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Abstract

Coral reefs have the greatest biodiversity of any ecosystem on the planet and support ecosystem goods
and services to million people who depend directly on them for food, economic income, coastal
protection and cultural values. There is a clear consensus that accessibility through road networks and
infrastructure expansion is a main driver of ecosystem conditions, with the most accessible resources
being most at risk. Yet to date measuring the extent to which coral reefs are accessible to humans is
strictly limited to examining the linear distance between fishing grounds and markets or ports.
However, linear distance ignores ragged coastlines, road networks and other features that can affect
the time required to reach fishing grounds from a human settlement. This thesis presents a double
challenge: (i) developing new metrics of accessibility that account for seascape heterogeneity to better
assess human impacts on coral reefs; and (ii) evaluating the importance of coral reef accessibility, in
interactions with their management, to explain variations of fish biomass. First, | estimated the travel
time between any given coral reef and human populations and markets based on the friction distance
which is related to transport surfaces (paved road, dirt road, water) influencing transportation costs
and the effective reach from human settlements. Then travel time was used to build a human gravity
index, defined as human population divided by the squared travel time, to assess the level of human
pressure on any reef of the world. | found that both travel time and gravity are strong predictors of
fish biomass globally. Second, gravity was used to assess the effectiveness of marine reserves given
the level of human pressure. The results highlighted critical ecological trade-offs in conservation since
reserves with moderate-to-high human impacts provide substantial gains for fish biomass while only
reserves located where human impacts are low can support populations of top predators like sharks
which are otherwise absent from coral reefs. Third, using a downscaling of the travel time approach |
illustrated how market proximity can affect the behaviour of fishermen and, ultimately, trigger
changes in marine resource exploitation in North-Western Madagascar. Market access appears as a
critical step toward a long-term management of coral reef fisheries. Fourth, | developed a new
Community-Wide Scan (CWS) approach to identify fish species that significantly contribute, beyond
the socio-environmental and species richness effects, to fish biomass and coral cover on Indo-Pacific
reefs. Among about 400 fishes, | identified only a limited set of species (51), belonging to various
functional groups and evolutionary lineages, which promote biomass and coral cover; such key species
making tractable conservation targets. Within the context of global changes and biodiversity loss, the
thesis challenges the sustainable and efficient management of coral reef socio-ecological systems with
accessibility being the cornerstone but also the main danger in a near future where roads will expand

and coastal human populations will grow.
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1. General introduction

1.1. Tropical coral reefs

1.1.1. Biodiversity hotspots in the middle of an oceanic desert

Corals appeared about 500 million years ago and first coexistence between fishes and coral
reefs dates from the Devonian (420-359 Ma) (Bellwood et al. 2015). The vast majority of
modern coral reefs as we know them today are less than 10,000 years old (Seard 2010), are
located in shallow waters (< 50m water depth) within a tropical zone between 29° N and 31°
S latitude so within an annual mean temperature range of approximately 22° to 29°C. Modern
coral reefs are estimated to cover about 284,000 km? (Spalding et al. 2001) or less than 0.1%

of the world's ocean surface.

Coral reefs support the world’s greatest biodiversity of marine organisms (Roberts et al. 2002)
with almost 1,000,000 (95% credible limits: 550,000— 1,330,000) of multi-cellular species
worldwide (Fisher et al. 2015). In fact, coral reefs host no less than 6,000 fish species which
represent the major group of vertebrates (Kulbicki et al. 2013). The group of Acanthomorphs
comprises 92% of the reef fish species and its origin was estimated at -130 million years (Near
et al. 2013) while several waves of colonization of coral reefs by fishes have been identified
about 44 million years ago (Price et al. 2014). The distribution of reef fish biodiversity in the
oceans has raised the interest of several generations of researchers (Bellwood & Meyer 2009)
and still presents uncertainties (Cowman et al. 2017). Indeed, reef fish richness is distributed
along a latitudinal gradient from the tropics to the poles, but also according to a longitudinal
gradient, centered on the Indo-Australian Archipelago. The distribution of reef fish richness
has been related to variables such as sea surface temperature and available reef area
(Tittensor et al. 2010; Parravicini et al. 2013), as is proposed for the great land clades (Davies
et al. 2007; Buckley & Jetz 2008; Kreft & Jetz 2010). However, taking into account historical
and paleo-environmental factors seems also essential to explain the distribution of current

reef fish biodiversity (Tittensor et al. 2010; Parravicini et al. 2013; Pellissier et al. 2014).
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Almost 200 years ago, Charles Darwin first asked how the dazzling biodiversity of coral reefs
could flourish in relatively barren oceans (Darwin 1842). In fact, phytoplankton production is
paradoxically enhanced near an island-reef ecosystem by the Island Mass Effect (IME). This
phenomenon is caused by nutrients that result from decomposing reef animals, upwellings of
nutrient-rich colder waters toward the surface, mixing effects of waves and currents,
sedimentation from land erosion and human-derived runoffs from agriculture and urban
development (Gove et al. 2016). Such ocean oases or hotspots increase nearshore
phytoplankton biomass by up to 86% over oceanic conditions, providing basal energetic
resources to higher trophic levels that support great fish biomass for example (Gove et al.
2016). A healthy and well-managed coral reef can yield between 0.2 and 40 tons of fish and
seafood per square kilometer per year (Dalzell 1996; Newton et al. 2007). These estimates
lead to an annual yield of 0.056 - 11.36 million tons of fish and seafood per year (for the
284,000 km? of reefs) while total global landing was estimated at 1.4 - 4.2 million tons per year
(Pauly et al. 2002). Preserving the biodiversity of healthy reefs is the key to maintaining
sustainable reef fisheries that provide an important, almost irreplaceable, source of animal
protein to the populations of many developing countries (FAO 2000; Kawarazuka & Béné

2011; Teh et al. 2013; Charlton et al. 2016).

1.1.2. The entwined relationship between reef fish and coral complexity

Tropical reef ecosystems strongly rely on Scleractinian corals which have long been recognized
as providing essential habitat for reef-associated organisms (Luckhurst & Luckhurst 1978;
Roberts & Ormond 1987; Stella et al. 2011). Naturally, coral reefs provide high structural
complexity, defined as the physical three-dimensional configuration of a reef, which can shape
the abundance and diversity of reef fish assemblages across both large and small spatial scales
(McCormick 1994; Nash et al. 2013; Ferrari et al. 2016). Indeed, corals and fishes are closely
entwined since corals offer extensive prey refugia that support greater densities of small-
bodied and fast-growing fish species that feed most of higher trophic levels while, as a positive
feedback, some fishes favor coral growth through herbivory, bioerosion and nutrient recycling
(Holmlund & Hammer 1999; Wilson et al. 2010; Alvarez-Filip et al. 2011; Bellwood et al. 2012;
Rogers et al. 2014). Eutrophication, bleaching and storms continuously shape coral reef
systems and can lead to coral complexity loss (Graham 2014; Rogers et al. 2014). The last

2015-2016 bleaching event was extreme where 75% of the coral reefs monitored globally
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were affected while the likelihood of annual bleaching may keep increasing in the coming
decades (Hughes et al. 2018). The fish species that feed exclusively on live coral (most
numerous within the Chaetodontidae) are the prime species affected by both live coral cover
and habitat complexity loss (Findley & Findley 2001). Beyond the mere obligate coral feeders,
top predators, herbivores and planktivores are also affected through shelters and resources
loss (Emslie et al. 2014; Rogers et al. 2014). Ainsworth & Mumby (2015) show that when corals
are removed, annual reef fish landings decline by 39%. Destructive fishing practices such as
dynamite and cyanide fishing, or trawling are threatening coral reef habitats thus limiting the
long-term productivity of reef-related fisheries since complex reefs produce much more fish
biomass than flat rocky reefs. Indeed, habitat loss induces trophic cascade which reduces the
productivity of predatory fish by almost half (Figure 1.1 A), and of herbivorous fish by more
than two and a half times (Figure 1.1 B). As a result, the impact of a loss of complexity on
productivity of combined predator and herbivore targeted by fishing (> 25 cm) was more than

3-fold (Rogers et al. 2014).
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1.1.3. Importance of fish biodiversity on coral reefs

1.1.3.1. The multiple facets of biodiversity and their relation with ecosystem functioning
The functioning of ecosystems is based on i) physical, chemical and biological processes which
insure an efficient circulation of matter and energy through various levels of biological
organizations (primary, secondary producers and decomposers), ii) energy and matter storage
and iii) the stability of energy and matter storage over time (Boero & Bonsdorff 2007). In the
face of worldwide declines in biodiversity in early 1990s, many studies have been interested
in quantifying the importance of biodiversity on ecosystem functioning and consequences in
the supply of ecosystem goods and services to human populations (Chapin et al. 2000;
Cardinale et al. 2012). A recent study used empirical measurements of biodiversity and
functioning of natural ecosystems to prove that increase in biomass production with
biodiversity is much higher in nature than has previously been documented in experiments

and at least comparable or higher than climate and nutrient availability (Duffy et al. 2017).

However, if many experimental studies have showed a saturating (concave-down)
relationship (Figure 1.2 A) between ecosystem functioning (standing stock and productivity)
and biodiversity (species and functional richness) (Cardinale et al. 2006); more recent studies
have yielded non-saturating (concave-up, Figure 1.2 B) patterns (Danovaro et al. 2008; Mora
et al. 2011). Mora et al. (2014) have developed theoretical framework to support concave-up
biodiversity-ecosystem functioning relationships in natural ecosystems and thus, proved that
consequences of biodiversity loss could be substantially more dramatic than previously

predicted.
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Figure 1.2 | Experimental (A) and natural (B) ecosystems relationships between biodiversity

and ecosystem functioning. (Mora et al. 2014)

Scientists estimate that coral reef biodiversity could reach around 1,000,000 (550,000-
1,330,000) species of multi-cellular plants and animals while only 8% of them are currently
named (Fisher et al. 2015). From the 1980s, scientific community has been interested in better
understanding the role of biodiversity and more specifically of the number of species on
ecosystem functioning (Cardinale et al. 2012). First studies have mainly been conducted in
controlled terrestrial ecosystems and have showed a positive but rather weak (r* < 0.5,
p<0.001) relationship between plant species richness and their biomass or nutrient recycling
(Naeem et al. 1994; Tilman & Downing 1994; Tilman et al. 1996; Loreau & Hector 2001). The
relative weak explanatory power of species richness to ecosystem functioning comes from
simplistic assumption that each species would have the same contribution to ecosystem
functioning. However, natural selection and speciation processes confer various
morphological, biological (life history traits) and ecological traits to species, which enable
them to perform various functions, most being similar or redundant (Rosenfeld, 2002) while
some are unique (Petchey et al. 2008). Redundancy or unicity of functions realized by species
are strongly linked to life history traits which motivates the use of functional diversity instead

of the mere species richness to explain ecosystem functioning (Mora et al. 2011).
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Functional diversity is a powerful, important component of biodiversity, but also rather
complex to measure and define (Petchey & Gaston 2006). Functional diversity can be defined
as “the value and the range of those species and organismal traits that influence ecosystem
functioning” (Tilman 2001) meaning that functional diversity focuses on understanding
communities and ecosystems based on what organisms do, rather than on their evolutionary
diversification (Petchey & Gaston 2006). Beyond the mere loss of species, the loss of particular
functions insured by species is the main threat that jeopardize functioning (Bellwood et al.
2012; Naeem et al. 2012). Especially in complex systems such as coral reefs, functional
redundancy (e.g. several species can support similar functions) may preserve ecosystem
functioning even under species decline (Yachi & Loreau 1999; Fonseca & Ganade 2001).
However, Mouillot et al. (2014) have showed that in coral reefs, higher levels of redundancy
in functions are packed into a few functional entities whereas 38% of the functions are highly
vulnerable since without functional insurance with only one species. Therefore, some species
performing unique roles, appear to be irreplaceable (Bellwood et al. 2006) and imperil

ecosystem functioning if extinct.

Evaluating functional diversity relies on biological traits (called functional traits) that embodies
various life history traits and processes. For example, body size reflects the metabolism but
also informs about the trophic level and the mobility of the specie. Size, mobility, period of
activity, schooling, vertical position in the water column and diet are functional traits
commonly used to describe coral reef fishes (Mouillot et al. 2014). If the species description
using functional traits intends to simplify our vision of the functions performed by the whole
fish community, the critical step remain the traits choice which can influence the measure of
functional diversity (Petchey & Gaston 2006). In richer ecosystems such as coral reefs,
functional traits may capture only a restricted number of functions supported by species

because of the wide range of traits observed (Petchey & Gaston 2006).

Given these limitations, phylogenetic diversity e.g. the sum of phylogenetic branch lengths
(measured on phylogeny) connecting species together, has been proposed as alternative.
Phylogenetic diversity may capture the whole range of functions even those not measured by

functional traits (Flynn et al. 2011) and may be able to predict biomass production often better
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than specific richness or functional diversity (Cadotte et al. 2008; Cadotte et al. 2009; Harmon

et al. 2009; Cadotte et al. 2012; Cadotte 2013; Milcu et al. 2013).

1.1.3.2. Are all fish species necessary for coral reef functioning? identifying key fish entities.
Coral reefs have the greatest biodiversity of any ecosystem on the planet, even more than a
tropical rainforest (Wilkinson 2000) and contain the most diverse fish assemblages to be found
anywhere across the oceans, with at least 6000-8000 species (Lieske & Myers 2002) spread in
more than 200 families, yet coral reefs cover less than one percent of the ocean floor (Spalding
et al. 2001). Over 25% of the world's fish biodiversity, and between 9 and 12% of the world's
total fisheries, are associated to coral reefs (Spalding et al. 2001). Fisheries management must
thus preserve balance between fish harvesting and ecosystem functioning so need a
reconciliation between exploitation and conservation. Tackling this issue can be challenging
in complex ecosystems, particularly if the target species by fisheries also support key roles in

ecosystem functioning.

It is now clear that biodiversity promotes higher productivity of fish biomass and higher
resilience of that ecosystem service in the face of climate change (Duffy et al. 2016).
Identifying functionally important or key species is particularly challenging in biodiverse
ecosystems, due largely to the complexity of interactions between species and with their
environment including human disturbances. For example, despite the large body of research
on coral reefs, the identification of fish species that disproportionally drive ecosystem
functioning is still in its infancy (Hoey & Bellwood 2009; Bellwood et al. 2012). The functional
importance of most coral reef fishes is still poorly understood, and no study has scanned entire
fish communities to detect potential links with ecosystem functioning and services at large
scale. The critical issue is whether the extraordinary species diversity on coral reefs matters
for ecosystem functioning or whether a smaller proportion of species is enough to perform

most of the key functions (Mouillot et al. 2013).

The integrity of coral reef ecosystems thus critically depends on the interaction between
corals and fishes with fish biodiversity being the cornerstone. In the last few decades, the
concept of biodiversity has become multifaceted starting with taxonomic richness and then

integrating functional and phylogenetic relatedness between species. Biodiversity is a major
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determinant of ecosystem productivity, stability, invasibility, and nutrient dynamics.
Concerns about the ongoing loss of biodiversity and degradation of coral reefs have
motivated scientists to (i) better understand how anthropogenic threats imperil coral reef
ecosystems and their associated biodiversity and (ii)) to identify which fish species,
functional groups and phylogenetic lineages disproportionally sustain coral reef functioning

and services.

1.2. Coral reefs in the Anthropocene

1.2.1. Socioeconomic benefits from coral reefs

The world population is expected to increase from the current 7.2 billion to 9.6 billion in 2050
and 10.9 billion people in 2100 with the highest growth in Africa (Gerland et al. 2014). More
than 40% of the world's population live within 150 kilometers of the coast (UN 2002; Neumann
et al. 2015) and a disproportionate number lives in the biodiversity hotspots and tropical
remote areas (Williams 2013). Those millions of people in coastal areas depend directly on the
ecosystem goods and services provided by coral reefs which sustain from food and economic
income through artisanal subsistence fisheries, commercial fisheries, aquaculture, and live
reef-fish for the ornamental industry (Kittinger et al. 2012; Teh et al. 2013; Cinner 2014). Coral
reef fisheries supply more than half of the protein consumed by human populations in coastal
regions (Moffitt & Cajas-Cano 2014) and are still the major source of protein for many people
in some small islands (Kawarazuka & Béné 2011; Teh et al. 2013; Charlton et al. 2016). Coral
reefs do not support only livelihood of people they also offer coastal protection, medicines,
recreational and touristic opportunities (Ferrario et al. 2014; Harris et al. 2018). Additionally,
coral reefs contribute to aesthetic, cultural and spiritual values of coastal societies (Kittinger

et al. 2012; Cinner 2014).

1.2.2. Climate change impacts

Since the 1980s, rising sea surface temperatures, owing to human-induced global warming,
has been a major concern for coral reefs. Indeed, unprecedented mass bleaching of corals,
including three pan-tropical events in 1998, 2010 and 2015-2016 (Figure 1.3), which often

leads to high levels of coral mortality (Heron et al. 2016), is imperiling the future of coral reefs.
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Figure 1.3 | Recent massive coral bleaching. The top images show the maximum thermal
stress levels measured by NOAA satellites in 2014 and 2015 along with locations where the
worst coral bleaching was reported. The bottom image shows the Four Month Bleaching
Outlook for February-May 2016 based on the NOAA Climate Forecast System model along with

locations. Source: NOAA.

Recent studies lead by Pr. Terry P. Hughes (2017, 2018) have showed that severe recurrent
heat waves, boosted by more and more severe El Nino events, are the major threat on coral
reefs and that local resistance (fisheries management and water quality) cannot provide any
“magic shield” to extreme heat. Indeed, even highly protected and near pristine areas in the
Great Barrier Reef (GBR) have experienced massive bleaching in 2016 (Figure 1.4), leaving very
few potential refugia on the GBR since only 9% of reefs repeatedly surveyed have never
bleached (Hughes et al. 2017b). Moreover, these warming events are getting warmer and are
occurring more frequently than previously leaving a too short time interval for a full recovery
of coral reefs (Hughes et al. 2018). Global warming is behind the recent acceleration of sea
level rise with major repercussions on coastal regions. In fact, many coral reefs would be

unable to keep growing fast enough to keep up with rising sea levels, leaving tropical
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coastlines and low-lying islands exposed to increased erosion and flooding risk (Perry et al.

2018).

