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ABSTRACT

Coral reefs around the world are at risk from overexploitation and climate change, and coral
reefs of the Red Sea are no exception. Science-based designation of marine protected areas
(MPAs), within which human activities are restricted, has become a popular method for
conserving biodiversity, restoring degraded habitats, and replenishing depleted populations. The
aim of this project was to explore adaptable methods for designing locally-manageable MPAs for
various conservation goals near Thuwal in the central Saudi Arabian Red Sea while allowing
human activities to continue. First, the potential for using simple spatial habitat distribution
metrics to aid in designing MPAs that are well-connected with larval supply was explored.
Results showed that the degree of habitat patchiness may be positively correlated with realized
dispersal distances, making it possible to space MPAs further apart in patchier habitats while still
maintaining larval connectivity. However, this relationship requires further study and may be
informative to MPA design only in the absence of spatially-explicit empirical dispersal data.
Next, biological data was collected, and the spatial variation in biomass, trophic structure,
biodiversity, and community assemblages on Thuwal reefs was analyzed in order to inform the
process of prioritizing reefs for inclusion in MPA networks. Inshore and offshore reef
community assemblages were found to be different and indicated relatively degraded inshore
habitats. These trends were used to select species and benthic categories that would be important
to conserve in a local MPA. The abundances of these “conservation features” were then modeled
throughout the study area, and the decision support software “Marxan” was used to design MPA
networks in Thuwal that included these features to achieve quantitative objectives. While
achieving objectives relevant to fisheries concerns was relatively more challenging, results
showed that it is possible to design a local MPA that achieves fisheries and biodiversity goals
simultaneously. However, future work should focus on expanding the biological dataset and on

acquiring socio-economic data in order to formulate a comprehensive local management plan.
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CHAPTER 1: GENERAL INTRODUCTION

1.1. Marine Protected Areas as Resource Management Tools

It is well-recognized that marine ecosystems around the world are at risk from overexploitation,
pollution, climate change, and other anthropogenic stressors (Hixon et al. 2001; Jackson et al.
2001; Hutchings and Reynolds 2004; Kappel 2005; Lotze et al. 2006). Risks to coral reefs and
their supporting ecosystems in particular, such as mangroves and sea grass meadows, have
received considerable attention from the scientific community, with predictive models indicating
severe declines by the year 2050 (Ellison and Farmsworth 1996; Knowlton 2001; Duarte 2002;

Hughes et al. 2003; Bellwood et al. 2004; Bellwood et al. 2006; Hughes et al. 2011).

In the attempt to slow or stop the decline of coral reefs, many governments have adopted
different strategies to manage their marine resources in a sustainable manner. Such strategies
include various types of restrictions on fishing, tourist activities, coastal development, and
different levels of spatial closure of sensitive areas to different kinds of activities. Such marine
protected areas (MPASs) have become one of the most popular and highly recommended tools
used for managing marine resources to achieve different goals depending on the interests of local

stakeholders (Game et al. 2009; McCook et al. 2010).

Many MPAs around the world have been shown to be successful in achieving their
intended goals. For example, it has been shown that MPAs have direct benefits to locally
exploited marine populations (Roberts and Polunin 1991; Halpern 2003; Halpern et al. 2003;

Almany et al. 2007; Planes et al. 2009), rapidly allowing stocks to recover (Halpern and Warner
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2002). Examples of MPAs that have achieved varying levels of success can be seen in locations
such as Kenya (McClanahan et al. 2007; McClanahan 2011), Chile (Manriquez and Castilla
2001), the Bahamas (Stoffle et al. 2010), Egypt (Samy et al. 2011), and the Philippines (Russ and

Alcala 1996), among others (Edgar et al. 2014).

However, only 10-15% of MPAs actually achieve their goals (McClanahan 1999; Mora
et al. 2009), and there are many reasons why such a large percentage of them fail. For example,
if the objectives of an MPA are not clear, it becomes difficult to design efficiently or assess its
success (Halpern 2003). Also, MPAs alone may not be sufficient to increase fish stocks or
conserve biodiversity. In the absence of management strategies against external stressors such as
pollution, habitat loss, and climate change, the benefits of MPAs are very limited (Allison et al.
1998; Jameson et al. 2002; Jones et al. 2004). Species-specific protection strategies must also be
in place to protect highly mobile species (e.g., sharks and many marine mammals), as spatial
closure cannot feasibly stretch across their entire home ranges (Hilborn et al. 2004). Moreover,
MPAs almost always fail in the absence of support from local communities and/or institutional
capacity to enforce and maintain those MPAs (Rudd 2000; Hilborn et al. 2004). Without these
important factors, MPAs become merely “paper parks”. If community involvement is absent,
MPAs will suffer constantly from illegal activities by fishermen and other reef users, and, in the
absence of institutional capacity (as in the Fijian example (Cooke et al. 2000)), communities are

not capable of preventing outsiders from exploiting their reefs.



14

MPAs must also be constantly monitored to evaluate their effectiveness, and they should
be altered when necessary (Halpern 2003; McCook et al. 2010). Doing so would also allow us to
fill in the knowledge gaps needed to understand exactly how effective different designs of MPAs

are in achieving their goals (Jones et al. 2007).

1.2. Marine Resource Management in Saudi Arabia

The Kingdom of Saudi Arabia (Figure 1.1) was founded in 1932 after the unification of its four
main regions by the now-ruling family of Saud. From then until the mid-1980s, oil production
made up more than 91% of Saudi Arabia’s income. However, as oil resources dwindle, oil
production now accounts for about 75% of state revenue. This led to other sectors, for example
fisheries (IUCN/UNEP 1988), becoming somewhat more significant sources of income.
Fisheries are the primary form of exploitation of marine resources in Saudi Arabia, as
international dive tourism is limited and coastal development remains minimal. However, there
IS a growing interest in internal SCUBA diving and freediving tourism for both locals and
expatriates. Moreover, there is a growing interest in cutting-edge scientific research in the Red
Sea, which is evident from the sizeable investments in universities such as the King Abdullah
University of Science and Technology (KAUST) (Mervis 2009) and organizations such as the
Living Oceans Foundation. Thus, the value of marine resources for Saudi Arabia are becoming

gradually more recognized.
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Figure 1.1: Map showing the location of Saudi Arabia and all countries bordering the Red Sea. The location of
Thuwal, which is the main study area of this thesis, is shown in red.

There are many reasons to believe that Saudi Arabia is in dire need of a comprehensive
plan for managing its marine resources. First, the fisheries of Saudi Arabia are thought to be
heavily overexploited (Jin et al. 2012), with significantly reduced populations of large predators
such as sharks throughout the country’s waters (Spaet et al. 2012; Spaet 2014; Spaet and
Berumen 2015). Also, a bleaching event has reduced coral cover from formerly 60% to 5% on
many inshore reefs in the central region down to 10 meters of depth (Furby et al. 2013), and the

abundance of herbivorous fishes and large fishes in general is surprisingly low compared to
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unexploited parts of the Red Sea and the world (Khalil et al. 2013; Kattan 2014). If fish stocks
are to recover, and if reefs are to retain adequate resilience to cope with disturbances, science-
based, interdisciplinary, and goal-oriented resource management should be established. Such
management should take into consideration a comprehensive view of the country’s economic and

cultural interests.

Overfishing seems to be the most serious threat to Saudi Arabian marine resources, as
both tourism and coastal development are, so far, limited (Gladstone 2000). Most (70%) of the
landings are from artisanal fishing carried out by nets and hand-lines on small, open, single-
engine boats (Jin et al. 2012). However, aquaculture and imports account for the majority of
actual seafood consumption within the country (Alruwais and Elhendy 2007). A conservative
estimate of the fishing fleet size is minimum 8-10,000 boats, and there is no net economic
benefit, while the recommended fleet size for sustainable exploitation is 3,200 boats (Jin et al.
2012). A major challenge (perhaps unique to Saudi Arabia) is presented by the fact that more
than half of the fishermen fishing the Saudi Red Sea are of non-Saudi nationalities. Fishermen
who are Bengali, Phillippino, Indian, Pakistani, Egyptian, and other nationalities are sponsored
by Saudi fleet owners to whom the fishermen pay boat rental fees. A recent “Saudization”
movement that was initiated by the Department of Fisheries Management is now requiring fleet
owners to hire more Saudi locals (Talal AbuShusha, personal communication), but at present, the
situation remains that most of the fishermen are non-local. They work with the aim of
accumulating enough savings to return to their home countries as quickly as possible or to

continuously send as much money as possible home to their families. Therefore, they are eager
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to be fishing heavily and diligently all year round (Gladstone 2000). Thus, obtaining the support
of expat fishermen to serve the goals of a long-term fisheries management plan may be
challenging, while approaching the Saudi fleet owners who sponsor them, as well as the small
percentage of local Saudi fishermen who often form exclusive local cooperatives, may be more

fruitful.

The Saudi Arabian government has previously been advised to designate up to 46 MPAs,
40 of which were proposed to be in the Red Sea and six in the Arabian Gulf (IUCN/UNEP 1988;
McClanahan 1999; PERSGA/GEF 2003). These recommendations were based mostly on large-
scale rapid ecological surveys focused on regional trends and patterns, carried out by regional
and international organizations such as the Regional Organization for the Conservation of the
Environment of the Red Sea and Gulf of Aden (PERSGA), the Global Environmental Facility
(GEF), and the International Union for Conservation of Nature (IUCN). Only 2 of the MPAs
proposed for the Red Sea were designated on paper and can be found by searching the online

MPA Global Database (Wood 2007):

1. The Farasan Islands: Designated in 1996 with an area of 3,310 km? (Wood 2007).
The area is known for a unique seasonal aggregation of the parrotfish Hipposcarus
harid (Gladstone 1996). This MPA briefly achieved relative success due to strong
community involvement. However, its success was short-lived. Lack of long-term

training and awareness programs for the locals and growing commercial fisheries in
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the area led to a decline in the effectiveness of the MPA (Gladstone 2000), the
status of which, at the moment, hardly surpasses that of a paper park.

2. Um Al-Qamari island: Designated in 1977, with an area of 2 km? (Wood 2007). It
was designated to protect a resident population of seabirds, and it is not clear
whether the protection also extends to the waters surrounding the island or if any
enforcement is taking place.

In addition to designated MPAs, Saudi Arabia has officially banned the fishing of sharks

(Department of Fisheries 2008). However, little to no enforcement of this ban takes place. Shark
fishing occurs on a daily basis, and hundreds of sharks are landed in the Jeddah fish market every

week (Spaet 2014; Spaet and Berumen 2015).

1.3. Thesis Objectives

The main aim of this dissertation research is to explore good practices for designing a science-
based locally-manageable network of MPAs in the central Saudi Arabian Red Sea. First, |
employ a comparative approach to explore the adequacy of using simple and easily-accessible
information about spatial habitat distribution in designing small-scale reserve networks that are
well-connected by fish larval supply. Then, I describe and analyze the spatial variation in basic
ecological variables (e.g. fish biomass, fish and benthic diversity, and benthic cover) and
community assemblages on the reefs of Thuwal, a small fishing village in the central Saudi
Arabian Red Sea (Figure 1.1). This information is required to provide a scientific basis on which

to prioritize local reefs for inclusion in MPA networks. Finally, I make use of a globally popular
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decision-making software program (Marxan) to optimize reserve network designs for multiple
conservation goals and target levels while aiming to minimize the costs of spatial closure. This
optimization exercise incorporates the ecological data as well as some basic information on reef
use by fishermen and the local dive operator. | also discuss the limitations of the project and the
knowledge gaps that should be filled in order to enhance the comprehensiveness of the proposed

networks to achieve different goals.

This work provides a model for designing locally-manageable MPAs in the Red Sea
using basic biological and spatial information and a free software tool that is useable by reef
managers with different scientific and non-scientific backgrounds. It also includes the first

application of Marxan in the Arabian region.
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CHAPTER 2: CAN SPATIAL HABITAT DISTRIBUTION PREDICT
LARVAL DISPERSAL PATTERNS AND INFORM MPA DESIGN?

2.1. Introduction

Marine protected areas (MPASs) that are well-connected with larval supply are pivotal when
managing coral reef systems to enhance their long-term persistence (Palumbi 2003; Green et al.
2015). This is based on the idea that MPAs can serve as protected stepping-stones that ensure the
supply and survival of adequate proportions of marine larvae; and, thus, appropriate spacing and
sizing of MPAs to ensure good connectivity becomes an important consideration (Almany et al.
2009; McCook et al. 2009). However, habitat area suitable for settlement is naturally patchy on
many reef systems, and such heterogeneity and patchiness is likely to increase in the future as
reef areas experience mortality events and habitat loss through climate change and destructive
human activities (e.g., Bell et al. 2001; Howel 2003). A good understanding of the influence of
habitat patchiness on larval dispersal patterns is, therefore, valuable for MPA network design but
has never been thoroughly explored (D’Aloia et al. 2013). Here, | tackle this problem using a
combined modeling and empirical approach to make a preliminary investigation of the
relationship between habitat patchiness and larval dispersal and the potential implications of this

relationship to MPA design.

In terrestrial ecology, studies that explored whether and how habitat distribution may affect
the dispersal patterns of species reported conflicting results (Fahrig 2003). For example, Bowler

and Benton (2005) found that the size of a habitat patch and its isolation affected the likelihood
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of a disperser encountering the edge of the habitat, and thus impacting migration patterns and
dispersal success. Habitat patch isolation was found to be negatively correlated with species
occupancy, while patch size is positively correlated with the same variable (Hanski and Thomas
1994). Other terrestrial studies, however, found that the sizes of habitat patches and distances
between them (habitat clustering) had a complex relationship with dispersal success (e.g.,
increasing or decreasing search time or the likelihood of encountering a habitat edge) that
depended on the scale of clustering and on species-specific parameters, such as dispersal
potential and larval behavior (Doak et al. 1992; Cattarino et al. 2013). Others still found no
relationships between spatial habitat features and dispersal patterns (Bender et al. 2003) or
concluded that, for widely-dispersing species (which would include many marine species, such
as corals) and species that are incapable of remotely detecting their target habitat, habitat
clustering had little or no impact (Fahrig and Paloheimo 1988; Fahrig 2001; Drew and Eggleston
2006). In marine ecosystems, on the other hand, this work lags far behind terrestrial studies. This
is mostly due to the inherent technological and biological challenges associated with studying
organisms that reproduce by spawning nearly untraceable larvae in a vast three-dimensional
aquatic environment. Nevertheless, considerable effort has been dedicated to studying larval
dispersal in marine organisms in order to inform the effective design of MPAs (McCook et al.
2009; Gaines et al. 2010). Relevant studies in coral reef ecosystems, aided by advances in
genetics and other technologies, have focused on questions such as: Where do fish larvae go? Is
self-recruitment sufficient to replenish protected areas and isolated habitats? Can MPAs

replenish unprotected areas via larval export? How far from the source do larvae actually settle
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(e.g., Almany et al. 2007; Berumen et al. 2012; Harrison et al. 2012; Almany et al. 2013)?
However, the relationship between the extent of habitat fragmentation (patchiness) and larval
dispersal in marine ecosystem, while acknowledged to be important (e.g., Jones et al. 2007;
D’Aloia et al. 2013), remains poorly understood. This chapter is a preliminary exploration of the
relationship between habitat patchiness and larval dispersal distances and includes a discussion

of how knowledge of spatial habitat distribution may be informative to MPA design.
2.2. Conceptual Framework

Here, | define the maximum potential dispersal distance as the maximum distance that larvae are
hypothetically capable of traveling during their pelagic phase in a given environment based on
their inherent energy stores and motility. Potential dispersal distances are usually estimated
based on laboratory studies of the pelagic larval phase (e.g., Heyward and Negri 2010). The
maximum realized dispersal distance, on the other hand, is defined as the actual dispersal
distance observed in the same environment and measured or estimated from empirical data (e.g.,

Almany et al. 2013). The maximum realized dispersal distance is the main focus of this study.

Hypothesis I: Assuming all other variables are equal, if habitat is continuous, then
maximum potential and realized dispersal distances would be equal (Jones et al. 2007). Habitat
patchiness could thus only shorten maximum realized dispersal distances (simply due to habitat
unavailability) or have no impact on them. In this scenario, increased habitat patchiness cannot

lead to realized dispersal distances being longer (Figure 2.1 a). This view assumes that, given the
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opportunity, a proportion of larvae would always disperse as far as they are inherently capable of

dispersing, reaching their maximum potential.

Hypothesis I1: Alternatively, in a continuous habitat and assuming all other variables are
equal, maximum realized and potential dispersal distances would not be equal. Rather, maximum
realized dispersal distances would be much shorter in a continuous habitat, as larvae would
attempt to settle as soon as they are competent and as close to their spawning grounds as
possible. It has already been shown that fish larvae seem to generally prefer to settle close to
home, and that recruitment declines sharply with distance from original spawning grounds
(Buston et al. 2012; D’Aloia et al. 2013). By this hypothesis, maximum realized dispersal
distances would be expected to be positively correlated with habitat patchiness, as a patchy
habitat would “force” some larvae to travel further within the limits of their maximum potential

in order to find suitable habitat (Figure 2.1 b).
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Figure 2.1: An illustration of two hypotheses of the effect of habitat patchiness on realized larval dispersal distances.
The top panels in both (a) and (b) demonstrate the relationship between realized and potential dispersal patterns
according to two different hypotheses in a continuous habitat. The lower panels demonstrate 3 different scenarios of
habitat patchiness and how they would affect realized dispersal. (a) Hypothesis I: Realized dispersal distances strive
to reach the maximum potential dispersal distance unless shortened by habitat patchiness; (b) Hypothesis IlI: If
habitat is available, realized dispersal tends to be as short as possible. Thus, under Hypothesis 11, habitat patchiness
may cause realized dispersal distances to be longer than they would be in a continuous habitat while remaining
within the maximum potential limit.

In this chapter, | test how habitat patchiness may be affecting maximum realized dispersal
distances. The question is approached using a comparison between three locations for which
empirical dispersal data as well as habitat maps are available. The three locations are: Thuwal, in
the central Saudi Arabian Red Sea, and Kimbe Bay and Manus Island, both in Papua New
Guinea (PNG). | describe the relative habitat patchiness of the three locations, using multiple
spatial indices, and then identify whether there may be a relationship between patchiness and
maximum realized dispersal distances. If Hypothesis | is true, | expect the longest maximum
realized dispersal distances to occur in the location with the least patchy (most continuous)
habitat distribution, whereas, if the alternative Hypothesis Il is true, the longest realized
maximum dispersal distances should occur in the location with the patchiest (least continuous)

habitat distribution.

2.3. Methods

2.3.1. Study Sites
In order to test the hypotheses above, three sites within the Indo-Pacific were selected in which
a) patchy reef habitat occurs and has been mapped, and b) larval dispersal patterns were studied

using empirical data.
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Thuwal

The Thuwal area includes 355 patch reefs of varying sizes distributed within an area of about
2200 km? along approximately 70 km of central Saudi Arabian Red Sea coastline (Figure 2.2 a).
The furthest reef is about 25 km from shore, and the area is close to two large coastal
establishments (the King Abdullah University of Science and Technology (KAUST) and the
King Abdullah Economic City (KAEC)) as well as a small fishing town called Thuwal (22.28°
N, 39.10° E), just south of KAUST. As is common for this region, these reefs are arranged in
small clusters, with relatively large, elongated, patches oriented on a north-south axis and

surrounded by smaller patches.
Kimbe Bay

The second location includes the west half of Kimbe Bay (150.00° S, -5.60° E), PNG, which is a
partially-implemented MPA. This area contains 298 reef patches along approximately 140 km of

coastline (Figure 2.2 b).
Manus Island

The third location (Figure 2.2 c) includes reefs along the south coast of Manus Island (2.06° S,
147.00° E), PNG, spanning the waters of (from west to east) Timonai, Tawi, Locha, and Pere,
which are artisanal fishing villages with autonomous control of their marine resources. This
range covers about 50 km of the island’s coastline. A total of 559 reef patches are found in this

area and used in this study.
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Figure 2.2: Study sites: (a) Thuwal, Saudi Arabian Red Sea; (b) Kimbe Bay, Papua New Guinea (PNG); (c) Manus
Island, PNG. Labeled locations mark the sites where adults were sampled for parentage analysis, and FSA stands for
fish spawning aggregation. In the case of Kimbe Bay, the labeled locations also mark where juveniles were sampled,
and in Thuwal, unlabeled red circles mark locations other than Qita Al Girsh where juveniles were sampled
(Nanninga et al. 2015). In Manus Island, juveniles were sampled in many locations along the coast (see Almany et
al. 2013).

2.3.2. Spatial Habitat Distribution
Reef habitat is the only habitat type considered in this study, and fragments of reef habitat are
referred to as patches or reefs. Patchiness is defined as the degree to which the habitat departs
from being continuous, taking into account the sizes (surface areas) of patches as well as the
distances between them in each of the study sites. Most patches considered in this study range

from having a perimeter of about 120 m to 6000 m, with a few outliers that are much larger. A
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list of spatial parameters relating to patchiness (potentially affecting the likelihood of a disperser
encountering or detecting a habitat edge) was considered in the comparison across the three sites.
These parameters were calculated in ArcMap 10.2 (ESRI 2014) and are summarized in Table

2.1.

Table 1.1: A summary of spatial parameters used to compare patchiness across the three study areas, a description of
each parameter, mathematical equations where applicable, and an explanation of how each is used to assess
patchiness. All parameters were calculated using ArcMap 10.2.

Parameter Description Equation (if applicable) Relevance to patchiness
Patch surface area  Summaries of the sizes of High proportions of smaller
distribution patches in the form of patches indicate more
descriptive statistics of reef patchiness, while high
patch areas. proportions of large reefs

indicate less patchiness.

Patch compactness  Summaries of the C=pla High proportions of more compact
distribution compactness of reef patches  Where C is patch patches indicate more
in the form of descriptive compactness, p is patchiness, while high
statistics. perimeter, and a is proportions of less compact
patch area. (complex) patches indicate less
patchiness.

Clustering A description of the spatial ANN =Dg / Dg -1 = Perfectly dispersed spatial
pattern in which the reef where D, is the distribution (distances between
patch matrix is organized. observed mean two neighboring patches is
Done by calculating the distance between always constant, most patchy)

Average Nearest Neighbor patches and Dg isthe 0 = random distribution
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Change in
detection zone
area as detection
radius changes

(Figure 2.3)

ratio (ANN). expected mean
distance in a random
distribution.
The distribution of the
distances between every

possible pair of patches.

The distributions of the total
reef areas available within

14 km of any given patch.

