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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. | found that travel time is a strong predictor of fish
biomass. Second, using a downscaling of the travel time approach | illustrated how market proximity
can affect the behavior 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. Third, travel time was used to build a human gravity index, defined
as human population divided by the squared travel time, to better assess the level of human pressure
on any reef of the world. Then, 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. 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.

Key words: fish community, fish biomass, ecosystem functioning, ecosystem services, human pressure,

accessibility, gravity, Marine Protected Areas, coral reefs, socio-ecological systems, conservation.
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1. General introduction

Coral reefs are among the richest ecosystems on Earth. While covering less than 1 per cent of
the ocean floor (Spalding et al. 2001), 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). Millions of people in coastal
areas depend directly on the ecosystem goods and services provided by coral reefs which
sustain from artisanal subsistence fisheries, commercial fisheries, aquaculture, live reef-fish
for food industry, recreational fishing and aesthetic and spiritual values (Teh et al. 2013;
Cinner 2014). Coral reefs do not support only livelihood of people but they also offer coastal
protection, jobs, medicines, recreational and touristic opportunities (Ferrario et al. 2014).
Coral reefs are among the richest ecosystems on earth (Fisher et al. 2015) and provide
valuable and vital ecosystem services estimated on average at $350,000/ha/year (de Groot et
al. 2012). Coral-dominated reefs have higher productivity and when well-managed, coral reefs
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). Thus, fish are socially and
ecologically important and the challenge of maintaining both food supply and fish biodiversity
is one of the most challenging but also one of the most urgent challenge that scientists and

managers are facing today.

1.1. Research context

1.1.1. Importance of fish biodiversity on coral reefs

1.1.1.1. Linking biodiversity and 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), (i) 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
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consequences in the supply of ecosystem goods and services to human populations (Chapin
etal. 2000; Cardinale et al. 2012). A recent study used empirical measurements of biodiversity
and functioning of natural ecosystems to highlight 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 1.1 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 1.1 B) patterns (Danovaro et al. 2008; Mora
etal. 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.

A Experiments B Field studies

-— O —

25
5

|

2.0

|

Ecosystem Functioning
15

1.0

—

! | T T T
2 4 5 8 10 2 4 5 8 10

Diversity (species or functional richness)

Figure 1.1 | Experimental (A) and natural (B) ecosystems relationships between biodiversity

and ecosystem functioning (Mora et al. 2014).

1.1.1.2. Understanding the multiple facets of fish biodiversity
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
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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).

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, levels of redundancy are high
as functions are packed in a few functional entities while 38% of the functions are represented
by only one species and thus, are highly vulnerable. 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
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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
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).

1.1.2. Coral reefs in the Anthropocene

1.1.2.1. 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 animal protein consumed by human populations in
coastal regions or small islands (Moffitt & Cajas-Cano 2014) (Kawarazuka & Béné 2011; Teh et
al. 2013; Charlton et al. 2016) and also provide critical nutrients essential to human nutrition
(Béné et al. 2016; Golden et al. 2016; Thilsted et al. 2016). Coral reefs do not support only

livelihood of people they also offer coastal protection, medicines, recreational and touristic
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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).

1.1.2.2. 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; Rockstrom 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
pyramids 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
pyramids 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
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
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kilometre is enough to make bigger parrotfishes (Bolbometopon muricatum, Chlorurus sp.)

locally extinct (Figure 1.2).

abundance (individual ha™!)

50 4 Bolbometopon 80 - large Chlorurus
40 4 60 | .
30 4
40 4
20 1
10 4 7 =0.70 20 1 r? =0.67
o L]
0 9 'Y . ) ?_ U . . » ' . t
0 50 100 150 =200 0 50 100 150 >200
human population density (individual km~2) human population density (individual km™2)

Figure 1.2 | Relationships between human density (inhabitants per km2) 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. This results in heavier human pressure on remaining
fishes and ultimately, coral reef systems are not able to support services that people depend
on anymore. Ever increasing 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.

