted to reef
building corals and/or the organisms that live in them, and in the latter case, many species require
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specific corals in which to hide and/or spend significant parts of their life cycle in. How these
coral-associated organisms change as coral cover declines is important. ot only from a
biodiversity point of view, but as a critical source of food and livelihoods 10r larg - numbers of
human communities.

A range of studies have demonstrated the close association of coral fishe. with Z*ving coral cover.
The association of fish with coral communities is driven by key 2., ~cts . :ch as recruitment
preferences, prey availability and predator avoidance (Coker et ai., 2012; Greenfield,
2003)(Darling et al., 2017; Richardson et al., 2017). The extent to wh.. » fish are specific in their
association with living coral reefs is demonstrated by what har sens v’hen tropical reef systems
transition from coral-dominated to being dominated by other o ganisn 5 such as non-rebuilding
corals and macroalgae (Wilson et al., 2010)(Graham et al. 20°7).

In these cases, fish communities shift significantly fror reefs t*at have changed from being
dominated by fish species that like to live in and around . ~ral, toward communities that are
dominated by herbivores and species that otherwise do ~ell in 10n-coral settings (Pratchett et al
2008). These shifts herald potential changes to importa.* rec. usheries. Initial studies of how fish
communities respond to reefs that had lost coral cover ident: ">d a ‘lag time’ of as much as a decade
(Graham et al., 2007). Some studies (e.g. Pratchc* et al. 2008) initially reported that the
productivity of fisheries may not change and s ._~latea that, in many areas, targeted fisheries
species (e.g. Acanthurids) are not dependent on cc " habitats and therefore may show few effects
of the loss of corals reefs. More recently, L. -.7eve. the loss of coral reefs has been associated
with a strong downturn in fisheries productivity (G.aham, 2014; Pratchett et al., 2014; Speers et
al., 2016a) possibly by at least a 3-fold .~auc..on (Rogers et al., 2014). The loss of coral,
degradation of carbonate structures and the ‘fla..2ning” of Caribbean reef systems (Alvarez-Filip
et al., 2009) further emphasise the link *... een coral community abundance, associated organisms
such as fish, and fisheries. In this  ase, str \ctural features of many Caribbean reefs have been
largely absent after 40-50 years in whic. <7 cifying organisms were lost. The evidence suggests
that the loss of coral dominated ¢ smr .unities is likely to be associated with, conservatively, a 30-
50% decline in productivity and as. - ciat .d fisheries (Graham 2015). Taking this further, albeit in
a dangerously simple way, th 50% accline in coral reefs over the past 30 years might lead to a
30% decline in fisheries procactiv ‘v although the timing of reef decline and the loss of associated
fisheries remains poorly ur uc stood.'

This leads to the conclv ;ion u_ "t the relationship between habitat provided for fish by corals (coral
cover) and the produr.ivit; of coral reef-based fisheries is conservatively two-for-one. That is, a
2% loss of coral cover, ." oth :r things being equal, may lead to a 1% loss in terms of the production
of small-scale fish .ries. This assumption is probably conservative given that other drivers such as
productivity, temy erature and species relocation are likely to result in a 40% decline in fisheries
across the tropi~~ ge. = ully (Cheung et al. 2010; Fernandes et al. 2013). These timelines for the
loss of produ :tivity “rom reef fisheries associated with coral reefs provide a perspective on the
consequences “fcha'.ge, although the precise timing of these events is somewhat harder to predict

(see discu ~“~n< below). In this case, the complexity and layers of change suggest a culmination

! Some mesocosn. s studies have observed that coral skeletons disappear rapidly (sometimes within 6-12 months
under the warmer and more acidic conditions projected) as the activity of organisms that decalcify reefs increase
several fold (Dove et al., 2013).
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of distresses affecting the quantity and quality of ecosystem services that is 'ikely to be more
abrupt, indicating that these estimates are by nature highly conservative (Pend . *on et al 2016).

5.2 Coastal Protection

Between 60 million (Pendleton et al., 2016a) and 200 million (Ferrario e . !, 2v " 4) people depend
on coral reefs for physical protection from storm surge and waves. ("C al rec s protect property
and infrastructure, provide a natural alternative to hard armouring r 1 sh sre. aes, and can help to
save lives (World Bank 2016). Pendleton et al. (2016a) provide oce.. orovince-level estimates
of human populations living at or below 10 meters above sea leve. and *vithin 3 km of a coral reef.
These are people who currently are most dependent on coral ree. : for sh reline protection.

Again, the challenge is to understand how environmental str :ss * .ay lead to a loss of the shoreline
protection provided by coral reef ecosystems and how this in wrn vl affect low elevation coastal
communities (Table 3). Reef-building corals generate cai.ym carbonate skeletons that may
consolidate under the right conditions (warm, sunlit an< shalloy - locations that have an aragonite
saturation > 3.3, Kleypas 1999)) with other organism. sucu s invertebrates and red calcareous
algae, adding to and sometimes ‘gluing’ the reef framewar- ‘ogether. These processes contribute
positively to the carbonate balance of coral reefs, ana .~ the formation of the extensive reef matrix
that lies under the living surface consisting of re- ” >*ilding corals and other organisms (Figure 5).
In addition to providing habitat, the three-dimens. r al structure of this living layer also provides
some frictional resistance to water movement ...mriw. ¥ a degree of coastal protection by absorbing
a portion of the wave energy impacting a shorer.me. The underlying structure of the consolidated
reef matrix, however, plays the major roic 'n p...ecting coastal regions from wave energy and
storm systems. While the structure of the suria e communities can disappear relatively quickly
(Alvarez-Filip et al., 2009; Dove et ..., 2013; Kennedy et al., 2013), the rate at which the
consolidated reef matrix disappears s less nderstood and probably varies with respect to the
position and exposure to wave stess. 1J'.imately, how the carbonate balance is affected by
different contributing factors wil' det- rmine the rate at which recently dead coral reef ecosystems
as well as the reef matrix will surv_- ¢ ar 1 provide coastal protection services.