An analysis of the rate at Po= (A — A)IA;

which the summed total of where P, is the change

detection zone areas around in detection zone

all patches changes as a area A as the radius is
hypothetical detection increased from r to
radius increases. If patches 2r.

are close enough to each
other, detection zone areas
will overlap when detection
radius is increased, leading
to a smaller increase in total

detection zone area (Figure

1 = highly clustered distribution

(least patchy)

High proportions of long distances
indicate more patchiness, while
high proportions of short
distances indicate less
patchiness.

High proportions of smaller areas
indicate more patchiness, while
high proportions of large areas
indicate less patchiness

An increasing P indicates more
patchiness, while a lower or
decreasing P indicates less

patchiness.
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2.3).

Patch Surface Area Distributions

Using some of the analysis tools available in ArcMap 10.2 (ESRI 2014), the surface areas of
reefs were calculated and exported, and the distribution of areas were summarized. Reefs were
represented by polygons in vector files that were acquired from various mapping sources for

PNG and Saudi Arabia.

Patch Compactness

Approximate patch perimeters represented by polygon perimeters in ArcMap were also exported
and summarized for each location. The reef perimeter-to-area ratio was used as a measure of the
“compactness” of a patch. A high perimeter-to-area ratio indicates a less compact (long or
complex) reef shape, and a high frequency of non-compact reefs within a location potentially

indicates higher rates of habitat-edge encounters by dispersing larvae.

Clustering

An Average Nearest Neighbor (ANN) test was performed in ArcMap to determine the degree
and pattern of habitat clustering. The ANN index calculates the observed divided by the expected
mean Euclidean distance between patches and ranks the distribution of the geometric centers of

patches on a scale of -1 to 1, where -1 indicates a perfectly dispersed habitat distribution, zero
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indicates a random distribution of distances, and 1 indicates a highly clustered and, ordered,

distribution (Clark and Evans 1954).

Patch Proximity (distances between patches)

We performed a proximity analysis using the Generate Near Table (GNT) tool to measure the
distances between all patches in each location, summarized these distances, and compared them
across locations. The GNT tool measures the nearest distance (edge to nearest edge) between
each possible pair of patches. Thus, for each location with N number of reefs, there were N x (N
— 1) distances. However, | limited the comparison between locations to distances only within a

maximum of 45 km. This was to correct for the differences in the total sizes of the study sites.

Proximity of Habitat Area

We also performed another proximity analysis that takes into account the total area of habitat (as
opposed to number of patches) found within a 14 km radius of each patch. This was done in
order to compare the areas available for settlement in each location within the first few
kilometers of any potential source of larval supply. The 14 km radius was chosen based on the
results found in Almany et al. (2013) in Manus Island, which showed that 50% of larvae

dispersed within this approximate distance (see Dispersal Data below).

Change in Detection Zone Area as Detection Radius Changes

Because larvae have been shown to be capable of remotely detecting reefs using various sensory

cues (Tolimieri et al. 2000; Atema et al. 2002; Lecchini et al. 2005; Gerlach et al. 2007), habitat
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patchiness was explored while taking this into consideration. Using the Buffer tool in ArcMap, a
detection zone was created with a radius of 500 m from each reef edge, and its total area was
calculated in each location. This was carried out in such a way so that, if the detection zones of
two reefs overlapped, their areas would merge into one plane (Figure 2.3). The proportion of
increase in the total area of detection zones was then calculated as the radius was increased to
1000, 2000, and 4000 m (Table 2.1). The detection zones of two separate habitat patches would
not overlap unless the detection radius is larger than half the distance between their edges.
Therefore, when there is no overlap, as in a highly dispersed pattern of habitat distribution, the
proportion of increase in detection area would be relatively larger than it would be in the
presence of overlap, as in a highly clustered distribution (Figure 2.3). Therefore, the smaller the
proportion P of increase in detection area in one location, the less patchy (and thus easier to
detect) its habitat would be for a disperser that is able to detect habitat from 500, 1000, 2000, or

4000 m away.

(@) reef (b)

A
w

N\
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Figure 2.3: A demonstration of how the proportion of increase in habitat detection zone areas is used in this study to
compare habitat patchiness across locations. In a widely dispersed (very patchy) habitat distribution, as in (a), the
total area Al of a detection zone with a radius r from the edge of the habitat patches will increase to A2 if the radius
is doubled. There would be no overlap between the detection zones of separate patches, leaving gaps where habitat
cannot be detected by dispersing larvae. However, if patches are close enough together, as in (b), the proportion of
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increase in the area of the detection zone (from A1’ to A2’) will be smaller, as the detection zones will overlap and
merge, leaving fewer gaps in which dispersers are unable to detect habitat (see equation in Table 2.1).

2.3.3. Dispersal Distances
In Thuwal, the model organism used was the two-band anemonefish, Amphiprion bicinctus,
(Figure 2.4 a) which lays benthic eggs that hatch into larvae with a pelagic larval duration (PLD)
of approximately 11 days (Nanninga 2013; Nanninga et al. 2015). One potential source reef
within the Thuwal system was thoroughly sampled to create a unique genotype of nearly all
adults on the reef. Juveniles were collected throughout the study area, were genotyped, and
subsequently were screened against the parent pool to identify parent-offspring relationships (see
Nanninga et al. (2015) for full methodology). Using this maximum-likelihood parentage
analysis, Nanninga and colleagues assigned only 2 out of 342 sampled recruits to parents on Qita
Al Girsh (QG) one of which was self-recruited on the home reef (0.6% self-recruitment). This
extremely low self-recruitment is contrary to other studies of anemonefish connectivity, all of
which reported between 16-64% self-recruitment (Almany et al. 2007; Planes et al. 2009; Saenz-
Agudelo et al. 2011; Berumen et al. 2012). With such low percent assignment of juveniles to
parents in QG, it was not possible to accurately estimate dispersal distances for A. bicinctus
larvae in Thuwal based solely on the empirical data. However, connectivity model simulations
matched the empirical data and predicted that most surviving larvae in 2012 and 2013 were
located at fringing reefs 8 — 11 km to the east of QG when they reached settlement competency
(Nanninga et al. 2015). Unfortunately, none of the recruits sampled on fringing reefs (Figure 2.2

a) were successfully matched to parents on QG, and therefore, it is not possible to comment on
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recruitment from QG on the fringing reefs. However, for the purpose of this analysis, 11 km was

used as the maximum realized dispersal distance for A. bicinctus in Thuwal (Table 2.2).

Figure 2.4: The three species included in the study and for which parentage analyses had been carried out.
Amphiprion bicinctus (a) was studied in Thuwal, Red Sea (Nanninga et al. 2015); A. percula (b) was studied in
Kimbe Bay, Papua New Guinea (PNG); and the grouper Plectropomus areolatus (c) was studied in Manus Island,
PNG (Almany et al. 2013). Photos by Tane Sinclair-Taylor.

Another anemonefish species, Amphiprion percula (Figure 2.4 b), was extensively studied
in Kimbe Bay, PNG, in 2009 and 2011. This species has a comparable PLD to A. bicinctus (10 —
13 days) (Almany et al. 2007; Berumen et al. 2012). There was a major effort to sample nearly
100% of adult fish on island reefs within the entire bay. Out of 1447 juveniles screened, 407
(28.1%) were successfully matched to parents within the bay. The best estimates of the potential
dispersal distance in 2009 predicted that 50% and 95% of surviving larvae settled within 25.0
and 73.0 km, respectively. In 2011, 50% and 95% of surviving larvae settled within 18.5 and
53.5 km (M Bode, unpublished data). Thus, 53.5 and 73.5 km are used as the maximum realized

dispersal distances for A. percula in Kimbe Bay (Table 2.2).

In Manus Island, a similar study was conducted using a commercially valuable species of
grouper, Plectropomus areolatus (Figure 2.4 ¢). This species is a pelagic spawner and has a PLD

of about 4 weeks (2 — 3 times longer than A. bicinctus and A. percula). Adult aggregate to spawn
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from April to May at known sites near the island (Almany et al. 2013). Adults were collected at
spawning aggregation sites, and juveniles were collected throughout the study area. Out of 782
juveniles sampled, 76 (9.7%) were successfully assigned to parents from the spawning
aggregation site. The Ribbens function was used to estimate dispersal distances for P. areolatus
larvae. It was estimated that 50% and 95% of larvae recruited within 13 and 33 km of the
spawning site, respectively, with a mean dispersal distance of 14.4 km. Thus, 33 km was used as

the maximum realized dispersal distance for this species in Manus Island (Table 2.2).

Table 2.2: A summary listing the species for which larval dispersal distances were estimated in each location along
with their pelagic larval durations (PLDs), the maximum realized dispersal distances estimated, and an indication of
whether the estimates were fully validated with empirical genetic data.

Maximum realized
Location Species (PLD in days) dispersal distance (km) Empirical validation?
Thuwal Amphiprion bicinctus (11) 11 Incomplete
Kimbe Bay A. percula (10 - 13) 53.5and 73.5 Yes
Manus Island  Plectropomus areolatus (15 — 30) 33 Yes

2.3.4. Hypothesis Testing
The habitat patchiness of the three study sites was ranked on a relative scale from 1 to 3, where 1
= least patchy, 2 = moderately patchy, and 3 = highly patchy. Next, | examined how the available
maximum dispersal distance estimates in each location correlate with the rank of patchiness in
order to determine if the observations verify either of the hypotheses described (see section 2.2

Conceptual Framework).
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2.4. Results

2.4.1. Habitat Distribution

Patch Surface Area Distributions

In all three locations, most habitat patches were smaller than or equal to 0.016 km? Manus
Island had the largest percentage of reefs within this bin (64%), followed by Thuwal (46%), then
by Kimbe Bay (19%). The distribution of patch areas was highly skewed towards smaller
patches with a very small number of reefs larger than or equal to 1 km? (Figure 2.5). However,

Kimbe Bay was the least skewed, having the highest proportion of relatively larger patches.
Patch Compactness

Only Manus Island had the highest proportion of its reefs (12%) with a relatively high perimeter
to area ratio (higher than 0.1), indicating that, compared to Thuwal and Kimbe Bay, Manus
Island contained the least compact reefs (Figure 2.6). Thuwal and Kimbe Bay reefs, on the other
hand, had a skewed distribution towards much lower ratios (more compact reefs), with Thuwal
being less skewed (skewness = 0.9) than Kimbe Bay (skewness = 1.4). Thus, Kimbe Bay had the

highest proportion of compact reefs.
Clustering

With regards to the spatial pattern of reef patch distribution, the ANN index was largest (most
clustered) in Manus Island (0.68), smaller in Thuwal (0.50), and smallest (closest to a random

distribution) in Kimbe Bay (0.42). However, all three values were above zero, which indicates a
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clustered distribution in all three locations with Kimbe Bay being the least clustered and Manus

Island being the most clustered.

Thuwal
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60 1 Manus [sland
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Figure 2.5: The frequency distribution of reef sizes (in km?) in the three study sites (green = Thuwal, blue = Kimbe
Bay, red = Manus Island). In order to correct for differences in the number of reefs in each location, the percentage
of reefs is shown on the vertical axis. The break in the horizontal axis indicates a jump to much larger area bins as
well as a change in intervals to allow for showing outliers.

Patch Proximity (distances between patches)

Most of the distances between Manus Island reefs ranged from 2 to 5 km, whereas in Thuwal,
most distances ranged from 5 to 11 km. On the other hand, in Kimbe Bay, the distribution of
distances between reefs was relatively more even with a slight peak within the range of 32 to 37

km (Figure 2.7 a), which further supports a more random distribution of reefs in Kimbe Bay.
Area Available within a Fixed Distance from Patches

Similarly, within a fixed radius of 14 km from any reef patch, Manus Island had larger reef areas
(31 — 33 km?) available more frequently than in Thuwal or Kimbe Bay; Kimbe Bay’s most
frequently occurring range of available area was considerably smaller (9 — 12 km?), and Thuwal
did not have any comparable peaks, indicating a more even distribution of the amount of area

available (Figure 2.7 b).
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Figure 2.6: Frequency distribution of reef perimeter to area ratios in the three study sites: Thuwal (green), Kimbe
Bay (blue), and Manus Island (red). Peaks toward the left of the graph indicate higher proportions of compact reefs,
while peaks toward the right of the graph indicate relatively less compact reefs..

Change in Detection Zone Area as Detection Radius Changes When the hypothetical radius of
habitat detection by larvae increased from 500 to 1000 m, the total detection areas increased by
similar proportions in Thuwal and Kimbe Bay (Figure 2.8). Manus Island, on the other hand,

maintained a much smaller proportional increase at all detection radii, indicating more overlap of
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detection zones in Manus Island. This is due to reef patches being generally much closer together
in Manus Island. When the detection radius was increased from 1000 to 2000 m, the proportional
increase in Thuwal dropped to an intermediate value between Kimbe Bay and Manus Island,
indicating that patches were considerably closer together in Thuwal with this detection radius
(Figure 2.8). Therefore, dispersing larvae that can detect habitat from a distance of 1000, 2000,
or 4000 m should generally be able to detect habitat at a higher rate in Manus Island than either
Thuwal or Kimbe Bay, and if its detection radius is 2000 m, the detection rate would be higher in

Thuwal than in Kimbe Bay.

7547 (3

percentage of reefs (%)

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45
distance between reefs (km)



47

140 -
(b)

105 A

70 A

frequency

35 1

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 More
area of reefs available within 14 km radius of patch reefs (km?)

Figure 2.7: Two measures of habitat proximity shown across the three study sites: Thuwal (green), Kimbe Bay
(blue), and Manus Island (red): (a) shows the percentage of reefs found at different distance bins from each other. A
distribution that is skewed to the left indicates that a higher percentage of reefs are closer to each other, while a flat
curve indicates an even distribution of close and far distances; (b) shows the frequency distribution of different area
bins found within 14 km of any habitat patch. A peak at higher area bins indicates that large areas of habitat are
available more frequently within a distance of 14 km of any patch in that location. The distances in (a) were
calculated using the Generate Near Table tool in ArcMap. The areas in (b) were calculated by joining each “near
table” produced in (a), according to a unique reef ID number, to a corresponding table in which reef areas were
previously calculated. The analysis was then limited to a maximum of 14 km and the frequencies summarized.
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Figure 2.8: The relationship between increasing the radius at which a larva could detect habitat and the proportional
increase in the total area of the detection zone in Thuwal (green), Kimbe Bay (blue), and Manus Island (red). A low
or decreasing ratio in one location indicates the presence of more overlap between detection zones with an increase
in radius, which indicates that habitat patches are closer together at the given location and/or at a given radius. This,
in turn, indicates that dispersing larvae would have relatively higher detection rates at locations and radii where the
ratio of increase is lower.

2.4.2. Hypothesis Testing
Based on all six spatial distribution parameters described above, Manus Island was ranked as the
least patchy site (rank = 1, closest to being continuous), followed by Thuwal (rank = 2), followed

by Kimbe Bay as the patchiest habitat (rank = 3, least continuous) (Figure 2.9).

As predicted by Hypothesis Il, the location with the most continuous habitat distribution,
Manus Island, had a shorter estimated maximum realized dispersal distance (33 km for 95% of
P. areolatus larvae) than the location with the least continuous habitat, Kimbe Bay, which had
the longest estimated maximum dispersal distance (73.5 and 53.5 km for 95% of A. percula

larvae in 2009 and 2011, respectively). However, Thuwal, which has an intermediate habitat
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patchiness between Manus Island and Kimbe Bay, did not also have an intermediate maximum
realized dispersal distance (8 — 11 km for simulated A. bicinctus larvae) (Figure 2.9). Instead, the

maximum predicted distance in Thuwal was shorter than that estimated in Manus Island.
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Figure 2.9: An illustration of how the relative degree of patchiness in each of the three study sites relates to the
maximum realized dispersal distances estimated for the same locations. The least patchy and the patchiest locations
corresponded to the shortest and longest maximum realized dispersal distances, indicating that patchiness might
have a positive correlation with realized dispersal distances. However, the location with intermediate patchiness
(Thuwal) did not fit the model.

2.5. Discussion
The results of this study point to the relationship between habitat patchiness and larval dispersal
distances being more in agreement with Hypothesis Il rather than Hypothesis I; it seems more

likely that increased habitat patchiness leads to realized dispersal distances being longer than
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they would be in a continuous habitat. The least patchy (Manus Island) and the patchiest (Kimbe
Bay) location in this analysis had the shortest and longest maximum realized dispersal distances
derived from empirical dispersal data, respectively. However, the dispersal distance predicted by
the biophysical model in Thuwal, which had intermediate habitat patchiness, was even shorter
than the dispersal estimate in Manus Island, and so, did not fit within this model, which indicates

that further study of this relationship is needed to confirm this finding.

Nonetheless, the results offer a preliminary glance at the relationship between habitat
patchiness and dispersal, with potential implications to MPA network design. For instance, if the
goal of an MPA is the inclusion of the full range of dispersal for a particular species of interest, a
single reserve encompassing a potential good source of larvae and large enough to include most
of the dispersal range may be adequate in a more continuous habitat, whereas, in a patchy
habitat, achieving this goal would require the closure of multiple patches, creating a less compact
and more difficult MPA to manage. Moreover, a different tradeoff exists in a scenario where the
goal is to increase larval supply to unprotected areas (e.g., for the purpose of enhancing
fisheries). In such a scenario, it is generally advised to place multiple, small, MPAs that are far
enough apart to allow fishermen to fish between them but still close enough to ensure that larvae
from one MPA can reach another (Hastings and Botsford 2003; Jones et al. 2009). If MPAs are
too dense, they become difficult to manage and create difficulties for fishermen, and if they are
too far apart, they risk being unconnected with larval supply. The findings of this study suggest

that: 1) MPAs could be spaced further apart in more patchy habitats while remaining connected,
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and 2) MPA spacing guidelines should differ from one location to another depending on the

degree of habitat patchiness and the species of interest.

It has been previously stated that a pressing issue to address in current larval dispersal
research is the influence of factors driving variation in dispersal patterns (including habitat
patchiness) by expanding research efforts to multiple locations and species (D’Aloia et al. 2013).
The focus thus far in marine connectivity research has been on self-recruitment, where results
tend to show higher rates of self-recruitment in isolated habitats (Jones et al. 2009; Berumen et
al. 2012; Pinsky 2012). However, it is recognized that this trend is observed due, at least partly,
to the increase in the denominator of the self-recruitment fraction in continuous habitats (higher
influx of total recruits) (D’Aloia et al. 2013). By focusing on overall dispersal distances rather
than self-recruitment, and by including several locations and species, the comparative approach
used in this study may be more appropriate for studying the relationship between habitat

patchiness and dispersal.

However, while habitat patchiness does appear to have potential implications to dispersal
and reserve design, simple spatial parameters alone probably cannot replace empirical dispersal
information. It is still essential, whenever possible, to use empirical studies to increase
knowledge of the dispersal patterns of species that are important for conservation, as this leads to
much more efficient management (e.g., Costello et al. 2010). However, in the absence of

empirical data and models (both of which are costly and challenging to produce), spatial habitat
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distribution parameters may at least provide a general guidance in designing MPAs that have

larval connectivity goals.

It is also important to note that there are several uncontrolled variables in this analysis
which could have impacted the results. First, the sampling effort for parentage analysis in
Thuwal was much smaller than that of Kimbe Bay and Manus Island. This difference in
sampling effort and lack of replicate reefs for adult sampling in Thuwal could mean that the
variability of dispersal patterns in the Thuwal area was not adequately captured. A larger
sampling effort may have led to successful empirical estimates of dispersal rather than the

reliance on partially-validated model predictions.

The species considered in this study were also different, and species-specific variables may
have played a role in the differences found across locations. Anemonefish are restricted to reefs
where anemones are available for settlement, and therefore the density of anemones on reefs
within the study area, among other variables, could have impacted recruitment (Buston 2003). A
grouper such as P. areolatus, on the other hand, may recruit mostly to inner lagoons and reefs
with rich coral growth where adequate shelter is available for their style of predation (Froese and
Pauly 2014). Also, depending on the environment and the species, mortality in the first few days
after settlement may have been very different between the three locations (Almany and Webster
2006). Such aspects of microhabitat availability and post-settlement mortality could have
influenced recruitment patterns, and in turn, the results of parentage analyses and the estimations

of dispersal kernels. The inclusion of multiple species and locations in this analysis, however, is,



53

in principle, a positive aspect for testing the universality of the relationship between patchiness
and dispersal, and one that has been called for in the literature (e.g., D’Aloia et al. 2013).
However, a larger number of replicates would make the analysis more robust and allow for more
conclusive results. This could be made possible in the future as more empirical estimations of

dispersal become available for different species and locations.

Finally, the scale at which habitat patchiness and clustering needs to differ in order to
impact dispersal remains to be explored and would depend on a variety of environmental and
species-specific factors (e.g., Doak et al. 1992; Cattarino et al. 2013). It is possible, for instance,
that the differences in habitat distribution patterns between Thuwal and Manus Island are not
significant enough to clearly impact dispersal, but that Kimbe Bay’s habitat distribution is
significantly different from both other locations. A larger number of comparable studies to be
used in such a comparative analysis would make it possible to explore the strength of the
correlation between habitat distribution and dispersal patterns, and it could possibly lead to a

more quantitative and less relative understanding of the correlation.

2.6. Conclusions

This study suggests that increased habitat patchiness may be causing larvae to travel further than
they would in a continuous habitat, leading to longer overall realized dispersal distances. While
further exploration of the connection between habitat distribution and dispersal is needed, these
results have potential use in guiding simple MPA placement decisions; they indicate that, in

patchier habitats, MPAs could potentially be spaced further apart while remaining connected
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with larval supply. The use of empirical dispersal data whenever possible should remain the first
choice for guiding decision-making on the placement of MPAs that aim to achieve larval
connectivity. However, in the absence of funds and effort to produce such data or to produce
validated models, the use of a combination of simple spatial features of habitat distribution, such

as clustering and habitat proximity, may provide a general comparative guide.
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CHAPTER 3: SPATIAL VARIATION OF CORAL REEF
COMMUNITIES IN THUWAL

The previous chapter explored the potential for using simple information on spatial habitat
distribution in guiding basic decision-making for designing MPAs that aim to achieve larval
connectivity goals. It did not take into account any biological or ecological factors that could
indicate which reefs may be potential suppliers of larvae. Also, the empirical dispersal results in
Thuwal were atypical and less informative than the other two locations considered. Moreover,
many MPAs aim to conserve particular species that play important roles in the ecosystem, the
maximum number of species possible, or, for instance, a percentage of the available biomass of
commercially important species. In order to be able to address any of these goals, there is no
substitute for acquiring direct knowledge of the reef communities and describing spatial patterns
in factors such as biomass, biodiversity, and community assemblages. In this chapter, | explore
and describe some of these spatial patterns on Thuwal reefs in order to provide the necessary
information to guide the design of a local network of reserves for several potential goals, which

is the subject of the following chapter.