Figure 1.4 | Severe coral bleaching. a, Aerial view of severe bleaching in Princess Charlotte
Bay, northeast Australia in March 2016 where almost 100% of corals are bleached on the reef
flat and crest. b, Bleaching occurs when algal symbionts (Symbiodinium spp.) in a coral host
are killed by environmental stress, revealing the white underlying skeleton of the coral. c, d, e,
Mature corals were extirpated by heat stress and f, rapidly colonized by algae. Photo credits:

a, James T. Kerry.; b-f, Eva Maire.
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Impacts of global change are already underway, with an average global temperature increase
of nearly 1°C since pre-industrial conditions (<1900). There is overwhelming evidence that 1.5°
or 2°C of warming above preindustrial conditions will inevitably contribute to further
degradation of the world’s coral reefs (Heron et al. 2016). Securing a future for coral reefs
requires urgent and rapid actions to reduce global warming and a clearer understanding of
multiple drivers and ecosystem responses under these new scenarios in the Anthropocene

(Hughes et al. 2017a).

1.2.3. Anthropogenic direct impacts

Anthropogenic changes have become the dominant force shaping all ecosystems on Earth, a
new era termed the Anthropocene (Steffen et al. 2011). Social and ecological processes are
closely intertwined (Halpern et al. 2008; Rockstrém et al. 2009; Osterblom et al. 2017)
particularly on coral reefs ecosystems where humans have historically depleted marine
resources (Jackson et al. 2001; Pandolfi et al. 2003; Bellwood et al. 2004; Norstrom et al.
2016). For instance, a high-resolution 3,000-year record of reef accretion rate and herbivore
(parrotfish and urchin) abundance (Cramer et al. 2017) shows that historical fishing may have
been significantly affecting Caribbean reefs for over two centuries, initiating ecosystem
declines from which they have never recovered. Declines in fish and coral abundance become
detectable in the Caribbean since the mid-18th century with the increasing exploitation of
coastal marine resources from indigenous inhabitants, European traders, and pirates engaging
in intensive harvesting and land clearing for industrial-scale banana agriculture (Cramer et al.

2017).

Scientific understanding of human impacts on reef systems has mainly demonstrated negative
relationships between local human populations and the condition of coral reefs (Mora et al.
2011; Bellwood et al. 2012), the term ‘condition’ referring to many aspects from the quality
of habitat to fish biomass and biodiversity. More specifically, fishing activities impact trophic
pyramid at all levels and the famous ‘fishing down the food web’ tenet implies that fishing
starts at the highest-valued species at the top of the pyramid and then moves down the
pyramid as predators collapse with exploitation (Pauly et al. 1998). For coral reefs, fishing
through entire trophic pyramids (Branch et al. 2010) may be a common practice since all

trophic levels have market value. Previous studies have showed that reef fish biomass is
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constrained by the density of local human populations (Mora et al. 2011) but the linear
distance to the nearest market is also a strong explanatory variable for the condition of reef
fisheries (Cinner et al. 2013). One major point is that even low human settlement or
population densities can deplete resources on close reefs and have great impacts on fish
abundance. Indeed, Bellwood and colleagues (2012) show that 16 people per square
kilometer is enough to make bigger parrotfishes (Bolbometopon muricatum, Chlorurus sp.)

locally extinct (Figure 1.5).
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Figure 1.5 | Relationships between human density (inhabitants per km?) and the abundance
of Green humphead parrotfishes (Bolbometopon) and large Chlorurus parrotfishes.

(Bellwood et al. 2012).

Parrotfishes sustain bioerosion and coral predation which are key functions for coral reef
resilience, thus abrupt ecosystem shift can be observed as soon as fishing reduces parrotfish
size and abundance (Bellwood et al. 2012; Bozec et al. 2016). Coral reefs integrity can be
disrupted by human activities and over-exploitation, leading to social-ecological traps (Cinner
2011) where fish extraction reduces the wide diversity of functions provided to the ecosystem
and induces coral habitat degradation. It results a more heavily human pressure on remaining
fishes and ultimately, coral reef systems are not able to support services that people depend

on anymore.
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Everincreasing coastal population growth, with associated demands on natural resources may
compromise the capacity of coral reefs to keep providing human societies with fisheries and

other socioeconomic benefits.

1.2.4. Management actions to counteract human impacts

Numerous approaches can be used to sustain marine resources (Costello et al. 2008; Gelcich
et al. 2008; Worm et al. 2009; Cinner et al. 2012). Since the 1960s, Marine Protected Areas
(MPAs) and Marine Reserves (MRs), the latter being defined as no-take MPAs where fishing
activities are prohibited (Costello & Ballantine 2015), have become popular tools for
conserving biodiversity and managing marine resources (Gaines et al. 2010; Veitch et al. 2012;
Watson et al. 2014; MacNeil et al. 2015). MPAs are more and more popular across the oceans
to preserve biodiversity but also to reduce poverty, build food security, create employment
and protect sustain fisheries (Van Beukering & Lea 2013; Ferrario et al. 2014; Brander et al.
2015). There is now a large body of evidence supporting positive effects of MRs within their
boundaries and in their vicinity. MRs unambiguously increase fish abundance (Lester et al.
2009) and biomass (Costello 2014) and host larger, and thus more fertile, fish individuals
(Abesamis & Russ 2005; Evans et al. 2008). These benefits typically appear after 2 to 5 years
of protection (Claudet et al. 2008) and continue to grow even after 40 years for some fish

groups like predators (MacNeil et al. 2015).

Rapid degradation of the world’s coral reefs (Hughes et al. 2003; Pandolfi et al. 2003; Bellwood
et al. 2004; Hughes et al. 2017a) jeopardizes their ecological functioning and ultimately
imperils the wellbeing of the millions of people with reef-dependent livelihoods (Teh et al.
2013). There is an urgent need to understand the context under which conservation gains can
be maximized (Devillers et al. 2015; Pressey et al. 2015) and where conservation outcomes
(e.g. fish biomass) can be maximized. Increased fish biomass inside marine reserves provides
higher levels of ecosystem functioning (McClanahan et al. 2011) but also results in spillover of
adults and larvae to surrounding areas (Abesamis & Russ 2005), which can benefit fishers
(Harrison et al. 2012; Januchowski-Hartley et al. 2012; Andrello et al. 2017). Thus,

conservation gains are beneficial for both people and ecosystems
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Securing a future for coral reefs under these multiple Anthropogenic forcing factors (Hughes
et al. 2017a) requires urgent alternatives to sustain coral reef socio-ecological systems. We
thus need to (i) better understand, quantify and map the level of interactions between reefs
and humans and (ii) define how the intensity of human impacts in the surrounding seascape

affects the ability of MPAs to achieve conservation objectives.

1.3. Accessibility as a cornerstone of the multiple interactions in social-

ecological systems

1.3.1. Accessibility as a key driver of the conditions of ecosystems

Natural resources, such as forests and fisheries, are becoming severely depleted; especially
those that are more accessible to people (Mora et al. 2011; Cinner et al. 2013; Barber et al.
2014). For example, numerous studies have linked increased accessibility through road
building to deforestation (Laurance et al. 2009) and avian biodiversity erosion (Ahmed et al.
2014). Accessibility is also shown to be a main driver of ecosystem recovery. Distance to
primary roads enhances recovery of secondary forests after abandonment of agriculture in
Puerto Rico (Crk et al. 2009). In terrestrial systems, there is thus considerable attention on
accessibility management, mainly via road networks at both local (Dobson et al. 2010) and

global scales (Laurance et al. 2014).

In contrast, considerably less research has focused on accessibility in marine ecosystems,
though it has been shown to strongly determine their conditions (e.g. fish biomass and
biodiversity) and functioning (Morato et al. 2006; Cinner et al. 2013). For example, in
Nicaragua, the development of a road to reach a former remote fishing area altered both price
and price variability of fish, which led to more intensive overexploitation (Schmitt & Kramer
2009). Likewise, several studies have demonstrated that proximity to market, measured as a
linear distance, is the strongest predictor of overfishing on coral reefs (Cinner & McClanahan

2006; Cinner et al. 2012; Cinner et al. 2013).
Measuring the extent to which global marine resources are accessible to humans has been

generally limited to examining the linear distance between fishing grounds and markets,

villages or ports (Watson et al. 2015). However, for most coastal ecosystems and artisanal

26



fisheries, this linear distance ignores ragged coastlines, road networks and other features
that can affect the time required to reach fishing grounds. The availability of new analytical
tools and high-resolution geo-referenced landscape data now allows for estimating reef
accessibility, through travel time, by taking account the heterogeneity of the seascape. Yet,

such calculation routines remain to be built and optimized to obtain large scale assessment.

1.3.2. Moving beyond the Malthusian perspective

Researchers have classically turned toward the Malthusian perspective suggesting that human
population size is a major driver of ecological conditions of ecosystems where population
grows exponentially and will always exceed food production that grows linearly, leading to
increasing poverty and inducing inevitable collapse of human societies (Malthus 1798).
Applied to fisheries, the causes of overfishing are driven by “too many fishers chasing too few
fish” (Pauly 1990) and as fishing effort grows proportionately to human population growth,
which is often exponential particularly in coastal cities, policy interventions that reduce fisher
access, the number of fishers, or the human population are needed (Pauly 1990; Roberts
1995). Regions in the world characterized by positive population growth, high level of poverty
and strong dependence on marine resources fall within this context. However, there is still
little empirical evidence that global or local population growth has more impacts on coral reefs
than other socio-economic aspects (de Sherbinin et al. 2007). Many coral reef studies revealed
that other drivers such as technology, market access and development often provide better
explanation of the conditions of coral reefs fisheries than human population size or density
(Cinner & McClanahan 2006; Cinner et al. 2009a; Brewer et al. 2012; Cinner et al. 2013;
Finkbeiner et al. 2017).

Focusing only on human population density may lead to biased human impact assessment
because other important drivers may be at played while ignored by most managers and
policy makers (Berkes et al. 2006). Assessing accessibility of coral reefs from human
settlements seems to be a complementary and useful tool to better explain the status and

dynamics of coral reef socio-ecological systems.
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1.3.3. Scaling down the link between coral reef accessibility and resource exploitation

Earth’s ecosystems have come under increasing pressure as globalization connects the world
(Liu et al. 2013). Expanding trade, transportation, migration, and technology are altering
intertwined dynamics between human and natural ecosystems across space and time
(Rockstrom et al. 2009; Liu et al. 2015). Global trade through interconnected markets or new
access to markets heavily shape the exploitation of natural resources and has raised serious
ecological and management issues (Berkes et al. 2006; Rockstrom et al. 2009; Steffen et al.
2011). Accessibility is an important determinant of people’s ability to use natural resources.
In particular, in both terrestrial and marine biomes, accessibility through road networks and
infrastructure expansion has been shown to be a main driver of the conditions of the
ecosystems, with the most accessible resources being most at risk (Laurance et al. 2009;
Dobson et al. 2010; Mora et al. 2011; Ahmed et al. 2014; Barber et al. 2014; Alamgir et al.
2017). Previously remote regions of the world have become more accessible and thus, more
integrated with the global economy which may profoundly affect previously remote or even
pristine ecosystems (McCauley et al. 2013; Mora et al. 2016). Yet the mechanisms through
which the level accessibility influences social and ecological conditions are still unknown and

certainly not so straightforward.

To date, research on market accessibility has mainly examined how increased market access
affects resources users through trade and price changes (Delgado 2003; Schmitt & Kramer
2009; Thyresson et al. 2011; Thyresson et al. 2013), and changes in livelihood diversification
(Cinner & Bodin 2010; Chaves et al. 2017; Kramer et al. 2017) (composition effect) as well as
technology introductions or changes (Brewer 2013; Stevens et al. 2014) (technique effect).
Lack of knowledge on how market access shapes local human communities remains largely

under-estimated and could hide crucial dynamics at local scale.

Understanding how accessibility from human societies affects the exploitation of natural
resources is a critical step toward a long-term management of the ecosystems where actions
are needed to enhance their ecological and economic sustainability. Given that the human-
environmental interrelations are dependent on the social context, a scaling-down of reef

accessibility to highlight the drivers of resource use and governance at fine scale is needed.
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1.4. Aims and thesis outline

The present thesis has two main objectives: i) developing new metrics of accessibility to better
account for human impacts on coral reefs in an heterogenous seascape; and ii) evaluating the
importance of these new metrics, in interaction with management, to explain variations of

fish biomass on coral reefs.

These aims are addressed in four separate studies focusing on distinct research questions (RQ)
that remain unsolved (Figure 1.6):

RQ 1. Is travel time from human settlements a good predictor of reef fish biomass at the global
scale?

RQ 2. How the intensity of human impacts affects the effectiveness of marine reserves in the
context of coral reefs?

RQ 3. How travel time from market affect resource use at local scale?

RQ 4. Which and how species are necessary to maintain fish biomass and coral cover on coral

reefs?

RQ 2
Management
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Figure 1.6 | Key aims of the thesis through 4 distinct research questions (RQ 1-4).

.
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The research questions are addressed in the four studies briefly described below and fully

developed in introduction of each corresponding chapter.

After this general introduction (Chapter 1), | first provide the methodological and theoretical
basis of my PhD: Chapter 2 exposes the global dataset | used during the thesis which is one of
the largest sets available for tropical reefs that compiles coral reef conditions and
socioeconomic drivers from more than 2,500 reefs worldwide; Chapter 3 explains the
framework | developed to assess travel time between any reef and human settlements
through land (road and vegetation) and water (navigable river, lake and ocean) at global scale.
It also shows that travel time is a major driver of reef fish biomass. It also describes how to
combine travel time and human population into an integrative metric of human gravity.
Secondly, | highlight the importance of these new metrics in reef conservation and
management with three dedicated chapters: Chapter 4 explore how the intensity of human
impacts, measured as a function of human population size and accessibility to reefs, affects
the effectiveness of marine reserves in tropical reefs; Chapter 5 explores how travel time from
market can affect resource use at local scale through a study case in Northwest Madagascar,
where | participated in the collection of social and ecological data; and Chapter 6 exposes the
framework | developed to define which species are necessary to maintain fish communities
and their associated services.

Lastly, Chapter 7 consists on a synthetic analysis presenting the main conclusions and

limitations of the thesis. It also provides perspectives and future applications.
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2. Global dataset on coral reefs

2.1. Introduction

My PhD is integrated into the Cinner Research Group led by Dr. Joshua E. Cinner that focuses
on the interface between social science and ecology to develop solutions for a wide range of
issues facing coral reefs and the millions of people who depend on them. The major part of
my PhD (Chapter 4 and 6) has been conducted at large scale and uses one of the largest sets
of reef data available that compiles coral reef conditions and socioeconomic drivers from
more than 2,500 reefs worldwide. This part aims to describe the variables included in the

dataset that | have used in my PhD.

2.2. Nested scales of data

The global dataset was organized at three spatial scales: reef site, reef cluster, and

nation/state described below:

(i) Reef site (hereafter 'reef') is the smallest scale and represents a pool of surveys (transects).

(ii) Reef cluster have been obtained by clustering reefs together that were within 4km of each
other and used the centroid to estimate reef cluster-level social and environmental covariates.
To define reef clusters, the linear distance between all reef sites was first estimated, then a
hierarchical analysis with the complete-linkage clustering technique based on the maximum
distance between reefs was used. A cut-off at 4 km was set to select mutually exclusive sites
where reefs cannot be more distant than 4 km. The choice of 4 km was informed by a 3-year
study of the spatial movement patterns of artisanal coral reef fishers, corresponding to the
highest density of fishing activities on reefs based on GPS-derived effort density maps of

artisanal coral reef fishing activities (Daw et al. 2011).

(iii) Nation/state (nation, state, or territory) which are jurisdictions that generally correspond

to individual nations (but could also include states, territories, overseas regions).

33



2.3. Reef Fish biomass

Reef fish biomass can reflect a broad selection of reef fish functioning and benthic condition
(McClanahan et al. 2011; Mora et al. 2011; Edwards et al. 2014; MacNeil et al. 2015), and is a
key metric of resource availability for reef fisheries. The initial dataset gathers more than
24,000 visual counts collected from 7,328 reefs between 1992 and 2013 in 63 nations, states
or territories. All surveys used 3 census methods (standard belt-transects, distance sampling
and point-counts). Where data from multiple years were available from a single reef site, only
data from the year closest to 2010 were considered.

For the purposes of the research questions, only parts of this dataset have been selected to
extract targeted fish (Chapter 4), top predators presence (Chapter 4) and Indo-Pacific fish

biomass (Chapter 6) described below:

- Targeted Fish Biomass: 4,164 surveys collected from 1,798 tropical reef sites between 2004
and 2013 were retained. Only 14 fish families were considered since were consistently
studied, commonly targeted, and were above a minimum size cut-off even if targeting of reef
fishes can vary by location due to gear, cultural preferences, and a range of other
considerations. Thus, counts of >10cm diurnally-active, non-cryptic reef fish that are resident

on the reef were retained, excluding sharks and semi-pelagic species (Table I).

-Top Predators: 8 families of fish were considered as top predators (Table I). In Chapter 4, only

presence/absence was used instead of biomass because biomass was heavily zero inflated.

-Indo-Pacific Fish Biomass: 4,694 surveys collected from 1,824 reefs located in the Indo-Pacific
were retained. Those surveys used only two census methods (belt-transects or distance
sampling) and were conducted between 2004 and 2013. Then, all counts of non-cryptic reef
fish species >10cm in total length, that are reef-associated (30 families, 748 species, see
Appendices Chapter 6) were considered. Sharks were not included in the study as they were

often excluded from visual surveys.

Within each survey area, reef associated fishes were identified to species level, abundance
counted, and total length (TL) estimated, with the exception of one data provider who

measured biomass at the family level. Fish biomass on each selected reef has then been

34



estimated using published species-level length-weight relationship parameters or those
available on FishBase (Froese & Pauly 2012). When length-weight relationship parameters
were not available for a species, the parameters for a closely related species or genus were
used. To make estimates of biomass from these transect-level data comparable among
studies, differences among census methods were directly taken into account by including each
census method (standard belt-transects, distance sampling, or point-counts) and sampling

area for each reef (m?) as a covariate in the analysis.

2.4. Socio-economic drivers

Many social drivers that are thought to be related to the condition of reef fish biomass have

been included in my thesis. Full description of each variable is described below.

Local Population Growth: a 100 km buffer was created around each site and was used to
calculate human population within the buffer in 2000 and 2010 based on the Socioeconomic
Data and Application Centre (SEDAC) gridded population of the world database. Population
growth was the proportional difference between the population in 2000 and 2010. A 100 km
buffer was chosen as a reasonable range at which many key human impacts from population

(e.g., land-use and nutrients) might affect reefs (MacNeil & Connolly 2015).