In addition to the organisms .nd p. ~cesses that lead to carbonate deposition described above, there
are also processes that resi .. . » the removal of calcium carbonate. Coral skeletons can be invaded
by ‘internal’ bio-eroders * ich s excavating sponges (Fang et al., 2017; Reyes-Nivia et al., 2014a),
cyanobacteria (Reyes-"{ivia ** al., 2014b) as well as the range of boring invertebrates (i.e.
molluscs, barnacles, und worms; Figure 1C). These organisms can significantly reduce the
structural integrity of ¢ 2l ¢'.eletons, as either living or dead colonies, breaking them down with
the assistance of v ave action and storms. Bioerosion of calcium carbonate on coral reefs can also
occur in responsc to ext rnal factors. These include the grazing impacts of organisms such as
parrotfish and ~~a «.-l.ns (Glynn and Manzello, 2015b) which either directly eat corals, or
scrape/break coral -olonies as part of their grazing on macroalgae and other coral reef
organisms. S ~rms .nd waves also act to remove calcium carbonate by fracturing and removing
coral strur ==« which in cases can have major effects on coral communities that may take 15-30
years to rec. v r. Damage and recovery from large storms are very much part of the natural cycle
of coral reefs. There is increasing evidence, however, that storms are becoming more intense, with
a shortening of the interval between disturbance and recovery.

13



[Insert Table 3 here — low elevation countries]

The increased rates of erosion of coral reefs are being matched by reduce’. ra s of coral growth
and recovery, resulting in net rates of accretion on many coral reefs th.* d :crease below zero
((Kennedy et al., 2013; Perry et al., 2014b) Figure 2 and Figure 5). Occ. aci’‘fication acts as a
‘control’ variable, with dampening effects on calcification and stimul- .. ~g e1.. cts on reef erosion
leading to negative rates of net accretion at aragonite saturation ve.ues o1 2.3 or less, for many
parts of the tropics and subtropics (Kleypas et al., 1999). The rela.. ‘nship between aragonite
saturation and reef accretion has been investigated by a numbe. of stidies. These studies have
found that changes in the level of reef accretion (as well as «alcifics iion and de-calcification
independently) vary either linearly or non-linearly (Kenned; et a.., 2013)) with the aragonite
saturation state. These relationships enable the developmer t of a | otential index for describing
how ocean acidification might influence the overall cortrivutior of coral reefs to the coastal
protection of inshore ecosystems and human infrastructure.

In its broadest sense, the net accretion rate of a coi.' ree. determines whether or not coastal
protection is increasing or decreasing. For example if~=l~ 'm carbonate is being deposited, then
processes that result in calcified structures dom.. ~te those removing calcified structures.
According to a review of regional accretion rat . * Keunedy et al. (2013), regions such as the
Great Barrier Reef (-6.8 to 1.31 kg.m™2.yr"!, Figwm * ") have much lower net accretion rates when
compared to areas such as the Coral Trian, .. (-0.79 to 11.7 kg.m2.yr!). These differences
probably translate as increased loss of corals w. =n .t comes to climate change, with regions like
the Great Barrier Reef being more likely .o eiud. as oceans acidify than regions like the Coral
Triangle. It is unclear, however, as to whether ti. rates of accretion are being driven by the surface
communities and/or by the matrix of t .. reef systems, given that carbonate consolidation of the
matrix may involve a series of calcif’ «rs othe than corals (Kennedy et al., 2013). The relationship
between carbonate accretion, loss ¢ £ thic ~-d mensionality, and shoreline protection is also critical.

A meta-analysis looking at the ro.> chat reefs play in dissipating wave energy reveals that coral
reefs reduce wave energy by n average of 97%, with the reef crest components (as opposed to
intertidal areas behind reef c.ests) issipating 86% of this energy alone (Ferrario et al., 2014). The
two determinants of the ef.c. “iveness of reefs in dissipating wave energy were the depth of the
reef crest (i.e. shallower eef reduce wave energy more) and the surface roughness (i.e. greater
roughness, greater diss’ patio.. ~f wave energy) (Ferrario et al., 2014). While the depth of the reef
crest tends to be cons ant surface roughness (Figure 5) can vary greatly as in the example of the
flattening of Caribbean ora’ reef structures (Alvarez-Filip et al., 2009). Sea level rise at longer
timescales, especi .ly if <orals cannot keep pace, is expected to also increase the impact of wave
energy on areas o herwis¢ protected by reef crest (Saunders et al., 2014, 2013).

While the ro'e of c.ral reef structures in coastal protection is becoming increasing clear, our
understanding ~f the .imelines of change is less developed. In this regard, it is difficult to estimate
the timing -~ the loss of coastal protection given the lack of information on the rate of loss of the
matrix. Fo. t!1sreason, we explore the potential economic consequences of coral loss by focusing
on the implica ‘ons of losing 20%, 50% and 80% of the protection offered by the calcified matrix
component of coral reefs. Our ability to predict whether a 20% loss of coastal protection will
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occur in 20 versus 200 years is relatively uncertain. It is also unclear how th . reef matrix will
change under low versus high atmospheric carbon dioxide although empirica’ ~vidence suggests
that it can be rapid and potentially synergistic with warming and storm intensificatic ~ (Dove et al
2013).

5.3 The Value of Reef Loss

As a simplifying assumption, many studies of the economic impact o ocs ... 2cidification on coral
reefs assume some fixed relationship between coral cover and the s. ~,ly of ecosystem services
(Armstrong et al., 2012; Speers et al., 2016a)(see above). Sev’.ai autuurs consider non-linear
relationships between coral abundance and the per area value of coral. « 'hen et al. (2015) assume
a quadratic relationship which would imply that more coral cov = *_.yond some point, would
reduce the value of coral. Brander et al. (2012) assume a mr re ¢ .. »licated relationship in which
the per area value of coral has a logarithmic relationship wit.. coral cover where the unit value of
coral reef area increases exponentially with reef loss (this «.~unies loss of quantity of coral reef
without a loss in quality). In nearly all cases, author~ assum that lost value does not accrue
somewhere else (although see Speers et al. (2016) w0 ¢, ate consumer wellbeing including
fixed assumptions about the availability of other substitutc “orms of protein).

To understand the economic value of coral reef loss, we need to have quantitative estimates of
human activity that would have occurred with anc wi .nout reef loss (the counterfactual). The task
is made even more difficult if our goal is to fr ~1s 0. the human outcomes of just a selected set of
environmental stressors like climate change. i isw -y shows us that growing human use of coral
reefs and related ecosystems have had the. = « -leterious effects and will likely continue to do
so. So, global environmental changes may sin,, v hasten coral reef loss and cannot be considered
in isolation of these other factors. Of cor'rse, these local factors can be reversed by better policies
that have their own costs which must also be considered.