3.1. Introduction

Despite the uniqueness of its environment and the fact that it possesses one of the longest coral
reef systems in the world, the Red Sea remains a relatively understudied region of the world with
regards to coral reef ecology (Berumen et al. 2013). Detailed information on spatial patterns of

fish biomass, fish densities, and benthic and fish community assemblages are available only for



59

some parts of the Red Sea, mostly the Gulf of Agaba and parts of Egypt (e.g., Bouchon-Navaro
and Bouchon 1989; Alwany and Stachowitsch 2007). Saudi Arabia has the largest stretch of Red
Sea coastline (approximately 1700 km), and yet there are relatively few publications in coral reef

ecology available from the Saudi Arabian Red Sea (Berumen et al. 2013).

Previous ecological information from the Saudi Arabian Red Sea is mostly confined
either to reports prepared by collaborating regional and international organizations and published
in grey literature (e.g., PERSGA/GEF 2003) or to large-scale studies focused on regional trends
and patterns (e.g., Roberts et al. 1992; Price et al. 1998; DeVantier et al. 2000). With the
exception of a few recent studies (e.g., Furby et al. 2013), little work was done to characterize
reef communities on small, local, scales, which could be used to inform local resource-managers

and decision makers (e.g., Green et al. 2009; Almany et al. 2013).

However, recent expansion of research activity in Saudi Arabia (Mervis 2009) has begun
to address questions about the functioning of Red Sea reefs at local scales (e.g., Davis et al.
2011; Jessen et al. 2013; van der Merwe et al. 2014). One example is the thermal bleaching event
that occurred in summer 2010 (Furby et al. 2013, Pineda et al. 2013), which raised questions
about the potential local impact of human activities on reef resilience in the presence of climate
change (Khalil et al. 2013). Ongoing research efforts increasingly highlight the need for detailed

assessments of local, and regional (e.g., Roberts et al. in review), reef communities.

This study aims to describe the reef communities off the coast of Thuwal by exploring

spatial patterns of the biomass, density, and diversity of reef fishes, with focus on important
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trophic and commercial groups. | also describe the spatial variation in benthic cover and in fish
and benthic community assemblages. Finally, potential interpretations are suggested of what the
drivers of some of these spatial patterns may be, based on comparisons with other parts of the
world and information available in the literature. | expected to find a cross-shore gradient of
increasing fish biomass and diversity with distance from shore due to typical environmental
gradients in reef topography, depth, sedimentation, food availability, or human impact, which are
recurring patterns found in previous studies around the world (e.g., Fabricius 2005; Aguilar-
Perera and Appeldoorn 2008; Nemeth and Appeldoorn 2009; Malcolm et al. 2010) I also
expected to find clear differences in fish species richness and assemblages along a gradient of
live coral cover, richness, and algal cover (Roberts and Ormond 1987; Chabanet et al. 1997;

Chong-Seng et al. 2012).

3.2. Methods

3.2.1. Study Site
The Thuwal area includes 355 patch reefs of varying sizes distributed within an area of about
2200 km? along approximately 70 km of the central Saudi Arabian coast (Figure 3.1). The
furthest reef is about 25 km from shore. The study area also encompasses two large coastal
establishments (KAUST and the King Abdullah Economic City (KAEC)) as well as Thuwal
itself, which a small fishing town (22.28° N, 39.10° E). The area suffered from a severe

bleaching event in summer 2010, which had the highest impact on reefs closest to shore. Inshore
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reefs lost most of their adult coral cover up to a depth of 10 meters and experienced a change in

coral community assemblage (Furby et al. 2013).

We surveyed 9 reefs, three each at three different distances from shore (Figure 3.1). The
three offshore reefs (more than 15 km from shore and adjacent to waters deeper than 200 m)
were, from north to south, Abu Romah Reef (RR), Shib Nazar (NR), and Abu Madafi Reef
(AMR). Midshelf reefs (10 — 14 km from shore and adjacent to waters 50 — 200 m deep) were
Al-Fahal Reef (FR), Al-Taweel Reef (TWR), and Abu-Henshan Reef (AHR). Inshore reefs (less
than 5 km from shore and surrounded by waters around 20 m deep) were Abu Shosha Reef
(ASR), Tahla Reef (TR), and East Fsar Reef (EFR). The reefs are arranged in small clusters, with
relatively large elongated reef patches oriented on a north-south axis surrounded by smaller
patches. All study reefs have relatively steep walls dropping down to 20 m or deeper and shallow
reef tops, with the exception of inshore reefs which drop to a sloping seabed at 10 — 15 m

(Sheppard et al., 1992).

3.2.2. Fish and Benthic Surveys
Surveys were conducted in May 2013 at two depths (10 m and between 1 — 3 m (on the reef
crest)) at each of the 9 reefs. All transects were located on the west sides of the reefs, exposed to
prevailing winds, currents, and waves. Fish surveys were conducted along three 25 m transects at
each depth (a total of 6 transects per reef), where a diver swam along the transects twice; first to
record larger (> 18 cm) vagile fish in 25 x 8 m belts (while simultaneously laying out the transect

tape), and a second time, swimming in the opposite direction, to record smaller (< 18 cm), less
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mobile fish in 25 x 4 m belts. This method was chosen following Sandin et al. (2008) in order to
allow for comparability. Individual fishes were counted and their sizes were estimated and
placed in categories of total length incm (0 -3, 4-5, 6 — 10, 11 — 15, 16 — 20...61 - 70, 71 -
80...101 — 150, 151 — 200 cm). Categories larger than 100 cm were merged as only two species
(the moray eel Gymnothorax javanicus and the white tip reef shark Triaenodon obesus) were
observed in these categories, and there was less confidence in the accuracy of estimating these
sizes. Cryptic species were also not counted (see Table 3.1 for a list of species observed), as
these are poorly described in the Red Sea and require specific sampling methods (e.g.,

Tornabene et al. 2012).

Benthic surveys to determine live scleractinian (hard) coral cover, coral genus richness,
and other categories were conducted on the same transects as the fish surveys using the line-
intercept method. Apart from hard coral genera, soft coral cover was also recorded (to genus
level when possible), sponges, crustose coralline algae (CCA), turf algae, and “other” algae.
Transects for benthic surveys were 10 m long and located in the middle of each of the 25 m
transects used for counting fish, making a total of 6 transects per reef, 3 at each depth. The
transect length was chosen for its convenience in the field, to be comparable to previous studies
done in this region (Furby et al. 2013), and because it has been previously shown to be adequate
for quantitative studies of coral cover (Beenaerts and Berghe 2005). In order to minimize the
impact of any potential observer bias, all data were collected by the same divers (Jessica

Bouwmeester collected benthos data, Michael Berumen collected fish data).
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Figure 3.1: The study area and locations of survey reefs near the town of Thuwal, the King Abdullah University of
Science and Technology (KAUST), and the King Abdullah Economic City (KAEC). Depth is color coded as noted
in the inset key. The black color represents the shallowest portion of reef areas. Reef name abbreviations (see main
text) are shown next to their respective, color-coded marker circles: red = inshore reefs; green = midshelf reefs; blue
= offshore reefs. Geographic location is indicated by a decimal-degree grid on the left and top margins.
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3.2.3. Biomass, Abundance, and Diversity Calculations

3.2.3.1.

Fish Biomass and Abundance

Fish biomass was calculated following Friedlander and DeMartini (2002) using the equation:

W = a x L?, where W is the weight of the fish in grams, L is its total length (TL) in cm and a

and b are species-specific constants obtained from FishBase (2014) (Table 3.1). For the L value,

I used the mid-range value of each TL size category. When several values of a and b were

present in the database for a given species, | used an average of the available values, and when

values were absent, | used values based on length-weight relationship models for sister species,

the genus, or the family as provided by FishBase.

Table 3.1: List of all fish species found on the 9 study reefs, the families or sub-families they belong to, and the
trophic groups to which they were assigned, with corresponding a and b values obtained from FishBase (2014) and
used in biomass calculations. All data were collected in May 2013 from reefs near Thuwal in the central Saudi
Arabian Red Sea, with six 25 x 8 m belt transect replicates on each reef: 3 at 10 meters’ depth, and 3 at 2 meters’

depth.

Family/Sub-family Species Trophic group a b

Acanthurinae Acanthurus gahhm Herbivore 0.023 3.060
Acanthurinae Acanthurus nigrofuscus Herbivore 0.023 3.060
Acanthurinae Acanthurus sohal Herbivore 0.023 3.060
Acanthurinae Ctenochaetus striatus Herbivore 0.023 3.060
Acanthurinae Zebrasoma desjardinii Herbivore 0.034 2.861
Acanthurinae Zebrasoma xanthurum Herbivore 0.034 2.861
Amphiprioninae Amphiprion bicinctus Herbivore 0.020 3.000
Anthiinae Pseudanthias squamipinnis Planktivore 0.057 2.650
Balistidae Balistapus undulatus Carnivore 0.026 3.010
Balistidae Pseudobalistes flavimarginatus Carnivore 0.073 2.760
Balistidae Sufflamen albicaudatus Carnivore 0.030 2.957
Belonidae Tylosurus choram Carnivore 0.001 3.090
Bodianinae Bodianus axillaris Carnivore 0.011 3.039
Bodianinae Bodianus diana Carnivore 0.011 3.039
Caesioninae Caesio lunaris Planktivore 0.011 3.080
Caesioninae Caesio striata Planktivore 0.011 3.080




65

Carangidae
Carangidae
Carangidae
Carcharhinidae
Chaetodontidae
Chaetodontidae
Chaetodontidae
Chaetodontidae
Chaetodontidae
Chaetodontidae
Chaetodontidae
Chaetodontidae
Chaetodontidae
Cheilininae
Cheilininae
Cheilininae
Cirrhitidae
Cirrhitidae
Corinae
Corinae
Corinae
Corinae
Corinae
Corinae
Corinae
Corinae
Corinae
Corinae
Dasyatidae
Diodontidae
Ephippidae
Epinephelinae
Epinephelinae
Epinephelinae
Epinephelinae
Epinephelinae
Epinephelinae
Epinephelinae

Atule mate

Carangoides bajad
Caranx melampygus
Triaenodon obesus
Chaetodon auriga
Chaetodon austriacus
Chaetodon fasciatus
Chaetodon larvatus
Chaetodon melannotus
Chaetodon paucifasciatus
Chaetodon semilarvatus
Chaetodon trifascialis
Heniochus intermedius
Cheilinus abudjubbe
Cheilinus quinquecinctus
Epibulus insidiator
Cirrhitus pinnulatus
Paracirrhites forsteri
Anampses twistii

Coris cuvieri
Halichoeres hortulanus
Halichoeres scapularis
Hemigymnus fasciatus
Hologymnosus annulatus
Stethojulis albavittata
Thalassoma lunare
Thalassoma purpureum
Thalassoma rueppellii
Taeniura lymma

Diodon hystrix

Platax teira
Aethaloperca rogaa
Cephalopholis argus
Cephalopholis hemistiktos
Cephalopholis miniata
Epinephelus chlorostigma
Epinephelus stoliczkae
Epinephelus summana

Top Predator
Top Predator
Top Predator
Top Predator
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Herbivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Top Predator
Top Predator

0.009
0.009
0.009
0.009
0.032
0.023
0.023
0.026
0.027
0.023
0.023
0.035
0.017
0.015
0.015
0.016
0.021
0.009
0.020
0.003
0.012
0.005
0.017
0.004
0.013
0.021
0.026
0.021
0.013
0.337
0.043
0.030
0.012
0.022
0.017
0.011
0.011
0.021

3.052
3.052
3.052
3.052
2.920
3.130
3.130
3.100
3.049
3.130
3.130
2.860
3.211
3.070
3.000
3.081
3.000
3.070
3.000
3.489
3.064
3.382
3.000
3.010
3.077
2.814
3.000
2.814
3.100
2.364
2.975
3.000
3.120
3.000
2.990
3.078
3.040
3.000
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Fistulariidae
Holocentrinae
Holocentrinae
Holocentrinae
Holocentrinae
Holocentrinae
Kyphosinae
Labridae
Labridae
Labridae
Labridae
Labridae
Labridae
Labridae
Lethrininae
Lethrininae
Lutjaninae
Lutjaninae
Lutjaninae
Lutjaninae
Lutjaninae
Lutjaninae
Monacanthidae
Monacanthidae
Monacanthidae
Monotaxinae
Mullidae
Mullidae
Muraeninae
Nasinae
Nasinae
Nasinae
Nasinae
Nemipteridae
Ostraciidae
Pempheridae
Pempheridae

Variola louti
Fistularia commersonii
Myripristis murdjan
Neoniphon sammara

Sargocentron caudimaculatum

Sargocentron diadema
Sargocentron spiniferum
Kyphosus sp.
Gomphosus caeruleus
Labroides dimidiatus
Larabicus quadrilineatus
Novaculichthys taeniourus
Oxycheilinus digramma
Oxycheilinus mentalis
Paracheilinus octotaenia
Lethrinus harak
Lethrinus xanthochilus
Lutjanus bohar

Lutjanus ehrenbergii
Lutjanus fulviflamma
Lutjanus gibbus
Lutjanus kasmira
Lutjanus monostigma
Aluterus scriptus
Amanses scopas
Paraluteres arqgat
Monotaxis grandoculis
Mulloidichthys vanicolensis
Parupeneus forsskali
Gymnothorax javanicus
Naso brevirostris

Naso elegans

Naso hexacanthus

Naso unicornis
Scolopsis ghanam
Ostracion cubicus
Pempheris sp.
Pempheris vanicolensis

Carnivore
Carnivore
Planktivore
Carnivore
Carnivore
Carnivore
Carnivore
Herbivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Top Predator
Top Predator
Top Predator
Top Predator
Top Predator
Top Predator
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Top Predator
Herbivore
Herbivore
Planktivore
Herbivore
Carnivore
Carnivore
Carnivore
Carnivore

0.014
0.001
0.019
0.021
0.019
0.012
0.019
0.023
0.024
0.006
0.011
0.011
0.049
0.049
0.011
0.017
0.022
0.016
0.003
0.027
0.023
0.011
0.022
0.823
0.022
0.010
0.027
0.012
0.010
0.001
0.060
0.023
0.042
0.028
0.012
0.115
0.012
0.012

3.117
3.000
3.034
3.036
3.050
3.120
3.050
3.055
2.703
3.231
3.039
3.039
2.450
2.450
3.039
3.037
2.940
3.059
3.335
2.935
3.060
3.154
2.913
1.814
2.922
3.150
2.960
3.167
3.110
3.100
2.743
3.060
2.854
2.980
2.990
2.550
3.064
3.064
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Plectorhinchinae
Pomacanthidae
Pomacanthidae
Pomacanthidae
Pomacanthidae
Pomacanthidae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Pomacentrinae
Priacanthidae
Pseudodacinae
Ptereleotridae
Pteroinae
Pteroinae
Scarinae
Scarinae
Scarinae
Scarinae
Scarinae
Scarinae
Scarinae
Scarinae
Scarinae
Serranidae
Siganidae

Plectorhinchus gaterinus
Centropyge multispinis
Pomacanthus asfur
Pomacanthus imperator
Pomacanthus maculosus
Pygoplites diacanthus
Abudefduf sexfasciatus
Abudefduf vaigiensis
Amblyglyphidodon flavilatus
Amblyglyphidodon indicus
Chromis dimidiata
Chromis flavaxilla
Chromis viridis

Chromis weberi
Dascyllus aruanus
Dascyllus marginatus
Dascyllus trimaculatus
Neoglyphidodon melas
Plectroglyphididon lacrymatus
Pomacentrus sulfureus
Pomacentrus trichrourus
Stegastes nigricans
Priacanthus hamrur
Pseudodax moluccanus
Ptereleotris heteroptera
Pterois miles

Pterois radiata
Cetoscarus bicolor
Chlorurus gibbus
Chlorurus sordidus
Hipposcarus harid
Scarus ferrugineus
Scarus frenatus

Scarus niger

Scarus rivulatus

Scarus rubroviolaceus
Plectropomus areolatus
Siganus luridus

Carnivore
Carnivore
Carnivore
Carnivore
Carnivore
Herbivore
Herbivore
Herbivore
Planktivore
Planktivore
Planktivore
Planktivore
Planktivore
Planktivore
Planktivore
Planktivore
Planktivore
Carnivore
Herbivore
Herbivore
Herbivore
Omnivore
Carnivore
Carnivore
Planktivore
Carnivore
Carnivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Top Predator
Herbivore

0.017
0.031
0.034
0.034
0.034
0.031
0.023
0.020
0.023
0.023
0.057
0.057
0.048
0.057
0.050
0.018
0.060
0.018
0.061
0.030
0.031
0.030
0.031
0.011
0.004
0.011
0.011
0.020
0.019
0.019
0.013
0.025
0.025
0.018
0.020
0.014
0.012
0.019

3.040
2.885
2.968
2.968
2.968
2.885
3.130
3.034
3.130
3.130
2.650
2.650
2.710
2.650
2.736
3.000
2.850
3.182
2.635
2.870
3.000
3.048
2.788
3.039
3.120
3.270
3.270
3.000
3.100
3.100
3.050
3.000
3.000
3.130
3.091
3.109
3.060
2.956
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Siganidae Siganus rivulatus Herbivore 0.013 3.014
Siganidae Siganus stellatus Herbivore 0.014 3.138
Sparidae Acanthopagrus bifasciatus Carnivore 0.023 3.130
Sparisomatinae Calotomus viridescens Herbivore 0.012 3.167
Tetraodontidae Arothron diadematus Carnivore 0.017 2.960
Total: 136 species

44 families

The average biomass of all species was then calculated in kg/100 m? for each reef, and,
from these values, | extracted and summarized the biomass of four trophic guilds (top predators,
carnivores, herbivores, and planktivores) and 3 major groups of commercial fish, which included
25 species in 5 subfamilies: parrotfishes (Scarinae and Sparisomatinae: 10 species), snappers
(Lutjaninae: 6 species), and groupers (Serraninae and Epinephelinae: 9 species) (Table 3.2). The
study species were assigned to the most appropriate one of the four trophic guilds defined by
Sandin et al. (2008). The mean number of fish (hereafter, density) was also calculated per 100

m>.

Table 3.2: A list of fish species found during the surveys and that were assigned to 3 of the most commercially valued
and heavily-targeted fish groups by fishermen in Saudi Arabia: parrotfish, snappers, and groupers, and the
subfamilies to which they belong.

Group Sub-family Species

Parrotfishes Scarinae Cetoscarus bicolor
Scarinae Chlorurus gibbus
Scarinae Chlorurus sordidus
Scarinae Hipposcarus harid
Scarinae Scarus ferrugineus
Scarinae Scarus frenatus
Scarinae Scarus niger
Scarinae Scarus rivulatus

Scarinae Scarus rubroviolaceus
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Sparisomatinae Calotomus viridescens

Snappers Lutjaninae Lutjanus bohar
Lutjaninae Lutjanus ehrenbergii
Lutjaninae Lutjanus fulviflamma
Lutjaninae Lutjanus gibbus
Lutjaninae Lutjanus kasmira
Lutjaninae Lutjanus monostigma

Groupers Epinephelinae Aethaloperca rogaa
Epinephelinae Cephalopholis argus
Epinephelinae Cephalopholis hemistiktos
Epinephelinae Cephalopholis miniata
Epinephelinae Epinephelus chlorostigma
Epinephelinae Epinephelus stoliczkae
Epinephelinae Epinephelus summana
Epinephelinae Variola louti
Serraninae Plectropomus areolatus

Parrotfish Total: 10 species

Snappers Total: 6 species

Groupers Total: 9 species

Grand Total: 25 pecies

3.2.3.2.  Fish and Coral Diversity
The total number of fish species (species richness) per reef was determined (i.e., if an individual
was recorded on any one of the six transects per reef). Species richness was then used to

calculate Shannon’s Diversity Index (H), which was in turn used to calculate species evenness
using the equations: Hg) = — Zle(P(l-) xInP)) and Egy = Hgy/InS, where Hg) is
Shannon’s Diversity Index for a reef R, which has 1 = S number of species (thus, S is species
richness), P is the proportion of species i (number of individuals of the species/total number of

individuals of all species), and Ey is species evenness for reef R (Heip et al. 1998). The only

diversity index measured for scleractinian corals was total genus richness per reef, which has
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been shown to be an adequate surrogate for species richness, (Balmford et al. 1996; Bett and
Narayanaswamy 2013). Species richness was not measured directly for the sake of convenience
in the field and due to the high probability of identification errors encountered within many
genera present in the Red Sea. Several recent studies in the region have revealed troublesome
scleractinian groups and new taxonomic discoveries (e.g., Huang et al. 2014; Terraneo et al.
2014; Arrigoni et al. 2015; Bouwmeester et al. 2015), highlighting the need for caution when

working at the species level in this region until coral taxonomy is formally revised.

3.2.4. Spatial Trends and Statistical Analysis
The data collected were examined for cross-shore patterns and differences between reefs using
Pearson’s correlation and Kruskal-Wallis tests (KW) with post-hoc Mann-Whitney U tests
(MW). One-way ANOVA tests and post-hoc Tukey’s tests were used with datasets that met
assumptions of normality. | also examined whether coral cover or coral genus richness correlated
with either fish biomass or species richness. SPSS Statistics®, version 21, was used for these

statistical analyses.

3.2.5. Fish and Benthic Community Assemblages
In order to identify and analyze patterns of similarity in community assemblages across reefs, |
created non-metric multidimensional scaling (NMDS) plots using fish biomass, fish densities,
and benthic cover data. All data were log-transformed (Log(x + 1)) to ensure that all species
have similar influence on the analysis regardless of the abundance range in which they occur,

and the Bray-Curtis method was used to create all resemblance matrices. As per guidelines
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provided by Clarke (1993) for ecological data, | considered plots with 2D stress values higher
than 0.2 to be poor representations of the data in 2-dimensional space, while stress values lower
than 0.1 to be excellent representations. Most analyses were followed up by analyses of
similarity (ANOSIM) to test for significant clustering and similarity percentage (SIMPER)
analyses to identify the top species or categories contributing to dissimilarity between clusters
(Clarke 1993). The software PRIMER, version 6, was used for these analyses (Clarke and

Gorley 2006).

