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Abstract

The coral reefs of the Red Sea are host to a diverse fish
fauna. Ichthyofauna studies began in the Red Sea during
expeditions undertaken by some of the earliest European
naturalists. In the more than 200 years that have passed,
much has been learned about Red Sea fishes. Nonetheless,
many knowledge gaps remain. Although it is a relatively
young sea, the geologic history of the Red Sea provides
an interesting context for many evolutionary biology
studies. The strong environmental gradients within the
Red Sea and the broader Arabian region may play a role
in structuring some observed biodiversity patterns, per-
haps most notably in the context of high numbers of
Arabian and Red Sea endemics. As such, Red Sea fishes
provide ideal opportunities for connectivity studies, both
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based on adult movement and larval dispersal patterns.
These studies are increasingly important as multiple mod-
ern “mega-developments” are planned on Red Sea shores
in locations where a lack of scientific information may
still hinder conservation efforts and planning for sustain-
able development. Coupled with increasing pressures
from global climate change, each of the Red Sea countries
faces unique challenges for the preservation of the rich
biological resources for which their reefs are historically
known.
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8.1 Red Sea Ichthyofauna and Movement
Ecology
8.1.1 Early Natural Historians and Red Sea

Taxonomy

The ichthyofauna of the Red Sea attracted the attention of
some of the earliest naturalist historians; several of them
spent a great deal of time in the Red Sea, or at least working
with material collected from the Red Sea. Peter Forsskil, a
Swedish explorer and naturalist, may have the most unfortu-
nate story, dying near the end of a 7-year journey to what is
now called Yemen, but not before sending many preserved
specimens back to his mentor, Carl Linnaeus (Hansen 1962).
Several fishes bear scientific epithets honoring these natural-
ists, including Parapeneus forsskali, Thalassoma rueppellii
(named for the German Eduard Riippell, one of the first
European naturalists to reach the Gulf of Aqgaba), and
Lutjanus ehrenbergi (named after Christian Gottfried
Ehrenberg, another German naturalist / explorer among the

earliest Europeans to study northern Red Sea fauna)
(Fig. 8.1). Notably, many of the species were given scientific
names derived from local Arabic names for the fishes, such
as Acanthurus gahhm, Acanthurus sohal, Hipposcarus harid,
Carangoides bajad, Pomacanthus asfur, Lethrinus harak,
Lutjanus bohar, and the genus Abudefduf (Fig. 8.2).

As the Red Sea is home to more than 1000 species of
fishes (DiBattista et al. 2016b), it is a daunting task to create
a field or pictorial guide for the taxonomic diversity of the
Red Sea. This chapter is not intended to serve as a field
guide, particularly as good examples already exist. Lieske
and Myers (2004) offer a very good treatment for most con-
spicuous reef fishes, including many species from the Gulf of
Aden. Users should take care to note that not all species
included in this book are found in the Red Sea (i.e., it includes
species found in the Gulf of Aden or other parts of Arabia but
not found in the Red Sea). Perhaps the most comprehensive
and most recent checklist is that provided by Golani and
Bogorodsky (2010). Instead of attempting to provide a field
guide or a checklist, this chapter instead seeks to review the

Fig. 8.1 A selection of some Red Sea reef fishes given scientific names honoring early European natural historians who explored and cataloged
Red Sea ichthyofauna: (a) Thalassoma rueppellii, (b) Parapeneus forsskali, and (¢) Lutjanus ehrenbergii

Fig.8.2 A selection of Red Sea fishes bearing scientific names derived
from Arabic: (a) the genus Abudefduf, represented here by Abudefduf
vaigiensis, (b) Pomacanthus asfur, with the specific epithet named after
the Arabic word for “yellow”, (¢) Carangoides bajad, taking a specific
epithet named after the Arabic word used for most trevallies, (d)

Lutjanus bohar, (e) Acanthurus sohal, bearing a specific epithet derived
from the Arabic word used for most Acanthurus surgeonfishes, (f)
Acanthurus gahhm, (g) Lethrinus harak, and (h) Hipposcarus harid,
with a specific epithet named after the Arabic word used for most
parrotfishes
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state of knowledge of Red Sea coral reef fish work, particu-
larly with respect to recent work conducted outside the Gulf
of Agaba (where scientific knowledge has traditionally been
more developed than in the main body of the Red Sea
(Berumen et al. 2013)).