A key to understanding and estim- cing the numan outcomes of coral loss is to consider what might
be human uses in the presence a..? 7 sser ce of changes in coral reef health and abundance. Even
without a change in coral abv «dance, “. is difficult to know the future “without (coral) change”
human use scenarios. To do <o w ~uld require that we project future population growth and spatial
patterns of coastal human p-~ulations, demographic trends, and even future economic conditions.
For example, coral reef f7,hin , depends largely on demand (which in turn depends on population
size, access to markets, nrei. ences for fish, consumer income, alternative sources of food (Brewer
etal., 2011; Maire et .., 2716), the cost of fuel, and the availability of labor). Speers et al. (2016)
(Speers et al., 2016a, <cd ¢ stimates of future demand for fish, but do not consider other cost
factors or changes ... the « sailability of substitutes (e.g. mangrove fish or aquaculture or even
different non-mar ne fooc options). Similar projections would be needed to understand the future
demand for reef tow. "sm ur how many people might benefit from the shoreline protection value of
reefs. The gl bal e timates of the economic value of coral reef loss due to ocean acidification
determined by Brand r et al. (2012) are driven largely by projections of population growth and an
assumed increase wemand for coral reef tourism. These studies never, to our knowledge, estimate
the envirol. me .tai costs associated with growing populations and incomes that could also lead to
a loss of cora reef resources, even in the absence of climate change. Because of the uncertainty
and complexity of creating future projections of human uses and benefits of future uses, many
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studies use current conditions as the baseline against which the impacts of co-al change can be
assessed (Chen et al., 2015; L. Pendleton et al., 2016a; Speers et al., 2016b)

Even holding future population and economic growth fixed, the analyst is <all aced with the task
of projecting a world with less coral reef area and overall reef ‘heal..’ In economics, the
hypothetical “with change” scenario or “the counterfactual” requires tha. *we p. ~dict what people
will do when faced with environmental change. Yet, few studies attem-.. “0o mo.'el how people will
react to a loss of coral reefs (Hilmi et al., 2013a) and thus stuc.es ‘aa. qail to do so likely
overestimate the impacts of a loss of coral reefs.

For instance, in the face of coral reef degradation, people may:
e simply continue business as usual, but with dimini-..2d cconomic value (measured as
nutrition, profit, enjoyment, etc.)
e they may start to use local substitutes for the ecos: stem <e vices they lose
e they may nurture and restore other ecosystems that pro "ide similar ecosystem services

e or they might simply adapt or migrate

Following the call of (Hilmi et al., 2013b) to better ... _....ad how people will respond to a loss
of coral reef ecosystem services, we use a descriptiv. narrative to try to move beyond simple
assumptions that assume people do not take steps *v . ' *vith a loss of resources and that the value
of activity that currently depends on coral reefs is s.* iply lost due to coral change. This is what the
IPCC (Chapter 18, IPCC 2014), summarizing *..>ny >thers, calls the ‘dumb farmer’ assumption.
To move us beyond the equally ‘dumb coastal rc~ident’ approach in understanding the economic
impacts of coral reef loss, we look specificai.,” at wue ways in which coral reef degradation and loss
may affect people, how they might respond, ana explore the types of additional information that
we need in order to better understans nov. orogressive loss of corals and coral reefs will affect
human activities and economic val.~ To | egin to do this, we ignore future demographic and
economic trends and just ask whe’aer, 1. ~'. else is held equal, current economic measures are a
good proxy for the value of ree” los, an? if not, how much do current values overestimate the
potential economic cost of reef loss. Bv exploring how people may respond to coral reef loss, we
hope to push the discussion t. rond simply creating overestimates of the cost of the inevitable to
one in which we can more carefuli, target options that may be available to reduce the impacts of
coral reef loss.

6.0 Thought experimc. * nov_do human responses affect the economics of coral 1oss?

Environmental sti>ss on coral reefs can result in a reduction in the quality, quantity, and the
reliability of *... ecowgical functions and ecosystem goods and services upon which people
depend. Eac: of the e factors has a different implication for economic value. Loss of quality or
quantity coula ~ffe-_ total revenues, net revenues, or local consumption. A loss of quality can
affect pric .« “ ~r enjoyment. A loss of quantity also could affect price and cost, but in different
ways. An in - easingly scarce resource may command a higher price (Brander et al., 2012) which
could help son.: producers and hurt consumers. Loss of a resource may also increase competition
and costs — both economic and social. The ultimate magnitude of impact essentially depends on
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the availability of substitutes including replacements for the ecosystem service "ost, the ability to
find new livelihoods or sources of nutrition, alternatives for consumer en . ment, and even
geographic options. Those with more options generally are better able to cope wi.> or adapt to
change (a key concept behind adaptive capacity). Those that cannot crpe >r adapt are more
vulnerable.

Estimates of the impact of coral reef loss rarely consider the potential ".. nacts >f positive changes
in other ecosystem services that may offset the loss of coral reef ¢ osy ste... services. In many
regions, mangrove restoration and/or the natural expansion of mangrov. ‘' could offer new fisheries
resources (Carrasquilla-Henao and Juanes, 2017), shoreline ' rotecton (Barbier, 2015), and
increased tourism opportunities (Prastiyo et al., 2015). Bec:'1se m: ngrove ecosystems may
respond differently than coral reefs to climate change, some ~'aces .ould benefit from expanded
mangrove ecosystem services that might counter reduced ecc nor.ic pportunities due to coral reef
degradation (Saunders et al., 2014).

Finally, it often is assumed that coarse estimates of los. ~cosys 2m services are conservative and
underestimates of the potential impact of coral los. 1. idea is that these estimates are
conservative because they fail to consider the full arrav ot 3lues that may be lost. While failure
to account for all values underestimates the economic ‘mpact of coral reef loss, failure to account
for costs and the human responses that are likely . ~~restinates these impacts. We use narrative to
explore these biases for fisheries, coastal protectic . and tourism. Without more data and a better
scientific understanding of how people respc ' to « loss of corals and related ecosystems, it is
impossible to know whether our estimates are ccsc. vative or not.

6.1 Commercial Fisheries

Coral reefs support substantial local «.*d ex-ort fisheries. These fisheries, in turn, provide jobs,
nutrition, and livelihoods (Teh et al.. 201,). Studies of the value of reef fishing, indeed most
fisheries, often focus on the gros: “ev .nue , associated with fishing or the gross value of production.
While these estimates demons’.ate ti.. - conomic activity that is generated by fishing, they do not
account for the fact that fishi-.g .- sometimes a costly endeavour that requires labour, capital, fuel,
and may come with inherent risks to lives and livelihoods. Furthermore, many fisheries are
profitable only because . gc vernment subsidies which means they could represent a negative
economic value to society ‘sumaila et al., 2016). Because these varied costs are difficult to
quantify, it is rare to “ind a study that measures the net economic value to fishers of coral reef
fishing. Similarly, the == “s lit".e empirical data collected on the net value to consumers, especially
local consumers, fr-.i eau. ;reef fish. Thus, we rarely have the luxury of off-the-shelf estimates
of the net economr ¢ valuw of coral reef fisheries.