Human Development Index (HDI): HDI is a summary measure of human development
encompassing: a long and healthy life, being knowledgeable, and having a decent standard of
living. In cases where HDI values were not available specific to the State (e.g. Florida and

Hawaii), the national (e.g. USA) HDI value were used.

Population Size: For each nation/state, the size of the human population was estimated. Data
were derived mainly from national census reports the CIA fact book
(https://www.cia.gov/library/publications/the-world-factbook/rankorder/2119rank.html),
and Wikipedia (https://en.wikipedia.org).

Tourism: Tourist arrivals relative to the nation/state population size (above) were examined.
Tourism arrivals were gathered primarily from the World Tourism Organization’s

Compendium of Tourism Statistics.
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Management: For each observation, the prevailing type of management was determined,
including: (i) marine reserve- whether the site fell within the borders of a no-take marine
reserve. Data providers were asked to further classify whether the reserve had high or low
levels of compliance; (ii) restricted fishing- whether there were active restrictions on gears
(e.g. bans on the use of nets, spearguns, or traps) or fishing effort (which could have included
areas inside marine protected areas that were not necessarily no take); or (iii) openly fished -
regularly fished without effective restrictions. To determine these classifications, the expert
opinion of the data providers was used, and validated with a global database of marine reserve

boundaries (IUCN & UNEP-WCMC 2016). Size and age of each reserve were calculated.

National reef fish landings: Catch data were obtained from the Sea Around Us Project (SAUP)
catch database (http://www.seaaroundus.org), except for Florida, which was not reported
separately in the database. In total, 200 reef fish species and taxon groups were identified in
the SAUP catch database (Teh et al. 2013). Reef-associated pelagics such as scombrids and
carangids normally form part of reef fish catches. However, these species were not included

because they are also targeted and caught in large amounts by non-reef operations.

Voice and accountability: This metric, from the World Bank survey on governance, reflects
the perceptions of the extent to which a country’s citizens are able to participate in selecting
their government, as well as freedom of expression, freedom of association, and a free media.
In cases where governance values were not available specific to the nation/state (for example,

Florida and Hawaii), national (for example, USA) values were used.

2.5. Environmental Drivers

Depth: The depth of reef surveys was grouped into the following categories: <4m, 4-10m,
>10m to account for broad differences in reef fish community structure attributable to a
number of inter-linked depth-related factors. Categories were necessary to standardize
methods used by data providers and were determined by pre-existing categories used by

several data providers.

Habitat: The following habitat categories were included: (i) Slope: The reef slope habitat is

typically on the ocean side of a reef, where the reef slopes down into deeper water; (ii) Crest:
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The reef crest habitat is the section that joins a reef slope to the reef flat. The zone is typified
by high wave energy (i.e. where the waves break). It is also typified by a change in the angle
of the reef from an inclined slope to a horizontal reef flat; (iii) Flat: The reef flat habitat is
typically horizontal and extends back from the reef crest for 10’s to 100’s of meters; (iv)
Lagoon / back reef: Lagoonal reef habitats are where the continuous reef flat breaks up into
more patchy reef environments sheltered from wave energy. These habitats can be behind
barrier / fringing reefs or within atolls. Back reef habitats are similar broken habitats where
the wave energy does not typically reach the reefs and thus forms a less continuous 'lagoon
style' reef habitat. Due to minimal representation among our sample, other less prevalent
habitat types were excluded, such as channels and banks. The Millennium Coral Reef Mapping
Project (MCRMP) hierarchical data (Andréfouét et al. 2006), Google Earth, and site depth

information were used to verify the sites’ habitat information.

Productivity: Ocean productivity for each of our sites in mgC / m? / day

(http://www.science.oregonstate.edu/ocean.productivity/) was examined. Using the

monthly data for years 2005 to 2010 (in hdf format), those data were imported and converted
into ArcGIS. Yearly average and finally an average for all these years was calculated. A 100 km
buffer around each of our sites was chosen and the average productivity within that radius
was examined. Note that ocean productivity estimates are less accurate for nearshore

environments, but the best available data were used.

Climate stress: An index of climate stress for corals was included, developed by (Maina et al.
2011), which incorporated 11 different environmental conditions, such as the mean and

variability of sea surface temperature.

2.6. Overview of the data

The next table summarizes the data used during the PhD. This includes ecological, social and

environmental variables collected at different scales and from various sources.
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Variable Description Scale Key data sources
Habitat Whether the reef is a slop, crest, Reef Primary data
flat, or back reef/lagoon
Depth Depth of the ecological survey Reef Primary data
(<4m, 4-10m, >10m)
Protection status Whether the reef is openly Expert opinion, global map of marine protected areas.
fished, restricted (e.g. effective Reef
gear bans or effort restrictions),
or unfished
Local population growth Difference in local human Socioeconomic Data and Application Centre (SEDAC)
population (i.e. 100km buffer - gridded population of the work database (CIESIN 2005)
around our sites) between 2000-
2010
Climate stress A composite metric comprised of (Maina et al. 2011)
11  different  environmental Site
variables that are related to coral
mortality from bleaching
Ocean productivity The average (2005-2010) ocean Site http://www.science.oregonstate.edu/ocean.productivity/

productivity in mgC / m2 / day

Human Development
Index (HDI)

A summary measure of human
development encompassing: a
long and healthy life, being
knowledgeable and have a
decent standard of living

Nation/state

United Nations Development Programme

Population Size

Total population size of the
jurisdiction

Nation/ state

World Bank, census estimates, Wikipedia
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Tourism

Proportion of tourist visitors to
residents

Nation/ state

World Tourism Organization’s Compendium of Tourism
Statistics, census estimates

Voice and accountability

Perceptions of the extent to
which a country's citizens are
able to participate in selecting
their government.

Nation/ state

World Bank

Fish landings

Landings of reef fish (tons) per
km? of reef

Nation/ state

(Teh et al. 2013)

National fisheries poaching

Results from survey of national
fisheries managers about levels
of compliance with national
fisheries regulations

Nation/ state

(Mora et al. 2009)
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2.7. Variable selection

A broad number of social, ecological and environmental variables were initially available in
the dataset. For each study, the pool of variables retained as covariates was defined under
the same procedure. Given the pool of reef sites and the response variable considered
(targeted fish biomass and predators in Chapter 4 or total biomass in Chapter 5), collinearity
among all the possible variables was checked using bivariate correlations and Variance
Inflation Factor (VIF) estimates, and variables having correlation coefficients greater than 0.7
and VIF scores greater than 5 were not considered in the study.

This led to the systematic exclusion of several covariates (not described above): (i)
Biogeographic Realm (Tropical Atlantic, western Indo-Pacific, Central Indo-Pacific, or eastern
Indo-Pacific); (ii) Gross Domestic Product (purchasing power parity); (iii) Rule of Law (World
Bank governance index); (iii) Control of Corruption (World Bank governance index); and (iv)
Sedimentation. Other covariates had correlation coefficients and VIF scores indicating

multicollinearity was not a serious concern.

The same procedure was repeated for each study (Chapters 4 & 5) to determine the most
appropriate pool of covariates given the reef sites and the response variable considered. The
complete methodological procedures and the covariates used for each study will be fully

developed in the “Methods” section of the corresponding chapter.
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3. Redefine accessibility of coral reefs to better predict their
biomass!

! published as Maire, E., Cinner, J., Velez, L., Huchery, C., Mora, C., Dagata, S., Vigliola, L.,
Wantiez, L., Kulbicki, M., & Mouillot, D. (2016). How accessible are coral reefs to people? A
global assessment based on travel time. Ecology Letters. 19, 351:360, doi: 10.1111/ele.12577.
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3.1. Travel time to reach a reef from human settlements

“The journey not the arrival matters [...] Only those who will risk going too far can possibly find

out how far one can go” — Thomas S. Eliot, 20" century English author.

3.1.1. Travel time calculation

3.1.1.1. Generalities on travel time

Accessibility of a given location is defined as the travel time for humans to reach this location
using land (road and land cover) or/and water (navigable river, lake and ocean) based travel.
Then, the ‘cost’ of travelling to reach a location of interest can be computed on a regular grid
using a cost-distance algorithm. The cost of travelling is expressed in units of time per unit of
distance (e.g. 10 min.km™) and represents the cost required to travel across a specific surface
(road, land, water) hence this grid is often termed a friction-surface. Thus, each cell on the
cost grid contains a unique value depending of land use and infrastructures. More precisely,
the friction-surface grid integrates information on the transport network, environmental and
political factors that affect travel time between locations. Transport networks can include
road and rail networks, navigable rivers and shipping lanes. Environmental factors generally
contribute to travel speeds off the transport network, such as land cover and slope. Political

factors - such as national boundaries and border crossings - can act as barriers or travel delays.

In the present study, accessibility is defined as the potential time it takes to travel between
two locations of interest, here, between a given reef and either its nearest human

settlement or its nearest market.

3.1.1.2. Creating a global friction-surface grid
The friction-surface grid is simply a 'raster' Geographic Information System (GIS) data layer

where each cell contains a unique cost value.

The friction-surface grid computation requires combining spatial datasets i) on roads (2 data
layers), and ii) land cover. These data include:
- The Global Roads Open Access Data Set, Version 1 (gROADSv1) provided by the Centre for

International Earth Science Information Network (CIESIN), Columbia University, and
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Information Technology Outreach Services (ITOS). This dataset combines the best available
data by country into a global road network using the UN Spatial Data Infrastructure Transport

(UNSDI-T) version 2:

- The Vector Map Level 0 (VMap0) which is an updated, improved and free version of the
National Imagery and Mapping Agency's (NIMA) Digital Chart of the World (DCW®). VMapO0
provides worldwide coverage of vector-based geospatial data of major roads and tracks.

- Land cover data extracted from the Global Land Cover 2000 (GLC 2000). GLC 2000 is a global
land cover for the year 2000 produced by an international partnership of 30 research groups
coordinated by the European Commission’s Joint Research Centre

(http://forobs.jrc.ec.europa.eu/products/gam/).

Suitable resolution and projection systems are therefore required. So | defined the spatial
resolution at 1km and used the Behrmann projection which is an equal area projection (e.g.
no area distortion across latitude). Confronting land cover data from GLC 2000 and road
networks showed a mismatch near coastlines. Nevertheless, accurate calculation of travel
time based on land-water differential is grounded on a high-resolution shoreline dataset. |
used the GSHHS (Global Self-consistent, Hierarchical, High-resolution Shoreline) database
version 2.2.2, a high-resolution shoreline dataset, to adjust land-water boundaries (Wessel &

Smith, 1996) to finally obtain a global grid at 1km-resolution.

| then assigned a travel speed or crossing time to each class of friction surface considered so
to each 1km grid cell. | based these values on Travel Time to Major Cities: A global map of
Accessibility. This map was produced by the cooperation between the European Commission’s
Joint Research Centre and highlights the connectivity and the concentration of economic
activities around the world (Nelson 2008). For simplification | considered only road networks,
land cover, and water bodies while slope and elevation were considered as negligible factors
in coastal areas. Land cover from GLC2000 has some missing values that need to be filled to
avoid errors in cost-distance assessment. Missing values were set to a mean value of travel

time across the various surfaces of vegetation (1.6 km.h:, see details in Table I1).
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3.1.1.3. Graph theory in geography

Distances and routes are closely related concepts in geography. The most commonly used
geographic distance measure is the great-circle distance, which represents the shortest line
between two points, taking into account the curvature of the earth. The great-circle distance
could be conceived of as the distance measured along a route of a very efficient traveler who
knows where to go and has no obstacles to deal with. In common language, this is referred to

as a distance ‘as the crow flies'.

When travel is less goal-directed and is affected by the environment but also land use or
political constraints, grid-based distances and routes become relevant. The least-cost distance
is implemented in most GIS softwares taking into account obstacles and the local “friction' of
the landscape (roads, land cover, water, slope etc.). So, calculations of distances and routes
rely on raster data. In geospatial analyses, rasters are rectangular, regular grids that represent
continuous data over geographical space. Cells are arranged in rows and columns and each
has a value. A raster is accompanied by metadata that indicate the resolution, extent and
other properties.

Distance and route calculations on rasters rely on graph theory. So as a first step, rasters are
converted into graphs by connecting cell centers to each other, which become the nodes in

the graph. This can be done in various ways (Figure 3.1).
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Figure 3.1 | The three ways to traduce connectivity between cells within grids. Cells can be
connected (i) orthogonally to their four immediate neighbors, which is called the von Neumann
neighborhood (left panel), (ii) with their eight orthogonal and diagonal nearest neighbors, the

Moore neighborhood. The resulting graph is called the 'king's graph’ because it reflects all the
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legal movements of the king in chess. This is the most common and often only way to connect
grids in GIS softwares. (middle panel) or (iii) in 16 directions combines king's and knight's
moves and may increase the accuracy of the calculations but increase calculation time (right

panel) (Van Etten 2012).

The cost to travel between one node to another is dependent on the spatial orientation of the
nodes. How the cells are connected also impacts the travel cost. Here, | describe how the cost
to travel between two adjacent nodes is calculated in two different cases: a perpendicular or

a diagonal move.

Cost calculation with horizontal and vertical moves only

Moving from a cell to one of its four directly connected neighbors (al distance represented as
the red line) is equivalent to travel between the two nodes e.g. cross half of the cell 1 et half
of the cell 2 (Figure 3.2). If we consider cell with a length of 1, which means the cost between

2 adjacent cells in perpendicular travel is the mean of the costs of the cells 1 and 2.

Starting point (cost 1)

A a

|\—I End point (cost 2)

-

al = cost 1 + cost 2
2

Horizontal and vertical
node calculations

Figure 3.2 | The accumulative perpendicular cost between 2 cells with a length of 1

represents the mean of the costs of the two cells (source: ArcGIS Resources).

In the usual case, cost in perpendicular travel between two adjacent cells with a length of ris:

___ cost 1+cost 2
COStperpendicular =T. 5
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Cost calculation with diagonal moves allowed
If the movement can be diagonal, the cost to travel over the distance al (Figure 3.3) depends
on the square root of two times the square cells length and the mean of the costs of the cells

1and 2.

Starting point (cost 1)

al

End point (cost 2)

i

al=1.4142 (cost 1 + cost 2)
2

Horizontal and vertical
node calculations

Figure 3.3 | The accumulative diagonal cost between 2 cells with a length of 1 represents
the mean of the costs of the two cells multiplied by the square root of 2 or approximately

1.4 (source: ArcGlS Resources).

In the usual case, cost in diagonal travel between two adjacent cells with a length of ris:

cost 1+ cost 2
coStaiagonal = V 272 >

Cumulative cost is therefore, calculated from the origin cell passing by one adjacent cell to

another to the destination cell using diagonal or vertical movement as described above.

3.1.1.4. Estimating the least-cost distance

The objective of the present study is to calculate travel time, or say, accumulated cost (in time)
from strategic human settlements (major markets and the nearest human settlement) to reef
sites taking into account obstacles and the local “friction' of the landscape (roads, land cover,
water, etc.). | used the accCost function of the ‘gdistance’ package in the R environment (R

Development Core Team 2014) to automate calculation for any reef location. This function

49



requires the origin and destination points as inputs and a transition matrix describing the 8
connections between cells across the friction-surface grid (Van Etten 2012). The function uses
the Dijkstra’s algorithm which is the most commonly used algorithm to calculate least-cost

distance (Dijkstra 1959).

3.1.1.5. Assessment of human accessibility for any coral reef globally

World database on Coral Reefs

The Global Distribution of Coral Reefs (UNEP 2010) is the most comprehensive global dataset
showing the global distribution of coral reefs in tropical and subtropical regions. | overlapped
a global 10 km x 10 km resolution grid across the oceans with the Global Distribution of Coral
Reefs (UNEP-WCMC 2010). Then | checked the presence of coral reefs within each cell (1) or
the absence (0). Globally, 27,212 coral reef cells were found. A finer resolution grid would
have required higher computational capacity not available for this project. Each of the 27,212

reef cells has been considered as a potential origin point in travel time calculation.

Defining markets and the nearest human settlement

The key goal was to determine how far coral reefs were from both major markets and the
nearest human settlement (destination points). Following standard convention in agricultural
economics, the nearest city was defined as the market. | built the list of major markets using
the World Cities map layer given by Esri™ (sources: ESRI, CIA World Factbook, GMI, NIMA,
Times Atlas 10th) which includes national capitals, provincial capitals, major population
centers, and landmark cities.

To define the nearest human settlement, | also assessed human density per unit of surface
using the LandScan™ 2011 database developed by the Oak Ridge National Laboratory (ORNL).
This is the finest resolution for global population distribution. It integrates daytime
movements and collective travel habits into a single measure to produce a better
representation of where people are located during an average day at approximately 1km

resolution. | considered any populated cell as a human settlement.
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3.1.1.6. Calculation of travel time between humans and coral reefs

| developed a script in R 3.0.3 (R-Development-Core-Team 2014) to automate the calculation
of travel time to reach the nearest major market and the nearest populated pixel within a
500km-buffer from any coral reef cell. A 500 km-buffer surrounding the coral reef pixel was
chosen as it encompasses the majority of coral reefs. The rationale for 500 km was a
compromise between balancing the intensive computational requirements and coverage of
coral reef cells. When coral reef cells were further than 500 km from any population
settlement, travel time calculation would have been extremely time consuming so linear path
from human settlements was considered, assuming that most of the distance travelled is on
water. The amount of time was obtained by dividing the total linear distance by the speed on
water bodies. For cells which are in the same pixel as human settlements (major market or
populated pixel), the calculation of potential travel time was not possible, so | set a minimum

value of 1 minute.
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Box 1. Overview of the methodological procedure developed to assess travel

time between any coral reef and its nearest human settlement

Land cover
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Road network Friction grid

Step 1. Combination of GIS data to create a friction-distance grid
Road network and land cover were combined to create a global regular grid (raster layer) at
1lkm-resolution called a friction grid where each cell had a unique value corresponding to the

time required to cross the given surface (paved road, track, forest, water body, etc.)