8.1.2 Fishes and Movement Ecology

Fishes provide many ideal model systems for investigations
in the broad domain of movement ecology. For the study of
basic biogeographic patterns, the state of knowledge in many
other organisms is not yet sufficient even to describe basic
distribution patterns. Nonetheless, a review by DiBattista
et al. (2016b) assembled information from the few Red Sea
groups for which sufficient checklists were available. Recent
efforts to understand Red Sea fishes in a broader context
were captured in a special issue of the Journal of Biogeography
highlighting numerous studies (not exclusively of fishes)
from the Red Sea and western Indian Ocean (Berumen et al.
2017). However, the taxonomy of Red Sea fishes is far from
perfect. In fact, detailed studies of less-conspicuous groups
(e.g., blennies and gobies) are very few; unsurprisingly, the
few works to delve into these groups indicate that the Red
Sea ichthyofauna may yet hold much more diversity (more
on this in Sect. 8.3.3).

On the subject of Red Sea evolutionary biology, fishes
again provide one of the most useful study systems.
DiBattista et al. (2016a) provides perspective on the poten-
tial origins of Red Sea fauna, and particularly the potential
reasons that high levels of endemism emerged in the region.
The Red Sea’s unique conditions (see Chap. 1) create an
important opportunity to investigate adaptation mechanisms
to climate change; modern-day conditions in the Red Sea
may reflect future scenarios in other oceans, and Red Sea
fauna may therefore provide insights (particularly genetic) to
the adaptive capacity of reef fauna elsewhere (ReFuGe 2020
Consortium 2015).

In general reef ecology, fishes are also frequent model
organisms. When considering the movement ecology of
fishes, temporal and spatial scales are important. For many
species of reef fishes, the largest distances that individuals
will move are realized during the larval phase (Green et al.
2015). Unfortunately, acquiring empirical measurements of
the movement patterns of larval fishes poses major practical
challenges, primarily due to their small size, the quantities
typically produced, and the naturally high mortality rates lar-
vae experience during their pelagic dispersal phase (Thorrold
et al. 2007). The movements of many adult fishes can be
studied using a variety of techniques and off-the-shelf equip-
ment, although these are typically time-intensive and expen-
sive endeavors. In the Red Sea, there are examples of
ecological studies at most scales, although the work may

only have taken place with a limited number of species or in
a limited number of places. This chapter will touch on vari-
ous ecological aspects of Red Sea fishes in three broad areas
(biodiversity patterns, genetic connectivity, and ecological
work) and will conclude with comments on conservation and
associated challenges in the region.

8.2  Biodiversity Patterns

8.2.1 Latitudinal/Longitudinal Gradients
Despite the Red Sea’s strong environmental gradients (see
Chap. 1) and a long history of research on fishes in the Red
Sea, there are few publications examining fish assemblages
from a latitudinal perspective. While fish community compo-
sition does seem to gradually change along most gradients of
the Red Sea, there is likely more difference between reefs
across the continental shelf (Khalil et al. 2017) than observed
along latitudinal gradients, which is a well-established pat-
tern seen in other reef systems (e.g., Aguilar-Perera and
Appeldoorn 2008; Malcolm et al. 2010).