It is often ass'.med *hat a loss of coral reef cover will result in a loss of fish stock which will in
turn result in . direct oss of economic value roughly equal to the difference in fish stock and thus
revenues. This ....u of assumption dramatically oversimplifies and overestimates the economic
consequen. s s u loss of coral cover. Here we provide a narrative regarding the potential
economic res,onses within the commercial fishing realm that could result from a change in coral
health.

17



Earlier, we established that different levels of coral cover supported differen” amounts of fish
biomass, without making any assumptions about distribution, size or speci.  composition. If
fishers catch less fish or are driven out of the market, the loss to the economy is nu* equal to the
change in the gross value of fish landed compared to what was caught prev’ sus y. If fishermen no
longer fish, they no longer need to buy fuel and equipment. Boats can be » ~!d and traded. Time is
freed to pursue other economic activities. Similarly, if people no longer s, >nd 1..>ney on fish, they
can save that money or spend it on something else. While many st . >s fo. is on the potential
change in gross values, estimating the actual change in net revenues and ae. benefit to consumer)
is difficult.?

Fewer reef fish may not translate into a proportionate decline in « atch, it may simply mean fishers
spend more time and money searching for fish. Perhaps fish- 3 w.il lncreasingly focus on other
nearby ecosystems such as mangrove areas and seagrass r eac ,w. It could also mean fishers
venture farther from shore or to coral areas that are less dreraued i, search of fish. This, in turn,
could increase time, cost, risk, and conflicts with other fishe, - In any case, the result would be
that the relative cost of fishing could rise. This coula “=duce profits (and thus net benefits) of
fishers. Whether or not these increased costs could be | “sseu un in terms of higher prices for fish
would depend on whether there were other substifitec - consumers. If imported fish were
available, the fishers would have little ability to raisc rices and would be stuck with diminished
profits. If imported fish were of lower quality ¢ -~mnlewely unavailable, consumers would bear
the brunt of the loss of the fisheries ecosystem serv = s — by paying a higher price, consuming less,
or having to consume more of an inferior alte. . *ive.

There are other aspects of fishing that feed .. *0 u.. overall dynamics of economic responses. Coral
reef loss might lead to smaller fish or a differe..: mix of species that can be caught currently on
reefs (Pratchett et al., 2008), and econr ... value declines, even if the total landings of fish remain
the same. If smaller fish or different 1sh fetc 1 a lower price on the market, then the net economic
value of fishing could decline - frem tne fis iers’ perspective, the loss may be felt by reduced net
revenues. For the consumer, it o~ 1y s mply be that the new catch is inferior to the previous catch
and they still enjoy a certain amo. - < of autritional value, taste, and even cultural value, but less
than before. Overall, it could he that cconomic value declines, even if the total landings of fish
remain the same.

Fishers and consumers d- ~en . on the reliability of catch. To the degree that future coral reef loss
might be reflected in a * eries . f increasingly severe bleaching events or sporadic coral die off, the
reliability of fish land’ags nay be affected well before a total crash in reef fisheries. Even sporadic
coral reef death can pu.'- pe sple to make permanent changes in their use of fish and could lead
fishers to sell thei” poats in order to avoid idle periods when their useful capital incurs costs but
does not generate vevenu s. Fishers may take advantage of an economy that supports other types
of employment nc...'_ug closely related work (e.g. leading nature trips, wildlife guiding, park
enforcement) or th.v may have educational or training opportunities to find other unrelated

2 We know 0. onl one example of estimated changes in consumer net benefits from a loss of reef fisheries due to
ocean acidifica. m (Speers et al., 2016a). We rarely have any data about the costs of fishing that are needed to
estimate changes ..1 net producer surplus, let alone empirical data that would allow us to quantify how the decisions
and activities of fishers might change at a local level.
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employment. Consumers may have access to other sources of protein or fish that ire not dependent
on corals (e.g. mangrove fisheries and offshore fisheries). Fishers and cor .-'mers living and
working in areas with few options will be more likely to experience losses that m.._” be roughly
equal to the net value of what is currently at stake. Those with more option<, hc vever, will simply
transition to other economic activities or patterns of consumption. The ecu. 2r.ic consequences of
coral loss will be substantially less than the net value of fish and fisheric. curic~tly supported by
corals.

6.2 Recreational Fisheries

It is often assumed that a loss of coral reefs will result in a stra,_htfe ward loss in the value of
recreational fishing. Factors similar to those discussed for .omr -~rcial fishing, however, might
affect the economic losses to recreational fishing that could , >~ ult fr ym a loss of coral reefs.

The recreational fishing experience depends on many things inc 'uding the size of fish caught, the
amount of fish, and other amenities that may be assoc‘atea ~it'. a fishing trip. It is not at all clear
that there is a one-to-one relationship between fish av.~dance and the economic welfare of
recreational fishers. A study of recreational fishing . n the Great Barrier Reef minimal or no loss
from coral bleaching for recreational fishing hased o.. previous “fisher satisfaction studies”
that found a 25% decline in catch sizes had litt.» e’ (ecc on the fisher consumer surplus. That
is, “the experience of the catch” was pref-rrea over “catch matters” (Oxford Economics,
2009; Prayaga et al., 2010).

A failure to account for the costs of fishing, ¢. anges in fisher behaviour, and the substitutes for
both fishers and consumers leads to estimates of impacts that may be many times larger than what
we would estimate if we had a better “.nders. ‘nding of human responses to a loss or change in reef
fish. One must consider that spending, ~hic’. once went to buy fish, will be directed elsewhere in
the economy. On the other hand, ‘. fai'ure w account for the knock-on effects of fishing, including
social and cultural aspects associ..*2c witt fishing, would create a bias in the other direction where,
another business or vendor me ; bene..* even as affected fishers will be harmed.

5.3 Coastal Protection

The ecological relation-hip . ~tween reef health and the human responses to changing levels of
coastal protection is rot s’.aightforward. The coastal protection offered by reefs depends on the
depth of the reef cresi .~ d th . roughness of the reef surface (Ferrario et al., 2014; Figure 5). So,
while a gradual Ic s of corul cover may increase wave energy arriving on shore, even a narrow
reef provides sig 'ificant protection against storms and large waves. As a result, we need to
consider separately -~ a loss of cover effects long-term shoreline change compared to how reef
loss affects st yrm da mage.