Step 2. Processing the least-cost distance algorithm to assess potential travel time

The Dijkstra’s algorithm was used to calculate least-cost distance (Dijkstra 1959) between the
origin (each reef) and the destination points (the nearest market and the nearest human
settlement) across the friction-surface grid (Van Etten 2012) to obtain the potential travel time
from each human population settlement. This procedure has been automated in R 3.0 (R
Development Core Team 2014) for every coral reef in tropical and subtropical regions (27,712

cells).
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3.1.2. Potential travel time as a new measure of accessibility — more than linear distance

Linear distance between coral reefs and human settlements can fail to capture landscape and
seascape heterogeneity that create differences in accessibility depending on road networks
and coastline tortuosity among others. The existence of a road along the coast, for instance,
facilitates faster access to a given reef than the direct travel by boat (Figure 3.4). To account
for all these drivers of differential accessibility, the geographical concept of ‘friction of
distance’ was adapted to develop a metric referred as ‘potential travel time’. This metric
integrates speeds required to cross 24 different types of land cover for each cell of our global
1km-resolution grid and represents the minimum travel time required to cross each type of
surface, assuming that road and maritime travels are made by motorized vehicles. Road speed
depends on road type while off road travel is foot based. Since these values can vary
depending on available technology, infrastructures and vehicles this new metric can be called
‘potential travel time’. As an average scenario, | considered 60 km.h™ on a road, 30 km.h* on

a track and 20 km.h on the ocean (see details in Table II).

Here, | determined the minimum cumulative cost in time between every coral reef in the
world (27,212 coral reef cells) and (i) the nearest human settlement of any size (any populated
pixel given by the finest resolution global human distribution grid, see Figure 1), and (ii) the
nearest major market (considered as a national capital, a provincial capital, a major population
center, or landmark city) since both have been shown to impact reef resources, conditions

and functioning (Cinner et al. 2013; Advani et al. 2015).
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Figure 3.4 | Potential travel time as a measure of accessibility. Accessibility is defined as the
travel time to a location using land (road and land cover) or water (navigable river, lake and
ocean) based travels and represents the ‘cost’ of travelling in time across a specific surface
(e.g. land, sea, forest, etc.). As an illustration, the major market in Papua New Guinea, Kimbe
(vellow asterisk), and two reef sites (red points) were considered (a). | calculated the linear
distance and the travel time from the nearest market for 23,940 cells of coral reefs globally
(b). Linear distance and travel time are highly correlated (R? = 0.9) but a small range of linear
distance values (10 kilometers) may correspond to a wide range of potential travel time values
(c). Travel time is a combination of road (red line), off road (green line) and maritime (blue line)

travels

The linear geographic distance and potential travel time from the nearest major market can
be related (Figure 3.4B). Not surprisingly, linear distance and travel time are correlated
globally (R? = 0.9); a reef far from people cannot be reached with limited travel time while a
reef close to people (<10km) is always accessible with less than 4h travel time. However, a
given linear distance value may correspond to a wide range of potential travel times (Figure
3.4C). For any 10km-window along a whole linear distance gradient from 0 to 500 kilometers
between a given reef and the nearest market, the range of travel time is highly variable. For
example, a range of linear distance to market between 105 and 115 kilometers (represented
as red bar in Figure 3.4C) corresponds to potential travel time ranging from 2 to 13 hours. This
result highlights the importance of integrating the landscape heterogeneity in accessibility
assessments since considering travel on a unique surface may produce a coarse and unrealistic
estimation of time required to reach reefs. Travelling only off-road, i.e. through the
vegetation, only on road or only on the ocean provide over-simplified scenarios that are
almost never met (Figure 3.4B). Most of the pathways to reach the reefs combine road and
maritime travel, preventing any simplification. Even if linear distance may appear to be a good
surrogate for estimating potential travel time to reach the reefs globally (Figure 1B), a map of
residuals from predicted values shows that, relative to potential travel time, linear distance
tends to underestimate accessibility in populated areas where roads are present and
overestimates accessibility in more remote places (Figure Il). This likely has to do with the

potential travel time metric’s recognition of reduced travel time on roads.
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3.1.3. Travel time as a predictor of fish biomass on coral reefs

3.1.3.1. The New Caledonian case study

There is considerable effort to better understand the multi-scale drivers of change in coral
reef ecosystems through predictive modelling from local to global scales. For instance,
patterns of fish biomass and biodiversity across coral reefs have been explained by several
non-mutually exclusive processes that involve the roles of energy (Tittensor et al. 2010),
climate (Pellissier et al. 2014), habitat (Rogers et al. 2014), biogeography (Parravicini et al.
2013), humans (Mora et al. 2011), and environmental stochasticity (Dornelas et al. 2006). A
key goal of this body of research is to identify drivers of change that can be used as policy
levers to positively influence the future conditions of coral reefs (Cinner & Kittinger 2015). The
availability of travel time estimation to reach the reefs from markets or populations may help
to decipher the many dimensions of human influence on ecosystem conditions when
integrated to models in combination with other commonly used predictors (e.g., environment
and habitat). Coral reef conditions (biomass or biodiversity) and functioning (e.g. herbivory)
are classically related to the density of local human populations (Bellwood et al. 2012;
Williams et al. 2015b) and more recently to the linear distance to humans (Advani et al. 2015)
or markets (Brewer et al. 2012; Cinner et al. 2013). To assess if travel time is a better predictor
of reef fish biomass than local human density and linear distance to market, | used data from
New Caledonia which is located in the South Pacific, approximately 1200 km off eastern
Australia. This archipelago comprises a main high island and several smaller islands. One third
of the human population lives in Noumea the main city (~ 98,000 people) considered as the

regional capital hosting the main market.

| used 1,357 Distance Sampling Underwater Visual Census (UVC) surveys of fish communities
(Figure 3A) to quantify the relative influences of environment, habitat, and human impact on

fish biomass (Table Ill, Figure IlI).

3.1.3.2. Fish sampling

Reef fishes and the associated coral reef habitats were surveyed from 1986-2013 across New
Caledonia. Description of the sampling campaigns can be found in Andréfouét & Wantiez
(2010), D'Agata et al. (2014), Kulbicki (1997; 2006), Letourneur et al. (2000) and Wantiez

(2010). Data were collected along 1,357 Distance Sampling Underwater Visual Census (UVC)
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transects collected along a gradient of human pressures (e.g. highly populated (2,135

people.km-2) to isolated and uninhabited sites).

The main reef types (biotope) included: (i) sheltered coastal reef, (ii) lagoon reef, (iii) inner
barrier reef, and (iv) outer reef. For each reef, transects were performed on both the reef flat
and slope, when feasible. To decrease the bias due to diver attraction and repulsion, UVC
datasets were truncated at a distance of 7 m on each side of transects. This incorporated
approximately 95% of sighted commercially important species and all apex predators, and
allowed for the calculation of fish biomass over a 700 m? area (2 sides x 7 m width x 50 m
long). Sharks and rays were removed from the main species list due to the difficulties in
assessing their abundance with UVC. The dataset comprises 352 species belonging to 33
different families.

The biomass of individual fishes was estimated using the allometric length-weight conversion:
W = aTL®, where parameters a and b are species-specific constants, TL is the individual total
fork length in cm, and W is the weight in grams. Biomass was log-transformed for statistical

analyses.

3.1.3.3. Human impact variables

| combined data on three human impact variables (Table Ill). These were: 1) the human
population occurring within a 20 km radius of each UVC for the sampling year (already
calculated in previous studies); 2) the linear distance between each UVC and the market

Noumea; 3) the travel time between each UVC and Noumea.

3.1.3.4. Habitat and environmental variables

Several habitat and environmental variables were also collected (Table IIl). The Medium Scale
Approach (MSA) was used to record substrate characteristics along transects where finfish
were counted by UVC. MSA has been developed by Clua et al. (2006) to specifically
complement UVC surveys. The method consists in recording depth, habitat complexity, and
23 substrate parameters (% coral cover, % macro algae, etc.) within ten 5x5 m quadrats on
each side of 50-m transects, for a total of 20 quadrats per transect. Habitat characteristics of
each transect are then calculated by averaging over the 20 quadrats each habitat parameter

potentially relevant to explain the structure of finfish communities.
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Island type was included and is characterized by three categories: high island (island without
lagoon, which include tectonically uplifted reefs), low island (island with a large lagoon) and
atoll (no island except reef islands which are islands created by the accumulation of reef
sediments). Weekly average Sea Surface Temperature (SST) (1998-2008 in a 5 km pixel) was
available from AVHRR (Advanced Very High Resolution Radiometer;
http://oceanwatch.pifsc.noaa.gov/). For each UVC transect, the temperature within that pixel

was calculated.

3.1.3.5. Models and importance of variables

| first ran a series of Generalized Linear Models (GLM) models that predict fish biomass using
different sets of predictor variables (human, habitat and environment, Table IIl). Fish biomass
was log-transformed to obtain a normal distribution. Travel time, linear distance, and depth
were log-transformed prior analyses, because theses variable showed a power relationship
with log-biomass of fish. | first built a base model without any human impact variables (only
habitat and environment variables). Then | added to this model only one human variable to
provide three new models each corresponding to one aspect of human impact. | compared
the performance of each of these three models to the base model using the likelihood-ratio
(LR) test. Then, using a backward selection procedure, | identified the most parsimonious

model using the Akaike Information Criterion (AIC), a model coined as “best” model.

To determine the importance of each variable in explaining variations in fish biomass | built
all sub-models (containing a subset of variables) from the full model (all variables) using the
dredge function from package ‘MuMin’ in R 3.0.3 (R Development Core Team 2014). Then for
each sub-model, | calculated the Akaike weight (AICw) that can be interpreted as the
probability that a specific model is the best. The relative importance of each predictor variable
at explaining variation of fish biomass was estimated by summing Akaike weight values across
all models that include this predictor variable. These summed Akaike weights (AICw) range
from O (useless variable) to 1 (essential variable), hence providing a means for ranking the

predictor variables in terms of information content.

As a complementary analysis | ran a Boosted Regression Tree (BRT) model to predict fish

biomass using all predictor variables. BRT have the advantage, over GLM models, to cope with
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interacting factors and non-linear relationships (Elith et al. 2008). In BRTs, contributions of
each explanatory variable (%) are the proportion of each variable selected to split the data
among all the trees, weighted by the squared improvement to the model as a result of each
split, and averaged over all trees. The variables with the highest contributions are the most

important variables contributing to the model.

3.1.4. Travel time from market as the key driver of coral reef conditions
Humans shape the level of reef fish biomass since each proxy of human impact has a

significant effect beyond that of habitat and environment (Table 3.1).

Table 3.1 | Comparison of candidate models predicting reef fish biomass as a function of
environmental, habitat, and human impact variables across the coral reefs of New
Caledonia. The Aikaike Information Criterion (AIC) and the total adjusted R-squared (R?) for
each model and sub-model were calculated. A likelihood ratio test (LR-test and F-value)
between the “Environment+Habitat” model and each enriched model with one aspect of
human influence (population, linear distance, or travel time) shows the significance of adding
human impact variables. The “Best” model is the most parsimonious according to the AIC
criterion containing only travel time and some selected environmental variables (mean depth,

surface cover of live coral, surface cover of macroalgae, the reef type, and island type).

Model AlIC R? F

Null 2085 0

Environment + Habitat 1544 0.37 LR-test
Environment + Habitat + Human density 1449 0.41 98.854*
Environment + Habitat + Linear distance 1413 0.43 138.3*
Environment + Habitat + Travel time 1352 0.45 206.2*
Best 1350 0.45

* p-value<0.001

59



However, potential travel time from the market is the strongest predictor of fish biomass since
its AICw is 1 (essential variable in all best GLM sub-models) and its relative contribution to the
BRT model is 28% surpassing that of all other competing variables (Figure 3.5B). By contrast,
human density and linear distance to market have lower AICw values (0.33 and 0.44
respectively) and contribute to BRT models at, respectively, the fourth (11%) and third rank
(13%) suggesting their marginal influence on fish biomass compared to travel time. Finally,
the most parsimonious model (‘best’ in Table 3.1), based on variable selection using the AIC
criterion, only retains potential travel time from the market as the sole human driver of fish
biomass on New Caledonian reefs. This GLM model explains 45% of variation in fish biomass
across reefs. However, the BRT model, which takes into account variable interactions and
thresholds effects, explains up to 70% of this variation highlighting potential interplay
between human, environmental, and habitat drivers. When extracting the ‘pure’ effect of
travel time from the market on fish biomass using a partial plot from the GLM a saturating
relationship was observed (Figure 3.5C). Low biomass values (<100 kg.ha) are mostly found
when travel time is lower than 10h (Figure 3.5C). All remote reefs (Figure 3.5A) have a fish
biomass higher than 500 kg.ha, which has been suggested as a potential threshold to

maintain healthy and functioning coral reefs (McClanahan et al. 2011; MacNeil et al. 2015).
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Figure 3.5 | Potential travel time as the main driver of fish biomass. Fish biomass estimates

from 1,357 Underwater Visual Census (UVC) surveys performed across coral reefs of New

Caledonia (a). The relative influences of predictor variables (environment, habitat and human

impact) are assessed using the weighted Akaike Information Criterion (AICw) from generalized

linear models and the relative contribution from boosted regression tree models (b). The
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partial plot (c) shows the ‘pure’ relationship between potential travel time and reef fish

biomass, i.e. while considering the other predictor variables.

3.1.5. High but variable accessibility of coral reefs around the world

The global assessment of coral reefs accessibility shows that 58% of coral reefs (15,609 out of
27,212 coral reef cells) are located at less than 30 minutes travelling time from the nearest
human settlement (Figure 3.6). On average, each reef can be reached within 1h50 (SD = 4h15).
The bulk of reefs are highly accessible in the Caribbean, the Coral Triangle, the Western Indian
Ocean, and the Pacific Islands. However, some areas like the Chagos Archipelago, the Spratly
Islands, the Chesterfield Islands, the northwest Hawaiian Islands, and the Coral Sea have reefs
at more than 12h travel time from the nearest human settlement. None of Caribbean coral

reefs are more than 13 hours from people (Figure 3.6 A1 & B1).

Accessibility of coral reefs from major markets is high relative to the nearest human
settlement (mean = 10h) but is highly variable around the world (SD = 9h). This analysis shows
that 25% (6,790 pixels) of reefs are located at less than 4 hours from the nearest major market
while 31% (8,428 pixels) of reefs are more than 12 hours from the nearest market. Caribbean
coral reefs appear much more accessible from markets than their Indo-Pacific counterparts

(Figure 3.6 A2 & B2).

To take into account the variability of available boat technology, | re-assessed global
accessibility using slow (10 km.h) and fast (40 km.ht) boat speeds. Accessibility of coral reefs
from the nearest population ranges between 3h40 (SD = 8h30) and 1h10 (SD = 3h), and from
the nearest market between 17h (SD = 17h30) and 6h10 (SD = 4h40) using slow vs. fast boats,
respectively (Figures IV & V). Future applications should consider variable travel speeds
according to per capita Gross Domestic Product in order to reflect different levels of
infrastructure and technology in developed versus developing countries. Yet this country-

scale assessment was beyond the scope of our initial exploration of travel time.
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Figure 3.6 | Accessibility of any coral reef from people (nearest market and nearest human
settlement) around the world. Global coral reefs are extremely close to people (A1 & B1); 58%
of reefs located at < 30 min travelling from the nearest human settlement while 25% of reefs
are located at < 4 h from the nearest major market (A2 & B2). Only few areas appear as remote
reefs (further away than 12 h travelling from human settlements) like the Chagos Archipelago,

the Spratly Islands, the Chesterfield Islands and the Hawaiian Islands.
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3.1.6. Conclusion and perspectives

Better understanding the dynamics of coral reef social-ecological systems is one of the most
critical challenges that scientists and managers are facing today (Cinner 2014). To sustain coral
reef ecosystems, there is an urgent need to model the complex interactions between people
and reefs. The development of a global measure of potential travel time is an important step
toward this objective.

Indeed, the New Caledonian study case proved that travel time from market is the strongest
predictor of fish biomass and outperforms linear distance and human population density that
were commonly used. The global assessment of coral reefs accessibility revealed which coral
reefs are particularly at risk as more accessible to people. Travel time calculations may help
to develop news solutions that could preserve coral reefs while meeting socioeconomic
development goals.

Nonetheless, our global assessment of coral reefs accessibility presents two major limitations:
(i) travel time from a given human settlement does not accurately reflect human impacts on
reefs since it does not include the population size of this settlement and (ii) our framework
assumes that road and maritime travels are made by motorized vehicles while many reefs are
located in developing countries where wooden canoes are commonly used.

Indeed, one further step consists on assessing human impact on reefs as a function of how
large and far away the surrounding human population is. The next part proposes one
alternative to the first limitation by describing how to combine travel time and human
population density into an integrative metric of human impact.

The second limitation will be discussed in Chapter 5 which considers a study case in Northwest
Madagascar and where travel time calculation integrates the local levels of infrastructure and

technology.

64



3.2. The gravity of human settlements

“Gravity has long been one of the most successful empirical models in economics.
Incorporating deeper theoretical foundations of gravity into recent practice has led to a richer
and more accurate estimation and interpretation of the spatial relations described by gravity.
Wider acceptance has followed. Recent developments are reviewed here, and suggestions are
made for promising future research.” - James E. Anderson, Professor of Economics at Boston

College.

3.2.1. Combining travel time and human density: the gravity concept

Many variables related to human pressure were calculated based on markets or human
population density while other take into account the distance from human settlements (Mora
et al. 2006; Mora et al. 2011; Bellwood et al. 2012; Williams et al. 2015b). Very few combine
these both aspects and the gravity concept can fill this gap. This is a concept commonly used
in geography which uses a modified version of the Isaac Newton's Law of Gravitation to predict
movement of people, information, and commodities between cities and even continents. The
gravity model, as social scientists refer to, is based on the modified law of gravitation that
predicts that interactions between two places (e.g. cities) are positively related to their mass
(i.e. population) and inversely related to the distance between them (Anderson 2011). Since
(i) larger places attract people, ideas, and commodities more than smaller places and (ii)
places closer together have a greater attraction, the gravity model combines these two key
aspects in a single metric. Application of the gravity concept in a coral reef context posits that
the strength or magnitude of human interactions with a reef is a function of the population

size divided by the squared time it takes for this population to reach a given reef as:

population size

travel time?

Therefore, gravity is a balance between human population size and accessibility, it reflects
potential human pressure and is expressed in inhabitants per square hour. For example, a
gravity value of 10,000 inhab/h? can be reached in three different cases:

-at small scale, a human settlement of 2,500 inhabitants 30 minutes away from the reef.
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-at medium scale, a market of 40,000 inhabitants located 2 hours travelling.

-at large scale, a market of 1,000,000 inhabitants located 10 hours travelling.

It is also possible to calculate aggregated gravity within a buffer by adding up gravity of each
human settlement considered. For example, aggregated gravity of total population within a
spatial buffer requires calculation of travel time from reef to each cell from LandScan™

dataset where population density is positive, then, gravity of each populated pixel is summed.