1.1.2.3. Complex population-environment dynamics in small-scale fisheries

Relationships between population growth and the environment are intensively debated in
social science with two main opposing views from Thomas Malthus and Ester Boserup.
Thomas Malthus promoted the idea that population grows exponentially and will always

exceed food production that grows linearly, leading to increasing poverty and inducing
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inevitable collapse of human societies (Malthus 1798). Ester Boserup published her theory
known as the ‘necessity is the mother of invention’ in the year 1965 and thus, challenged the
Malthusian theory. Her theory admits that the combination of population growth and natural
resource scarcity will inspire innovation to increase food production (Boserup 1965).

Applied to fisheries, Malthus’s theory predicts that the causes of overfishing are driven by
“too many fishers chasing too few fish” (Pauly 1990) with fishing effort growing
proportionately to human population growth. Regions in the world characterized by positive
population growth, high level of poverty and strong dependence on marine resources fall

within the context of ‘Malthusian overfishing’.

The relationships between population dynamics and fishery resources are more complex than
the concept of Malthusian overfishing implies and while there is compelling evidence that
human population growth can impact natural resources around the world (Vitousek et al.
1997; McKee et al. 2004; Johnson et al. 2017), it is not accurate to consider that global or local
population growth is the only driver affecting natural resources (Allison 2001; Robbins 2011).
Indeed 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). Also,
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).

From a management perspective, the Malthusian theory postulates that policy interventions
that reduce fisher access, the number of fishers, or the human population may be needed
(Pauly 1990; Roberts 1995) while the Boserupian theory predicts that environmental scarcity
leads to creativity, innovation and policy that conserves natural resources (Boserup 1965).
Fisheries management relies on a better understanding of all the factors affecting the coral
reef socio-ecological systems to provide effective and equitable actions without blaming local

fishermen (Finkbeiner et al. 2017).
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1.1.2.4. Importance of markets: the location theory

Earth’s ecosystems are under increasing pressure as globalization connects the world (Liu et
al. 2013). Markets create links between local activities and economic centers through trade
and have become one of the most important factors driving human activities 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). Von Thunen's Theory of Agricultural Location describes the influence of
the 'transport rate' on the location of agricultural activities in a region. His theory has long
been one of basic concerns in economic geography and states that agricultural goods are
produced at increasing distances from the market based on how expensive they are to
transport (Von Thinen 1966). Goods that are cheap to transport will be produced relatively
farther from the market than goods that are expensive to transport. His theory also points out

that it exists a distance beyond which no agricultural production takes place.

This theory might hold true for small-scale fisheries with transportation costs to reach both
fishing grounds and markets being critical. As many reefs are located in developing countries
(Mora et al. 2011), these costs are particularly relevant since scarce road network and poor
conditions roads will limit transportation. Thus, coral reefs might show great variability in their
degree of accessibility since (i) reefs are located on varied coastal and oceanic places with
different levels of infrastructure development (roads, markets); and (ii) fishing communities
can be located far from markets and thus face even greater transportation costs. This theory
has never been applied to coral reef socio-ecological systems while it seems promising to

better explain how human activities affect reefs.

1.1.2.5. 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
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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). If the social, institutional, and environmental conditions that support the success of
management to achieve ecological benefits are well studied (Dulvy et al. 2004; Mora et al.
2011; Williams et al. 2015b; Bozec et al. 2016b; Cinner et al. 2016), it remains to be explored
how conservation benefits of the different management actions (fishing restriction or marine
reserve) can be maximized (Devillers et al. 2015; Pressey et al. 2015). To date, the intensity of
human impacts in the surrounding seascape might influence the effectiveness of management
to achieve conservation gains (Devillers et al. 2015; Pressey et al. 2015), while these effects

have never been quantified.

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 affects the ability of MPAs to

achieve conservation objectives.

1.2. Better understanding the variations of fish biomass on coral reefs

1.2.1. The importance of fish biomass

Coral reefs host no less than 6,000 fish species which represent the major group of vertebrates
(Kulbicki et al. 2013). Fish play key roles in marine ecosystems functioning and ensure key
ecological processes. They maintain coral reef in a state of coral dominance with herbivorous

fish playing a key role in exerting a top-down control of algae and regulating coral-algae
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competition (Mumby et al. 2006; Hughes et al. 2007). They also regulate trophic structure and
thus influence the stability, resilience, and food web dynamics of aquatic ecosystems but also
participate to nutrients cycling and control algae and macrophytes growth (Holmlund &
Hammer 1999; Bascompte et al. 2005). Numerous studies have shown that fish biomass is a
strong predictor of species richness and their ecological functions. One effective way to
maintain fish species and their ecological roles is to prevent fish biomass from falling below a

critical threshold (McClanahan & Jadot 2017).