A loss of roral rect can increase routine wave energy along shores and result in chronic shoreline
erosion tha. w .y result in long term costs associated with armouring shorelines, gradual loss of
property valu. and an increased need for people to resettle. The loss of coral structure does not
happen quickly (i.e. it is not something that generally happens within days or weeks) and the
human and economic loss as a result of coral loss depends crucially on the timing and rate of coral
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loss. Many estimates of coral reef shoreline protection value provide data on tr 2 capital value of
shoreline property currently protected by reefs. These are useful examples of —hat is at risk and
even the current value of coral reefs, but unless coral reefs disappear overnight, the « “rrent capital
value is an upper-bound, at best, of the economic impact that might resv ¢ t »m a loss of coral
cover. Over time, people will adjust to a loss of shoreline protection, and . *or erty will not be lost
overnight and so the current value of property cannot be used as the sole .. »asu. = of potential loss.
Even today, if shoreline erosion is evident (as it is almost everywhe ., ana . oral degradation is
apparent, property values are likely to already account for some risk of i cre.sed erosion — that is
the cost of coral loss, in many places, may already be capitalized in thc -alue of coastal property.3

Coastal protection is largely a public good and is managed a. both y ablic and private levels.
Actions to protect the shoreline will likely be taken as cor-! rela... protection is lost. These
actions could include the restoration of other ecosystems (e.g m~ g1 wes), the creation of artificial
reefs, the hard armouring of shorelines, and even making coastal r coperty more flood resistant®.
Quantifying the counterfactual, in this case, would require u. * we know what mix of defensive
expenditures will be made, how much these will cost, a..? what will be the economic productivity
and wellbeing of the people and businesses that remai.. We .50 need to know people’s ability to
migrate to higher ground, other coastal areas, or a different  Juntry, island, province and so on.

In some cases, no defensive expenditures will be ..~ shoreline property will be abandoned, and
people will move. There are significant costs to mc 77 1g to other coastal areas. These costs include
the out of pocket costs of moving, the social ¢ ..*<s 0. dislocation and conflict that may result, and
the environmental costs associated with increas. g ..uman pressures in the newly occupied areas
(whether those new areas be coastal or inla.. 1. 1., . s case, however, we need to know not just the
cost of migration and loss, but how the net ben. {its of the “retreat” option (which could include
new ecosystem services from shoreline ... =at) would compare to the without change scenario (the
net benefits to producers and consur ers that would exist without change).

It is common to assume that a los* of » oral reefs could result in short-term loss of life and property
from storms. The level of protecu.* pre /ided by coral reefs depends on the condition of the local
reef and the intensity of the < orm anu resulting waves and storm surge that is dissipated. The
value of this protection depcads o the size of local coastal populations and the value of coastal
property. It also depends r.. ."e frequency and intensity of storms and storm surge.

How many lives are at isk w *h and without changes in the abundance of corals also depends on
the preparedness of ¢ .astr « dwellers and actions they will take. To further complicate matters, it
is likely the case that 1. els ,f preparedness may increase with experience of catastrophic storm
damage. The larg. loss of ufe that was associated with 2013’s super-cyclone Haiyan (aka Super
Typhoon Yolandz ), for e: ample, resulted in a loss of life of at least 7,000 people, with 1.1 million
homes damage~ ~r u.*.oyed, and 4 million people temporarily displaced (Sherwood et al., 2015).
Just three yea s later, however, Haima, a storm of similar intensity struck the Philippines resulting

3 See for inst. 'ce .ni> NYTimes article that shows the steady decline of coastal housing values in low lying areas of
the U.S. due to . Hastal flooding. https://www.nytimes.com/2017/04/18/magazine/when-rising-seas-transform-risk-
into-certainty.htm.

4 We don’t even consider the role of insurance and the net benefits and costs to property owners and insurance
companies.
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in similar property damage (approximately $2.8 billion USD for Haiyan and $1.€6 for Haima), but
with only 19 deaths — thanks, at least in part, to better preparedness. Over timr, ~ne would expect
loss of life and property caused by storms to decline, even in the absence or cora: sefs, simply
due to migration and improved preparedness. Even today, only a small fract on f coastal residents
die from storms, although Typhoon Haiyan was reported to have displacc' as many as half of all
people that we estimate live in the coastal areas of the Philippines .. v pi.*ected by corals.
Currently, it 1s quite difficult to know whether, when future storms b°., ‘hesc sosts and lives lost
will rise or fall compared to the baseline (historical damage), let alon¢ the .ou. erfactual (predicted
environmental change).

On one hand, we are likely to overestimate the magnitude of lost to eros on if we simply focus on
a linear relationship (or total loss) in the number of people xpo... to risk or a loss in gross
property values. On the other hand, a failure to account or *.c . conomic and social costs of
struggling against change and migration would have the cnosite e’ fect and would underestimate
the costs of change. Finally, many estimates of the economic ~ost due to the lost value of coral-
related shoreline protection are based on estimates ¢. the cc st of replacing corals with hard
armouring or other forms of built shoreline protection. Suvi. estimates of replacement cost are
generally gross overestimates of the value of shoreline nrote- “jon provided by corals. In fact, many
coastal areas already are eroding or are vulnerable t, ~torms, but remain unprotected. Shoreline
retreat is increasingly preferred to coastal armc ..*~~ hard armouring will likely be employed
along just a fraction of the coastline currently prov < ed by coral reefs.

5.4 Tourism

Some 30% of the world’s coral reefs are thought o support tourism that generates as much as $36
billion (USD) annually (Spalding et .., 2. '7). These expenditures represent economic activity
that supports jobs, taxes, and revenuc - for bu .inesses. Tourism, however, can be a costly business
(Yahya et al., 2005) especially fr¢ smai. ‘slands and developing countries where many of the
intermediate inputs needed to op ratr a tc arism business (from toilets, to beds, to staff, and food)
must be imported. Even wher inp. ‘s 7 ad staff can be found locally, the cost of these inputs is
more than just a cost of doing ¢ “siness; these costs represent the “real cost” of tourism to the local
economy. The real cost includes tu. cost of using resources (intermediary inputs) for tourism as
opposed to other local u‘es, ind also social and environmental costs resulting from tourism.
Tourism can have signii.. ~r. collateral costs including costs associated with social disruption,
inflation, and even a Irss of lo.al fish for local consumers®. These costs are rarely accounted for
in valuations of cora! -eef relr.ed tourism.