3.2.2. Reef fish biomass is primarily related to the gravity of human settlements

3.2.2.1. Calculation of gravity metrics

If gravity seems to be good candidate to disentangle complex relationships between human
populations and the conditions of coral reefs, empirical evidence is still needed.

My PhD is integrated into the Cinner Research Group led by Dr. Joshua E. Cinner that focuses
on the interface between social science and ecology to develop solutions for a wide range of
issues facing coral reefs and the millions of people who depend on them. One current
centerpiece of this research theme is the “Bright Spots” project, which seeks to identify and
learn from the outliers in this case, places with more fish than expected, given the
socioeconomic and environmental conditions they are exposed to.

The first paper developing the idea was published in July 2016 and aimed to explore how
standing stocks of reef fish biomass are related to 18 socioeconomic drivers (including gravity)
and environmental conditions using data from more than 2,500 reefs worldwide and a
Bayesian hierarchical model (Cinner et al. 2016).

My contribution to this project was to calculate, for each reef, the gravity of the nearest
market and the gravity of the nearest human settlement and then to integrate them in the

model.

To compute the gravity to the nearest market, | calculated the population of the nearest major
market and divided that by the squared travel time between the market and the reef, | used
the squared travel time (previously calculated).

To determine the gravity of the nearest settlement, | located the nearest populated pixel,
determined the population of that pixel, and divided that by the squared travel time between

that cell and the reef site.
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Standardized fish biomass

Although other exponents can be used (Black 1973), we used the squared travel time, which
is relatively common in geography and economics. This decay function could be influenced by
local considerations, such as infrastructure quality (for example, roads), the types of transport
technology (that is, vessels being used), and fuel prices, which were not available in a
comparable format for this global analysis but could be important considerations in more

localized adaptations of this study.

3.2.2.2. Importance of gravity to explain variations in reef fish biomass

We found that reef fish biomass decreased as the size and accessibility of markets increased

(Figure 3.7).
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Figure 3.7 | Marginal relationships between reef fish biomass and gravity indices.

Standardized effect size of the gravity of market (left panel) and the gravity of the nearest

human settlement (right panel). Parameter estimates (8) are Bayesian posterior. (Cinner et al.

2016)
Specifically, the key finding from our global analysis is that the gravity of market more so than

local or national population pressure, management, environmental conditions, or national

socioeconomic context, had the strongest effect on reef fish biomass (Figure 3.8).
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Figure 3.8 | Drivers of reef fish biomass. Standardized effect size of local scale social drivers,
nation/state-scale social drivers, and environmental covariates, respectively. Parameter
estimates are Bayesian posterior median values, 95% uncertainty intervals (Ul; thin lines), and
50% Ul (thick lines). Black dots indicate that the 95% Ul does not overlap O; grey closed circles
indicates that 75% of the posterior distribution lies to one side of 0; and grey open circles

indicate that the 50% Ul overlaps 0. (Cinner et al. 2016)

The study also provided a sensitivity analysis to help justify the assumption that capital and
landmark cities were a reasonable proxy for reef fish markets. This analysis consisted on a
comparison of a series of candidate models that predicted biomass including different human
variables such as (1) cumulative gravity of all cities within 500 km; (2) gravity of the nearest
city; (3) travel time to the nearest city; (4) population of the nearest city; (5) gravity to the
nearest human population above 40 people km (assumed to be a small peri-urban area and
potential local market); (6) the travel time between the reef and a small peri-urban area; (7)
the population size of the small peri-urban population; (8) gravity to the nearest human
population above 75 people km™ (assumed to be a large peri-urban area and potential
market); (9) the travel time between the reef and this large peri-urban population; (10) the
population size of this large peri-urban population; and (11) the total population size within a
500 km radius.

AIC criterion revealed that two models were the best (delta AIC <3), those that included gravity

of the nearest city and gravity of all cities within 500 km (Table 3.2).
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Table 3.2 | Model selection of potential gravity and components (Cinner et al. 2016)

Model Covariates AlIC Delta AIC
M2 Gravity of nearest city 2666 .4 0
M1 Gravity of all cities in 500km 26695 31
M3 Travel time to nearest city 27000 33.6
M5 Gravity of nearest small peri-urban area (40 people/km?2) 27039 375
M11 Total Population in 500km radius 27120 45.6
M9 Travel time to the nearest large peri-urban area (75 people/km2) 27121 457
M6 Travel time to nearest small peri-urban area (40 people/km2) 2713.8 47.4
M8 Gravity to the nearest large peri-urban area (75 people/km2) 27229 56.5
M7 Population of nearest small peri-urban area (40 people/km2) 27927 126.3
M4 Population of the nearest city 2812.8 146.5
M10 Population of the nearest large peri-urban area (75 people/km2) 28222 155.8
MO Intercept only 28277 161.27

Moreover, the best models are those including travel time components since all had a much
lower AIC value than those including the population components, which is broadly consistent
with previous systematic review studies highlighting importance of market access (Cinner et
al. 2013). Similarly, travel time to the nearest city had a lower AIC score than any aspect of
either the peri-urban or urban measures. This suggests that accessibility from capital and
landmark cities (market) is likely to better capture exploitation drivers from markets rather
than metrics simply based on population pressures related to human density. This may be
because market dynamics are difficult to capture by population threshold estimates; for
example, some small provincial capitals where fish markets are located have very low
population densities, while some larger population centers may not have a market. At a global
scale, the gravity of the nearest market was the best proxy to integrate market dynamics on
fish biomass but downscaled regional or local analyses could attempt to use more detailed

knowledge about fish markets.
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latitude

3.2.3. The global distribution of human gravity on coral reefs

Beyond the case of sampled coral reefs, | calculated the gravity of humans (nearest market,
nearest human population, cumulative gravity of every populated pixel within 500km) for
every coral reef cell globally using a 10- x 10-km grid across the world. The global map of

gravity of the nearest market is presented in Figure 3.9.
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Figure 3.9 | Distribution of gravity of market on the world’s coral reefs.

The distribution of gravity varies substantially among regions, with the central Indo-Pacific
demonstrating lower gravity values (green points in Figure 3.9). Even within a region, there
can be substantial variability in gravity values. For example, the Central Indo-Pacific has highly
contrasting gravity patterns, with Southeast Asian reefs generally showing extremely high
gravity values while Australian and Melanesian reefs are dominated by relatively low-gravity
values (Figure 3.9). Among the French overseas territories, coral reefs in the Scattered Islands,
the Chesterfield Islands and the French Polynesia show experience relatively low-gravity

values (Figure 3.9).

3.3. Conclusion

The severity of human impacts on reef systems has been widely acknowledged while the
causes and solutions of these impacts are still debated (Hughes et al. 2010; Rogers et al. 2015).
It is clear that human population size and density are major drivers of change on reefs (Mora
et al. 2006; Mora et al. 2011; Bellwood et al. 2012; Williams et al. 2015b), but in addition to

these demographic pressures, drivers such as market integration and poverty also shape the
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ways that people use and govern coral reefs (Cinner et al. 2009a; Cinner et al. 2013). However,
these drivers of unsustainable exploitation are often poorly considered by both scientists and
policy makers, leading to insufficient governance and diminished outcomes (Berkes et al.
2006). If the gravity of human populations seems to be the strongest predictor of fish biomass
at the global scale, it remains unclear if (i) management can be affected by the gravity of

human impacts, and (ii) if gravity will also be a key predictor of fish biomass at local scale given

the socioeconomic context.

These two specific points will be addressed in Chapters 4 and 5 respectively.
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4. Gravity of human impacts mediates coral reef conservation gains?

“I am glad | will not be young in a future without wilderness” - Aldo Leopold (1887-1948),

American author and ecologist.

2 published as Cinner, J. E., Maire, E., Huchery, C., MacNeil, M. A., Graham, N. A. J., Mora, C.,
McClanahan, T. R., Barnes, M. L., Kittinger, J. N., Hicks, C. C., et al. The gravity of human
impacts mediates coral reef conservation gains. 2018. Proceedings of the National Academy

of Sciences, 115 (27) E6116-E6125; doi:10.1073/pnas.1708001115.
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4.1. Introduction

The world’s coral reefs are rapidly degrading (Hughes et al. 2003; Pandolfi et al. 2003; Hughes
et al. 2017a), which is diminishing ecological functioning and potentially affecting the
wellbeing of the millions of people with reef-dependent livelihoods (Teh et al. 2013). Global
climate change and local human impacts (such as fishing) are pervasive drivers of reef
degradation (Mora et al. 2011; Hughes et al. 2017a). In response to this “coral reef crisis”,
governments around the world have developed a number of reef conservation initiatives
(Mora et al. 2003; Bellwood et al. 2004; Hughes et al. 2017a). Our focus here is on the efficacy
of management tools that limit or prohibit fishing. Management efforts that reduce fishing
mortality should help to sustain reef ecosystems by increasing the abundance, mean body
size, and diversity of fishes that perform critical ecological functions (MacNeil et al. 2015; Hopf
et al. 2016; Krueck et al. 2017). In practice, however, outcomes from these reef management
tools have been mixed (McClanahan et al. 2006; Mora et al. 2011; Edgar et al. 2014; Gill et al.
2017).

A number of studies have examined the social, institutional, and environmental conditions
that enable reef management to achieve key ecological outcomes, such as sustaining fish
biomass (Mora et al. 2011; Williams et al. 2015b; Cinner et al. 2016), coral cover (Bozec et al.
2016), or the presence of top predators (Dulvy et al. 2004). These studies often emphasize the
role of: 1) types of key management strategies in use such as marine reserves, where fishing
is prohibited, or areas where fishing gears and/or effort are restricted to reduce fishing
mortality (McClanahan et al. 2011; MacNeil et al. 2015); 2) levels of compliance with
management (McClanahan et al. 2006; Pollnac et al. 2010; Bergseth et al. 2015); 3) the design
characteristics of these management initiatives for example the size and age of reserves, and
whether they are placed in remote versus populated areas (Graham & McClanahan 2013;
Edgar et al. 2014); and 4) the role of social drivers such as markets, socioeconomic
development, and human demography that shape people’s relationship with nature (Cinner

et al. 2009a; Cinner et al. 2016).

In addition to examining when key ecological conditions are sustained, it is also crucial to

understand the context under which conservation gains can be maximized (Devillers et al.
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2015; Pressey et al. 2015). By conservation gains, we are referring to the difference in a
conservation outcome (e.g. fish biomass) when some form of management (i.e. a marine
reserve or fishery restriction) is implemented relative to unmanaged areas. These
conservation gains can be beneficial for both people and ecosystems. For example, increased
fish biomass inside marine reserves is not only related to a range of ecosystem states and
processes (McClanahan et al. 2011), but can also result in spillover of adults and larvae to
surrounding areas, which can benefit fishers (Harrison et al. 2012; Januchowski-Hartley et al.
2012; Andrello et al. 2017). The potential to achieve conservation gains may depend on the
intensity of human impacts in the surrounding seascape (Devillers et al. 2015; Pressey et al.

2015), yet, these effects have never been quantified.

4.2. Material and methods

Here, we use data from 1798 tropical coral reef sites in 44 nations, states, or territories
(hereafter ‘nation/states’) in every major coral reef region of the world to quantify how
expected conservation gains in two key ecological outcomes are mediated by the intensity of
human impact (Chapter 2), namely: i) targeted reef fish biomass (i.e. species generally caught
infisheries); and ii) the presence of top predators (see details in Chapter 2, Table I). To quantify
human impact at each site, we draw from a long history of social science theory and practice
to develop a metric referred to as ‘gravity’ (Chapter 3). The concept of gravity (also called
interactance) has been used in economics and geography to measure economic interactions,
migration patterns, and trade flows since the late 1800s (Ravenstein 1889; Dodd 1950;
Bergstrand 1985). We adapt this approach to examine potential interactions with reefs as a
function of how large and far away the surrounding human population is (Chapter 3). At each
site, we also determined the status of reef management, grouped into either: i) openly fished,
where sites are largely unmanaged and national or local regulations tend to be poorly
complied with; ii) restricted fishing, where there are actively enforced restrictions on the types
of gears that can be used (e.g. bans on spear guns) or on access (e.g. marine tenure systems
that restrict fishing by ‘outsiders’); or iii) high-compliance marine reserves, where fishing is
effectively prohibited (see details in Chapter 2). We also calculated size (median= 113.6km?,
mean = 217516 km?, SD= 304417) and age (median= 9, mean = 15.5 years, SD= 14.5) of the

no-take portion of each reserve.
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We hypothesized that our ecological indicators (targeted fish biomass and presence of top
predators) would decline with increasing gravity in fished areas, but that marine reserves

areas would be less sensitive to gravity.

To quantify the relationships between gravity and target fish biomass, we developed a general
linear mixed model in R, using a log-normal distribution for biomass. To quantify the
relationships between gravity and presence/absence of top predators, we developed a
generalized linear mixed model with a binomial family and a logit link function. For both
models, we set reef cluster nested within nation/state as a random effect to account for the
hierarchical nature of the data (i.e. reef sites nested in reef clusters, reef clusters nested in
nations/states). We included an interaction between gravity and reserve age, as well as all the
other social and environmental drivers and the sampling method and total sampling area as

covariates.

We also tested interactions between gravity and management and used AIC to select the most
parsimonious model. For fish biomass, the interaction between gravity and reserve age had
AIC values >2 lower than the interaction between gravity and management (and a
combination of both interactions). For the top predator models, both interactions were within
2 AIC values, so we chose the interaction with reserve age for consistency. All continuous
covariates were standardized for the analysis, and reserve age was then normalized such that

non-reserves were 0 and the oldest reserves were 1.

In summary, our models predicted target fish biomass or probability of top predators being
observed at the reef site scale with an interaction between gravity and reserve age, while
accounting within the random factors for two bigger scales at which the data were collected
(reef cluster, and nation/state- see supplementary material), and key social and
environmental characteristics expected to influence the biomass of reef fish (Cinner et al.
2016) which are: local population growth, Human Development Index (HDI), population size,
depth, habitat, ocean productivity, climate stress and the sampling method and total sampling

area as covariates (see details in Chapter 2).
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To examine the expected conservation gains of different management strategies, we
calculated: (i) the difference between the response of openly fished areas (our counterfactual)
and high-compliance marine reserves to gravity; and (ii) the difference between the response
of openly fished areas and fisheries restricted areas to gravity. For ease of interpretation, we
plotted conservation gains in kilograms per hectare (kg/ha; as opposed to log[kg/hal). A log-
normal (linear) model was used to develop the slopes of the biomass (i) fished, (ii) marine
reserve, and (iii) fisheries restricted areas, which results in the differences between (i) and (ii)

and between (i) and (iii) being non-linear on an arithmetic scale.

4.3. Results

4.3.1. Gravity impacts on targeted fish biomass

Our analysis reveals that human gravity was the strongest predictor of fish biomass (Figure
4.1B, VI). Fish biomass consistently declined along a human gravity gradient, a trend
particularly evident at the nation/state scale (Figure 4.1 C-E). However, this relationship can
vary by management type (Figure 4.1, Figure VI). Specifically, we found that biomass in
reserves demonstrated a flatter (but still negative) relationship with gravity compared with
openly fished and restricted areas (Figure 1B). Interestingly, this differential slope between
reserves and fished areas (Figure 1B) was due to a strong interaction between gravity and
reserve age such that older reserves contributed more to biomass in high gravity situations
than in low-gravity ones (Figure VI).

Thus, given average reserve age in our sample (15.5 years), biomass in reserves did not decline
as rapidly with gravity compared with fished and restricted areas (Figure 4.1B). In the highest-
gravity locations, modelled fish biomass in marine reserves was approximately five times
higher than in fished areas (270 kg/ha compared with 56 kg/ha) (Figure 4.1B). At the reef site
scale, there was considerable variability in reef fish biomass, particularly at low gravity (Figure
4.1 F-H). Critically, high-compliance marine reserves in the lowest gravity locations tended to
support more than four times more fish biomass than the highest gravity reserves (1150
versus 270 kg/ha, respectively; Figure 4.1 F-H). Importantly, there was never extremely high
biomass encountered in high gravity locations. Our estimate of fish biomass included key

target species, including top-predators. As a supplemental analysis, we also examined target
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latitude

Fish biomass (kg/ha)

Fish biomass (kg/ha)

fish biomass with the biomass of top predators excluded, which displays a similar trend, but

with lower fish biomass in reserves at low gravity compared to when top predators are

included (Figure VII).
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Figure 4.1 | Model-predicted relationships between human gravity and reef fish biomass

under different types of fisheries management. (A) Map of our study sites with color

indicating the amount of fish biomass at each site. (B) Model-predicted relationships of how

reef fish biomass declines as gravity increases by management type. Partial plots of the

relationship between biomass and gravity under different types of management at the
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nation/state (C—E), and reef site (F-H) scale; openly fished (red), restricted (green), and high-
compliance marine reserves (blue). Shaded areas represent 95% confidence intervals. Bubble
size in C—E reflect the number of reef sites in each nation/state, scaled for each management
type (such that the largest bubble in each panel represent the highest number of sites per
nation/state for that type of management) (Table V). Nation/state name abbreviations for F-

Hare in Table IV.

4.3.2. Gravity impacts on top predators

A key finding from our study is that top predators were encountered on only 28% of our reef
sites, but as gravity increases, the probability of encountering top predator on tropical coral
reefs dropped to almost zero (<0.005), regardless of management (Figure 4.2). The probability
of encountering top predators was strongly related to gravity and the type of management in
place, as well as sampling methodology and area surveyed (Figure 4.2, Figure VI). At low
gravity, the probability of encountering a top predator was highest in marine reserves (0.59)
and lowest in fished areas (0.14), when controlling for sampling and other environmental and

social drivers (Figure 4.2, Figure VI).
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Figure 4.2 | Model-predicted relationships between human gravity and the probability of

encountering top predators under different types of fisheries management. (A) Map of our

study sites indicating the presence of top predators. (B) Model-predicted relationships of how

the probability of encountering predators declines as gravity increases. Shaded areas

represent 95% confidence intervals. The presence of top predators along a gravity gradient

under different types of management at the nation/state (C—E) and site (F—H) scale; openly

fished (red), restricted (green), and high-compliance marine reserves (blue). Bubble size in C—
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E reflect the number of reef sites in each nation/state, scaled for each management type (such
that the largest bubble in each panel represent the highest number of sites per nation/state

for that type of management) (Table 1V). Nation/state name abbreviations for F—H in Table V.