3.3. Results

3.3.1. Fish Biomass and Trophic Composition
A grand total of 13,792 fish from 136 species and 44 families/sub-families (Table 3.1) were
counted on the surveys. Two of the offshore reefs, NR and AMR, had the highest mean fish
biomass values of 17.2 (+6.1) and 16.2 (+4.3) kg/100 m?, respectively (Table 3.3, Figure 3.2 a).
However, while AMR also had a relatively high mean numerical density of fish compared to the
other reefs (308.2 +55.6 fish/100 m?), NR had one of the lowest (140.4 +25.3 fish/100 m?). The
reefs that had the highest mean fish densities were the midshelf reef TWR with 361.8 +48.1

fish/100 m? and the inshore reef TR with 354.0 (+40.1) fish/100 m? (Figure 3.2 b).

Overall, mean fish biomass increased significantly with distance from shore (Figure 3.3)
measured to the nearest kilometer (R = 0.804, R? = 0.646, p = 0.009) and differed between
individual reefs (pkw = 0.004). Multiple MW comparisons showed significant differences

between the offshore reef AMR and the two midshelf reefs, FR and TWR (z = -3.12 and -2.82,
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and pmw = 0.002 and 0.005, respectively; corrected alpha value = 0.012). With regards to
density, the inshore reef ASR differed significantly from TWR (midshelf) and TR (inshore)

(Prukey = 0.003 and 0.005, respectively).

Table 3.3: Mean and total fish biomass from 9 reefs near Thuwal in the central Saudi Arabian Red Sea, expressed as
mean kg/100 m? (+ SE) on each of the surveyed reefs. Each reef was surveyed using six replicate visual belt
transects. Distance from shore indicates the location of each reef on the continental shelf, Reef is the name of each
study reef (see main text for abbreviations). Values are divided into trophic groups (planktivores, herbivores,
carnivores, and top predators) and shown as a Total for all groups combined.

Distance Biomass

from shore Reef Planktivores Herbivores Carnivores Top Predators  Total
RR - 151(04) 5.65(+13)  189(05)  1.10(x0.4) (13-103)

offshore  NR  1.10 (:0.6) 799 (£26) 202 (:04) 612 (:48) (136212)
AMR  2.45 (+0.6) 11.96 (+3.7)  155(x0.4)  0.26 (+0.1) (15425)
FR 058 (x0.2) 315(x1.0) 203 (:04)  0.74 (20.5) ?;5102)

midshelf ~ TWR 058 (+0.4) 371(+12)  200(x03) 034 (+0.1) ?46132)
AHR  1.29 (x0.4) 6.80 (+27) 237 (:04) 101 (:0.7) (13242)
ASR  0.18 (0.) 762 (x45)  165(x0.4) 0.0 (x0.1) ?;5146)

inshore TR 133 (20.8) 677 (x2.3)  200(x02)  0.41(20.) (14‘_)4591)
EFR  0.01(x0.0) 7.67(¥35)  1.72(x03) 040 (+0.2) 5(9301)

Although the biomass of all four trophic guilds increased slightly with distance from
shore, only herbivores showed a moderate and significant positive correlation (R = 0.675, R® =
0.47, p = 0.046). Trophic composition on all reefs is dominated by herbivorous fishes with few

to no top predators. Only two sharks (two Triaenodon obesus individuals) were observed during
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the surveys, both of which were on the same transect on the offshore reef NR. Other observed

fish that were considered top predators were grouper, snapper, eel, and jack species.
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Figure 3.2: Fish biomass: (a) Mean fish biomass in kg/100 m? for each of the 9 study reefs, color-coded according to
stacked trophic group as per the inset key (planktivores, herbivores, carnivores, or top predators); significant
differences were found only between overall biomass on AMR and FR, and between AMR and TWR (Pmann-whitney <
0.01); (b) mean fish density (fish/100 m2) for each reef (no significant differences found, pxuska-wanis > 0.05). Reef
name abbreviations are presented on the x-axis (see main text for full names) and separated according to distance

from shore into offshore, midshelf, and inshore reefs. All data were collected in May 2013 from the central Saudi
Red Sea.
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Figure 3.3: A scatterplot showing the relationship between mean fish biomass in Kg/100m? and distance from shore
to the nearest kilometer. Mean values for each point were calculated from 6 transects on one reef, 3 at 2 m depth,
and 3 at 10 m depth. Error bars represent standard error of the mean.

3.3.2. Commercial Fish
The reefs RR (offshore) and TR (inshore) had the highest biomass of parrotfish and groupers,
respectively, and RR had the highest overall mean biomass of the three commercial fish groups
combined with 3.1 0.9 kg/100 m? (Figure 3.4 a). However, none of these observations were
statistically significant (KW, p > 0.05 for all tests). Regression analyses showed insignificant
correlations with distance from the Thuwal fishing port for all 3 groups (parrotfish: R = 0.307, R?
=0.094, p = 0.422; snappers: R = 0.599, R = 0.359, p = 0.088; groupers: R = 0.025, R* = 0.001,

p = 0.950; Figure 3.4 b).
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Figure 3.4: Commercial fish biomass. (a) Mean biomass from the 9 study reefs of the 3 most targeted commercial fish
groups: parrotfish, snappers, and groupers, color-coded as indicated by the inset key. Bars represent standard error,
and reef name abbreviations are presented on the x-axis and separated according to distance from shore into
offshore, midshelf, and inshore reefs; (b) scatterplot of the mean biomass per 100 m” of the three fish groups in (a)
for each reef against distance from the Thuwal port. Increasing distance from port is used as a proxy for decreasing
fishing pressure. R? values are shown on the right indicate no strong correlations. All data were collected in May
2013 near Thuwal in the central Saudi Red Sea. Mean values are calculated from six visual belt transects per reef; 3
at10 mand 3 at 2 m.
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3.3.3. Coral and Algal Cover
We recorded a total of 38 benthic categories, including 25 genera of scleractinian corals (listed in
Table 3.4). Mean percent coral cover ranged from 8.35 % (£3.3) on inshore reef ASR to 30.70 %
(x3.7) on midshelf reef TWR (Table 3.5). There was no strong correlation between coral cover
and distance from shore (R = 0.470 , R*= 0.221, p = 0.202). However, One-way ANOVA tests
showed significant difference between reefs (F = 16.7, p = 3 x 10®), and post-hocs showed that
coral cover on inshore reefs was significantly lower than that of midshelf reefs (prukey = 2 X 10)
and offshore reefs (Prukey = 7 X 10'®). Coral cover also did not correlate strongly with fish species

richness or with fish biomass (R*= 0.10 and 0.01, respectively).

Table 3.4: List of benthic categories recorded on the 9 study reefs. The taxonomic sub-categories (mostly genera)
are listed in the second column as recorded during the surveys. A total of 25 scleractinian genera were recorded, at
least 6 soft coral genera (the sub-category “Xenidae” may have included more than one genus which were
unidentifiable in the field), and one genus of hydrozoan. Sponges and algae were recorded as general categories and
the rest are non-living substrate categories. All data were collected using the line-intercept method in May 2013 near
Thual in the central Saudi Arabian Red Sea on shorter (10 m long) subsets of the same transects used to collect fish
data. There were 3 replicates at 10 m, and 3 at 2 m.

Benthic Category Genus/Sub-category

Scleractinia Acropora
Astreopora
Ctenactis
Cyphastrea
Diploastrea
Echinopora
Echinophyllia
Dipsastraea
Favites
Fungia
Galaxea
Gardineroseris
Goniastrea



Soft corals

Hydrozoans
Sponge

Crustose coralline algae

(CCA)
Turf algae
Other algae
Rock
Rubble
Sand

Goniopora
Gyrosmilia
Leptastrea
Lobophyllia
Montipora
Pavona
Playtgyra
Pocillopora
Porites
Psammocora
Stylocoeniella
Stylophora
Palythoa
Rhytisma
Sarcophyton
Sinularia
Tubipora
Xenidae
Millepora

Table 3.5: Mean cover (xSE) of benthic categories recorded on the 9 study reefs near Thuwal in the central Saudi
Arabian Red Sea in May 2013. Reef names are shown as abbreviations in column headers and separated according
to distance from shore. Data were collected on 10 m long transects at 10 m and 2 m depths using the line-intercept
method. The category Hard corals summarizes values for 25 scleractinian coral genera that were observed (listed in
Table 3.4); Soft corals summarize at least 6 genera; Hydrozoans contained only the genus Millepora; and the
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remaining categories were recorded as shown in the table.

Benthic
category

Mean percent cover (+SE)

midshore

NR

AMR | FR

TWR
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26.4 21.3 28.6 26.3 24.8 30.7 8.4 14.9 13.2

Hard corals
(x4.6) (x25) (x2.0) (£4.3) (249) (*3.7) (*3.3) (x2.8) (£1.8)
Soft corals 0.3 15.7 8.2 16.7 5.4 5.8 3 7.6 3.7
(20.3) (*x2.0) (¥2.8) (£5.1) (£0.9) (x2.3) (x1.4) (3.5 (£2.6)
Hydrozoans 15 0.3 1.8 1.7 0.0 0.6 0.0 0.2 0.0
(x1.2) (x0.2) (x1.2) (£1.7) (x0.0) (x0.3) (x0.0)0 (x0.2) (x0.0)
Sponges 0.6 0.2 0.7 0.5 3.8 1.6 0.9 0.3 2.6

(+0.6) (20.2) (£04) (#05) (¥2.5) (205) (£05) (+0.3) (21.5)

CCA 21.9 9.4 29.3 8.1 2.5 26.1 9.7 9.8 0.2
(#9.7) (¥21) (#6.5) (+3.9) (*¥15) (¥8.2) (¥5.0) (#3.7) (0.2

0.0 0.0 0.3 1.8 3.7 7.9 2.4 11.7 143

Turf algae
(x0.0) (x0.0) (+0.3) (x1.8) (+0.8) (#5.1) (x1.1) (£5.1) (6.5)
Other algae 0.0 0.0 0.2 0.1 0.3 0.4 0.0 0.2 0.0
(x0.0) (x0.0) (%0.2) (x0.1) (x0.3) (x0.4) (x0.0) (£0.2) (0.0
Rock 355 52.8 30.5 31.3 36.6 26.9 40.9 43.4 50.2
(x4.0) (x2.3) (x7.0) (x6.0) (5.7) (x7.6) (x7.6) (£3.6) (5.3
Rubble 14 0.4 0.5 6.9 13.1 0.0 12.6 8.6 2.8
(£7.6) (x0.3) (x0.5) (#5.4) (£24) (x0.0) (x4.6) (£3.6) (0.9
0.0 0.0 0.0 6.5 9.8 0.0 22.2 3.3 13
Sand (0.0) (20.0) (x0.0) (+3.5) (#6.2) (x0.0) (¥9.9) (£2.0) (7.3)

3.3.4. Fish and Coral Diversity
A grand total of 136 species of fish were counted on the surveys (Table 3.1). Fish species
richness ranged from 54 on ASR (an inshore reef) to 70 species in TR (inshore) and TWR
(midshelf), and species evenness, which was calculated from Shannon’s Index for each reef,
ranged narrowly from 0.59 to 0.77, indicating a fairly even number of individuals per species on
all reefs (Table 3.6). Species richness was highest on average on midshelf reefs, but no statistical

significance was found (One-way ANOVA, F = 2.461, p = 0.166).

Table 3.6: A summary of fish and hard coral diversity indices for each of the 9 study reefs near Thuwal in the central
Saudi Arabian Red Sea. For coral genus and fish species richness, the numbers shown are the total numbers of
genera and species found on each reef, respectively. Fish species evenness was calculated from Shannon’s Diversity
Index for each reef, which was based on the reported species richness. Each reef was surveyed using six replicate
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visual belt transects. Distance from shore indicates the location of each reef on the continental shelf, Reef is the
abbreviated name of each study reef.

Distance Hard coral genus Fish species
fromshore Reef richness richness Fish species evenness
RR 14 60 0.68
offshore NR 16 59 0.76
AMR 20 55 0.59
FR 23 69 0.62
midshelf TWR 18 70 0.66
AHR 20 64 0.61
ASR 10 54 0.77
inshore TR 18 70 0.72
EFR 20 55 0.59

A midshelf reef, FR, had the highest number of hard coral genera (23), while an inshore
reef, ASR, had the lowest (10 genera). MW tests showed ASR to have significantly lower coral
genus richness than all other reefs (pmw < 0.005) except NR and TR. Coral genus richness was
also a poor predictor of fish species richness (R = 0.224, R?= 0.050, p = 0.562) and fish biomass

(R =0.096, R*=0.009, p = 0.806).

3.3.5. Fish and Benthic Community Assemblages
A number of iterations were attempted to identify any significant differences in fish and benthic
assemblages between the reefs and between the two depths at which the data were collected.
These analyses used fish biomass, fish densities, benthic cover, and a combination of fish
biomass and benthic cover. The most significant NMDS results (all of which have very low 2D
stress) are shown in Figure 3.5, while a summary of all NMDS, ANOSIM, and SIMPER results

is shown in Table 3.7.
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Preliminary analyses including all replicates consistently showed a slight (2D stress > 0.2
for fish and 0.17 for benthos) yet significant (ANOSIM significance 0.1 %) separation of 10 m
assemblages from 2 m assemblages. These preliminary analyses also showed a great reduction in

2D stress (< 0.1) when mean values, rather than all replicates, were used.

The NMDS plots for fish biomass and densities at 10 m (Figure 3.5 a and c) are very
similar to each other with a very clear and tight clustering of all reefs in one cluster except for
two inshore reefs (ASR and EFR), which separated from the other reefs but did not cluster
closely together. This shows very high similarity (ANOSIM R = 0.9, sig. 2.8) at 10 m depth in
fish assemblages (by biomass as well as densities) among all reefs except ASR and EFR. In
terms of biomass, Caesio lunaris contributed the most to the dissimilarity (SIMPER dissimilarity
contribution (hereafter Contrib.) = 7.9 %), being more abundant in the group containing offshore

reefs, midshelf reefs, and TR.
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Figure 3.5: NMDS plots from Bray-Curtis resemblance matrices based on log (x+1)-transformed reef averages for
fish biomass (a and b), fish densities (¢ and d), and benthic cover (e and f); a, ¢, and e show10 m assemblages, while
b, d, and f show 2m assemblages. X-axes represent NMDS1 and y-axes represent NMDS2. Reef name abbreviations
are shown in the inset key next to their representative symbols, and the 9 reefs are color-coded according to distance
from shore as shown by the key. 2D stress values are shown in the upper right corner of each plot. All data were
averaged across the relevant replicates for each reef. Fish and benthic data were originally collected on the same
transects (6 per reef in total) at the same time from the central Saudi Arabian Red Sea.

However, looking at fish assemblages at 2 m (Figure 3.5 b and d), all inshore reefs
separated (including TR) from all other reefs, which clustered together, though less closely than
at 10 m, indicating more dissimilarity within shallow inshore and offshore fish communities
despite significant separation between the two groups (ANOSIM sig. 1.2 % for both biomass and
densities). The farming Stegastes nigricans contributed highly to the dissimilarity in terms of
both biomass and numerical density (Contrib. 14.6 and 6.8 %, respectively), being abundant on
inshore reefs and nearly absent on other reefs. Another damselfish, Chromis dimidiata, also

contributed by being more abundant on midshelf and offshore reefs (Contrib. 4.3 %).

As for benthic assemblages at 10 m (Figure 3.5 e), inshore reefs in addition to two
midshelf reefs (TWR and FR) separated from the remaining four reefs (ANOSIM R = 0.78, sig.
0.8 %), with sand and rubble (collective Contrib. 32.0 %) and CCA (9.2 %) contributing the
most to the separation. Sand and rubble were more abundant in the group containing the inshore
reefs, while CCA was more abundant in the group containing the offshore reefs. However, at 2 m
(Figure 3.5 ), there was a clearer separation once again between inshore reefs and all other reefs
(ANOSIM R =0.82, sig. 1.8 %). Turf algae (Contrib. 14.6 %), rock (10.4 %), and Porites (10.0
%) were more abundant on inshore reefs, contributing highly to the dissimilarity, while
Pocillopora (14.3 %), CCA (13.5 %), and Xenidae soft corals (9.6 %) were more abundant on

offshore and midshelf reefs (Table 3.7).
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Table 3.7: A list of all non-metric multidimensional scaling (NMDS), analyses of similarity (ANOSIM), and similarity percentage (SIMPER) analyses performed
on the fish and benthic data collected on the 9 study reefs near Thuwal in the central Saudi Arabian Red Sea. The first column indicates which dataset was used
(all data were log (x+1)-transformed); the second column indicates which subset of the data was included in the analysis (whether all replicates were used,
replicates from a certain depth were used, and/or reef averages were used); the third column contains brief descriptions of NMDS plots produced; the fourth
column shows the 2D stress for the plots described in the third column (> 0.2 indicates poor representation of data in 2-dimensional space, < 0.1 indicates
excellent representation); the fifth column shows the global R statistic for ANOSIM (as the value approaches 1, the separation of groups analyzed is larger); the
sixth column shows the significance of the separation indicated by the R statistic (values below 5% are considered significant); the seventh column shows the
SIMPER percent average dissimilarity between the groups analyzed; and the last column lists some of the highest-contributing species/categories to the
dissimilarity and the percent of their contribution between parentheses. Cells that are filled with dashes indicate that ANOSIM and SIMPER were not performed
for the corresponding analyses indicated in the second column.

ANOSIM SIMPER
Average Top contributing
2D Global R Significance dissimilarity  species/categories
Data analyzed  Analysis NMDS results/comments stress statistic (%) (%) (%)
Fish biomass
(kg/transect)
All replicates, Poor but significant separation between 0.27 0.31 0.1 85.2 Acanthurus  sohal
all depths shallow and deep replicates with more (11.6),  Stegastes
dissimilarity within groups than between nigricans (5.8),
them. Caesio lunaris
(4.6)
Reef Poor separation between inshore and other 0.04 0.6 2.4 56 Stegastes nigricans
averages, all reefs, with more dissimilarity within (8.3), Pseudanthias
depths groups than between them. squamipinnis (6.2),
Thalassoma
ruepellii (4.1)
10 m Poor separation between 2 inshore reefs 0.24 - - - -
replicates and all other reefs with more
only dissimilarity within groups than between

them.



84

10 m reef Strong significant separation between 2 0.01 0.94 2.8 83.7 Caesio lunaris (7.9),
averages inshore reefs and all other reefs with Abudefduf
high dissimilarity between the 2 inshore sexfasciatus (5.0),
reefs. Naso unicornis
(4.6)
2 mreplicates Poor separation between inshore reefs and 0.21 - - - -
only all other reefs with more dissimilarity
within groups than between them.
2 m reef Slight separation between inshore and 0.08 0.78 1.2 71 Stegastes nigricans
averages other reefs with more dissimilarity (14.6), Acanthurus
within groups than between them. sohal (10.8), Naso
unicornis (5.4)
Fish  density
(fish/transect)
All replicates, Poor but significant separation between 0.21 0.23 0.1 72.7 Chromis dimidiata
all depths shallow and deep replicates with more (4.2), C. flavaxilla
dissimilarity within groups than between (3.9), Acanthurus
them. sohal (3.5)
Reef Poor but significant separation between 0.07 0.75 1.2 56.7 Chromis  dimidiata
averages, all inshore and other reefs with more (9.5), Caesio
depths dissimilarity within groups than between lunaris (7.9),
them. Chromis flavaxilla
(6.7)
10 m  Clear separation between 2 inshore reefs 0.12 - - - -
replicates and all other reefs with more
dissimilarity between the 2 inshore reefs
than between groups.
10 m reef Clear and significant separation between 2 0.01 0.99 2.8 75.3 Chromis  dimidiata

averages

inshore reefs and all other reefs with
more dissimilarity between the 2 inshore
reefs than between groups.

+ C. flavaxilla
(14.4), Caesio
lunaris +
Pseudanthias
squamipinnis
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(10.8)

2 mreplicates Poor separation between inshore reefs and 0.19 - - - -
all other reefs with more dissimilarity
within groups than between them.
2 m reef Slight, yet significant, separation between 0.05 0.77 1.2 56.8 Stegastes nigricans
averages inshore and other reefs with more (6.8), Chromis
dissimilarity within groups than between dimidiata + C.
them. flavaxilla (8.5),
Acanthurus
nigrofuscus (3.8)
Benthic cover
(%)
All replicates, Poor but significant separation between 0.17 0.45 0.1 57.4 CCA (14.0), rubble
all depths shallow and deep replicates with more + sand (18.8), turf
dissimilarity within groups than between algae (7.4),
them. Pocillopora (7.0)
Reef Poor separation between inshore reefs and 0.08 0.65 1.2 41.3 Sand (13.2),
averages, all all other reefs with more dissimilarity Pocillopora (12.2),
depths within groups than between them. CCA (11.3), turf
algae (10.2)
10 m  No clear separation of groups. 0.15 - - - -
replicates
10 m reef Separation of inshore plus 2 midshelf reefs 0.08 0.78 0.8 48.7 Sand + rubble (32),
averages from all other reefs, with more CCA (9.2),

dissimilarity  within  than  between
groups.

Xenidae (5.2),
Porites (5.1)
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2 mreplicates Poor separation between inshore reefs and 0.15 - - - -
all other reefs with more dissimilarity
within groups than between them.

2 m reef Clear separation between inshore reefs 0.08 0.82 1.2 50.8 Turf algae (14.6),
averages and all other reefs with more Pocillopora (14.3),
dissimilarity within groups than between CCA (13.5), rock
them. (10.4), Porites
(10.0), Xenidae
(9.6)
Fish  density
(fish/transect)
and  benthic
cover (%)
Reef Slightly better separation between inshore 0.04 0.74 1.2 49.8 Stegastes nigricans
averages, all and other reefs compared to fish counts (4.9), Chromis
depths or benthic cover alone. dimidiata (4.6),
Caesio lunaris

(3.8)
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3.4. Discussion

| presented a description of the spatial trends in fish biomass, trophic structure, and fish and
benthic community assemblages on 9 reefs in Thuwal, with particular focus on differences in
community assemblages along a cross-shelf gradient. Results show a moderate increase in fish
biomass with distance from shore and that trophic structure is dominated by herbivorous fishes at
all sites. Fish communities are characterized by planktivorous fishes and branching corals on
offshore reefs and by farming damselfishes, turf algae, and massive corals on inshore reefs.
Shallow inshore benthic communities still appear to be showing the impacts of the bleaching
event that occurred three years prior to this study (Furby et al. 2013). The following sections

discuss these results in detail.