Surveys covering conspicuous fish species on offshore
reefs from Al Wajh (26.8°N latitude) to the southern Farasan
Banks (18.6°N latitude) (see Fig. 8.3) suggest that overall
fish community assemblages do not differ greatly among
reefs at the edge of the continental shelf across this span
(Roberts et al. 2016). A slight shift in community composi-
tion in the central-northern portion of the Red Sea was attrib-
uted, in part, to the influence of few taxa with narrow range
limits and with relatively low abundances. The butterfly-
fishes (Chaetodontidae) and angelfishes (Pomacanthidae)
are good examples of groups with species following this pat-
tern. Surveys of inshore reef crests from the Gulf of Aqaba
(29°N latitude) to the Gulf of Aden (12°N latitude) revealed
a shift in these taxa in the central Red Sea (around 20°N lati-
tude) (Roberts et al. 1992). Two species of butterflyfish,
Chaetodon paucifasciatus and Chaetodon austriacus, were
present only on central and northern reefs while Chaetodon
trifasciatus, Chaetodon melannotus, Chaetodon fasciatus,
Chaetodon auriga, and Pygoplytes diacanthus all showed
marked decreases in abundance towards the south. Other
species, including Chaetodon mesoleucos, Chaetodon larva-
tus, Pomacanthus asfur, and Pomacanthus maculosus showed
the opposite trend.

These patterns may have influenced the demarcation
of the Red Sea into two Marine Ecoregions of the World
by Spalding et al. (2007), splitting the Red Sea roughly in
half at ~ 20°N, although subsequent community analyses
suggest the appropriate division may be closer to
17°N. A comparison of coastal coral reef communities
(including corals, benthic invertebrates, and fishes)
found that sites between the Gulf of Agaba and the cen-
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Fig. 8.3 Map of the Red Sea
highlighting key features
referenced in this chapter.
Aquatic features are indicated
in blue text; terrestrial
features are indicated in black
text. The circle drawn around
the Farasan Banks indicates
the approximate location of
the extensive network of more
than 100 reefs spread through
this area. (Map data sources
are ESRI and M. Campbell)
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tral Red Sea were relatively uniform, while Farasan
Island communities were distinctly separate (Sawall
et al. 2014). These community differences were attrib-
uted to a greater abundance of predators and herbivores
and lower abundance of small planktivorous fishes in the

lower latitudes. The shallow, turbid, and patchy reef
structure of the reefs in the Farasan Islands area likely
supports a distinctly different assemblage of fishes than
the more uniform reefs found in the central and northern
Red Sea (Roberts et al. 1992).



8 Fishes and Connectivity of Red Sea Coral Reefs

161

A recent study comparing cryptobenthic fishes between
the central Red Sea and the Farasan Islands found marked
differences in fish abundance and species richness driven by
habitat characteristics and productivity (assessed using chlo-
rophyll a values) (Coker et al. 2018). The widening of the
continental shelf in the southern part of the Red Sea results
in expansive shallow patchy reef systems across the shelf,
similar to habitats found on inshore and midshelf reefs of the
central Red Sea. Coupled with the influence of Indian Ocean
water influx through the Strait of Bab al Mandab, these con-
ditions make the Farasan Islands a distinctly different habitat
among Red Sea regions.

A broader analysis by Khalaf & Kochzius (2002), includ-
ing detailed surveys in the Gulf of Aqaba, supported the sug-
gestion that there are gradual latitudinal shifts in reef fish
assemblage from north to south, identifying the clear differ-
ence between the Red Sea and the Gulf of Aden / southern
Arabian regions. However, Roberts et al. (2016) suggest that
the latitudinal shifts become less well-defined with increased
distance from shore, possibly indicating that the factors
structuring fish assemblage (e.g., habitat variables) have
greater change from inshore to offshore sites than they do
from north to south (at a given distance from shore). Patterns
of prevalent cross-shelf effects have been found in other reef
systems (Aguilar-Perera and Appeldoorn 2008; Malcolm
et al. 2010). This is also seen in Red Sea reefs, characterized
by an increase in herbivore and planktivorous fish diversity
in the offshore reefs compared to inshore reefs (Khalil et al.
2017). Coker et al. (2018) compared cryptobenthic fish
assemblages across inshore, midshelf, and offshore reefs. The
authors found that differences in fish assemblages were
driven by proximity to shore, likely due to the change in
habitat quality along this gradient. Mechanisms driving the
fish assemblage changes are likely associated with distance
from shore (Khalil et al. 2017; Coker et al. 2018).