4.3.3. Conservation benefits

Our results highlight how the expected differences between managed fished areas and marine
reserves change along a gravity gradient, given a range of other social and environmental
conditions that are controlled for within our model (Figure VI). Although absolute fish biomass
and probability of top predators under all management categories declined with increasing
gravity (Figure 4.1B & 4.2B), the maximum expected conservation gains (i.e. the difference
between openly fished and managed) differed by management type along the gravity gradient
(Figure 4.3).

We found that for non-top predator reef fishes, substantial conservation gains can occur at
even the highest gravity locations but that optimal gain are obtained at moderate gravity
(Figure 4.3A). For marine reserves, biomass conservation gains demonstrated a hump-shaped
pattern that peaked at very low gravity when predators were included in the biomass
estimates (solid blue line; Figure 4.3A). When top predators were excluded from biomass
estimates, conservation gains peaked at intermediate gravity levels, and were higher in high
gravity compared to low gravity (dotted blue line; Figure 4.3A). Interestingly, the conservation
gains for restricted fishing is highest in low gravity situations, but rapidly declines as human
gravity increase (solid green line; Figure 4.3A).

Our results also show that low gravity marine reserves (and to a lesser extent low gravity
fisheries restrictions) are critical to support the presence of top predators (Figure 4.2). Yet,
the expected conservation gains for top predators declines rapidly with gravity in both marine

reserves and restricted areas (Figure 4.3B).
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4.4, Discussion

4.4.1. Why do we observe decline of ecological conditions indicators within marine reserves
along a gravity gradient?

Our study demonstrates the degree to which fish communities inside marine reserves can be
affected by human impacts in the broader seascape (Figures 4.1 & 4.2). Critically, high-
compliance marine reserves in the lowest gravity locations tended to support more than four
times more fish biomass than the highest gravity reserves (1150 versus 270 kg/ha,
respectively; Figure 4.1). Likewise, the modelled probability of encountering a top predator

decreased by more than 100-fold from 0.59 in low gravity reserves to 0.0046 in the highest
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gravity reserves (Figure 4.2B). Our study design meant that it was not possible to uncover the
mechanisms responsible for this decline of ecological conditions indicators within marine
reserves along a gravity gradient, but this pattern of depletion is likely related to: (i) human
impacts in the surrounding seascape (fishing, pollution, etc.) affecting ecological processes
(recruitment, feeding behavior, etc.) within reserves (Januchowski-Hartley et al. 2015; Gil &
Hein 2017); (ii) almost every marine reserve is likely to have some degree of poaching, even
where compliance is considered high (Bergseth et al. 2015; Bergseth et al. 2017) and the
cumulative impacts from occasional poaching events is probably higher in high gravity
situations; (iii) the life history of top predators, such as old age of reproduction and small
clutch size which makes then particularly susceptible to even mild levels of exploitation (Ward-
Paige et al. 2010); and/or (iv) high-gravity marine reserves in our sample possibly being too
young, or too small to provide substantial conservation gains (Edgar et al. 2014; Krueck Nils et
al. 2017).

We conducted a supplementary analysis to further examine this latter potential explanation.
Because of collinearity, we could not directly account for reserve size in our model, but
conducted a supplemental analysis where we separated reserves into small (<28km2) and
large (Figure VIII). We found that the biomass and probability of encountering top predators
was higher in large compared to small reserves, but surprisingly, we found a flatter slope for
small compared to large reserves (Figure VIII). However, there were no large high compliance
reserves in high gravity areas in our sample, likely due to the social and political difficulties in
establishing large reserves near people (Christie et al. 2017). Since there is little overlap
between large and small reserves along the gravity gradient in our sample, we are unable to
distinguish the effects of reserve size from those of gravity, but this is an important area for
future research.

Additionally, we modelled how the relationship between gravity and our ecological outcomes
changed with reserve age, comparing outcomes using the average reserve age (15.5 years) to
those from reserves nearly twice as old (29 years, which was our third quartile of our global
distribution in reserve age). Older reserves were predicted to sustain an additional 180 kg/ha
(+66%) of fish biomass at the highest levels of gravity compared to average age reserves.
However, the effects of reserve age on the probability of encountering a top predator was less
marked: the modelled probability of encountering a top predator in older reserves (29 years)

was only 0.01, compared to 0.005 for average age (~15 years) reserves, suggesting that small
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reserves common in high gravity situations can support high levels of biomass, but are unlikely

to sustain top predators, even when they are mature.

4.4.2. Successful conservation strategies

Although absolute fish biomass under all management categories declined with increasing
gravity (Figure 4.1B), the maximum expected conservation gains (i.e. the difference between
openly fished and managed) differed by management type along the gravity gradient (Figure
4.3A). Interestingly, the conservation gains for restricted fishing is highest in low gravity
situations, but rapidly declines as human impacts increase (Campbell Stuart et al. 2017).

For marine reserves, biomass conservation gains demonstrated a hump-shaped pattern that
peaked at very low gravity when predators were included in the biomass estimates (solid blue
line; Figure 4.3A). When top predators were excluded from biomass estimates, conservation
gains peaked at intermediate gravity levels, and were higher in high gravity compared to low
gravity (dotted blue line; Figure 4.3A). Our results highlight how the expected differences
between openly fished and marine reserves change along a gravity gradient, given a range of
other social and environmental conditions that are controlled for within our model (Figure VI,
Table V). Thus, differences in these trends are relative to average conditions, and individual
reserves may demonstrate larger or smaller biomass build-up over time depending on fish
groups and/or families (e.g. McClanahan et al. 2007).

In an effort to minimize costs to users, many marine reserves, particularly the large ones, tend
to be placed in remote locations that experience low human pressure (Devillers et al. 2015;
O’Leary et al. 2018). However, critics of marine reserves in remote locations suggest that
limited resources could be better-spent protecting areas under higher threat that could
potentially yield greater conservation gains (Devillers et al. 2015; Ferraro & Pressey 2015;
Pressey et al. 2015). Our results make explicit the types of benefits — and the limitations- to
placing reserves in high versus low human impact locations. Our results illustrate a critical
ecological tradeoff inherent in the placement of marine reserves: high gravity reserves can
have the substantial conservation gains for fish biomass (Figure 4.3A), yet they are unlikely to
support key ecosystem functions like predation, even with high levels of compliance (Figure
4.3B). This highlights the importance of having clear objectives for conservation initiatives and

recognizing the tradeoffs involved (Beger et al. 2015; Boon & Beger 2016).
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Our analysis does not allow us to uncover the mechanisms behind why we might observe the
greatest differences in top predators between marine reserves and fished areas in low gravity
locations. A plausible explanation is that top predators such as sharks are particularly
vulnerable to fishing (Dulvy et al. 2004) and are exposed to some fishing even in the most
remote fished areas because of the extremely high price for shark fins (shark fins can fetch
US$960/kg in wholesale markets, (Clark 2014); compared to only $43/kg for parrotfish,
(Thyresson et al. 2011)). Thus, even small amounts of fishing in remote openly fished areas
may be depleting top predators, which creates a large difference between fished areas and
marine reserves. This difference may diminish along the gravity because top predators tend
to have large home range (Krueck Nils et al. 2017), and there were only small reserves in high
gravity locations (Figure VIII), which may mean that existing high gravity reserves are not likely
big enough to support the large home ranges of many predators (Green et al. 2014; Krueck
Nils et al. 2017).

Successful conservation also depends on a range of social considerations (Bennett et al. 2017).
For example, gear restrictions often have greater support from local fishers (McClanahan &
Abunge 2016) and are usually implemented over greater reef areas than marine reserves. We
show here that there are conservation gains produced by gear restrictions, though they are
low relative to marine reserves (Figure 4.3). Thus, in locations where a lack of support makes
establishing marine reserves untenable, gear restrictions may still provide incremental gains
towards achieving some conservation goals (MacNeil et al. 2015) particularly for specific fish
groups and/or families (Campbell Stuart et al. 2017).

As a supplemental analysis, we examined the conservation gains for biomass of non-target
species (Figure VI D). This supplemental analysis addresses whether the effects of gravity on
reef fish communities are from fishing or other impacts, such as sedimentation or pollution.
We found very different patterns for non-target species compared to target species,
suggesting the relationship between target fish biomass and gravity (Figure VI) is primarily

driven by fishing pressure.

4.4.3. Securing the future of coral reefs
Overall, our results demonstrate that the capacity to not only sustain reef fish biomass and
the presence of top predators, but also the potential to achieve conservation gains, may be

highly dependent on the level of human impact in the surrounding seascape. It is therefore
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essential to consider the global context of present and future human gravity in coral reef
governance.

The ways in which gravity will increase over time, and how the impacts of gravity on reef
systems can be reduced is of substantial concern for coral reef governance. The potential
benefits of protecting locations that are currently remote could increase over time as human
populations and the accessibility of reefs change (Watson et al. 2015). Demographic
projections of high migration and fertility rates in some countries suggest substantial increases
in coastal human populations in developing countries, where the majority of coral reefs are
located (Mora et al. 2011; Gerland et al. 2014; Mora 2014, 2015). Development projects that
address high rates of fertility through improvements in women’s education, empowerment,
and the expansion of family planning opportunities have successfully reduced fertility rates
(Cottingham et al. 2012; Sen 2013). Such initiatives, when partnered with resource
management, have the potential to be beneficial to both people and reefs. Demographic
changes such as increased migration in coastal areas are also expected to be coupled with
coastal development and road building that will increase the accessibility of reefs. For
example, previously uninhabited areas have become more accessible, as evidenced by China’s
recent Belt and Roads Initiative (BRI) and island building enterprise in the South China Sea
(Mora et al. 2016; Alamgir et al. 2017; Laurance & Arrea 2017). Investments in sustainable
planning of coastal development and road building could help to minimize unnecessary
increases in reef accessibility. Importantly, stemming increases in gravity is only part of the
potential solution space- it will also be important to dampen the mechanisms through which
gravity operates, such that a given level of gravity can have a lesser impact on reef systems
(Hughes et al. 2017a). People’s environmental behavior is fundamentally driven by their social
norms, tastes, values, practices, and preferences (Hicks et al. 2016), all of which can be altered
by policies, media, and other campaigns in ways that could change the local relationship

between gravity and reef degradation.

4.5. Gravity future directions

Our gravity index (Chapter 3) makes several key assumptions that could potentially be refined

in further applications. First, our application of gravity held friction constant across each
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specific type of surface (i.e. all paved roads had the same friction value). Future applications
of more localized studies could vary travel time to reflect the quality of road networks,
topographic barriers to access (such as cliffs), and the availability of technology. Likewise,
future applications could also aim to incorporate local information about fishing fleet
efficiency. Secondly, our adaptation of the gravity model (Anderson 2011) is unidirectional,
assuming a constant level of attraction from any reef (i.e. gravity varies based on human
population size, but not on the quality or quantity of fish on a specific reef). Reefs with more
fish, or higher fish value, could be more attractive and exert a higher pull for exploitation
(Berkes et al. 2006). Likewise, societal values and preferences can also make certain fish more
or less attractive. Our adaptation of gravity was designed to examine the observed conditions
of reefs as a function of potential interactions with markets and local settlements, so our
modification of the concept for this application was appropriate. However, future applications
wishing to predict where reefs may be most vulnerable might wish to consider incorporating
fish biomass or composition (i.e. potential market price of reef fish) in the gravity equation.
Third, our database was not designed to look at ecological changes in a single location over
time. However, future applications could examine whether ecological recovery in reserves
(MacNeil et al. 2015) depends on the level of gravity present. To this end, we provide a global

dataset of gravity for every reef pixel globally.

4.6. Conclusion

We demonstrate that human impacts deplete reef fish stocks and how certain types of
management can mediate, but not eliminate these pressures. In an era of increasing change,
the global network of marine reserves may not safeguard reef fish communities from human
impacts adequately enough to ensure key ecological functions such as predation are
sustained. Efforts must be made to both reduce and dampen key drivers of change (Cinner &
Kittinger 2015; Hughes et al. 2017a), while maintaining or improving the wellbeing of reef
dependent people. Importantly, we find evidence that both remote and human-surrounded
reserves can produce different types of conservation gains. Ultimately, multiple forms of
management are needed across the seascape to sustain coral reef fishes and the people that

depend on them.
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5. Influence of market in shaping practices of coastal communities in
small-scale reef fisheries in Northwest Madagascar®

“Like the chameleon, one eye on the future, one eye on the past” - Malagasy proverb

3 Submitted as Maire, E., Cinner, J., Dagata, S., Aliaume, C. & Mouillot, D. in Ecology and Society
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5.1. Introduction

Earth’s ecosystems have come under increasing pressure as globalization connects the world
(Liu et al. 2013). Expanding trade, transportation, migration, and technology are altering
intertwined dynamics between human and natural ecosystems across space and time
(Rockstrom et al. 2009; Liu et al. 2015). Global trade through interconnected markets or new
access to markets can increase accessibility through road networks and infrastructure
expansion, which in turn, profoundly shape the exploitation of both terrestrial and marine
natural resources (Laurance et al. 2009; Dobson et al. 2010; Mora et al. 2011; Ahmed et al.
2014; Barber et al. 2014; Alamgir et al. 2017). There are growing concerns about the risk of
unsustainable resources use do to unregulated trade in those previously isolated areas, with
obvious ecological and management implications for those key ecosystems. (Berkes et al.

2006, Rockstrom et al. 2009; Steffen et al. 2011; McCauley et al. 2013; Mora et al. 2016).

However, the mechanisms through which increasing accessibility influences social and
ecological conditions are not straightforward. A parallel literature on the role of economic
development and the environment impacts highlights three main mechanisms, which may be
relevant to changing market accessibility: (i) a scale effect, whereby societies are able to
displace their local environmental footprint by harnessing resources from further afield
(typically in poorer or less regulated areas); (ii) a technique effect, whereby technologies used
by human societies change as societies become more developed, leading to differing levels of
impact on the environment; and (iii) a composition effect, which suggests that structure of
the local economy changes with economic development to transition, for example from a
natural-resource based economy to a service-based economy (Grossman & Krueger 1995). To
date, research on market accessibility has mainly examined how increased market access
affects resources users through trade and price changes (Delgado 2003; Schmitt & Kramer
2009; Thyresson et al. 2011; Thyresson et al. 2013), and changes in livelihoods diversification
(Cinner & Bodin 2010; Chaves et al. 2017; Kramer et al. 2017) (composition effect) and
technology introductions or changes (Brewer 2013; Stevens et al. 2014) (technique effect).
Knowledge on how market access shapes local human communities remains overlooked and
could hide important social and economic dynamics at very local scale, with significant

consequences on ecosystem states.
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Indeed, understanding how accessibility from human societies affects natural resources is a
critical step toward a long-term management of the ecosystems where actions are needed to
enhance their ecological and economic sustainability. This study aims to unravel the
respective influences of the local fish market (hereafter “market”) and coastal communities
in the exploitation of natural resources and investigate how communities’ socioeconomic and
resource use characteristics change with increasing proximity to markets.

To address this problem, we focused on small-scale fisheries which remain an important
source of food, employment and revenue for people around the world (Béné et al. 2007; Bell
et al. 2009; Teh et al. 2013). Specifically, we focus on small-scale artisanal coral reef fisheries
in Northwest Madagascar. We hypothesize that coral reefs resource conditions improve with
decreasing accessibility to both markets and coastal communities, but the rate of increase will
be different for fished and unfished reefs. We also expect that the socioeconomic and
resource use characteristics of coastal communities change with access to markets. Here, we
investigated: (i) the relative effects of management, market access, and key environmental
variables on reef fish biomass in the northwest of Madagascar; and (ii) The influence of market
proximity on coastal communities through the scale, the composition, and the technique
effects. We address these questions using ecological data collected in 31 reefs and social

drivers collected at household-level in 10 coastal communities in Northwest Madagascar.

5.2. Context and study area

Despite its biological and cultural richness, Madagascar is one of the world's poorest
developing countries and its people depend heavily on the exploitation of natural resources
for subsistence (World Bank 2010; Conservation International 2015). The artisanal fishery is a
significant economic sector where adult males are engaged in multi-gear and multi-species
fishing from the shore or using wooden pirogue canoes (McKenna & Allen 2003; Doukakis et
al. 2007; Davies et al. 2009; Bernier et al. 2011 ). Artisanal fisheries in Madagascar are vital to
food security and livelihoods for coastal communities and support the majority of the
Malagasy coastal population (Barnes-Mauthe et al. 2013). This is particularly true along the
west coast where agricultural production is mostly infeasible, and employment options are

limited (Laroche & Ramananarivo 1995; Le Manach et al. 2012).
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Reefs in this area have been recognized for their exceptional biodiversity and their resilience
to climate change in the Western Indian Ocean (WIO) (McKenna & Allen 2003, McClanahan et
al. 2011; Obura, 2012) and are now considered as a high priority for increased management
efforts. Management actions implemented in Madagascar have mainly focused on
empowering local communities to take greater responsibility for marine natural resources
management while securing local populations’ interests (Jadot et al. 2015). These local
fisheries management, also called Locally Managed Marine Areas (LMMAs), aimed at
increasing fish stocks and biodiversity, protecting cultural heritage, and promoting sustainable
socio-economic development to contribute to poverty reduction (Govan et al. 2009; Jupiter
et al. 2014; Rocliffe et al. 2014). Management actions are regulated by two main legal
instruments at a local level in Madagascar: (i) the establishment of a ‘dina’ (traditional village
laws) (Harris, 2011); and (ii) community managed Marine Protected Areas (MPAs) (IUCN
categories V or VI). Most of the LMMAs contain temporary fishing closure and permanent
reserves (no-take zones where fishing activities are prohibited) and implement gear and
species restrictions. More specifically in the Northwest, beach seining, considered as a
destructive fishing practice, is now prohibited, shark fishing and sea cucumber harvesting are
regulated while some pelagic fish are under seasonal closures (such as Rastrelliger kanagurta
or “mahaloky”). However, gear and species restrictions implemented in the two MPAs do not
include the targeted fish species we considered in our study thus, reefs under these

restrictions still experience fishing activities.

In April 2015, Ankarea and Ankivonjy MPAs, the two first community-led national Marine
Protected Areas (MPAs) were officially established and have been trialing an access restriction
strategy in which local fishermen (fishermen from the nearby village in the MPA boundaries)
have exclusive access rights to fishing areas inside the MPA. Management of fishing areas is

attributed to communities which should lead to direct benefits for them.

Our study covers an approximate linear distance of 150 km along the coast from Nosy Iranja
at the south (Ankivonjy MPA) to Nosy Mitsio (Ankarea MPA) at the north and encompasses
open-access reefs between those two MPAs (Figure 5.1). The area is characterised by many
islands off the coast where coastal human settlements are relatively sparse, consisting of

widely scattered small villages. Most of the fishing vessels are sailing wooden pirogue canoes

97



and the most commonly employed gears are the spear guns, gillnets, lines, and beach seines

(Doukakis et al. 2007; Jonahson, 2002, Tiambahoaka, 2011, Randriambolona, 2007).