3.4.1. Fish Biomass, Trophic Composition, and Commercial Fish
Compared to relatively remote and nominally pristine locations around the world, including sites
in the central Pacific (Sandin et al. 2008; Williams et al. 2011; Friedlander et al. 2014), the
North-Western Hawaiian Islands (Friedlander and DeMartini 2002; Williams et al. 2011), and
even some relatively remote and unfished parts of the Red Sea (Kattan 2014), Thuwal reefs have
very low fish biomass. This is true even if only Nazar Reef (NR) is compared to these sites. NR
had the highest biomass in this study, but is still several times lower than most other locations
considered in this comparison (Table 3.8). Although Ducie Island in the Pacific had a
comparable biomass to that of NR, 63 % of this biomass on Ducie Island was attributed to top

predators compared to NR’s 36 %. In fact, the trophic composition of all locations listed in Table
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3.8, including the Sudanese Red Sea site, is that of an inverted pyramid with most of the biomass
contributed by top predators, as opposed to Thuwal reefs where the bulk of the biomass is

attributed to herbivores (Figure 3.2 a).

Our survey design (using relatively short belt transects for visual census and having only
6 replicates per reef) is not adequate for accurately capturing the abundances of large mobile
predators such as sharks, trevallies, and barracudas, which are typically surveyed using much
longer and wider transects or using baited cameras (e.g., Robbins et al. 2005; Goetze and
Fullwood 2013), and the non-Red Sea studies shown in Table 3.8 are located in vastly different
physical environments from that of the Red Sea, which could partly account for the observed
differences in biomass. Nevertheless, the method used in this study was the same that was
applied by Kattan (2014) in the Sudanese Red Sea, where much higher abundances of top
predators were still recorded despite the shortness of transects and small number of replicates.
Some of the other studies listed in Table 3.8 also used a similar transect length (e.g., Sandin
2008) and captured much higher abundances of top predators. Therefore, it is possible that the
absence of top predators in this study reflects actual low abundances rather than a mere
drawback of methodology. This is also confirmed by recent studies that specifically aimed to
quantify shark abundances in the Red Sea and found evidence of low abundances and severe
fishing pressure (Spaet 2014; Spaet and Berumen 2015). Therefore, it follows that the presence
of fishing in Thuwal waters could be driving the differences between this location and the others

mentioned above.
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Table 3.8: A comparison of mean fish biomass and top predator composition between the reef with the highest
biomass in this study (Nazar Reef) and reefs with high biomass from various studies in other regions. Mean fish
biomass (standardized to kg/100 m?) from each site is shown in the fourth column, while Top predator composition
indicates the percentage of top predator biomass compared to total fish biomass. There were no major differences in
the way in which top predators were defined as a group across the studies.

Mean fish To redator
Site Region biomass conF: ositﬁon %) Study
(kg/100 m?) P 0

Kingman Reef Pacific 53 81 Sandin et al
2008

Pearl & Hermes North-Western Hawaiian 47 81 Friedlander and

Atoll Islands DeMartini

2002

Kure Atoll North-Western Hawaiian 35 66 Williams et al.

Islands 2011

Jarvis Reef Pacific 25 68 Williams et al.
2011

French  Frigate North-Western Hawaiian 26 62 Friedlander and

Shoals Islands DeMartini

2002

Palmyra Atoll Pacific 25 64 Sandin et al.
2008

Ducie Island Pacific 16 63 Friedlander et
al. 2014

Deep South Red Sea, Sudan 43 67 Kattan (2014)

Nazar Reef Red Sea, Saudi Arabia 17 35 This study

Top predators such as sharks, jacks, and groupers are critical in forming and maintaining
the structure of reef communities, and overfishing these groups can lead to trophic cascades and

overall loss of diversity (Friedlander and DeMartini 2002; Sandin et al. 2008; Salomon et al.
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2010; Houk and Musburger 2013). Thus, the trophic structure on Thuwal reefs suggests
potentially poor resilience and points to a possible overfishing problem. Currently, there is
substantial and growing evidence of severe overfishing in the Saudi Arabian Red Sea. Jin et al.
(2012) have shown in a study based on several decades of fishing data that Saudi Arabian
fisheries have been operating beyond sustainable levels since the 1990s, and Spaet and Berumen
(2015) have shown evidence of unsustainable elasmobranch fisheries based on two years of fish
market surveys. The biomass and trophic structure observed on Thuwal reefs in this study,

therefore, could be a confirmation of overfishing.

Herbivores are an essential functional group for maintaining the resilience of reefs, as
they assist coral recruitment and recovery from disturbances by keeping macroalgae under
control (Williams and Polunin 2001; Hughes et al. 2007; Ledlie et al. 2007). The higher biomass
of herbivores on offshore compared to inshore reefs in Thuwal (Figure 3.2 a) indicates that
offshore reefs may be relatively more resilient to disturbances than inshore reefs. However, it is
unknown whether the biomass of herbivores on Thuwal reefs, while large relative to other

trophic groups, is sufficient to maintain reef resilience (Khalil et al. 2013).

The lack of a relationship between distance from the Thuwal fishing port and commercial
fish biomass (Figure 3.4) may suggest that the fishing pressure in the area is relatively
homogeneous. Similarly, in the Sudanese Red Sea, where fishing is also mostly artisanal and
done using similar equipment and boats, Kattan (2014) did not find an increase in top predator

biomass with increasing distance from port except for sites that were further than 100 km.
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Therefore, it is likely that all Thuwal reefs, which are no more than about 25 km from port, are
within easy access to local fishermen. The observed lack of top predators at all sites, that are also
preferred fisheries species (Spaet and Berumen 2015), supports this interpretation of more-or-

less equal impacts across these reefs.

3.4.2. Coral and Algal Cover
Coral cover differed significantly between inshore reefs as a group and other reefs, which could
be due to the impact of the 2010 bleaching event (Furby et al. 2013; Pineda et al. 2013). It
appears that these inshore reefs have not yet recovered their coral cover in the top 10 meters in
the ~3 years that passed between the bleaching event and the commencement of data collection
for this study. Studies from other locations, such as the Great Barrier Reef, have also found that
coral cover on inshore reefs tended to decline more severely than on offshore reefs following
disturbances (e.g., Sweatman et al. 2007). However, recovery time was found to be highly
variable; while some studies reported relatively rapid recovery of coral cover following
disturbance (e.g., ~2.5 years reported by Hughes et al. (2007)), others reported that, even after
six years, many inshore reefs hardly recovered any lost coral cover (Sweatman et al. 2011).
Others still have found that, in Moorea, several decades following repeated disturbances,
considerable coral cover was recovered; however, there were long-term changes in coral
community structure that indicated low resilience (Pratchett et al. 2011). However, in the
absence of benthic data from before the bleaching event, it is difficult to confirm that the impact

of the bleaching drove the difference between inshore and offshore reefs.
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At the same time, inshore reefs in this study have higher coverage of turf algae, which
could be explained by the high abundance of the farming damselfish species, Stegastes nigricans
(see section 3.4.4) as well as relatively low herbivore biomass. This supports the previous
speculation that offshore reefs in the Thuwal area may be more resilient relative to inshore reefs,
since high abundances of turf algae and S. nigricans are often considered indicators of a
degraded habitat (White and O'Donnell 2010). Continued monitoring of the reefs and larger
datasets may allow stronger inferences about the level of reef resilience in Thuwal to be made in

the future (Bellwood et al. 2004; Pratchett et al. 2011).

3.4.3. Diversity
Although previous studies have found benthic cover, diversity, and complexity to be correlated
with fish species richness (e.g., Roberts and Ormond 1987; Chabanet et al. 1997; Chong-Seng et
al. 2012), | found no such patterns on Thuwal reefs neither with coral cover nor genus richness.
This could be due to different stresses impacting the fish and benthic communities in different
ways. Fishing pressure has less direct impact on benthic communities, and a bleaching event has
less direct impact on fish communities. Alternatively, the lack of correlation between fish and
benthic diversity here could be due to inadequate sampling. Therefore, for this study, the
relationship between fish and benthic diversity may be observable only on the level of qualitative

assemblage rather than total quantitative richness.
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3.4.4. Fish and Benthic Community Assemblages
It appears that, especially in the shallow depths, inshore reefs are markedly different in fish and
benthic community assemblage from other reefs in the area, and it is likely that the change in the
benthic community that was brought about by the bleaching event of 2010 is the main driver of

these differences.

Furby et al. (2013) had found that, prior to the bleaching, coral assemblages (genus level
abundances and coral cover) were similar on inshore and offshore Thuwal reefs, and that the
post-bleaching differences were mostly caused by a decline in acroporids and pocilloporids on
inshore reefs, which are faster-growing corals that tend to be more susceptible to bleaching
(Marshall and Baird 2000). Very similar trends were also reported in other locations, e.g., in
Moorea by Berumen and Pratchett (2006). This study supports these findings and also shows turf
algae to be one of the main contributors to the dissimilarity between inshore and offshore
shallow communities. Similarly, the slow-growing genus Porites was found to be a more
characteristic community component on inshore reefs, while Acropora, Pocillopora, and
Stylophora were important components of distinguishing assemblages only on midshelf and
offshore shallow communities. Further, the higher abundance of sand and rubble observed at 10
m inshore assemblages could be explained by the difference in the surrounding bathymetry
between inshore and offshore reefs; at 10 m, inshore reefs are closer to the bottom of the slope

where there is more sedimentation, while offshore reefs are surrounded by deeper water.
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Herbivore assemblages are commonly recognized as a key functional component of coral
reef communities (Lewis 1986; Hughes et al. 2007; Adam et al. 2011). On Thuwal reefs, very
similar herbivore assemblages were found on all reefs except the inshore reefs. Offshore
communities were characterized by the surgeonfishes Acanthurus sohal, Naso unicornis,
Ctenochaetus striatus, and A. nigrofuscus, while inshore communities were dominated mostly by
the farming damselfish Stegastes nigricans. This correlates well with the higher abundance of
turf algae inshore and presents a potential difficulty for the recovery process of inshore reefs.
These territorial damselfish promote the mono-cultural growth of algae on reef flats and crests,
subsequently preventing settlement by corals and other invertebrates (e.g., White and O'Donnell
2010), whereas other types of grazers, such as surgeonfishes and parrotfishes, tend to remove
algae and promote invertebrate settlement (Vine 1974; Jones et al. 2006). Thus, functional
diversity is compromised on inshore reefs, potentially lowering their resilience (Bellwood et al.

2004).

On the deeper transects, fish assemblages were very similar across all reefs except for
two of the inshore reefs. With regards to both biomass and numerical density, the offshore
communities seem to be dominated by planktivorous fishes, such as Caesio lunaris, Chromis
dimidiata, Chromis flavaxilla, and Pseudanthias squamipinnis; these contributed the most to the
similarity within the offshore reef cluster. This may be due to a higher influx of zooplankton on

more exposed reefs.
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3.5. Conclusions

The findings of this study can be summarized as follows:

1) Fish biomass on Thuwal reefs increases moderately with distance from shore.
2) Fish biomass on Thuwal reefs is low compared to other reef systems around the world
that are considered “healthy” as well as relative to some sites within the Red Sea itself.
3) Most of the fish biomass on all reefs belonging to herbivores; top-predators are sparse in
abundance.
4) Commercially valuable fish are low in abundance throughout the area.
5) There are a few dissimilarities in benthic and fish assemblages which are mostly found
between inshore reefs as a group and all other reefs:
a. Inshore benthic communities are characterized by having more turf algae and
slow-growing corals compared to offshore reefs.
b. Farming damselfish dominate shallow inshore herbivore communities compared
to more diverse herbivore communities on offshore reefs.
c. A few planktivorous species characterize offshore reef assemblages and are much
less abundant on inshore reefs.

The findings of this study are somewhat limited by the sample size and methodology.
Longer transects and more depth and reef replicates could allow for more spatial trends to be
discovered and would also be more appropriate for capturing the abundance of top predators.
Nevertheless, the results point to several general issues which should be taken into account while

considering the spatial prioritization of reefs for designing a local MPA in Thuwal, depending on
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the goals of this MPA. The results could even be used to help in deciding what the goals for such
an MPA should be. For example, since the study highlighted the possibility that Thuwal reefs
may be overexploited by fishing, it could be concluded that one of the main goals of a local
MPA should be to lower the fishing pressure and preserve or increase fish biomass; and, by
showing that offshore reefs tended to have higher fish biomass, the study suggests that offshore

reefs should potentially be prioritized in a management plan that has these goals.

These considerations regarding the potential goals of a local MPA in Thuwal as well as

multiple possible designs to meet these goals are the focus of the next chapter.
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CHAPTER 4: EXPLORING SPATIAL MPA PRIORITY SITES FOR
MULTIPLE GOALS

4.1. Introduction

The management of reefs with well-designed marine protected areas (MPASs) along with other
measures is generally regarded as the best insurance against overexploitation and declines of
coral reef ecosystems (Allison et al. 1998; Halpern and Warner 2002; Halpern 2003). Increasing
threat levels from climate change and human use, as well as global scale declines, necessitate the
establishment of reactive and/ or proactive protected areas (Bellwood et al. 2004; Veron et al.
2009). MPA networks are most effective when they are properly designed, have clear objectives,
and are based on sound scientific and socio-economic knowledge of the region of interest

(Margules and Pressey 2000; Tear et al. 2005).

Generally, most MPA objectives fall under two main goals: either to maintain
biodiversity in order to preserve the environment and maintain ecosystem services (Worm et al.
2006), or to support and enhance fisheries (Barnes and Sidhu 2013; Januchowski-Hartley et al.
2013; Green et al. 2014). These two goals have been previously shown to create trade-offs,
influencing the process of spatial prioritization in a conflicting manner depending on the goal
being considered (Hastings and Botsford 2003; Klein et al. 2008). Enhancing fisheries typically
requires small reserves spaced close enough to each other to allow for the export of larvae to
other reserves and fished areas and to allow for the spillover of adult fish into fished areas as

biomass increases within reserves (McClanahan and Mangi 2000; Kelly et al. 2002; Tewfik and
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Bene 2003; Hilborn et al. 2004; Pelc et al. 2010b). Ultimately, an MPA with a fisheries objective
aims to increase the financial income from fishing to benefit fishermen and the local economy.
On the other hand, biodiversity conservation goals typically require fewer, larger, reserves that
can include full dispersal ranges of species of interest and all habitat types needed in their life
cycles (Lomolino 1994; Almany et al. 2009; McCook et al. 2009), and their ultimate purpose is
to preserve nature and maintain ecosystem services besides fishing income (e.g. coastal
protection, recreational value, etc.). However, recent studies have shown that it may be possible
to achieve both fisheries and biodiversity conservation goals simultaneously (e.g., Klein et al.

2009; Gaines et al. 2010; Schmiing et al. 2014).

In Thuwal, there is an opportunity to work out the best MPAs based on social and
ecological factors and objectives, given that existing protection is minimal. Since there are no
existing local MPAs (see Chapter 1) and hardly any knowledge of stakeholder interest or
political will for implementation, it would be particularly beneficial to provide multiple
alternative options and present different reserve scenarios for consideration (Tear et al. 2005). In
the previous chapter, a considerable amount of information was obtained regarding ecological
and biodiversity patterns on Thuwal reefs. Building this foundation of knowledge is one of the
essential requirements for science-based systematic conservation planning, following the
identification of conservation objectives (Margules and Pressey 2000; Tear et al. 2005). In this
chapter, | define fisheries and biodiversity objectives for a potential local MPA in Thuwal,
selecting species that would serve these goals and identifying the quantities to be included in

MPAs. | then use the data provided by the previous chapter and a decision-making software tool
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(Marxan, Ball et al. 2009) to explore whether conservation priority sites differ for fisheries
objectives and biodiversity objectives, taking into consideration both the spatial configurations of
suggested MPAs and their ability to protect the chosen quantities of different species. Based on
the results of the previous chapter, it is expected that fisheries solutions would be more spatially
biased towards offshore reefs, while biodiversity solutions would be more biased towards
midshelf and inshore reefs. | also answer the questions: How do the best fisheries and
biodiversity reserve solutions differ when minimum versus maximum recommended quantitative
objectives are considered? And how do various practical considerations specific to the Thuwal

area affect the spatial solutions?

4.2. Methods

4.2.1. Study Area

The study area is the same as that described in Chapter 3 (and shown in Figure 3.1) and Chapter
2 (Figure 2.2 a) and includes 355 reefs off the coast of Thuwal in the central Saudi Arabian Red

Sea. The individual reefs were used as irregular planning units (PUs) in Marxan input files.
4.2.2. Marxan

The software Marxan (Ball et al. 2009) was used to produce multiple spatial designs for reserve
networks in the Thuwal area and analyze the similarities and differences between them. Marxan
optimizes solutions for reserve networks that achieve conservation targets defined by the user for
the least possible costs (Possingham et al. 2000; Ball et al. 2009). Marxan uses a simulated

annealing algorithm to select a set of spatial planning units (PUs) that achieve the conservation
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targets most efficiently. Every solution produced by Marxan has a score that is the sum of the
cost of the reserve system, plus its boundary length (a measure of the spatial compactness of the
solution), and a penalty if any conservation target is not fully met in the solution; this is the
“objective function” that the algorithm attempts to minimize (Game and Grantham 2008).
Marxan was selected for this analysis for several reasons: 1) It has the ability to produce multiple
feasible solutions for each scenario of interest and/or for multiple target levels, thus making it
possible for users to assess more than one reserve alternative; 2) it can potentially be used in the
future to evaluate reserves that may be put in place (e.g., Stewart et al. 2003; Allnutt et al. 2012;
Schmiing et al. 2014); and 3) it is a fairly simple, adaptable, and free tool that can be used by
scientists and managers alike (Ball et al. 2009). Marxan is now widely used in marine,
freshwater, and terrestrial conservation as a highly popular aid in decision-making (Stewart et al.

2003; Klein et al. 2009; Beger et al. 2010; Hermoso et al. 2012; Schmiing et al. 2014).

4.2.3. Conservation Objectives and Conservation Features

The two main conservation objectives considered in this analysis were fisheries and biodiversity
objectives. | define fisheries objectives as those that ultimately aim to increase the biomass of
species that are commercially important to local fishermen. In this study, achieving this objective
required the inclusion of specific biomass proportions of as many commercial fish species as
possible depending on data availability. The assumption in this case is that preserving areas with
high densities of these fish would improve their reproductive output both inside and outside
MPAs (McClanahan and Mangi 2000; Williamson et al. 2004). Biodiversity objectives are

defined as those objectives that aim to preserve biodiversity by including adequate proportions of
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the different fish and benthic community assemblages found locally, as well as all endemic fish

species into MPAs.

“Conservation feature” is the term used in Marxan to describe any feature of interest for
conservation. In this study, conservation features are the specific fish species and benthic
categories (Table 4.1) selected to achieve the above objectives. Each conservation feature is

given a “target”, which is the quantitative proportion to be included within a reserve network.

The fish species used to prepare conservation features were selected based on one of the
following factors: 1) they are important to Thuwal fisheries and are highly targeted by fishermen
(thus, including them fulfils fisheries objective), 2) they are endemic to the Red Sea (fulfilling
biodiversity objective), or 3) based on previously conducted multivariate analysis (Chapter 3),
they contributed highly to dissimilarities between inshore and offshore reef communities within
the study area (thus representing different assemblages to fulfil biodiversity objective). The top
11 species shown in Table 4.1 are all fish species which were chosen as representatives of
commercial fishes (4 groupers, 5 parrotfish, and 2 snappers). The species Caesio lunaris,
Pseudanthias squamipinnis, Acanthurus sohal, as well as the grouper Cephalopholis hemistiktos
(which was also included with the commercial fish species) were chosen based on the results of
the multivariate analyses conducted in the previous chapter. Including these species as
conservation features ensures that the resulting reserve network would be representative of
different communities found in the study area. Finally, the species Chromis dimidiata,
Amphiprion bicinctus, and Thalassoma rueppellii were selected because they are endemic to the

Red Sea, and thus, are of high biodiversity conservation value.
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Five benthic categories were selected to create the remaining 10 conservation features.
Three coral genera, Acropora, Pocillopora, and Porites, and the categories “rock” (which stands
for bare rock substrate) and crustose coralline algae (“CCA”). Similarly to some of the fish
species mentioned above, all five categories were found through multivariate analyses (Chapter
3) to contribute to dissimilarities between inshore and offshore communities and selected
accordingly. (In order to minimize the inaccuracy of the modeling process described below,
species or benthic categories which were very low in abundance or absent in more than 3 of the 9

surveyed reefs were excluded from the selection process.)

The average abundances of the selected fish species and the average percent cover of the
selected benthic categories were modeled from the results of visual surveys conducted in the
study described in the previous chapter. Nine reefs were surveyed at different distances from
shore and spanning the north-south extent of the study area (see Chapter 3, Figure 3.1). A spatial
splining function was then used in ArcGIS to approximately predict the abundance of each
category on reefs where data were not collected directly. Splining was chosen because it applies
a smooth approximation function and is a simple method that can be applied quickly and in
regions where environmental data is not sufficient to create sophisticated abundance models. The
predicted abundances were then rescaled to a standardized scale of 0 — 100 and categorized into
low (0 — 34%), medium (35 — 67%), and high (68 — 100%) abundance for the fish species, and
low (0 — 50%) and high (51 — 100%) cover for benthic categories. Thus, each fish species was
divided into three conservation features, and each benthic category was divided into two

conservation features (total = 60 conservation features).
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Table 4.1: A list of conservation features (species and benthic categories), their abundance classes, the conservation
scenario types in which they were included in Marxan runs, and their minimum and maximum target levels. FS
stands for fisheries scenario, BS stands for biodiversity scenario, and CCA stands for crustose coralline algae. The
first 11 species are representatives of species important to fisheries (4 groupers, 5 parrotfish, and 2 snappers). Other
fish species and benthic categories listed represent different community assemblages on Thuwal reefs. Endemic
species are marked with an (*).