[Table 4 - Reef-re"ated V ‘sitor Expenditure within the ten jurisdictions with the highest total values
goes here. Adapte.' from spalding et al. 2017]

Reef tourism so prc vides direct economic benefits to reef tourists who often would be willing to
pay more than . "ha* they are required to pay for a reef vacation. This value was estimated early
on by Penu 'civ 71994) and more recently by a number of studies (for instance see (Deloitte Access

5 See http://geographyfieldwork.com/TourismProsCons.htm for an interesting breakdown of the costs and benefits
of tourism.
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Economics, 2017)) that estimate the per person per vacation net economic be'.efit of coral reef
tourism is on the order of $600 or more USD. Dozens of other studies condur. 1 over the last 23
years found similar results. When tourists are from abroad, the value they enjoy ac. s not benefit
local communities beyond what those tourists spend, but does contribute t, lo al reef protection.
Often missing from estimates of the value of reef tourism is the value of 1. ~a’ recreation — a type
of reef use for which expenditures may be low or very low, but for whic.. *he n.* economic value,
including social and cultural value, might be significant (Hargreaves-".."»n, . 10).

When coral reefs die in one location (but not all), tourists have options. Tourists and local visitors
may simply continue to visit the same destination, but they may r articiy ate in other activities. For
instance, Bonaire offers both world class scuba diving and equal v good wind surfing. Other reef
destinations may offer horseback riding, hiking, infinity poe’:, ga...Lung, fine dining and other
options. The local economies of destinations with many act’. i 's or where coral reef-based
activities are not the primary reason for visiting may not fe~I tue sar ¢ economic impact from coral
reef loss as those destinations where the reef is the primary « - only attraction. Of course, some
coral reef tourism destinations are isolated, low-lying ai.. offer 1 >w activities beyond sun-bathing,
diving and snorkelling. These places are likely to su.>r as .ourists choose other destinations in
the face of local coral reef decline.

When the loss coral reefs is restricted to particul . “~=fs. tourists may simply choose a more intact
coral reef for their vacation. If that destination ‘< nearby, it may represent a shift in tourism
revenues within a country or region — the i. . 2ct . n local businesses may be high, but other
businesses at the new destination may benefit ‘ro..u increased business and the overall impact
within the regional economy may be less ti.. © wo...d be anticipated if one simply assumed that all
reef-related tourism revenues were lost. If the 1. xt best destination is farther away, in a different
country or a different part of the world ... distribution of benefits and costs will vary accordingly.
In both cases, the lost value to touric s them elves will only be equal to the net value they would
have enjoyed at the original destinatio. oc.mpared to the net value they enjoy at the next best
destination. As long as there are sthe good options, the impact on tourists will be small.

Tourism operators differ subs antially .n their ability to adjust to a loss of coral reefs. Dive shop
owners, live-a-board dive cperawu ns, and even divers may work to find, or even create, dive
locations that don’t rely or <o -al reef ecosystems (e.g. wreck diving, underwater sculpture parks).
Others may not be able o o’ier other options locally, but could simply relocate. The cost and
feasibility of relocatior mus. “e also considered. Local restaurants and taxi drivers, and similar
businesses, may be a' e t, cater to tourists that switch to non-reef activities, but may not find it
easy to move to other u. tins.ions.

International tour. sts that seek sun and sea have a lot of options (Mak, 2004). Coral reef tourists
certainly have f~we. -_uons, but with only 30% of current reef areas being visited routinely by
tourists, the o stions « “e still significant (Spalding et al., 2017); coral reef loss in the near term may
have a small « “fect » n tourists. As coral reef losses mount (or coral degradation becomes more
widesprea " +*hough, options for divers and snorkelers will diminish as will their options (meaning
larger losse. i the net value to tourists). There also are coral reef destinations that are iconic (e.g.
the Great Bar. ‘er Reef, Hanauma Bay State Park (Mak and Moncur 1997)) or unique (although
many unique reef destinations owe their uniqueness to non-reef related attractions, like Palau’s
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Jelly Fish Lake, Grand Cayman’s Stingray City, Chuuk Lagoon’s sunken ship‘) for which there
are fewer close options or existing substitute destinations. Artificial reefs . ~d sunken ships,
however, add another increasingly popular option for divers. If coral reefs in a regio. are resilient
to climate change and ocean acidification (Cinner et al., 2016), then ttese reefs may be the
recipient of new tourist arrivals who are substituting away from other reg.. ns chat have lost coral
reef cover. The value of tourism for these surviving reefs could increase ¢ =n as “zef tourism value
declines elsewhere, and cost-competitiveness is an important considr.. ‘ion . hen understanding
the role of substitutes in determining the economic impact of reef lo s.

From the perspective of the local economy, the extent of bias in o .r estimates depends importantly
on whether we consider business owners, workers, or those «mploy¢d in secondary business
activities. Estimates of large-scale losses in tourism are almos* sen.....y over-estimated for all but
those local workers who have few other options.

5.5 Timing of Reef Loss

Whether coral reef and ecosystem loss happens soon o. in u.. future makes a difference. Losses
that occur now or in the near future will provide little tin for adaptation by human or natural
systems. Future losses could be diminished if people . ~t soon to avoid consequences of advanced
ecosystem losses. Because of economic discou .=~ impacts in the distant future also have less
present value (cost) than those in the present or 1.>7. future. All of these factors would suggest
that current estimates of reef value over-estin -.» the value of losses that occur in the future. On
the other hand, as more and more coral reefs a1~ loot, the substitution possibilities for coral reef
users will decline. The effects of the cumu. nive 1_ss of coral reefs will be felt locally, regionally,
and globally as coral reef loss becomes more wilespread. Fewer substitutes, in turn, mean it will
be increasingly difficult for those tha* .. >end on coral reefs to simply move to other coral reef
areas. This means the relative econo aic cos: of coral reef loss will likely increase as a function of
coral loss.

The rate of reef loss also is imno. ~ at. As discussed before, the economic consequences of the
loss of coral reefs depend on b «w well .eople can adapt to or cope with reef loss and the associated
loss of ecosystem services. Cudac. and unexpected reef loss will give reef users little time to plan
and attempt to compensate o1 “djust to such losses. More gradual reef loss, on the other hand, will
give reef users and plann s r.ore time to mitigate the economic and human consequences of reef
loss. Thus, to proper'y ev.'mate how people will respond to coral losses caused by ocean
acidification and blea nin ., we need to be keenly aware of: a) the timing of the biophysical rate of
coral reef loss, b) the ti.. ‘ng »f losses in ecosystem services, and ¢) how much warning regarding
these losses can br giver to (and acted upon by) coastal managers and coral reef users.