0 10 20 30 km
.

Figure 5.1 | Map of the Northwest Madagascar reefs. Surveyed reefs (black asterisks) and
coastal communities (yellow diamonds), local markets (orange stars), MPAs boundaries (green
lines) with no-take zones (green polygons) and cartography of reefs (blue polygons) are

represented.

5.3. Methods

5.3.1. Ecological and social study sites

Data used in our analysis were collected on social and ecological study sites. Social sites
consisted of 10 Malagasy coastal communities (Figure 5.1) where questionnaires were
performed to collect information on socioeconomics, fishing and farming activities, resource
use, and management. Coral reefs surrounding these 10 coastal communities were sampled

while covering all the management types (open access, restricted and no-take reefs) to collect
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ecological data. In total, 31 ecological sites (hereafter “reefs”) were surveyed with 16 fished
reefs and 15 located in low to high compliance reserves where fishing activities were

prohibited (Figure 5.1).

5.3.2. Reef surveys methodology

Distance-sampling underwater visual census (D-UVC) technique was used to survey finfishes
along 50-m-long transects. Briefly, this method involved two divers, where each diver
recorded the species, abundance, body length and distance perpendicular to the transect line
of each fish or group of fish, while swimming slowly down the line (Labrosse et al. 2002).

The main reef types (biotope) in the area were included, mainly (i) fringing reefs of continental
islands and (ii) complex patch reefs. For each reef, transects were performed on the slope.

Transects were oriented parallel to the depth contour between 3 and 14 m.

Species density and biomass

We included only fish families (25 families e.g. Acanthuridae, Balistidae, Caesionidae,
Carangidae, Chaetodontidae, Ephippidae, Fistularidae, Haemulidae, Holocentridae,
Kyphosidae, Labridae, Lethrinidae, Lutjanidae, Mullidae, Nemipteridae, Pempheridae,
Pomacanthidae, Pomacentridae, Scaridae, Scombridae, Scorpaenidae, Serranidae, Siganidae,
Sphyraenidae and Zanclidae) which represent the main trophic groups of reef fish occurring
in the study region and the main fish families targeted by fishermen. Transects width were
truncated at 5 meters on each side allowing for species density estimation on a 500m2
transect (50x10m).

The biomass of individual fishes was estimated using the allometric length-weight conversion:
W=aTL?, where parameters a and b are species-specific constants, TL is the individual total
fork length in centimeters and W is the weight in grams (Kulbicki et al. 2005). Biomass of each

transect (hereafter ‘reef’) was further converted to kilograms per hectare of reef area.

Coral habitat and environmental variables

Point Intercept Transect 25cm (PIT25) (Hill &Wilkinson 2004) were performed at each reef to
assess benthic conditions. This method consists of recording the benthic substrate at 25cm
interval along a 50m transect among the list of substrate categories. Coral was identified at

the genus level when possible. The percent cover of each genus was then obtained by dividing
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the number of points for which the category of interest is recorded (n) by the total number of
points (N, here 200 for 50 meters transect). In our study, we considered only the percent cover

of live hard coral and macroalgae.

Structural complexity was estimated multiple times (e.g., every 5 to 10 meters) along each
transect to provide an average structural complexity score per transect. Scores ranged from 0
(no vertical relief, flat or rubbly areas) to 5 (exceptionally complex relief with numerous caves
and over hangs) along the 50 meters transect (method adapted from Wilson et al. 2007).

Depth was also recorded during habitat characterization.

Weekly average Sea Surface Temperature (SST) and chlorophyll-a concentration which
provides proxy information on the amount of primary production occurring in the ocean (Huot
et al. 2007) were extracted during a 5-years period (2012-2016) at a 4km resolution from the
GOES-POES dataset (Geostationary Operational Environmental Satellites and the Polar-
orbiting Operational Environmental Satellites) and the MODIS (Moderate Resolution Imaging
Spectro-radiometer; http://oceanwatch.pifsc.noaa.gov/). For each reef, we calculated the

average of monthly temperature and ocean primary productivity over the 5-years period.

Because these environmental and habitat conditions may have confounding effects, we
performed a Principal Coordinates Analysis (PCoA using Gower’s distance) using the common
environmental predictors which describe our ecological sites including: depth, weekly average
SST and primary productivity, reef complexity, percent cover of macroalgae and live hard coral
(Cinner et al. 2013; Maire et al. 2016; McClanahan et al. 2016), and kept only the two first
principal components as environmental covariates for further analysis representing 74% of

the total variance.

5.3.3. Socioeconomic variables

We considered two human settlements for each reef: (i) the nearest coastal community; and
(ii) the nearest market.

Travel time was estimated as the shortest time of travelling between each reef and its nearest
market, community respectively considering:

* Sea travel using wooden pirogues canoes: speed of 7 km.h™!

100



e Primary roads using motorized vehicles: speed of 50 km.h™*

e Track/secondary roads using motorized vehicles: speed of 20 km.h™*

Road network data was extracted from the OpenStreetMap (OSM) project and was completed

by GPS tracks obtained during the field campaigns in March-April 2016.

We also assessed the human population occurring within a 4km radius of each reef using the
WorldPop dataset version 2.0 (WorldPop 2017) which estimates human population with
national adjustments at a 100m resolution for the year 2015 (the year closest to 2016, year in
which the ecological and social surveys were conducted). We set the cut-off at 4 km to reduce

spatial overlap between reefs.

We split surveyed reefs into two different management categories as following: fished reefs
or low to high compliance reserves (unfished). In fact, as gear and species restrictions
implemented in the two MPAs do not include the targeted fish species we considered in our

study, reefs under these restrictions still experience fishing activities.

5.3.4. Socioeconomic surveys methodology

To identify potential social drivers related to market proximity, we conducted social surveys
in 10 Malagasy coastal communities across 3 districts in Northwest Madagascar from
November to December 2016 by trained and experienced Malagasy interviewers in local
language (Figure 5.1, Table VI). For villages with less than 50 households, we invited all
households to be surveyed. In larger villages, we surveyed a random sample of 50 households
when possible (Table VI). We conducted a total of 353 household surveys. All survey activities
were approved by the Wildlife Conservation Society Institutional Review Board (IRB). Surveys
were conducted with heads of households, which were defined as those who made household
decisions. A household was defined as a group of people who regularly shared meals.
Household surveys lasted from 45 to 60 minutes. Additionally, we conducted key informant
interviews with community leaders or particularly knowledgeable fishermen to better

understand village level characteristics of resource management and market connections.
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Social characteristics of local communities

For each community, we estimated the mean value of 9 social indicators:

1. the proportion of households who ranked fishing as primary activity,

2. the proportion of households who ranked farming as primary activity,

3. the livelihoods diversity: the mean number of livelihood activities that households are
involved in,

4. the mean number of community groups people are involved in,

5. the proportion of households consuming fish at least once a day,

6. the proportion of selective gears (hand line, hand spear and spear gun),

7. the proportion of nets (mosquito and gill nets),

8. the proportion of fish sold,

9. when fish sold, the preferred buyer: own community, middlemen from other community,

local market.

A full description of those indicators is provided in Table 5.1. Fishers represented households
who participated in some fishing activity and targeted mainly coral reef fishes (excluding
households who targeted only sharks). Finally, we also described for each indicator whether
coastal communities might be affected by market proximity through the technique, the

composition or the scale effect (Table 5.1).

Table 5.1 | Description of the 9 social indicators estimated from household surveys for each

community.

Expected effect on

Indicator Description Survey method Sample size e
communities

Type of data Mean Range

the proportion of households who ranked fishing as

Fishing activity - e
primary activity

All households surveys 354 Composition effect Quantitative 46 25-67

the proportion of households who ranked farming as

Farming activity i .
primary activity

All households surveys 354 Composition effect Quantitative 14 3-44

the mean number of livelihood activities that households
Livelihood diversity iolved i ! All households surveys 354 Composition effect Quantitative 2 1-4
are involved in

the mean number of community groups people are

Social connection X X All households surveys 354 Composition effect Quantitative 1 0-4
involved in
th rtion of h hold ing fish at least

Fish consumption i e et e L All households surveys 354 Composition effect Quantitative 51 38-65
once a day
th rtion of selecti hand line, hand ) . N

Selective gears EpropItion of seleceliegeats (Rand e, Fand shedk Fishers only 162 Technique effect Quantitative 61 10-93
and spear gun)

Nets the proportion of nets (mosquito and gill nets) Fishers only 162 Technique effect Quantitative 28 0-87

Fish sold the proportion of fish sold Fishers only 162 Composition effect Quantitative 86 71-93
Th ferred b hen fish sold: ity, ) - o

Selling strategy € pretenre Lyl WiEnEnS0Kc: SwWn.Ccomimunity, Key informants 20 Composition effect Qualitative / /

middlemen from other community, local market
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We performed two Principal Component Analysis (PCA) to explore correlations of (i) social

characteristics of all households with travel time from the nearest market and (ii) social

characteristics of fishers only with travel time from the nearest market. As remoteness of

coastal communities from markets presented confounding effect with management actions

in the study area (the most remote communities had marine reserves), we also included in

each PCA a variable which accounted for this effect.

5.3.5. Fish biomass model

All the human and environmental variables considered in the model are described in Table

5.2.

Table 5.2 | Description and references for each human, environmental and habitat variable

considered in the fish biomass model.

Name Description References
Number of inhabitants in a 4km buffer around the reef
Human population size extracted from WorldPop 100m resolution dataset version | Mora et al. (2011), Brewer et al. (2012)
2.0
g Travel time from the nearest market Travelling time between each reef and the nearest market gri\g:trae;?;I.(z(ggfé;)f:l:;;‘:; 2: ::: gg}g;
=) N
S Travel time from the nearest community Travelling time between each regf and the nearest
coastal community
Management type Whether reefs are fished or unfished McClanahan et gofg;e Cinner et al.
—
z Weekly average SST over 2012-2016 extracted from -
E Sea Surface Temperature (SST) GOES-POES 4km resolution dataset Williams et al. 2015
=
g
S . - Weekly average chlorophyll-a concentration over 2012- -
i Primary productivity 2016 extracted from MODIS-Aqua 4km resolution dataset Williams et al. 2015
Depth Mean depth along the 50m transect Srinivasan (2003); Brokovich et al. (2008)
. Sum of the percentage of the corresponding category
Luckhurst & Luckhurst (1978), Roberts &
% Live hard coral within the 200 points along the 50m transect. Estimated gfmol:]r;“gal;(): B:TISWéod est)gl ?2302)
= during ecological surveys and following the Point ’ ) ’
< ) Norstrom et al. (2009), Stella et al.
= % Macro al Intercept Transect 25cm (PIT25) procedure described by
= o gae ) N (2011),
< Hill & Wilkinson (2004).
I
Score from 0 (no vertical relief, flat or rubbly areas) to 5
(exceptionally complex relief with numerous caves and ) ) '
Reef complexity over hangs) along the 50 meters transect. Estimated McCormlcl'; (:rg§4)t’ Nlaszhojtﬁal. (2013)
during ecological surveys and adapted from Wislon et al. emari etal. )
(2007)
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To explore how proximity to markets and communities affects the reef conditions beyond
ecological and human population size effects, we built generalized additive models (GAM)
considering the two environmental covariates provided by PCA (see Coral habitat and
environmental variables section), human population size, accessibility from human
settlements and management. GAMs have the property of exploring non-linear relationships
using smooth functions thus, there is no need to make any priori assumption on the shape of
the relationship (Hastie & Tibshirani 1990). All terms used a reasonable spline smoothed
function (k = 3) given the number of data. We considered all the possible sub-models (i.e. all
the possible combination of variables) including travel time from the nearest market and the
nearest community, and management type (fished or unfished). We also considered
interactions between management and market or community. As all these models are nested,
we performed a Likelihood Ratio Test (LRT) to determine which human variables significantly
improved model fit (Wood 2006). We also assessed model fitting and parsimony by using AlCc,

Akaike Information Criterion corrected for small data samples (Hurvich & Tsai, 1989).

We first checked for collinearity among our covariates using bivariate correlations (all
coefficients were < 0.7) and variance inflation factor (VIF) estimates (VIF < 5) indicating that
multicollinearity is non-significant. We then performed control procedure to check whether
smoothness selection criterion (k = 3) were adequately defined and detect outliers
(penalization procedure described by Wood 2006). We lastly examined homoscedasticity by
confronting residuals against fitted values and controlled that residuals were normally

distributed.

5.4. Results

5.4.1. Travel time from human settlements: key predictors interacting with management to
explain fish biomass at local scale

Among all the models tested, the best-fit model (LRT’s p-value = 0.03 and lowest AlCc = 18.6)
explained up to 80% (adjusted R?) of the variability observed in fish biomass (Tables 5.3 & 5.4).
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Table 5.3 | Comparison of all the nested models to determine the best combination of
human variables to explain fish biomass. The two first components (Envl and Env2) of the
Principal Coordinates Analysis (PCoA) performed with habitat and environmental variables,
human population size provided initial model MO. AlCc and Likelihood Ratio (LR) test
performed against nested reference (ref) model determined the best combination of human

variables. The best-fit model (M3B) combined management, travel time from market and

travel time from community in interaction with management.

MODEL COVARIATES INTERACTION AlCc LR test
MO (ref) Envl + Env2 + Population / 26.8
M1 Envl + Env2 + Population + Management / 22.2 0.008 **
M1 (ref) Envl + Env2 + Population + Management / 22.2
M2 Envl + Env2 + Population + Management + Market + Village / 19.2 0.01 **
M2 (ref) Envl + Env2 + Population + Management + Market + Village / 19.2
M3A Envl + Env2 + Population + Management + Market + Village Management * Market 24.0 0.4
M3B Envl + Env2 + Population + Management + Market + Village Management * Village 18.6 0.028 *

This best-fit model integrated travel time from community in interaction with management,
besides the effect of travel time from the nearest market (Table 5.4). Accessibility from human
settlements (nearest market pvalue < 0.001 and community pvalue < 0.06), local human
population size (pvalue < 0.007 and management (pvalue < 0.006) were the most important
predictors (Table 4). We found that population had a significant negative influence on fish
biomass meaning that fish biomass decreases non-linearly as human population size increases
(Figure 5.2c) while biomass increases further away from market until reaching a plateau at
approximately 6-7h from a market (Figure 5.2b, Table 5.4). Fished and unfished reefs
presented the same relationship with human population size and travel time from market
while unfished reefs had higher levels of biomass (Figure 5.2 b-d). Reciprocally, fish biomass
increased non-linearly with increasing travel time from the nearest community, with a sharp
increase at approximately 1.5 hours (Figure 5.2a). Conversely, fish biomass in unfished reefs

showed no relationship with travel time from community (Figure 5.2a, Table 5.4).
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Table 5.4 | Significance table for all covariates included in the best-fit model of fish biomass
(R?a4; = 0.8). The two first components (Envl and Env2) of the Principal Coordinates Analysis
(PCoA) performed with habitat and environmental variables, human population size, travel
time from the nearest market and travel time from village in interaction with management
(fished vs unfished reefs) provided the best-fit model. Estimates and standard errors (SE) of

estimates of fixed terms while estimated degree of freedom (edf) of smooth terms are provided

with corresponding significance test.

Variable Estimate SE t Pr(>|t])
R-sg.(adj) = 0.80 Fixed terms
Intercept 2.60 0.081 31.9 <2e-16
Management (Unfished) 0.39 0.13 3.05 0.006
Smoothed terms (k = 3) edf F p-value
Envl 1.00 1.70 0.21
Env2 1.00 2.45 0.13
Population 1.00 8.85 0.007
Travel time market 1.80 9.50 0.001
Travel time village 0.67 5.69 0.064
Travel time village : Management (Fished) 1.47 1.73 0.12
Travel time village : Management (Unfished) 0.69 7.58 0.030

Unfished reefs presented higher levels of biomass that fished reefs despite the recent
implementation (2015) of the two MPAs in Northwest Madagascar and reached levels of reef
fish biomass considered as resident biomass in the absence of fishing (median 1235 kg.ha™).
Fished reefs were more exploited (median 345 kg.ha) in less than 1 hour of travelling from
village (Figure 5.2a,d). Fish biomass increased beyond 1 hour to reach comparable level of
biomass than unfished reefs from 2.5 hours and outreached those same levels beyond 3 hours

from the village (Figure 5.2a).
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Figure 5.2 | Marginal effects of travel time from the nearest community (a), travel time from
the nearest market (b), human population size (c) and management (d) for fished (green)

and unfished reefs (orange).

5.4.2. Effect of market proximity on local communities

We found that on average 46% (range: 24 - 67%) of households ranked fishing as their first
activity while only 14% (range: 3 - 44%) ranked farming as first activity in the 10 coastal
communities (Table 5.5). The number of livelihoods of these communities was rather steady
with a mean value of 2 (range at community level: 1.6 - 2.3; range of household responses: 1

- 4) demonstrating that many households had at least 2 activities. On average 51% (range at
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community level: 38 - 65%) of households consumed fish at least once a day (Table 5.5).

Outside their own related, households were involved on average in only 1 community group

(range at community level: 0.2 - 1.1; range of household responses: 0 - 4) (Table 5.5).

Table 5.5 | Description of the four social characteristics measured for the 10 coastal

communities. Travel time from the nearest market and the presence of management actions

are also provided.