. Abundance  (%)/ Scenario  Minimum  Maximum
Conservation feature

mean cover (%) type target (%)  target (%)
Aethaloperca rogaa low (0 - 34) FS 0 0
A. rogaa medium (35 - 67) FS 5 15
A. rogaa high (68 - 100) FS 10 30
Cephalopholis argus low FS 0 0
C. argus medium FS 5 15
C. argus high FS 10 30
Cephalopholis hemistiktos low FS, BS 0 0
C. hemistiktos medium FS, BS 5 15
C. hemistiktos high FS, BS 10 30
Cephalopholis miniata low FS 0 0
C. miniata medium FS 5 15
C. miniata high FS 10 30
Scarus niger low FS 0 0
S. niger medium FS 5 15
S. niger high FS 10 30
Scarus ferrugineus low FS 0 0
S. ferrugineus medium FS 5 15
S. ferrugineus high FS 10 30
Chlorurus sordidus low FS 0 0
C. sordidus medium FS 5 15
C. sordidus high FS 10 30
Hipposcarus harid low FS 0 0
H. harid medium FS 5 15
H. harid high FS 10 30
Cetoscarus hicolor low FS 0 0
C. bicolor medium FS 5 15
C. bicolor high FS 10 30
Lutjanus bohar low FS 0 0
L. bohar medium FS 5 15
L. bohar high FS 10 30
Lutjanus ehrenbergii low FS 0 0
L. ehrenbergii medium FS 5 15

L. ehrenbergii high FS 10 30
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Caesio lunaris low BS 0 0
C. lunaris medium BS 5 15
C. lunaris high BS 10 30
Pseudanthias squamipinnis low BS 0 0
P. squamipinnis high BS 10 30
Acanthurus sohal low BS 0 0
A. sohal medium BS 5 15
A. sohal high BS 10 30
Chromis dimidiata* low BS 0 0
C. dimidiata medium BS 5 15
C. dimidiata high BS 10 30
Amphiprion bicinctus* low BS 0 0
A. bicinctus medium BS 5 15
A. bicinctus high BS 10 30
Thalassoma rueppellii* low BS 0 0
T. rueppellii medium BS 5 15
T. rueppellii high BS 10 30
Acropora low (0 - 50) BS 0 0
Acropora high (51 - 100) BS 10 30
Pocillopora low BS 0 0
Pocillopora high BS 10 30
Porites low BS 0 0
Porites high BS 10 30
Rock low BS 0 0
Rock high BS 10 30
CCA low BS 0 0
CCA high BS 10 30

* Endemic species

4.2.4. Reserve Selection Scenarios and Target Setting for Marxan

Two main questions were explored to contrast two general conservation goals: 1) enhancing
fisheries (fisheries scenarios (FSs)), and 2) biodiversity conservation (biodiversity scenarios
(BSs)). The objective of fisheries scenarios is to include a set proportion of commercial fish
biomass within a no-take reserve, with the assumption that this type of protection may eventually

enhance biomass outside the reserve area. The objectives of biodiversity scenarios are to: 1)
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represent different community assemblages by including key species, and 2) represent endemic
species. Two target levels were explored for each scenario type: a “minimum?” target (up to 10%

of each conservation feature) and a “maximum” target (up to 30% of each conservation feature).

Targets for the conservation features described in the previous section were set in a way
to achieve the above objectives under minimum and maximum target levels. Targets were set to
0% for “low” abundances, 5% for “medium” abundances, and 10% for “high” abundances under
the minimum target settings, while, under maximum target settings, targets were set to 0% for
low abundances, 15% for medium abundances, and 30% for high abundances (Table 4.1). By
setting the target for low abundance features to 0%, it is ensured that Marxan will prioritize high
abundance areas (it may still “overshoot” targets). These quantities were set based on general
conservation guidelines and recommendations (e.g., World Parks Congress 2003; Convention on
Biological Diversity 2010) and following a similar method to the study by Schmiing et al.

(2014).

For each of the two goals (fisheries and biodiversity) and target levels (minimum and
maximum), multiple Marxan scenarios were run with different adjustments that may be of
practical relevance to conservation planning in Thuwal, amounting to a total of 22 scenarios: 12
BSs (6 with minimum targets and 6 with maximum targets) and 10 FSs (5 with minimum targets
and 5 with maximum targets). Table 4.2 lists all the different scenarios, the justification for
running them, and which scenario type they were applied to. Scenario 1 was a “control” in which
no reefs were preselected to be included in or excluded from the final reserve solution (locked in

or out, respectively). In Scenario 2, inshore reefs (< 5 km from shore) were locked out of the
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final reserve (the algorithm could not include them in the final solution). This is because inshore
reefs in this area have been shown to experience high levels of coral mortality in the event of
thermal bleaching (Furby et al. 2013), and, since bleaching cannot be directly prevented via
spatial closure, one of the common practices is to devote management resources towards the
more resilient reefs in any given area (Jameson et al. 2002). (However, it is important to note that
it can also be argued that protecting the less resilient reefs in order to enhance their resilience
should be a higher priority, and that deciding to allocate resources towards the “weak” or
“strong” areas is a complex process (Game et al. 2008).) Scenario 3 gives higher priority to 3
reefs used as long-term research monitoring sites. Scenario 4 excludes reefs smaller than 0.1 km?
as managing and policing many such small reefs may be impractical. Scenario 5 halves the value
of the largest reef in the area (which also happens to be one of the research monitoring sites) by
locking half of it out of the final reserve. This scenario was done because when irregular PUs are
used, as is the case in this study, the optimization algorithm is biased towards selecting larger
PUs, and, since this reef is significantly larger than all others (almost 7 km? while most reefs are
less than 1 km?), there is a strong bias towards selecting it. | tried to remove some of this bias to
explore if targets could still be met even if only half of this reef could be included in a reserve. In
practice, it may be difficult to enlist local support for a reserve network that closes the whole reef
to fishing, whereas closing only half of it may be feasible. Finally, scenario 7, which was only
done for biodiversity scenario types locks two inshore reefs (one of which is also one of the

research monitoring sites) into the final reserve. These reefs were found to be high priority sites
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for the objective of representing all endemic species, as 5 of the 23 endemic species recorded in

the surveys discussed in Chapter 3 were found only on one of these reefs and none of the others.

Table 4.2: A summary of scenario iterations: their identification numbers, a brief description of the variable altered
in each iteration, the justification for running each iteration, and the scenario type(s) and target levels in which they
were attempted. FS = fisheries scenario; BS = biodiversity scenario; min = minimum target level; max = maximum

target level.

Scenario  Description Justification Scenario  Target

iteration type level

number

1 No PUs were locked in or out of Control run FS, BS min, max
the final reserve.

2 All inshore reefs were locked out Inshore reefs are too vulnerable to thermal FS, BS min, max
of the final reserve (status = 3 in bleaching to be protected by spatial
PU file). closure.

3 Research monitoring sites (3 PUs These reefs are important for ongoing FS, BS min, max
in total) were locked in. research purposes.

4 Any PUs smaller than 100000 m* Policing the closure of many very small FS, BS min, max
(0.1 km?) were locked out. reefs may be impractical.

5 Half of the largest reef in the area To explore whether targets could still be FS, BS min, max
was locked out. met even if only half of this reef could be

included in a reserve.
6 Two inshore reefs were locked in  These two reefs are "irreplaceable” for the BS min, max

(status = 2).

objective of conserving all endemic

species.

The purpose of running all the different iterations is to explore whether some of these
practical considerations would significantly change the spatial solutions generated by Marxan by
making them infeasible or by making it impossible to meet all targets. In this study, | define a
feasible solution as: a reserve network that does not include more than a third (33%) of the total

reef area. Targets for each conservation feature had to be met by at least 95%.

Since none of the PUs had shared borders, the spatial compactness of solutions was not

considered. Therefore, the boundary length modifier (BLM) was set to 1 in all runs. Each
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scenario run/iteration was set to generate 100 solutions, and the best solutions (the most feasible
solutions that met the maximum number of targets) were imported into QGIS for visualization

and included in further statistical analysis (section 4.2.5).

4.25. Economic Data

Due to the unavailability of data regarding fishing pressure in the Thuwal area, it was not
possible to estimate the cost of closing reefs to fishing or create a precise cost layer. However,
based on personal communication with members of the local fishing cooperative (R. Jahdali and
H. Jahdali, pers. comm.) and the general ecological patterns described in the previous chapter, an

assumption was made that most of the Thuwal reefs are equally heavily exploited by fishing.

In addition to fishing, there are recreational SCUBA diving and snorkeling trips
organized by the only dive operator in the area (Coastline) which is based in KAUST. The trips
target 34 of the 355 reefs included in this study at a frequency of about 6 — 24 trips per year,
depending on weather conditions and site popularity (anonymous Coastline staff, pers. comm.).
Based on trip prices per person (including full gear rental) and assuming that trips operate at full
capacity (25 persons on SCUBA diving trips and 30 persons on snorkeling trips), a total revenue
of approximately 3,002,250 Saudi Riyals per year was estimated from diving and snorkeling
trips. However, in preliminary test runs (and assuming that reserves would be closed to
recreational activities), incorporating this data as costs in Marxan input files did not appear to
make any significant change to the final spatial solutions compared to runs where cost was

simply set to 1 for all PUs. The total number of PUs selected and the total area of reserves did
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not change. This is probably because most of the 34 sites targeted by recreational trips are very
small patches which are easily replaced by other small patches in the final solution. Therefore, in
order to simplify the analysis, it was decided to set costs to 1 for all PUs until fishing cost data
are available to be combined with recreational costs, leaving the focus of the study on biological

targets and the iterations described in the previous section (Table 4.2).

4.2.6. Multivariate Analysis of Solutions

The best solutions identified from each scenario run were then used to create Bray-Curtis
similarity matrices using the software PRIMER-E v.6 (Clarke and Gorley 2006) in order to
explore the dissimilarity between solutions on the level of scenarios, target levels, and iterations.
The original matrix is similar to the example shown in Table 4.3, where a “0” indicates the PU is
absent in the solution and a value of “1” indicates the PU was selected in the solution. The Bray-
Curtis similarity was chosen because it does not take into account joint absences, which would
be desirable when comparing solutions as joint absences occur at high frequencies and the

interest here lies in joint presences (Faith et al. 1987; Linke et al. 2011).

Table 4.3: An example of the similarity matrix used in multivariate analyses of best Marxan solutions. Rows list the
scenario type, target level, and iteration number: BS = biodiversity scenarios; FS = fisheries scenarios; max =
maximum target levels; min = minimum target levels; numbers indicate the iteration (number key shown in Table
4.2). Columns indicate whether planning units (PUs), which are individual reefs (355 in total), were selected (1) or
not selected (0) in the best solution of the run indicated in the first column.

Scenario-target-iteration# PU; ... PU,
FS-max-1 1 .. 0
FS-min-1 0 o1

BS-max-1 1 oo 1
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The resemblance matrices were then used to create non-metric multidimensional scaling
(nMDS) plots similar to those described and shown in Chapter 3 in order to visualize similarities
between solutions. The benefit of using nMDS rather than other methods is that it is a space-
conserving randomization technique that presents the multidimensional space so that it reflects
true similarities (Linke et al. 2011). In addition, | performed in PRIMER a hierarchical
agglomerative classification using a complete linkage clustering on the same Bray-Curtis
similarity matrices. Complete linkage clustering first takes the two most similar solutions and
links them as a mini-cluster. The node that links these two solutions becomes a starting point for
the next cluster, and so on. Once the entire dendrogram is completed, a cutoff value of 50%
similarity was chosen to identify distinct clusters, meaning, solutions had to be more than 50%
similar in order to be considered within a significant cluster. This is a more conservative cutoff

point than was suggested and used by Linke et al. (2011).

4.2.7. Reef Selection Frequency

As mentioned above, Marxan was set to generate 100 solutions for each scenario iteration/run.
One of Marxan’s output files for each run is a summary of how many times out of 100 each reef
was selected into a solution. This selection frequency is a measure of a reefs’ or planning unit's
conservation priority (e.g., Schmiing et al. 2014). As a final step in the analysis, the selection
frequency of each of the 355 reefs was summed across all iterations for each scenario type and

visualized in ArcMap 10.2 (ESRI 2014).
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4.3. Results

A summary of the best reserve networks generated by Marxan (henceforth referred to as
“solutions™) for all 22 scenario runs, including the number of reefs (PUs) selected, number of
targets missed, and percent reef area included, is shown in Table 4.4. Maps of all best solutions

can be found in Appendix 4.

Table 4.4: Summary of the best solutions of all Marxan runs. The first four columns list scenario type (FS = fisheries
scenario; BS = biodiversity scenario), target levels (max = maximum target level; min = minimum target level),
scenario number, and a brief description/justification of the scenario, respectively. The last three columns show how
many planning units (PUs) or reefs were selected in the best solution, the number of conservation feature targets
missed by more 5%, and the percent of total reef area included in the reserve. The maximum feasible limit defined
in this study is 33% of reef area included in reserves.

Number of

Number of targets missed Reef area
Scenario  Target PUs in best by more than included in
objective  level Scenario  Brief description of scenario solution 5% solution (%)
FS max 1 Control (no locks) 10 1 37.7
FS max 2 Inshore reefs locked out 12 4 32
FS max 3 Monitoring sites locked in 12 0 41.7
FS max 4 Reefs < 0.1 km? locked out. 9 2 375
FS max 5 Half of largest reef locked out. 10 1 30.2
FS min 1 Control (no locks) 9 0 31.6
FS min 2 Inshore reefs locked out 8 4 25.6
FS min 3 Monitoring sites locked in 9 0 30.6
FS min 4 Reefs < 0.1 km? locked out. 8 1 32.7
FS min 5 Half of largest reef locked out. 9 0 22.9
BS max 1 Control (no locks) 9 0 30.6
BS max 2 Inshore reefs locked out 10 1 32.1
BS max 3 Monitoring sites locked in 10 0 34.9
BS max 4 Reefs < 0.1 km? locked out. 8 1 30.6
BS max 5 Half of largest reef locked out. 10 1 334
BS max 6 ;I;vgfz IO::rkr:(;j)Iianc'eable inshore 10 0 32.1
BS min 1 Control (no locks) 5 0 21.7
BS min 2 Inshore reefs locked out 5 0 21.9
BS min 3 Monitoring sites locked in 6 0 23.9
BS min 4 Reefs < 0.1 km? locked out. 4 1 21.8
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(a) FS-max-1 (b) BS-max-1
v ’
o 10000 m 0
(¢) FS-min-1 (d) BS-min-1
‘ ’

Figure 4.1: Maps of the best Marxan reserve solutions of control scenarios of fisheries and biodiversity scenarios in
Thuwal, central Saudi Arabian Red Sea. Colored reef patches indicate reefs that were selected into reserves (blue =
fisheries reserves, red = biodiversity reserves) while pale grey patches are non-selected reefs. Dark gray shows the
mainland. FS = fisheries scenario; BS = biodiversity scenario; min = minimum target level; max = maximum target
level. The number “1” indicates that the reserves shown are for the control scenarios.
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4.3.1. Differences between Scenario Objectives: Fisheries vs. Biodiversity Solutions

There were several differences between fisheries and biodiversity solutions both spatially and in
terms of feasibility and the ability to meet targets. Fisheries solutions generally tended to miss
targets more frequently, and miss a higher number of targets, than biodiversity solutions: 6 out of
10 fisheries solutions missed 1 — 4 targets, while only 4 out of 12 biodiversity solutions missed 1

target each (Table 4.4).

Spatially, fisheries solutions tended to include a larger number of reefs (8 — 12 compared
to 4 — 10 reefs for biodiversity solutions), Also, especially when attempting to meet maximum
target levels, fisheries solutions selected reefs that were more spatially dispersed throughout the
study area (Figure 4.1 a), while biodiversity solutions tended to select midshelf and inshore reefs
unless the latter were locked out. Maps of the best solutions for all scenarios (22 maps in total)

can be found in Appendix 4.

The Bray-Curtis similarity dendrogram and nMDS plot (Figure 4.2 a and b) do show
some separation between fisheries and biodiversity solutions. However, as shown by the rather
poor separation and wide scattering of solutions in the nMDS plot and by the mixing of scenario
types occurring within clusters, the separation is not strong; there seems to be more variation

within the two scenario types/objectives than there is between them.

Regarding feasibility, only 4 solutions out of all 22 were unfeasible (3 fisheries solutions

and one biodiversity solution), selecting more than 33% of the total reef area to include in a
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reserve. Fisheries solutions in general were larger and closer to the feasible limit than

biodiversity solutions (Table 4.5).
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Figure 4.2: Bray-Curtis similarities between FS (fisheries) and BS (biodiversity scenario) best solutions, including
maximum (max) and minimum (min) target levels and scenarios 1 — 5 (scenario number key shown in Table 4.2).
The top panel (a) shows the dendrogram based on Bray-Curtis similarities. The clusters identified are shown by the



121

red boxes which start at the cutoff limit of 50% similarity. The bottom panel (b) shows the non-metric
multidimensional scaling (nMDS) plot representing the distances between FS and BS solutions based on Bray-Curtis
similarities in 2-dimensional space. Blue = FS solutions; red = BS solutions. Dotted lines outline the edges of FS
and BS clusters for easier visualization. The 2-D stress value is shown in the top right corner (see main text for
interpreting 2-D stress).

The conservation features that tended to have their targets partially or totally missed are
shown in Table 4.5. In FS solutions, Hipposcaris harid-high and Cephalopholis hemistiktos-
medium tended to be the most frequently-missed targets, followed by C. hemistiktos-high,
Scarus ferrugineus-medium, and Chlorurus sordidus-medium. The target shortfall ranged from
15 — 78%, except for C. hemistiktos-medium, which was missed by 100%. As for BS solutions,
missed targets were mostly attributed to Rock-high, Porites-high, and C. hemistiktos-medium.
Target shortfall in BS solutions ranged only from 1 — 3%, except for C. hemistiktos-medium,
which was missed by 100% in some iterations (Table 4.5). In all iterations where targets were
missed, Marxan was only able to meet these missed targets by selecting all 355 reefs into the

reserve.

4.3.2. Differences between Target Levels: Minimum vs. Maximum Target Level

Solutions

Within fisheries solutions, shifting from minimum to maximum target levels added 1 — 2 reefs to
the number of reefs selected (compare Figure 4.1 a and c). For 3 out of the 5 iterations, this led to
the reserve size exceeding the 33% feasible limit and increased the number of missed targets by
1 (Table 4.5). On the other hand, for biodiversity scenarios, the spatial solutions almost doubled
in terms of the number of reefs included (compare Figure 4.1 b and d). However, this affected

the number of targets missed only in one scenario (from 0 — 1 target), which was the scenario in
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which half of the largest reef was locked out (scenario 5). It also led to an increase in reserve size
beyond the feasible limit only once (iteration 3, where monitoring sites were locked in) without

missing any targets (Table 4.5), and, even then, the feasible limit was exceeded only by about

2%.
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Figure 4.3: Bray-Curtis similarities between FS (fisheries scenario) best solutions, including maximum (max) and
minimum (min) target levels and scenarios 1 — 5 (scenario number key shown in Table 4.2). The top panel (a) shows
the dendrogram based on Bray-Curtis similarities. The clusters identified are shown by the red boxes which start at
the cutoff limit of 50% similarity. The bottom panel (b) shows the nMDS plot representing the distances between
solutions based on Bray-Curtis similarities in 2-dimensional space. Minimum and maximum target level solutions
are indicated according to the inset key. Dotted lines link max and min solutions of the same scenario. The 2-D
stress value is shown in the top right corner (see main text for interpreting 2-D stress).
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Figure 4.4: Bray-Curtis similarities between BS (biodiversity scenario) best solutions, including maximum (max)
and minimum (min) target levels and scenarios 1 — 5 (scenario number key shown in Table 4.2). The top panel (a)
shows the dendrogram based on Bray-Curtis similarities. The clusters identified are shown by the red boxes which
start at the cutoff limit of 50% similarity. The bottom panel (b) shows the nMDS plot representing the distances
between solutions based on Bray-Curtis similarities in 2-dimensional space. Minimum and maximum target level
solutions are indicated according to the inset key. Dotted lines link max and min solutions of the same scenario. The
2-D stress value is shown in the top right corner (see main text for interpreting 2-D stress).
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However, despite those observed differences, the Bray-Curtis dendrogram and nMDS
plots still show there is more variation within the minimum and maximum solutions than
between them, and this applies for both fisheries (Figure 4.3) and, to a lesser extent, biodiversity
(Figures 4.4) solutions. Nevertheless, there was a strong separation between minimum and
maximum solutions within several of the iterations (e.g., FS-max-1 and FS-min-1, or BS-max-6
and BS-min-6) as shown by the dotted lines in Figures 4.3 b and 4.4 b), and these solutions

sometimes separated into different clusters.

4.3.3. Differences between Scenarios

As shown in the above dendrograms and nMDS, spatial solutions did not cluster together
consistently according to scenario number, with three exceptions. The two FS solutions of
scenario 2 (where inshore reefs were locked out) were in the same cluster with the maximum
target BS solution of the same scenario number (Figure 4.2 a); FS solutions of scenario 4 also
clustered together (Figure 4.2 a and 4.3 a), and so did scenarios 2, 3, and 5 of the BS solutions
(Figure 4.4 a). Thus, while some solutions of the same scenario number were spatially similar,
the pattern was not consistent. The impact of each scenario adjustment on solution feasibility and

target achievement is presented below.

Locking out inshore reefs (scenario 2)
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Compared to control runs (scenario 1), locking out inshore reefs led to more targets being missed
in all scenarios except for the BS minimum target scenario, which was not affected by this
adjustment. In FSs, locking out inshore reefs was particularly detrimental to the success of the
solutions, as they failed to meet a total of 4 targets, two of which (the conservation features
Hipposcaris harid-high and Cephalopholis hemistiktos-medium) were missed by 100%.
However, in terms of the size of the reserve, these solutions were more feasible than the control
runs. The BS maximum target solution of this scenario missed only one target (Porites-high) by

10%.

Locking in research monitoring sites (scenario 3)

Surprisingly, locking in the three research monitoring sites improved upon the control solution in
the FS maximum target run in terms of meeting targets. While the best solution in the control run
missed one target (Hipposcaris harid-high) by 25%, the best solution of this scenario missed no
targets. However, it increased the size of the solution far beyond the predetermined feasible level
(from 37.7% in the control run to 41.7%, both of which are infeasible). FS minimum target runs

were not affected by this scenario (Table 4.5).

In both maximum and minimum target BS runs, locking in monitoring sites did not affect
the ability to meet targets. However, it increased the area of the reserve compared to the control
by about 2%. For the maximum target scenario, this resulted in the only unfeasible BS solution,

which was 2% larger than the limit.
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Locking out reefs smaller than 0.1 km? (scenario 4)

Locking out very small reefs did not affect the feasibility of any scenarios. However, for both
scenario types and both target levels, it led to an increase in the number of targets missed by 1
target compared to the control runs (Table 4.5). This additional missed target was always C.
hemistiktos-medium, which was always missed by 100% with this adjustment. Thus, under the
current model of species abundances, it seems that this particular conservation feature was only

found on those small reefs.
Locking out half of the largest reef (scenario 5)

Locking out half of the largest reef in the study area had no significant impact on the size and
feasibility of the best solutions compared to control runs, except for the BS maximum target run,

in which one target (Rock-high) was missed by 10%.