Timing also hac 2 cu_.cr-intuitive effect on the value of coral reef tourism. It is quite possible
that as coral ¢ over a. <lines globally, those remaining coral reef areas may benefit as the value of
coral reef tour.m inr ceases locally (Brander et al., 2012). While Brander et al (2012) assume this
means a ¢ ~~*er economic impact when these increasingly rare reefs are lost, it also means that
coral reef \~f.gia could actually benefit in the near term from loss of coral reef elsewhere.
Discounting ¢ mes into play since near-term gains have higher present value than future losses
(all else being equal).
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The critical role of timing sheds light on the economic value of better cor .. reef science and
management. Better science and data collection can provide more and more accu. “te advanced
warning about coral reef and ecosystem service loss. Better managems at, hat can delay the
biophysical effects of ocean acidification and bleaching, can provide more . - for adaptation. On
the other hand, if conservation professionals over-promise the ability of 1. ~nag. vent (e.g. MPAs)
to make coral reef ecosystems ‘“climate resilient,” coastal managers .~d rc.{ users may delay
taking steps to adapt which ultimately could make the costs of coral eef 0s. .nore severe when it
happens.

6.0 Conclusion: future research priorities

The valuation of ecosystem services was originally intended (o k' gn. ‘ght the economic and human
benefits provided by nature (Costanza et al., 1997). Ove- time, th .se valuation techniques were
turned to focus on the evaluation of changes in environmc.*al quality and access. Negative
changes were valued to help set fines and fees for . 'luters and those who have caused the
particular damage in question. Positive changes can = va.ued to help identify the benefits of
investment in conservation and management (Borger ot 2+ 2014). Increasingly, the valuation of
ecosystem services has been used to estimate the ‘mpacts of climate change (Hungate and
Hampton, 2012), but with the notion that meas ..~~ ~cowd be taken to avoid these impacts and
valuation would help to make clear the economic b *r ¢fits from ameliorative actions (Nelson et al.,
2013).

Valuing the impacts of ocean acidification, <’ . snly coarsely, was important originally to show
the potential economic consequences of carbo. emissions to the atmosphere and the specific
impacts from an acidifying ocean (Ale ... Jer et al., 2013), including those impacts on coral reefs
(Brander et al., 2012; Chen et al., 20" 5; Spec s et al., 2016b). But with that done, what then is the
purpose of trying to value the econow.'~ “0osses of inevitable ocean acidification and climate
change, especially apart from otb .r d’.vers of environmental change?

It remains important to estime e the po.ential costs of OA and climate change, and with increased
precision, in order to help idontity “o whom and where economic aid needs to flow to help people
deal with climate change, - 5, *cially when much of that damage is not of their own doing (this is
the purpose of the UNF( CC Green Climate Fund). In this sense, valuation becomes a tool for
development and aid, n .t nec. ~sarily for conservation. If we choose to follow this course, we have
to pay more attentior co t'.e uneven timing of coral reef loss around the world and how this will
affect local and regiona. mpr cts. We also need to more fully incorporate how economic and social
capacity and respc ise optious available across regions can vary in influence to OA and/or warming
conditions. With ‘roper 1 lanning and intervention, many of the worst-case scenarios of economic
losses from cor~! los. == can be avoided.

From a conse. "atior perspective, simply valuing the inevitable loss of corals is akin to counting
deck chair ~= the I'itanic. What are we to make of these values? What signal does it send, when
coral reefs ¢ die over the course of a few hot months, to insurance and re-insurance companies
to whom we L. *ve sold coral reefs as viable alternatives to artificial shoreline defences? How do
we interpret these estimated losses in a world in which good management and MPAs have been
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promoted as a means of avoiding losses from climate change? Do these ] .rge estimates of
economic loss from coral reef decline dilute the more modest benefits we may ¢ . ‘n from managing
these ecosystems through their transition?

Even if ocean warming and acidification are indeed inevitable to some ¢. *er ., and even if coral
reefs eventually disappear from the planet, it is important that we turn ow . *tenu.. 1 to the valuation
of the difference between potential future trajectories of reef health ar - "ass g. en future states of
atmospheric carbon emissions, deoxygenation, sedimentation, stc.m ‘.ey.ency, intensity and
track, and local environmental stresses. The value of the differenc < will shed light on the
economic and human benefits of continuing the fight to rein in a‘.nosphreric COx.

To better understand the value of investing in coral reef he~'*h a..l (esilience, we redirect our
efforts to understanding the benefit of conservation actions tha’ ca1 diminish the economic and
human impacts of coral reef loss. While MPAs and man~<eient .ce not sufficient to save coral
reefs from extremes in temperature and detrimental changes ..> ocean carbon chemistry, growing
(but possibly insufficient empirical) evidence sugges.~ that hese actions may contribute to
improved resilience to climate change (Hock et al., ."16; Joberts et al., 2017). More precise
estimates of the value of these changes in resilience (alone v "th more empirical evidence that these
actions work) will help demonstrate the human benei..~ of using conservation and management to
delay reef loss and change. Finally, the health ar © ~*ent of other ecosystems (e.g. mangroves and
sea grasses) may serve both to increase resilience (<.nd thus delay onset of the loss of coral reef
services) and also to act as natural substitutes . .. mai. 7 types of coral reef ecosystems services that
may be lost (including food production, shoreline orciection, and even tourism). We need to better
understand the economic value of conservi.~ au _aanaging other ecosystems, in the face of coral
reef loss.

Finally, we cannot continue to as.ume t at, in the absence of climate change and ocean
acidification, the spatial patterns 21d c..ve .t trends in resource use, population, and population
distribution will continue based c.1 p7 st experience. Even in the absence of climate change, non-
climate pressures will cause ecos, .em (o change and thus the distribution of people and their
dependence on ecosystems. V e need w be much more sophisticated in understanding how people
are likely to respond to these chai._=s at a landscape/seascape level. The only way to do that is to
start collecting and analysi .z . asic data on the human dimensions of coastal areas, especially those
that now benefit from nec by oral reefs. Without long-term data across many places, we will find
it hard to develop accarate ~rojections of shifting resource use, population distribution, and

2

ecosystem service val ies “or coral reefs or any other coastal ecosystems.

The detection ans arttrihution of impacts from ocean warming and acidification is strong by
comparison to ot.er link iges between climate change and impacts on ecosystems and human
systems. Separ~*ing .. impact of ocean acidification from ocean warming and other changes due
to climate clange «1d human activities, however, is not possible. Also, despite the strong
connection be ween climate change and impacts on coral reefs, putting a value on the evident
degradatic - *hat 1s occurring is complex and requires an important focus for future research in this
area. This 1. vt to say that deriving the present-day value of ecosystems to human communities
is not a useful “irst step. However, it is clear that the predictability of how human populations are
likely to respond, and thereby what the costs are in terms of the response by humans, is uncertain
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and requires new types of information as to the behaviour of humans within these social-ecological
systems, the timing of coral reef ecosystem loss and the difference in value dr. ved from varying
coral health futures. This may change as conditions become increasingly hostile ana . s the options
and responses by people narrows. In this case, the human elements of thesr sy. tems are projected
to become far more predictable as stresses increase over time. Improvin, o .r understanding of
how societies and economies interact with natural resources such as the * inuw “rent within coral
reefs and related ecosystems is at the heart of the challenge of establis’.. ~g the ‘rue costs of ocean
acidification and climate change generally. Establishing the baselin for .nc. : interactions today,
will be very important in terms of measuring and understanding the ci.. nges and impacts that are
likely within our rapidly changing world. With a few exceptions chese “vpes of studies are far and
few between, and must be increased.