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). Beyond protein supply, fish also provide critical nutrients essential to human
nutrition, including iron, zinc, vitamin A, vitamin B12, omega-3 and omega-6 fatty acids, and
others (Béné et al. 2016; Golden et al. 2016; Thilsted et al. 2016) and is associated with a wide
range of health benefits (Mozaffarian & Rimm 2006; Black et al. 2013; Lund 2013).

Fish biomass is a primary driver of coral reef ecosystem services and has high importance
for the ecological processes and food and nutrition security. However, two questions remain
unresolved to better explain variations of fish biomass on coral reefs:
(1) Are many complementary species or only a subset of ‘key species’ are necessary?
(i) How can we improve our understanding of how people affect reefs by accounting

for the degree of accessibility to reefs by human populations?

1.2.2. Identifying key fish species for coral reef functioning

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
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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 fish communities 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 determinant of
ecosystem productivity, stability, invasibility, and nutrient dynamics (Tilman et al. 1996;
Tilman 1997; McCann 2000; Loreau et al. 2001; Tilman et al. 2001). 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.

1.2.3. 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.
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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
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.

1.2.4. 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.
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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.

1.3. 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 a heterogeneous seascape; and (ii)
evaluating the importance of these new metrics, in interaction with management, to explain

variations of fish biomass on coral reefs.
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These aims are addressed in four separate studies focusing on distinct research questions (RQ)
that remain unsolved (Figure 1.3):

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

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

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

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

beyond environmental and anthropogenic conditions?
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Figure 1.3 | Key aims of the thesis through 4 distinct research questions (RQ 1-4).

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

developed in introduction of each corresponding chapter.

In this general introduction (Chapter 1), | first provide the methodological and theoretical

basis of my PhD. Chapter 2 explains the framework | developed to assess travel time between
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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. Chapter 3 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. Chapter 4 describes how to combine travel time and human
population into an integrative metric of human impacts called ‘gravity’. It also explores how
the intensity of human gravity affects the effectiveness of management in tropical reefs.
Chapter 5 exposes the framework | developed to define which species are necessary to
maintain fish communities and their associated services beyond environmental and
anthropogenic conditions.

Lastly, Chapter 6 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. 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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2.1. 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, 20t century English author.

2.1.1. Theory on accessibility

Accessibility refers to transport geography which aims to quantify and qualify “the mobility of
people, freight and information and its spatial organization considering attributes and
constraints related to the origin, destination, extent, nature and purpose of movements”
(Rodrigue et al. 2016). Our ability to move or transport goods is refereed as ‘transportation’
in geography and is shaped by a wide range of human and physical constraints such as
distance, time, administrative boundaries and topography. Under these constraints, a friction
of distance is conferred to any movement. In other words, any movement can be converted
in time or in money (Rodrigue et al. 2016). Transportation is vital for economic and social
activities and thus is an important component of human societies (Edwards 1992). Also,
transportation relies on four essential components which are modes (vehicles),

infrastructures (routes), networks (organization) and flows (movement) (Rodrigue et al. 2016).

In my thesis, | have focused on the accessibility of coral reefs defined as the time for human
populations to reach the reefs. Since reefs are located on varied coastal and oceanic places
with different levels of infrastructure development (road networks, markets), | have
investigated how infrastructures can affect accessibility. The goal of this first chapter was to

determine how far coral reefs were from human populations.

2.1.2. Travel time calculation

2.1.2.1. 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
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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 include road
and rail networks, navigable rivers and shipping lanes. Environmental factors such as land
cover and slope can also affect travel speeds off the transport network. Political factors such
as national or international boundaries and border crossings can alter transportation and

provide 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.

2.1.2.2. 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 (QROADSv1) provided by the Centre for
International Earth Science Information Network (CIESIN), Columbia University, and
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/).
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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).

2.1.2.3. 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
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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 2