Locking in inshore reefs that are high-priority for representing endemics (scenario 6, BSs

only)

Locking in the two inshore reefs which were found to be of high-priority for representing all
endemic fish species made no significant difference to BS solutions. While it increased the size
of the reserve by 1 reef compared to control runs, the solutions remained within the feasible limit

and no targets were missed.
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4.3.4. Reef Selection Frequency

Figure 4.5 shows a visualization of the frequency at which each reef in the study area was
selected in the best solutions of all FSs and BSs. The general selection frequency is very similar
for both scenario types, except that a higher number of reefs had a selection frequency higher
than 0% in FS solutions, which is the result of FS solutions being generally larger than BS
solutions. More importantly, however, this analysis gives an indication of how irreplaceable

each reef is according to current biological information.
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Figure 4.5: A visualization of the frequencies at which each reef in the study area (Thuwal, central Saudi Arabian Red Sea; total 355 reef patches) is selected for
(a) fisheries, and (b) biodiversity scenario runs (total 10 fisheries and 12 biodiversity scenarios, listed in Table 4.2). The percent selection for each reef is color-
coded as per the inset key. Each Marxan run performs 100 reptitions, producing 100 solutions. The selection frequency for each run is then provided in a

summary file. The summary files for all runs were combined to create these visualizations in ArcMap. Dark gray indicates mainland.
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4.4. Discussion

The spatial overlap between MPA solutions for fisheries and biodiversity found in this study, as
well as the similarities in the patterns of selection frequency of reefs across the two scenario
types (Figures 4.1 and 4.5), indicates that it may be possible to design an MPA network in
Thuwal that could achieve both fisheries and biodiversity conservation goals simultaneously.
This, in turn, indicates that efficient use of resources to manage a local MPA while allowing
regulated fishing to continue may be feasible. This study presents the first application of a
quantitative decision-making software tool such as Marxan in MPA design within the Red Sea,
and it is also one of a small number of studies to include multiple species and consider multiple
conservation goals. While there are a few limitations to the study that could be minimized by
having a larger scientific dataset and access to socio-economic data, the findings address
important practical considerations that can be immediately informative to managers or decision-

makers.

Based on the results of Chapter 3, it was expected that FS solutions would be more
spatially biased towards offshore reefs, while BS solutions would select more midshelf and
inshore reefs. However, the results did not precisely follow this pattern. As best shown by the
patterns in Figure 4.5, the general selection frequency was very spatially similar between FS and
BS solutions. Although a higher number of offshore reefs tended to be selected in FS solutions,
this seems to be due to the necessity of generating larger solutions in general in order to achieve
FS targets. It is also important to note that the highest number of FS targets were missed when

inshore reefs were locked out of reserve selection, which indicates that, at least for some
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commercial species, inshore habitat is important in this area. Thus, FS solutions were simply
larger and more dispersed, but did not exhibit a higher selection frequency of offshore reefs than
inshore reefs. However, the initial prediction was partly true for BS solutions, which did select a
higher number of midshelf and inshore reefs. Nevertheless, one of the most frequently selected
reefs in BS solutions (which can be seen at the bottom-left corner of Figure 4.5 b) was indeed an
offshore reef, while the two most frequently selected reefs in FS solutions were midshelf reefs
(Figure 4.5 a). Therefore, rather than showing a shift in spatial patterns of reserve selection, the
comparison between FS and BS solutions highlights that FS targets were more challenging for

the algorithm to achieve efficiently and may require more costly reserve networks in Thuwal.

The results also show that, although achieving FS targets was more costly, there was
considerable spatial overlap between FS and BS solutions. This indicates that implementing a
reserve network that focuses on the more limiting FS targets is likely to also meet many or most
BS targets. This adds to the growing body of work from different parts of the world that suggests
that it can be feasible to achieve multiple goals simultaneously while minimizing conflicts and
opportunity costs (Lundquist and Granek 2005; Klein et al. 2008; Klein et al. 2009; Palumbi et

al. 2009; Gaines et al. 2010; Schmiing et al. 2014).

Similar to Schmiing et al. (2014), the results also show that changing target levels had a
strong impact on reserve selection patterns, the feasibility of solutions, and their ability to meet
targets. Shifting from minimum to maximum target levels impacted the feasibility of FS
solutions and their ability to meet targets more than it did BS targets. Even though BS solutions

nearly doubled in size, they remained mostly within feasible limits and missed fewer targets.
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This is likely a mere reflection of low variability in the spatial distribution of the densities of the
commercial fish species included as conservation features in FSs. This low variability would
“force” the algorithm to select more and more PUs into the reserve in order to reach the target,

leading to larger and less feasible final solutions.

One of the interesting findings in this study is that inshore reefs (< 5 km from shore)
appear to be of significant value to achieving conservation targets. This indicates that inshore
reefs may have to be considered for reserve implementation despite their apparent vulnerability
to stressors that are outside local control, such as thermal stress (Furby et al. 2013). Thus,
decision-makers would have to assess the risk of allocating some management resources to areas
that could be vulnerable *“screen doors” in an otherwise protective reserve network (Jameson et

al. 2002).

A general limitation of spatial planning in any location stems from the way in which
conservation targets are set for marine ecosystems. The general guidelines and recommended
target levels (e.g., World Parks Congress 2003; Convention on Biological Diversity 2010) are
almost always percentage-based and do not rely on absolute values that were shown to enhance
ecosystem health or were derived from empirical biological knowledge of life histories and
environmental conditions (Flather et al. 2011). This is the case largely because, unlike for many
terrestrial species, it is extremely challenging to obtain such knowledge (e.g., minimum viable
population sizes) for marine species. Consequently, the widely applied solution to this problem
was to resort to conserving a proportion of habitat and populations currently found in the

environment, often without sufficient evidence as to whether these proportions would be
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adequate for enhancing or maintaining ecosystem health (Tear et al. 2005). The widely-applied
ranges of 10 — 30% of habitat or populations are also partly derived from terrestrial conservation
goals, the validity of which are questionable even within the field of terrestrial conservation
(Rondinini and Chiozza 2010; Flather et al. 2011). This limitation is also magnified by shifting
baselines and the lack of time-series data (Hughes et al. 2011). Thus, while it is generally agreed
upon that clear goals and quantitative objectives are necessary for systematic conservation
planning (Margules and Pressey 2000; Fernandes et al. 2005; Stelzenmdller et al. 2013), it
remains challenging to set goals using objective and scientific methodologies (Tear et al. 2005).
However, constant monitoring of ecosystems following the implementation of a reserve that was
designed using the best available knowledge can indicate whether it is adequate and effective
(e.g., Roberts et al. 2001; Gell and Roberts 2003), and whether its design should be adjusted to

adapt to new information (Margules and Pressey 2000; Stelzenmller et al. 2013).

The conservation features selected to achieve fisheries and biodiversity goals in this study
are derived from the best available local knowledge. However, it is important to acknowledge
that the biological data was obtained from a snapshot in time (Chapter 3), and that the species
and benthic category abundance distributions were modeled using a purely distance-based spatial
method that does not take into account any biological or biophysical environmental factors. This
deficiency in the amount of data and accuracy of modeling is partly mitigated by using
abundance classes (low, medium, and high) rather than absolute values. Nevertheless, future
work on Thuwal reefs should include considerable expansion in the biological and environmental

dataset and the incorporation of more sophisticated and validated techniques for modeling
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abundance distributions on reefs where data was not directly collected (e.g., general additive
models used in Schmiing et al. (2014) or even more sophisticated species-specific models as
applied in Costello et al. (2010)). The reserve selection technique presented in this study assumes
that the protection of a proportion of the habitat of fisheries species, for instance, is sufficient to
maintain or replenish their populations within reserves as well as the populations in adjacent
fished areas (thus, benefiting fisheries). However, while protecting the habitat of fisheries
species is indeed necessary (e.g., Pelc et al. 2010a; Bode et al. 2012) and has been shown to
benefit fished areas via spillover (McClanahan and Mangi 2000; Kelly et al. 2002; Januchowski-
Hartley et al. 2013), reserve effectiveness can be greatly improved by directly studying
individual species’ ontogenies (e.g., Sala et al. 2003; McMahon et al. in press), reproductive
patterns and behaviors (e.g., Costello et al. 2010), and connectivity (e.g., Buston et al. 2012;
Almany et al. 2013; D'Aloia et al. 2013). While much of this type of data is still largely missing
in this study area (see DesRosiers 2011; Nanninga et al. 2015), the reserve solutions produced in
this study should have high larval connectivity according to general guidelines (< 30 km distance
between reserves) and current knowledge of larval dispersal in reef fishes (Almany et al. 2009;

Jones et al. 2009; McCook et al. 2009).

This study would benefit from an improved assessment of the economic costs of reserves.
The Marxan analysis was performed on the assumption that fishing pressure is more-or-less
spatially homogeneous throughout the area. However, there is no data available for Thuwal
regarding fishing effort, catch, or the revenue to fishermen. Since they are the primary

stakeholders in this area, fishermen should be involved in both cost-assessment as well as
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implementation and management, as local involvement has repeatedly been shown to be highly
effective in enhancing conservation (Mascia 2003; Borrini et al. 2004; Naughton-Treves et al.
2005; Green et al. 2009). Additionally, as mentioned in Section 4.2.4, the reefs provide economic
and recreational benefits to local residents and business owners. This potential for long-term
economic value (Angulo-Valdés and Hatcher 2010) could perhaps be used to argue for the
promotion of alternative livelihoods for fishermen, such as operating boats and guiding trips for
recreational businesses (Allison and Ellis 2001; Asiedu and Nunoo 2013), as well as for the
necessity of implementing and enforcing management plans, as maintaining reef health would be

essential for continued demand for recreational activities (Rees et al. 2010).

45. Conclusions

This study has shown that achieving multiple conservation goals such as biodiversity
conservation and fisheries sustainability may be feasible on local scales within the Red Sea.
While further expansion of biological data and the acquisition of socio-economic data could
lower uncertainty, the analysis provides practical information that can be of immediate benefit to
local decision-makers. Data deficiency is a common challenge in conservation planning;
however, given the urgent need for immediate conservation action worldwide (Veron et al. 2009;
Eakin et al. 2010), it is no longer a deterrent to initiating implementation effort and enlisting
local support for MPAs (e.g., Giakoumi et al. 2011). Even purely opportunistic MPAs, while
inefficient (Stewart et al. 2003), have been shown to be better than the alternative of no reserves

at all (Roberts and Hawkins 2000). The Marxan approach applied here is objective, quantitative,
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transparent, flexible, and replicable, and it can be repeated to design, optimize, and even evaluate

reserves as more information becomes available (Ball et al. 2009; Schmiing et al. 2014).
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CHAPTER 5: ANOTE ON THE HUMAN DIMENSIONS OF RED
SEA CONSERVATION IN SAUDI ARABIA

5.1. Introduction

The aim of this dissertation was to explore the design of science-based marine protected areas
(MPAS) in the Thuwal area of the Saudi Arabian Red Sea. This aim is quite different from
creating a comprehensive resource management plan. The latter would be a larger and more
multidisciplinary effort that must take into consideration socio-economics and politics as well as
science. This chapter is a note on some of the main socio-economic challenges facing

conservation in the Saudi Arabian Red Sea.

Some of the main goals of a management plan are to sustain ecosystem services (food,
livelihoods, cultural, and aesthetic value, etc.) (Adams 2014) and, ultimately, from a more ethical
perspective, to simply preserve biodiversity for the sake of biodiversity (McCauley 2006). Most
management plans focus on preserving ecosystem services by regulating human activities in
order to prevent the overexploitation of the environment (Worm et al. 2006; Palumbi et al. 2009;
Kelble et al. 2013). Figure 5.1 shows a conceptual model of the main drivers in the Thuwal area
that could eventually lead to the loss of ecosystem services and the pathway by which this loss
could occur. Most of these stressors are local human activities (fishing, coastal development,
recreational activities, wastewater, etc.), while others are outside immediate local control, such
as climate change and extreme weather. MPAs may only reduce the impact of fishing and

physical damage to the reefs inside them, and those benefits may “spill over” to non-reserve
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areas either through larval supply or the migration of adult fish (e.g., McClanahan and Mangi
2000; Ashworth and Ormond 2005; Forcada et al. 2009; Januchowski-Hartley et al. 2013; Emslie
et al. 2015). Reserves may also improve the resilience of vulnerable reefs so that they can
recover quickly from disturbances that are outside immediate local control, such as thermal stress

(Bellwood et al. 2006; McCook et al. 2010; McGilliard et al. 2011).
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Figure 5.1: A conceptual diagram illustrating how driving forces (“drivers” listed on the left-hand side) cause
“stressors” on the environment, which then alter the natural “state” or balance of the ecosystem, leading to the loss
of “ecosystem services”. The “drivers” listed are thought to be the main ones acting in Thuwal in the central Saudi
Arabian Red Sea, which is the main study area in this thesis. Green arrows indicate positive effects, while red
arrows indicate negative effects.
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However, for many reasons, simple spatial closure is not sufficient for preserving the
environment and sustaining ecosystem services (Allison et al. 1998). For example, if fishing
pressure is not brought down to sustainable levels everywhere in Saudi Arabia, spatial closure
would merely lead to a displacement of fishing pressure, and no economic benefit to fisheries
would be observed (Halpern et al. 2003, 2004; Jin et al. 2012). Similarly, marine organisms with
home ranges that stretch well beyond the range of an MPA (e.g., marine mammals, sharks, and
other large pelagic predators) must be protected by other means, such as well-enforced fishing
regulations. Therefore, a local MPA network in Thuwal may produce benefit to fishermen and to
the environment, but only if it is accompanied by both local and national regulations on the
maximum number of fishing licenses issued and well-enforced species-specific regulations such
as minimum and maximum catch size, limited quotas, and bans on fishing threatened species.
While some fishing laws have indeed been issued in Saudi Arabia (e.g., a ban on shark fishing
(Department of Fisheries 2008)), hardly any compliance with or enforcement of these laws
seems to be taking place, and Saudi fisheries are currently thought to be operating well beyond

sustainable levels (Jin et al. 2012; Spaet 2014; Spaet and Berumen 2015).

This highlights the importance of the human dimension to the success of conservation
efforts in Saudi Arabia, which includes the socio-economic, cultural, and political aspects of

conservation and is the focus of the next section.
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5.2. The Human Dimension in Saudi Arabian Marine Conservation

Providing a scientific basis is one of the first steps in systematic conservation planning, which
was the focus of this thesis; however, conservation is a multidisciplinary field that also requires
socio-economic and political considerations to be taken into account (Margules and Pressey
2000; Tear et al. 2005; Stelzenmiller et al. 2013). Such socio-economic data are either missing
or difficult to access in Saudi Arabia, but they would include information that covers all human
uses of the marine environment, such as: 1) detailed information on fishing pressure, catch per
unit effort, the fishers’ income, the cultural importance of fishing, gear types, etc.; 2) information
on the economic and social value of recreational marine activities, such as the income to dive
operators, job opportunities created by the diving industry, etc.; and 3) an assessment of the
financial cost of implementing and enforcing MPAs (both management and opportunity costs).

Without such information, it is challenging to formulate a comprehensive management plan.

Equally important to the formulation of a comprehensive plan is the capacity to
implement it. As mentioned earlier in the case of fishing laws, there seems to be a large and
persistent gap between science and implementation or enforcement in conservation in Saudi
Arabia. Although scientific data on the physical and biological aspects of the environment are
limited in the Red Sea (Berumen et al. 2013), they are not completely absent, and science-based
conservation efforts could have been initiated many years ago. Annual reports of large-scale
patterns in biodiversity as well as recommendations for the placement of MPAs in Saudi Arabian
waters have been and continue to be published, at least since the 1980s, by regional and

international organizations (e.g., IUCN/UNEP 1988; PERSGA/GEF 2003). However, these
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recommendations were almost never followed or acted upon beyond the establishment of one or
two “paper parks” (Chapter 1). Saudi Arabia possibly lacks the appropriate organizational
structure that is capable of implementing and enforcing resource management plans. However,

this structure would not be too challenging to assemble if sufficient political will were present.

Apart from the absence of political will and an appropriate organizational structure, there
is also very little education or involvement of the local resource users, such as fishermen and
recreational business owners, in conservation issues. This leads to an environment where: 1) the
main resource users are not aware of how their activities (the “drivers” on the left-hand side in
Figure 5.1) impact their own livelihoods (the “ecosystem services” on the right-hand side in
Figure 5.1); 2) they seem to have little awareness of or trust in the benefits of any management
regulations, and, therefore, are not willing to comply; and 3) many of them seem to have little
sense of ownership, agency, or stewardship for the environment (possibly due to the top-down
authoritative government system), and so, are unlikely to take initiative or be supportive of
conservation effort. Indeed, the involvement of local resource users in the decision-making and
implementation process has repeatedly been shown to play an important role in the success of
community-based MPAs (Pollnac et al. 2001; Mascia 2003; Borrini et al. 2004; Naughton-
Treves et al. 2005; Keane et al. 2008), and this was perhaps the main reason for the momentary
success of the Farasan Islands protected area in the southern Saudi Arabian Red Sea (Gladstone

2000).

However, it is also important to acknowledge that the presence of the science-action gap,

which is a worldwide phenomenon and not merely a local one, is also partly due to the
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detachment of researchers from the decision-makers, practitioners, and resource users (Knight et
al. 2008). It has been argued that there are advantages to this detachment, as it allows scientists
to explore the best possible courses of action for the sake of the environment without bias
towards practically or politically favorable solutions, taking into account only natural processes
and the requirements for sustaining them (Tear et al. 2005). However, much can be gained from
sourcing some of the research questions pertaining to conservation from practitioners and
resource users as well as from ensuring that academics have basic knowledge of implementation

processes and local policy (Knight et al. 2008).

5.2.1. Unique Saudi Arabian Challenges: The Fishing Dilemma
In addition to the general challenges to the success of conservation effort mentioned above,
Saudi Arabia faces its own unique socio-economic and political challenges, especially with
regards to the regulation of fishing activities. Fisheries are in crisis all over the world (Pauly et
al. 2002), and, while direct fishing data is needed to support this claim, it seems that Saudi
Arabian Red Sea fisheries are no exception (Jin et al. 2012; Spaet and Berumen 2015). Jin et al.
(2012) have shown that the fishing fleet in the Saudi Arabian Red Sea is, at minimum, three
times larger than it should be in order to maximize economic benefit from fisheries, and this
estimate is likely to be an underestimation. This presents a major problem of overcapacity that is

thought to have been present since the mid-1990s (Jin et al. 2012).

Thus, it is clear that, at least for economic purposes, if not for environmental purposes,
the volume of fishing pressure in the Saudi Arabian Red Sea needs to be drastically reduced.

However, the challenge is further complicated by a possibly unique aspect of Saudi Arabian
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fisheries, which is that the majority of fishermen actively fishing the sea are not local Saudi
fishermen, but, in fact, foreign laborers. For example, Thuwal is estimated to have around 200
fishing boats, which are mostly small, single-engine boats on which fishing is done mostly by
hand-lining (R. Jahdali and H. Jahdali, pers. comm.). Only about 70 of these boats are owned
and operated by local Saudi fishermen whose families had been fishing Thuwal waters for many
generations. The remaining majority of the boats are run by foreign fishermen (mostly Egyptian
and Bengali) who operate under the sponsorship of Saudi businessmen who provide the boats for
a monthly rental fee (R. Jahdali and H. Jahdali, pers. comm.). The interests of those non-Saudi
fishermen are only financial and short-term, and the long-term health of Red Sea fisheries is of
little concern to them, as most of them eventually return to their home countries after saving
sufficient funds. Thus, they cannot be expected to support a local MPA or to comply with fishing
regulations unless strict enforcement is in place. In fact, Saudi fishermen in Thuwal seem to
believe that the non-Saudi fishermen fish all year-round, fish indiscriminately, and use illegal
methods (such as gill nets) far more frequently than they, the Saudi fishers, do (R. Jahdali and H.
Jahdali, pers. comm.). While there is currently no direct evidence that the fishing behavior of
Saudi and non-Saudi Thuwal fishermen is different, the challenge remains that it would be
difficult to gain support for and compliance with fishing regulations or with an MPA in Thuwal.
However, it may be possible to reduce the number of fishing boats over the coming years if

Saudi authorities decline to renew fishing licenses or issue new licenses for non-Saudi fishers.

A commonly used and often successful approach for reducing fishing pressure in various

parts of the world is the alternative livelihoods approach, where fishers are provided with
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opportunities to pursue alternative careers in the ecotourism industry or other industries
(McManus 1997). However, alternative livelihood programs require initial assessments through
interviews of the fishers’ acceptance of the idea (Asiedu and Nunoo 2013), an understanding of
how important fishing is to well-being and to the local culture (Pollnac et al. 2006), as well as an
understanding of the local culture (Allison and Ellis 2001). Alternative livelihoods in the diving
tourism business or other water-based recreational businesses may potentially be a viable option
for Saudi fishermen. However, the fact that tourism is highly restricted and limited in Saudi

Arabia may severely limit its viability.

5.3. Conclusions

The need for conservation action in the Saudi Arabian Red Sea is urgent, and the currently
available information is sufficient to initiate immediate action. The work presented in this thesis
applies a modern and easily repeatable method for designing MPAs that would be manageable
on the scale of one fishing village. It also shows that it is possible to achieve multiple
conservation goals with one feasible MPA network. This method can also be easily adapted as
larger datasets become available. However, the major challenges to marine conservation in Saudi
Arabia remain socio-economic and political in nature. Political will and the education and
involvement of locals are two of the major missing elements vital to the success of conservation
efforts in the Arabian region, and, without them, scientific research will fail to benefit resource
users as well as the natural environment itself. Nevertheless, researchers must also continue to
increase knowledge of the environment and make an effort to communicate their findings to the

relevant authorities and stakeholders.
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CHAPTER 6: GENERAL DISCUSSION AND CONCLUSIONS

The work presented in this thesis explored and analyzed the potential for systematic conservation
planning in the Saudi Arabian Red Sea using modern methods as well as to provide some of the
basic scientific data required to design local marine protected areas (MPAS) in Thuwal. Chapter
2 considered the use of spatial habitat distribution features for designing MPAs that could be
well-connected with larval supply; Chapter 3 provided basic biological knowledge of the local
reef communities in Thuwal; and Chapter 4 produced and analyzed designs of various potential
local MPAs to achieve multiple conservation goals. None of these questions had been addressed
using current methods on a small, locally-manageable, scale within the context of the Red Sea
prior to this thesis, which makes it a valuable contribution to marine ecology and conservation

literature both locally and globally.