This does not, however, diminish the clear and present dang 2r t* at . nthropogenic climate change
represents to human systems. At rates which dwarf anytbing in th- past many millions of years,
the biological consequences of climate change are extremely . ~rious. Even with the adjustments
that we suggest above, the economic impacts of climatc ~hange on reefs will be large, especially
at the local level. Perhaps the most important messa,~ otiw.ed here is that further increases in
carbon dioxide and other greenhouse gases in the atmnenh« 5 will continue to frustrate our ability
to plan due to the many interacting and, at this point, .. ~known factors, synergies and antagonisms
involved.
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Figures and legends

Figure 1: (a) Symbiotic dinoflagellates (Symbiodinium) from reef-building coral (Allison M Lewis, Creative Commons), (b) Deep
water non-- mbiotic coral, Lophelia pertusa (USGS Public Domain), (c¢) Annelid worm skeletal borer (Photo: OHG), (d) Bumphead
Parrotf 1 (" lick- Tenny Huang), (e) Non-carbonate coral reef at Cocos Island, Costa Rica (Photo: OHG), and Carbonate coral reefs
at Heron Is ar 1 (Phc o: OHG).




Figure 2. Global map showing selected coral reef carbonate budgets, Related to Figure 1 Values (in blue) indicate estimated net reef
carbonate budgets, in kg CaCO3 m-2 year-1; below this is the publication and year. From Figure S1 in Kennedy et al. (2016).
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Figure 3. Main actors and relationships in the effect of local and global factors along typical tropical coastal areas involving coral
reefs and other ecosystems. From Pendleton et al (2016).
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Fig 4. A. Projected concentrations (EPA, US) of CO:z equivalents under different emission scenarios (IPCC ARS, WG I); B.
Concentrations of COz2 in the atmosphere and seawater, as well as C. pH (Modified from Doney et al (2006); Land and ocean
anomalies in 2016; and D. Bleached coral in May 2016, at Lizard Island on the Great Barrier Reef, with permission of The Ocean
Agency.
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Figure 5. Conceptual diagram illustrating the changes in the characteristics of intact carbonate coral reefs (top left-hand corner) to the
bottom righk hand corner. This transition is driven by changes to ocean chemistry and strengthening storms, and depends on the

equilibr’ 1m detween processes (positive net accretion) that lead to calcification versus those that result in decalcification (negative net
accreuon).
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Tables and captions

Table 1. Organisms and process affected by ocean acidification (Kroecker et al. 2013)

) Resr _se =an Effect I
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Gr. th [ Joswcoveraps0
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Survival
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Survival
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Table 2. Fishing jobs and revenue as a function of lost reef productivity

Fishing Revenues and Jobs as a Proportion of Current Output (From Teh et al. 2013 and Pendleton et al. 2016)

.
Current Output 80% 50% 20%
= 7 & enues fisher revenues fisher revenues fisher revenues fisher
* om reef - *hoods from reef livelihoods from reef livelihoods from reef livelihoods
1h from ¢\ -al fish from coral fish from coral fish from coral
har.. . ‘ reef fis..ing harvest reef fishing, harvest reef fishing, harvest reef fishing,
(million # of fisher . ‘llion # of fishers (million # of fishers (million # of fishers
USS$) t wsan s, L USS) (thousands) US$) (thousands) US$) i(thousands)
Brazilian 180 144 14 116 90 7 36 29
Province
Caribbean 727 277 581 221 363 138 145 55
Central _l
Indian 169 621 135 4, 54 310 34 124
Ocean
Central .
Pacific 2 25 ! 20 ,] y ’ 0 >
Eastern 17 23 14 18 9 12 3 5
Pacific AW 4
Great
Barrier Reef 414 225 331 180 207 (13 )3 45
Micronesia 12 72 9 58 6 36 2 14
Middle East 669 345 535 276 335 173 154 )9
Polynesia 17 85 14 68 9 42 3 17
i‘;;‘;h East 3768 3972 3014 3177 1884 1986 754 794
Western
Australia 46 3 37 2 23 2 9 1
Western
Indian 66 228 53 182 33 114 13 46
Ocean




Table 3. Low Elevation Population That Depends on Coral Reefs for Shoreline Protection

Ocear .rov.. €

Low Elevation Population That Depends on Coral Reefs for Shoreline Protection
(Pendleton et al. 2016) — # people in 2007 living less than 10m above sea level and 3 km
fram a coral reef

Brazilian Province 1,239,637
Caribbean 8,300,897
Central Indian Ocean 5,054,227
Central Pacific 1,536,879
Eastern Pacific 108,616
Great Barrier Reef 1,441,968
Micronesia 407,388
Middle East A,535,613
Polynesia 809,403
South East Asia 318,67

Western Australia 30.7 90
Western Indian Ocean 4,271,981

Total

62,925,271




Table 4. Reef-related Visitor Expenditure within the ten jurisdictions with the highest total values. Data from Spalding et al. (2017)
Table 2 (Spalding et al. 2017). Data retrieved for years 2008-2012 where possible. Local currency data was converted to US$ values
for 30 June »f relevant year and these values were then converted to 2013 values using the Consumer Price Index (CPI) price deflator.

-

Provort’ sn ot Reef-adjacent TP GiE On-reef .

Y . . reef-coast . Total tourism
Count 187 cwhich | tc -ism value tourism tourism value s (ilien

Yy is coa. al, Millie. US$ : (Million USS$
non-urbe. e ) assigned as e USS per year)
) . on-reef

Egypt 44% 948 53° 4,520 5,467
Indonesia 29% 1,106 T | 1,991 3,098
Mexico 27% 1,657 . O 1343 3,000
Thailand 34% 1,332 9% 1,079 2,410
Australia 24% 473 40% 1,703 2,176
China 13% 1,348 2% 88 17,3
Philippines 30% 451 23% 934 Lo2
USA (Hawaii) 58% 680 9% 551 1,27
Japan 10% 543 13% 635 1,178
USA (Florida) 11% 851 4% 306 1,157
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