%of hhwho | o 0f hhwho . % of hh Travel time
. L. ranked farming | Mean number | Mean social .
Coastal community | ranked fishing as . L . consuming fish | from market Management
primary activity as pr'm.1ary of livelihoods connection daily (h)
activity
Amparamilay 67 7 2.3 0.17 60 7.8 Ankarea MPA
Andravorogna 61 28 1.9 1.1 50 6.4 Ankarea MPA
Marimbe 40 8 1.9 0.45 64 8.5 Ankarea MPA
Ratapenjke 53 6 2.0 1.1 38 6.4 Ankarea MPA
Amporaha 42 18 1.8 0.56 49 6.7 Ankivonjy MPA
Marotogny 50 5 1.8 0.90 65 6.7 Ankivonjy MPA
Nosy Iranja 26 3 1.6 0.80 51 7.9 Ankivonjy MPA
Anjiabe 34 44 2.0 1.0 42 19 open-access
Antafiambotry 62 4 1.6 0.84 50 1.9 open-access
Sakatia 25 14 2.1 1.0 43 0.8 open-access

We investigated whether proximity to market is related to communities’ socioeconomic and

resource use characteristics. We observed that communities further away from market

tended to be more dependent on marine resources since more households were engaged in

fishing as primary activity and presented higher consumption of fish while having fewer

number of livelihoods (Nosy Iranja, Marimbe and Marotogny for example) (Figure 5.3, Table

5.5). Remoteness from market tended to limit social interactions within communities since

more developed social network were mostly found in communities close to market (Sakatia

and Anjiabe for example) (Figure 5.3, Table 5.5).
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Figure 5.3 | Correlations between social characteristics of local communities and market
access. Five social indicators were assessed for each of the 10 coastal communities: the
proportion of households who ranked fishing as primary activity, the proportion of households
who ranked farming as primary activity, the livelihoods diversity: the mean number of
livelihood activities that households are involved in, the mean number of community groups
people are involved in, the proportion of households consuming fish at least once a day that
were related to market access. As market accessibility and management actions had
confounding effects in the study area (marine reserves are disproportionally located far from
markets) we included one variable (Reserve) to take into account this effect. The 10 coastal
communities are represented as grey dots and are in bold when the community is well

represented by the first two components (Cos2 > 0.4).
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5.4.3. Effect of market on fishing and selling practices

We highlighted a high heterogeneity in fishing practices since on average 61% of households

used selective gears (range: 10 - 93%) and 28% (range: 0 - 87%) used nets as the main gear.

Communities sold the majority of fish catches (mean: 85%; range: 71 — 93%) with half of the

communities (5 out of 10) which sold more than 90% of catches (Table 5.6).

Table 5.6 | Description of four social characteristics assessed from households engaged in

fishing activities within the 10 coastal communities. Travel time from the nearest market, the

presence of management actions and the preferred sale to middlemen are also provided.

% using

% using nets as

% of fish catches

Travel time

Middlemen: (1) if
first buyer, (1) if

Coastal community selectn{e gears main gear sold from market (h) Management second buyer and
as main gear ]
(0) if absent
Amparamilay 88 0 92 7.8 Ankarea MPA Il
Andravorogna 73 9.0 93 6.4 Ankarea MPA Il
Marimbe 42 42 81 8.5 Ankarea MPA I
Ratapenjke 93 0 90 6.4 Ankarea MPA Il
Amporaha 65 35 89 6.7 Ankivonjy MPA Il
Marotogny 53 12 90 6.7 Ankivonjy MPA Il
Nosy Iranja 67 22 71 7.9 Ankivonjy MPA 0
Anjiabe 33 63 79 1.9 open-access 1]
Antafiambotry 10 87 92 1.9 open-access |
Sakatia 83 13 78 0.8 open-access 1]

Communities far from market tended to use more selective gears while nets are more

common in villages closer to markets (Figure 5.4, Table 5.6). Finally, distant communities

tended to sell a higher proportion of fish with no distinction between the destination (market,

their own community, neighboring or inland community) (Figure 5.4).

110




Fish sold

o
Antafiambotry

I
I
I
I
I
I
I
1- |
I

Travel time from market
Marirmb Amgoraha

Net

Reserve
Andravorogna

o
X Jm-mmmmmmm e e e 2 ~_ _ _ _ _ _ _ Amparamilay
S |
~ | Ratapenjke
= o |
£ Anjiabe '
()] I
|
- | o
I Nosy Iranja
: Selective gear
|
|
1
|
2- :
|
|
© I
Sakatia |
0

Dim1 (59.2%)

Figure 5.4 | Correlations between social characteristics of fishermen and market access. We
considered only households engaged in fishing activities and we assessed for each community:
the proportion of fishermen who used as main gear nets or selective gears respectively and the
proportion of fish catches sold that were related to market access. We also included one
variable (Reserve) to take into account this confounding effect between market remoteness
and the presence of marine reserves. The 10 coastal communities are represented as grey dots
and are in bold when the community is well represented by the first two components (Cos2 >

0.4).
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Nonetheless, selling strategies tended to be affected by market proximity (Figure 5.5). We
found that fishermen from distant communities (>2 hours) did not go to the nearby market to
sell fish catches, sold preferentially to their own community or to middlemen who occasionally
collected sea food products in those remote communities (Figure 5.5). Similarly, fishermen
sold their own fish to market only if their community is located at less than 2 hours (Figure
5.5). Middlemen are widespread in the region since seemed to collect and buy seafood
products from very close (< 2 hours) to more distant communities from markets (up to 8

hours) (Figure 5.5, Table 5.6).

Community only+

Middlemen-

Middlemen & market

2 4 6 8
Travel time from market (h)

Figure 5.5 | Sea food selling strategy preferred by local communities in Northwest
Madagascar. When fish sold, we assessed for the 10 coastal communities surveyed the
preferred buyer: own community, middlemen from other community or local market. At least
part of fish catches was sold directly within the community, but fish was also sold to middlemen

or at the local market. Middlemen were widespread in the region and seemed to buy seafood
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products from very close (< 2 hours) to more distant communities from markets (up to 8 hours).

Distributions are represented using 95% confidence intervals when possible.

5.5. Discussion

Our fine-scale assessment showed how the accessibility of both markets and local
communities are related to reef fish biomass. To examine potential explanations for these
relationships, we investigated how the socioeconomic and resource use characteristics of
coastal communities change with proximity to markets through three strategies: (i) the change
in techniques people used to harvest fish (called the technique effect); (ii) the composition of
the economy (called the composition effect); and (iii) the scale at which people act (called the
scale effect). Despite a large amount of variation between communities, we highlighted that
market proximity in Northwest Madagascar mainly affect coastal communities through the
composition and the technique effects while we were not able to measure any change through
the scale effect. We suggest that better quantifying effect of local market on households
behaviors and practices could help our understanding of changes in natural resources

exploitation, and ultimately support effective management of small-scale coral reef fisheries.

5.5.1. Unravelling human influence on fish biomass at local scale

Accessibility to markets can shape the composition and resource use techniques of local
communities and, ultimately, trigger changes in natural resources exploitation. First,
communities further from market tended to present a higher proportion of households
engaged in fishing activities as primary occupation, a lower livelihoods diversity and a higher
consumption of fish (composition effect) (Figure 5.3 and Table 5.5). Given that agricultural
production is largely infeasible (especially on small islands distant from market, Figure 5.3)
and employment options are limited far away from markets (Laroche & Ramananarivo 1995;
Le Manach et al. 2012), it results higher levels of dependence on seafood and exploitation of
marine resources further away from markets.

Moreover, it has also been shown that communities with lowest levels of development such
as Malagasy communities tended to be more vulnerable to current climate impacts on

fisheries, given their heavy dependence on fish for food and economy and the limits to societal
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capacity for adaptation (Allison et al. 2009; Barnes-Mauthe et al. 2013). More specifically,
lower livelihood diversity may reduce resilience of coastal communities to disturbances
(natural disasters or economic shocks) because they are unable to spread risk across each of
their livelihood sources (Allison & Ellis 2001; Badjeck et al. 2010; Forster et al. 2014).

Second, markets can also influence the fishing techniques used by households. Traditional coral
reef fisheries in Northwest Madagascar is a multi-gear and multi-species fishery where few
fishes are considered inedible (Doukakis et al. 2008; Davies et al. 2009; Brenier et al. 2011).
Fishing practices are highly variable between households but we observed that gear selectivity
increased as communities were located further away from markets (Figure 5.4). There is large
amount of variation in how fishing gears differentially targeted the proportion and number of
species (Cinner et al. 2009b). Thus, there is an urgent need to identify gears in Madagascar
that preferentially target fishes such as grazers and scrapers/excavators, identified as critical
to the resilience of coral reefs (Bellwood et al. 2004; Mumby 2006). Gear restrictions are
already implemented in MPAs and it has been found that perceived benefits of such
restrictions by fishing communities were generally high and widespread in Madagascar
(McClanahan et al. 2014). Nevertheless, selectively banning or restricting fishing gears can be
an effective tool to manage coral reefs experiencing climate change disturbances (Cinner et al.
2009b) given that permanent reserves are not practical in Madagascar. In our study area, there
is a strong confounding effect between management actions and market accessibility since
the two MPAs are located away from markets, which is consistent with previous studies
showing that protected coral reefs around the world are disproportionally farther from people
(Maire et al. 2016; Cinner et al. 2018). However, it doesn’t negate the importance of markets
in shaping practices of local communities given management.

Finally, middlemen are important intermediaries in coral reef fisheries who collect sea
products directly from fishermen and provide links to markets (Crona et al. 2010; Brewer
2011). We found that middlemen are widespread in the region as in other countries (Dacks et
al. 2018) and could explain why households further from markets sold more fish despite
remoteness from markets (Figure 5.4 & 5.5). Even if we observed that in some cases, fishers
preferentially sold their catches to middlemen, we still lack to better identify the drivers which
encourage their decision-making. Moreover, we were not able to measure whether demand
from middlemen can change fishing practices or fish species that are targeted by fishers.

Indeed, right-based management actions are supposed to control harvesting pressure but this
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does not prevent right holders from higher fishing pressure. A better investigation of the role
of middlemen involved in small-scale fisheries in Madagascar could improve the governance
of fish stocks and coastal social-ecological systems (Crona et al. 2010; Thyresson et al. 2013;
Wamukota et al. 2014).

Beyond market proximity, we also found that travel time from community is a key driver of
fish biomass interacting with management (Figure 5.2, Table 5.2). Accessibility from the
nearest community is thus a relevant human indicator in reef exploitation since coral reef
management is here implemented at the local scale (community-scale), as in many developing
countries (Aswani et al. 2015). We found higher fish biomass in permanent reserves compared
to fishing sites despite the recent (2015) LMMA implementation with no effect of local
communities accessibility to those reefs. Previous studies in Madagascar have highlighted
LMMA management effectiveness and positive impacts on fish stocks where higher fish
density and biomass were found inside LMMAs compared to fishing sites outside (Komeno &
Randriamanantsoa 2013). Here we show that MPAs in northwest Madagascar, through gear
restrictions and higher compliance are effective tool to enhance fish biomass. Thus,
community access in interaction with local management (temporary and permanent reserves
vs open-access) could be an important driver of resource use in Madagascar which should be

considered when monitoring coral reef fisheries.

5.5.2. Redefining market effect of fish stocks and fishing communities to sustain social-
ecological systems

Given that communities further away from markets had more households engaged in fishing,
higher dependence on marine resources and limited number of livelihoods, we would expect
lower biomass far from markets. Surprisingly, we found that fish biomass increased as reefs
were further away from market (Figure 5.2). Thus, market proximity in Northwest Madagascar
heavily affect the way coastal communities use marine resources but have an even greater
effect on reef fish biomass. This finding is consistent with previous studies conducted at larger-
scale (i.e. national and global) highlighting that market integration is a major driver of fish
biomass through scales (Brewer et al. 2012; Cinner et al. 2013; Cinner et al. 2016; Maire et al.
2016; McClanahan et al. 2016).
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Community-based management with gear restrictions, limited access, marine protected
areas, and rights-based fishing seem to be effective approaches to manage fisheries resources
and the human communities that depend upon them. More specifically, LMMAs could
succeed in engaging people in conservation towards conservation strategies. However, it is
not clear how increased economic growth and new markets can result in improved
environmental conditions especially in coral reef fisheries (Cinner et al. 2009a). More
specifically, innovation and access to more efficient technology can generate inequality and
poverty (Pauly 2006) and can lead to “social-ecological traps” where poorest fishers are
spurred to use destructive technologies (Cinner 2011). Innovation and technology are both
driven by resource demand and at the same time, regulated by governance and managers.
We suggest that better quantifying links between markets and fishing communities through
household-level surveys should be a priority. Factors that influence households behaviors and
decision-making, especially in the sale of fish catches are not clearly identified. Such
information is crucial to implement market-based actions that could help to regulate effect of

markets on fish stocks and fishing communities.

5.6. Conclusion

Market proximity affects the composition and techniques of fishing communities and,
ultimately, triggers changes in marine resources exploitation. Markets also shape reef fish
biomass with an even greater effect than fishing communities even in managed reefs.
Understanding the human-environmental interrelations relies on a scaling-down to highlight
the drivers of resource use and governance by considering households behaviors and decision-
making. A better assessment of accessibility from human societies (market and village) is thus

a critical step toward a long-term management of the coral reef fisheries.
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6. Community-wide scan flags fish species associated with coral reef
services across the Indo-Pacific?

“We should preserve every scrap of biodiversity as priceless while we learn to use it and come
to understand what it means to humanity” - Edward O. Wilson, American biologist, ‘the father

of sociobiology’

4 published as Maire, E., Villéger, S., Graham, N., Hoey, A., Cinner, J., Ferse, S., Aliaume, C.,
Booth, D., Feary, D., Kulbicki, M., Sandin, S., Vigliola, L., Mouillot, D. (2018). Community-wide
scan flags fish species associated to coral reef services globally. Proc. R. Soc. B. 20181167, doi:

10.1098/rspb.2018.1167
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6.1. Introduction

Within the context of global changes and biodiversity loss, effective ecosystem management
relies on a better understanding of the causal pathways between ecological communities and
the myriad of services they sustain (Cardinale et al. 2012; Cheung et al. 2016; Ricketts et al.
2016; Ratcliffe et al. 2017). Experiments that manipulate community compositions have
unambiguously demonstrated the positive effect of species diversity on ecosystem
functioning over short and long timescales (Cardinale et al. 2006; Isbell et al. 2011; Isbell et al.
2015; Isbell et al. 2018). Recent studies have also convincingly shown that natural species-rich
communities are more productive and can deliver higher rates of ecosystem services than
impoverished communities (Grace et al. 2016; Duffy et al. 2017). Beyond the mere number of
species, the diversity of species traits and evolutionary histories have been shown to promote
ecosystem functioning in both controlled experiments and natural communities (Cadotte et
al. 2009; Flynn et al. 2011; Mora et al. 2014; Gross et al. 2017). In parallel, another line of
evidence suggests that particular species are key to ecosystem functioning as they contribute
disproportionally to certain processes when present (Bellwood et al. 2012; Reich 2012; Bozec
et al. 2016; Tobner et al. 2016; Meyer et al. 2018). However, identifying these key species
remains highly challenging in diverse ecosystems, such as tropical reefs or rainforests, where
many species co-occur and can have multiple or unique contributions to ecosystem functions
and services (Bozec et al. 2016; Pigot et al. 2016).

To tackle this challenge, ecologists can now use the increasing availability of extensive and
standardized databases that have compiled environmental, social and ecological information
across space and time (Cinner et al. 2016; Duffy et al. 2017). This emergence of large social-
ecological databases parallels what happened 20 years ago in genetics with advances in
genome sequencing generating millions of genetic variants for individual loci. To identify
genetic variants among this myriad of sequences that are more frequent in people with a
particular disease or traits of biomedical significance, genome-wide scans or genome-wide
association studies (GWAS) were developed (Bush & Moore 2012). Such an approach is
powerful to relate a given biological feature or trait to its underlying genetics, based on the
simple idea that if a genetic variant increases the frequency of a given trait it should be more
frequent in individuals with this trait than expected by chance (Visscher et al. 2017). Although

this approach does not attribute causality, it can uncover previously unsuspected, yet
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important, potential biological mechanisms and pathways (McCarthy & Hirschhorn 2008).
Although similar approaches have not been used in ecology, they hold much promise in
empirical community ecology where only a few, among dozens or even hundreds of species
(the ecological equivalents of genetic variants) can disproportionally drive ecosystem
functioning and the delivery of services (the equivalents of diseases, traits or phenotypes)
(Bellwood et al. 2006; Straub & Snyder 2006; Bozec et al. 2016; Meyer et al. 2018). This
approach could also reveal the unknown level of ecological pleiotropy in communities, i.e. the
propensity that a single species can be key to many ecological functions and services (Hooper
et al. 2005; Gascon et al. 2015). This term was initially coined by Strauss & Irwin (2004) [48]
by analogy to genetic pleiotropy, where one gene can influence two or more seemingly
unrelated phenotypic traits. Under ecological pleiotropy a few species, so only a small fraction
of biodiversity, may underpin many different ecosystem functions or services and would
deserve particular conservation actions.

Identifying functionally important or key species is particularly challenging in biodiverse
ecosystems, due largely to the complexity of interactions between species and with their
environment including human disturbances. For example, despite the large body of research
on coral reefs, the identification of fish species that disproportionally drive ecosystem
functioning is still in its infancy (Hoey & Bellwood 2009; Bellwood et al. 2012). The functional
importance of most coral reef fishes is still poorly understood, and no study has scanned entire
fish communities to detect potential links with ecosystem functioning and services at large
scale. Here, we develop a new community-wide scan (CWS) approach, analogous to the GWAS
approach, to identify key fish species that are linked to the delivery of services on coral reef
ecosystems. Here ‘key’ has a different meaning than ‘keystone’ which corresponds to a
“species whose effect is large, and disproportionately large relative to its abundance” (Paine
1966; Power et al. 1996). We define key species as those consistently and significantly
associated, i.e. above a certain statistical threshold, to a certain level of ecosystem functioning
or services.

More precisely, we propose a statistical framework and use empirical data from 1,824 Indo-
Pacific coral reefs hosting ~400 fish species to determine species whose presence is
disproportionately related to fish biomass and live coral cover which insure, for instance,
fisheries yield (McClanahan Timothy 2018) and coastal protection (Harris et al. 2018),

respectively. We then place those key species on a reef fish phylogeny, and in a functional
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trait space (Villeger et al. 2008) to show the extent of species traits and evolutionary lineages
that are necessary to sustain these two services on coral reefs. Identifying key species can
provide new research priorities to elucidate ecological processes by which such candidate
species positively affect coral reefs and to motivate a diversification of management options
to maintain fish communities and their associated services in the face of a highly uncertain

future.

6.2. Material and methods

6.2.1. General framework

The Community-Wide Scan (CWS) framework to identify species that are associated with
higher levels of ecosystem services involves three steps (Figure 6.1): i) collecting
environmental, socioeconomic, species presence and/or abundance, and indicators of
ecosystem services data across many sites; ii) modelling a given (or several) ecosystem service
as a function of this large set of predictor variables (socioeconomic, environmental conditions,
and species richness). The accuracy and parsimony of this comprehensive initial, or reference,
model (Mo) is validated according to its R?> and its Akaike Information Criterion (AlICwmo),
respectively; iii) testing the effect of each species separately on each ecosystem service
beyond the effect of previous variables including species richness. For this, the presence of a
given candidate species in a community (coded as a binary variable) is added as an explanatory
v