The current absence of MPAs in the Saudi Arabian Red Sea presented an opportunity to
“start fresh” by developing hypotheses and obtaining data to design effective MPAs based on
modern scientific principles. These principles include connectivity (which could be larval, adult,
ontogenetic, or other), adequacy (which requires obtaining detailed data on reef communities in
order to capture key ecological processes within MPAS), representativeness (of key habitats and
species), efficiency (minimizing costs), and flexibility (providing multiple options to managers
and using adaptable methods) (Margules and Pressey 2000; Tear et al. 2005). Chapter 2 of this
thesis addressed aspects of the connectivity principle; Chapter 3 provided information required to
achieve adequacy and representativeness; and Chapter 4 addressed, to varying extents, adequacy,

representativeness, efficiency, and flexibility. As a whole, the thesis presents a model for
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designing small-scale MPAs in the Red Sea that are science-based and feasible. Finally, Chapter
5 addressed the socio-economic and political challenges facing conservation efforts in Saudi
Arabia. This chapter discusses some of the contributions of this work to the local and global

scientific literature and identifies some of its limitations and recommended future work.
6.1. Contribution to Incorporating Connectivity in MPA Design

There is a growing body of literature discussing the incorporation of larval connectivity into
conservation planning, ranging from proposing general guidelines (e.g., Almany et al. 2009;
McCook et al. 2009), to validating the connectedness of existing MPAs (e.g., Harrison et al.
2012; Almany et al. 2013), to using dispersal models to inform management decisions (e.g.,
Kininmonth et al. 2011; Beger et al. 2015), to simply attempting to improve the current
understanding of larval dispersal patterns of model species (e.g., Berumen et al. 2012; Almany et
al. 2013). Also, due to the difficulties and high costs of studying connectivity, some surrogates of
connectivity were tested that could allow managers to cheaply incorporate connectivity into
MPA design (e.g., Bode et al. 2012). However, the effect of small-scale spatial configuration (or
patchiness) of reefs on local dispersal patterns remains poorly understood, although the need to

improve the understanding of this effect is recognized (D’Aloia et al. 2013).

Chapter 2 of this thesis attempted to advance the understanding of how patchiness may
affect real dispersal patterns of reef organisms, and showed that increased habitat patchiness may
be correlated with the occurrence of longer maximum dispersal distances. This implies that it

may be possible to design more widely spaced (less dense) MPAs in patchier habitats while
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maintaining larval connectivity. The chapter also proposed using a comparative method to
continue exploring this relationship between patchiness and dispersal as more empirical dispersal
data becomes available. This method also proposes a relatively cheap solution that could be
applicable in areas where obtaining empirical dispersal data or creating sophisticated dispersal
models are not possible, as a comparative evaluation of the degree of habitat patchiness may be
sufficient to guide MPA placement. However, due to the paucity of empirical dispersal data and
the failure to acquire fully empirically-validated dispersal information from within the Red Sea,
this contribution is currently more valuable to theoretical ecology and conservation until further
testing of the hypothesis can be done. Acquiring more empirical dispersal data from different
locations, for different species, and different time periods could take the conclusions of this work

from the realm of theory to that of specific practical instructions and guidelines.

Besides the need for more empirical dispersal data, there is also a need for detailed
habitat maps. In the patchiness analysis in Chapter 2, it was assumed that whole reefs were
equally viable habitat patches for dispersing larvae, which, while simpler to analyze and easier to
obtain from satellite imagery and web-based GIS databases, is not ecologically accurate. Habitat
patches could be redefined in each studied location based on the niche of the species whose
dispersal patterns are being considered. For example, in Manus Island, where the grouper
Plectropomus areolatus was studied, habitat patches could be redefined to only include sheltered
lagoons where grouper larvae are most likely to recruit (Almany et al. 2013). Similarly, for
clownfish species, habitat patches could be redefined to only include areas where there are high

densities of anemones (Nanninga 2013). However, while it is important to recognize the
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limitations of this assumption, it is also important to note that incorporating this level of detail
into the analysis would defeat the purpose of eventually proposing a cheap and fairly simple
method for incorporating larval connectivity into MPA design, as it would require extensive

mapping efforts.
6.2. Contribution to Coral Reef Ecology

The data presented in Chapter 3 is mostly descriptive and provides a snapshot of the spatial
variation and cross-shore trends of local reef communities near Thuwal. Most of the data
available for the Saudi Arabian Red Sea prior to this work is conducted on a much larger spatial
scale and at lower spatial resolution (e.g., Roberts 1992; PERSGA/GEF 2003; Roberts et al.
2015). The small scale and level of detail of the surveys described in Chapter 3 provides
information that has more practical value to local decision-makers. Specifically, by highlighting
the most important biological and ecological characteristics of inshore and offshore reef
communities, the data presented in Chapter 3 made it possible to identify the locations where key
ecological processes (e.g., spawning and recruitment) may be captured if included within a local
MPA, thus making it possible to later fulfill some aspects of the adequacy principle
recommended for effective MPAs. It also made it possible to make a preliminary assessment of
the relative health of inshore and offshore reefs. This information is essential, as systematic
conservation planning is ultimately a spatial exercise (Margules and Pressey 2000), and so,

requires spatially-explicit information to be provided on an appropriate scale. The data also
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identifies species that are representative of different local communities and habitats, thus making

it possible to also fulfill aspects of the representativeness principle.

It is important to note, however, that a single snapshot in time is not adequate for making
permanent prioritization decisions. Reef community assemblages may vary seasonally due to the
recruitment or migration patterns of different species or due to climate, and, thus, future work
should include more surveys through time. Future work could also include surveys of other
supporting habitats besides coral reefs, such as sea grass beds and mangroves, as well as attempt

to locate local spawning aggregations of commercially important species.

6.3. Contribution to Conservation Science

It is rare for initial conservation efforts to be based on knowledge of the abundances of such a
large number of species as those surveyed in Chapter 3, and, currently, many MPAs still fail due
to opportunistic rather than science-based placement (Roberts and Hawkins 2000; Stewart et al.
2003). Therefore, Chapter 3 not only contributes to the growing body of much-needed
knowledge of Red Sea reefs (Berumen et al. 2013), but also serves as an example of good

practice for accumulating as much scientific knowledge as possible prior to spatial prioritization.

The spatial prioritization exercise that is detailed in Chapter 4 (based on the data
collected in Chapter 3) and used to propose multiple designs of MPAs in Thuwal is the first of its
kind to be done in the Red Sea. It follows the relevant principles of systematic conservation
planning by: 1) identifying conservation goals, 2) setting quantitative targets, 3) using the best

available science, 4) identifying priority areas, and 5) providing multiple alternatives (Margules
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and Pressey 2000; Tear et al. 2005). It is also, to the best of my knowledge at the time of writing,
the first conservation planning exercise in the Red Sea to use a powerful decision-making
software tool such as Marxan to optimize MPA design, and to do so on a scale that is locally-
manageable. On a more global scale, the results of this analysis add to the literature debating the
feasibility of designing MPAs that can achieve multiple, and often contrasting, goals
simultaneously and efficiently (Hastings and Botsford 2003; Green et al. 2014). The results add
to the literature showing that achieving a balance between fisheries and biodiversity conservation

goals is possible at least in some circumstances (e.g., Schmiing et al 2014).

It is important, however, to acknowledge the main limitations of this analysis. First, the
species abundances were modeled throughout the study area using a splining function rather than
an ecological model that is based on environmental variables. A more sophisticated modeling
technique may lead to different abundance maps, and therefore, different spatial prioritization
results. However, the splining method has the advantage of being easy and quick to implement
with access to any GIS software, and its accuracy can be improved by having a larger number of
spatial replicates. Second, abundances per 100 m? were scaled up to entire reefs using a simple
area-weighted sum, which could also be made more accurate using more sophisticated
conversion formulas. However, area-weighted sums allow taking into consideration the sizes of
individual reefs when conducting Marxan analyses with irregular reef-shapes as planning units.
Finally, the socio-economic costs (e.g., losses to fishermen) of selecting individual reefs into
MPAs could not be considered in this analysis due to the difficulty of obtaining or accessing

socio-economic information in Saudi Arabia. It was assumed that costs would be more-or-less
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equal for all reefs, which may not be accurate. One of the strongest advantages of using a tool
like Marxan is its ability to find the cheapest and most efficient MPA solutions. Therefore,
incorporating economic costs, or at least a surrogate of such costs, would allow a user to make
much better use of Marxan’s power and make more effective decisions. Thus, future work should

include more accurate ecological models and relevant socio-economic data.

6.4. Conclusions

This thesis applied theoretical, investigative/descriptive, and analytical approaches to address the
question of how science-based MPAs could be designed using modern techniques in a data-poor
region of the world. While the acquisition of larger datasets and more sophisticated modeling
techniques could improve various parts of this work, the findings are sufficient to guide the
initiation of conservation planning in the Thuwal area as well as provide a model for other parts
of the Red Sea. The methods applied here are also relatively quick and cheap to employ, which
would allow for quick decision-making with room for future adaptation as more data becomes

available.
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Introduction

There is considerable debate over how to optimize marine protected area (MPA) networks to
meet various ecological goals. With regards to larval connectivity, priority is usually placed on
reefs which are presumed sources rather than sinks of larvae in a given region of interest, as
source reefs have the capacity to replenish other locations under different scenarios of
disturbance (Almany et al. 2009; McCook et al. 2009).

An analysis of habitat spatial distribution in an area of interest could in some cases be the
simplest and most accessible type of information available for decision makers (Costello et al.
2010), especially in areas where larval dispersal patterns are highly variable and where other
types of data are scarce. Here, we use a larval dispersal model to evaluate if spatial habitat
proximity may be a good indicator for potential source reefs in data-deficient locations.

Research Questions:

» Using a biophysical connectivity model, which of 7 representative reefs in the Thuwal
region of the central Saudi Arabian Red Sea are important sources of larvae to other reefs
during the main spawning season of Amphiprion bicinctus (the Red Sea anemonefish)?

» Can proximity to other reefs serve as an indicator of a given reef’s predicted successful
larval output within the network?

Methods:
Study Site
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Patchy reef habitat along 70 km of the central Saudi Arabian Red Sea coast near KAUST and
Thuwal (Figure 1).

Model

Physical features of the dispersal model are based on a 3-dimensional, small-domain, high-
resolution Massachusetts Institute of Technology (MIT) general circulation model, ranging from
22.1 to 22.8°N and 38.5 to 39.2°E. The physical current data provides the background
hydrodynamics of the Connectivity Modeling System (CMS) (Paris et al. 2013), which calculates
Lagrangian particle trajectories. The model organism used for this study is the Red Sea
anemonefish, Amphiprion bicinctus, which produces eggs in January. Biological attributes (e.g.
settlement competency) were estimated from the literature (Nanninga 2013). Table 1 shows
model parameters.

Table Al.1: List of model parameters.

Parameter Value
Pelagic larval duration 12 days
Settlement competency 6 days

Assumed range for larvae to detect 2 km
settlement habitat

Mortality 6 days
Number of larvae released 9000/reef
Release dates January 5 - 6, 2012

Spatial Proximity Analysis

The number of reefs occurring within a defined radius of the 7 modeled source reefs was counted
in ArcGIS. The search radius was standardized to 14 km (20% of the length of the study area) for
simplicity, and the results were summarized in the form of histograms.

Results:

* Three reefs — Offshore 2, Midshelf 2, and Inshore 3 — may have successfully supplied
larvae to other reefs in the winter spawning season of the Red Sea anemonefish in 2012
(Table 2).

» Two reefs — Midshelf 2 and Inshore 3 — had the highest numbers of reefs distributed
within 14 km of them. Offshore 2 has one of the lowest proximity rates in all reefs
examined.

» Rates of local retention were very low for all reefs (Table 2).
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Figure Al: Left panel shows simulated anemonefish larval trajectories for January, 2012, in the Thuwal region of
the Saudi Red Sea originating from 2 of the most successful source reefs identified by the model a) Offshore 2, and
b) Midshelf 2. The right panel shows habitat proximity histograms for the same reefs.
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Table A1.2: Summary of local retention and larval supply as per the model.

Percent local No. of receiving patch reefs

Source reef  retention (%) (no. of larvae supplied)
Offshorel 0 3(9)

Offshore2  0.13 19 (180)

Midshelf1 0 2(17)

Midshelf2  0.39 14 (162)

Inshore 1 0.03 10 (37)

Inshore 2 0.1 7 (98)

Inshore 3 0.08 10 (144)

Discussion and Future Work:

Two out of three potentially valuable source reefs also had relatively high spatial
proximity rates which indicates that analysis of proximity may be a useful tool to use in
regions where data is scarce.

Future work may show high temporal variability in dispersal patterns, in which case
proximity analysis may be even more useful.

Future genetic analyses could validate whether the source reefs identified by the model
are actually functioning as sources.

Very low rates of local retention suggest little to no self-recruitment on Thuwal reefs, as
was also shown empirically for one reef by Nanninga (2013) using parentage analysis.
This, as well as the highly fragmented nature of the habitat, suggests that, for Thuwal, a
network of many, small reserves may be more effective in conserving populations than
fewer, larger reserves.

References:

Almany G, Connolly S, Heath D, Hogan J, Jones G, McCook L, Mills M, Pressey R, Williamson D (2009)

Connectivity, biodiversity conservation and the design of marine reserve networks for coral reefs. Coral Reefs
28:339-351

Costello C, Rassweiler A, Siegel D, De Leo G, Micheli F, Rosenberg A (2010) The value of spatial information in

MPA network design. Proceedings of the National Academy of Sciences 107:18294-18299

McCook L, Almany G, Berumen M, Day J, Green A, Jones G, Leis J, Planes S, Russ G, Sale P, Thorrold S (2009)

Management under uncertainty: guide-lines for incorporating connectivity into the protection of coral reefs.
Coral Reefs 28:353-366



167

Nanninga GB (2013) Merging approaches to explore connectivity in the Anemonefish, Amphiprion bicinctus, along
the Saudi Arabian Coast of the Red Sea. King Abdullah University of Science and Technology, p186

Paris C, Helgers J, Van Sebille E, Srinivasan A (2013) Connectivity Modeling System: A probabilistic modeling
tool for the multi-scale tracking of biotic and abiotic variability in the ocean. Environmental Modelling &
Software 42:47-54



168

APPENDIX 2: RUGOSITY PATTERNS AND CORRELATIONS ON
THUWAL REEFS

Justification

Previous studies have shown some positive correlations between the structural complexity
(rugosity) of reef habitat and ecological variables such as benthic and fish diversity (e.g., Wilson
et al. 2007; Chong-Seng et al. 2012; Graham and Nash 2013), while other studies showed no
correlation (e.g., Roberts and Ormond 1987) and questioned the use of habitat measures in
general as proxies for biodiversity (Beger et al. 2007; Lindsay et al. 2008). As an exploratory
investigation, rugosity measurements were collected from Thuwal reefs to examine whether
structural complexity may be a good predictor of biomass or diversity indices on this local scale.
This was done in order to search for a potentially simple local proxy of diversity that could then
be used in spatial prioritization for conservation.

Materials and Methods

In May 2014, the structural complexity of the same 9 reefs on which visual surveys were
conducted (Chapter 3) was estimated digitally using the same method as Dustan et al. (2013).
Fine-scale pressure measurements were taken using the HOBO U20 Titanium Water Level
Logger U20-001-02-Ti (Onset Computer Company #U20-001-02-Ti,
http://www.onsetcomp.com/products/data-loggers/u20-001-02-ti) which operates within a range
of 0 — 30 meters of depth with a resolution of 0.41 cm and an accuracy of +/— 1.5 cm. The logger
was set to record pressure every second once initialized. Pressure measurements were then
mathematically converted to depth using the formula: depth (meters) = pressure (decibars) x
1.019716. Rugosity was then characterized as the standard deviation of the set of depth
measurements (Dustan et al. 2013). Measurements were taken along 3 replicate transects per
reef. Each transect was 25 meters long, and all were at a depth of 10 meters. Transects were laid
out at the same GPS locations on the reefs where the fish surveys were conducted (Chapter 3).

A Kruskal-Wallis test was performed to identify differences between reefs, and simple
linear regressions were performed to investigate the relationship between reef rugosity and
distance from shore as well as reef rugosity and biological variables: fish biomass, fish species
richness, coral cover, and coral genus richness.

Results

Average rugosity per reef ranged from 0.16 +0.01 on the inshore reef ASR to 0.73 £0.11 on the
offshore reef AMR (Table A2.1 and Figure A2). No statistical significance was found in the
differences between reefs (Pkruskai-wanis = 0.047). Pearson’s Correlation test also showed no
significant correlation between mean reef rugosity and distance from shore (R = 0.558, R? =
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0.312, p = 0.153). Mean reef rugosity was also found to be a poor predictor of fish species
biomass, fish species richness, mean percent coral cover, and coral genus richness (regression
coefficients are shown in Table A2.2).

Discussion and Conclusions

The results above are similar to one previous study conducted in the Red Sea on a different scale,
using different methods for measuring rugosity (Roberts and Ormond 1987), which also found
habitat complexity to be a poor predictor of reef biodiversity.

It is possible that the sample size in this study and the number of replicates are inadequate
for revealing spatial patterns in rugosity on the scale of Thuwal reefs or for revealing
relationships between rugosity and biodiversity. It would also be more appropriate to collect
rugosity measurements at the same time as the fish and benthic data and on the same transects.
Moreover, it is possible that the relationship between rugosity and biodiversity may be more
complex and require more in-depth analysis. For example, rugosity may be related only to the
abundances of small fishes (Wilson et al. 2007), which cannot be observed in this preliminary
analysis.

It is also important to note that the method employed here for measuring rugosity
electronically, while high in resolution, is somewhat difficult to employ. Most reefs in this area
have nearly vertical walls and shallow, flat, tops, and structural complexity at 10 m depth occurs
mostly in the form of crevices and outcrops that are perpendicular to the reef walls. On the other
hand, measuring rugosity using a pressure logger (or even using the traditional chain method) is
a vertical process that can only record complexity in one dimension (up and down) that, on a
steep wall, is not the dimension in which most of the structural variation in complexity occurs.
Therefore, this method is more suitable for measuring habitat complexity on “flat” reef
structures, while other methods, such as counting holes and crevices or visually categorizing
complexity (see McCormick (1994) for a review of methods), may be more appropriate for steep
reefs such as Thuwal reefs.

Table A2.1: Mean rugosity and standard error of 3 offshore, 3 midshelf, and 3 inshore reefs in Thuwal, central Saudi
Arabian Red Sea. Data were collected from the same locations from which biological data were collected. Rugosity
was characterized as the standard deviation of fine-scale pressure measurements collected by a HOBO pressure
logger. For a list of full reef names, see the List of Abbreviations and Chapter 3.

Location Reef name Mean rugosity Standard error

Offshore RR 0.51 0.01
NR 0.64 0.12
AMR 0.73 0.11
Midshelf FR 0.40 0.04

TWR 0.34 0.08
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AHR 0.44 0.07
Inshore  ASR 0.16 0.01
TR 0.62 0.13
EFR 0.511 0.18

Table A2.2: A summary of results of regression analyses, showing a list of the dependent biological variables,
Pearson’s coefficients (R values), the R? values, and the significance values. The independent variable was mean
reef rugosity, which was calculated for each of 9 reefs from 3 transect replicates per reef at 10 m depth. Results
show no significant correlation between rugosity and the listed biological variables.

Dependent variable R R Significance*
Mean fish biomass

per reef

(kg/100m2) 0.449 0.201 0.226

Total fish  species
richness per reef 0.067 0.004 0.865
Mean hard coral
cover per reef (%) 0.353 0.125 0.351
Total hard coral
genus richness per
reef 0.413 0.17 0.27

* Alpha value = 0.005
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Figure A2: Mean rugosity on 9 reefs in Thuwal, central Saudi Arabian Red Sea. Bars show standard error of the
mean. Red bars indicate inshore reefs, green bars indicate midshelf reefs, and blue bars show offshore reefs. The x-
axis shows abbreviated reef names. Mean rugosity was calculated from 3 replicates per reef at 10 m depth. Rugosity
was characterized as the standard deviation in fine-scale pressure measurements collected using a HOBO pressure
logger.
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APPENDIX 3: SUMMER SEA SURFACE TEMPERATURES

Monthly average sea surface temperatures (SSTs) obtained via remote sensing were summarized
for the years 2000 — 2009, covering most of the Thuwal area. The data was and made available
by the National Oceanic and Atmospheric Administration’s (NOAA) National Oceanographic
Data Center (NODC) (Kilpatrick et al. 2001; NOAA 2013). The spatial resolution of the satellite
data was 4 km and temperatures were recorded twice daily. Overall temperature patterns were
visualized, and then summer temperatures were analyzed separately.

After preliminary visualization (Figure A3.1), SSTs in Thuwal were found to be highest
during the month of August. Accordingly, average August SSTs from 2000 — 2009 were
compared for inshore and offshore Thuwal waters to explore whether inshore reefs experienced
significantly higher SSTs, thus revealing a potential explanation for their higher vulnerability to
thermal stress (Furby et al. 2013). However, a t-test showed no significant difference between
inshore and offshore average August SSTs (t = 0.040, p = 0.969) (Figure A3.2).

Surface temperatures may not be the important variable causing inshore reefs to be more
susceptible to thermal stress, but rather deeper temperatures and overall water turnover.

Figure A3.1: Average monthly SSTs obtained via satellites in the Thuwal area (E 38.78° — 39.05, N 22.04° —
22.17°) averaged over the years 2000 — 2009. Data were obtained from NOAA (2013) at www.ncdc.noaa.gov.
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Figure A3.2: Average August SSTs obtained via satellites in Thuwal waters from 2000 — 2009 for inshore (< 5 km

from shore, red line) and offshore (about 20 km from shore, black line). Data were obtained from NOAA (2013) at
www.ncdc.noaa.gov.
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APPENDIX 4: MARXAN SOLUTIONS

Figure A4: Marxan best solutions for 20 scenarios run on the reefs near Thuwal, central Saudi
Arabian Red Sea: 10 fisheries scenarios (FS), and 10 biodiversity scenarios (BS). Panels (a) — (e)
show best solutions for scenarios with maximum targets (max). The left panels are FS solutions
showing selected reefs shown in blue, and the right panels show BS solutions with selected reefs
shown in red. Panels (f) — (j) show best solutions for scenarios with minimum (min) target levels.
Unselected reefs are shown in pale gray, and mainland coast is shown in dark grey. All panels
are labeled as follows: scenario type (FS or BS) target level (max or min)_iteration number.
Iteration numbers can be interpreted as follows (see also Table 2 in Chapter 4): 1 = control runs,
no reefs locked in or out; 2 = inshore reefs (< 5 km from shore locked out), 3 = research
monitoring sites locked in; 4 = patches smaller than 0.1 km? locked out; 5 = half of the largest
reef in the area is locked out. The number of targets missed by each solution and the percent reef
area included in the reserve are also indicated on the panels. Cost and boundary length modifier
were equal to 1 for all planning units and all scenarios.
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