From these few studies, we can say that fish assemblages
are not distinctly different from the Gulf of Aqaba to the cen-
tral Red Sea (Khalaf and Kochzius 1992; Sawall et al. 2014,
Roberts et al. 2016). There is indication that the Farasan
Islands support an assemblage most different to the rest of
the Red Sea, though more investigation is necessary. The
well-established pattern of more pronounced differences in
assemblages across reefs longitudinally than across latitudes
and as seen in reefs such as the Great Barrier Reef, also hold
true in the Red Sea thus far.

8.2.2 Understudied Regions of the Red Sea

Many parts of the Red Sea remain poorly studied. For exam-
ple, the southernmost reaches of the Red Sea contain perhaps
the most unique reef habitats (see Chap. 1), but these are
among the least-represented among Red Sea reef fish publi-

cations. This includes the Farasan Islands in the southern
Saudi Arabian Red Sea (and extending into Yemeni waters)
and the Dahlak Archipelago in the Eritrean Red Sea.
Combined, these two coastal and offshore systems contain
more than 200 islands and host a variety of marine biota.
Many of the islands are fringed with shallow reefs. Some of
the islands, particularly to the far west of the Farasan Islands,
have well-developed coral reefs. Multiple groups have con-
ducted surveys of the reef habitats in this region, including
the Living Oceans Foundation (Bruckner et al. 2011), and
have arrived at the conclusion that the reef communities are
unique among Saudi Arabian reef systems (e.g., Sheppard
and Sheppard 1991; Sheppard et al. 1992). The reefs are sub-
ject to far more sedimentation than most other Saudi Red Sea
reefs, the water is consistently more turbid, and remote sens-
ing data indicates very high productivity in this region
(Raitsos et al. 2013; Racault et al. 2015). Some of the reefs
in this area are largely dominated by macroalgae. In these
respects, the Farasan Islands region has greater affinities
with the Gulf of Aden region reefs than with the remainder of
Red Sea reefs (Sheppard and Sheppard 1991). In some ways,
the southern Red Sea islands may functionally be more like
inshore, coastal reefs, even though they are relatively distant
(>100 km) from the mainland coast.

The southern Red Sea also hosts the largest area of shal-
low soft-bottom habitats in Saudi Arabia, and is home to
some of the only major trawling operations in the country.
Although these trawling operations primarily target shrimp,
there is some catch of bottom fishes. In recent years, the
armed conflict in Yemen has severely hindered any scientific
progress in the Yemeni Red Sea. Border tensions exist
between Eritrea and most of its neighboring countries, result-
ing in similarly restricted access (or no access) to its territo-
rial waters. The active geological fault in the southern Red
Sea has even given rise to new islands, which could be the
subject of fascinating study (to observe primary coloniza-
tion, etc.), but due to their location in Yemeni waters, work to
date has been limited to satellite observations (Xu et al.
2015).

8.3  Genetic Connectivity

8.3.1 Genetic Barriers in the Red Sea

As discussed in Sect. 8.2.1 above, there is mixed evidence
for a strong faunal change at the proposed 20°N boundary of
Spalding et al. (2007). Few genetic surveys have directly
tested for the presence of this barrier, but they provide
equally mixed results. Clear signals of a genetic break at
20°N have been shown for an anemonefish (Nanninga et al.
2014; Saenz-Agudelo et al. 2015) and a sponge (Giles et al.
2015). These same patterns seem to exist also for an anem-
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one (Entacmea quadricolor (Emms 2015)) and two damsel-
fishes (Dascyllus marginatus (Robitzch 2017) and Dascyllus
trimaculatus (Salas De la Fuente 2017)). However, work in
other species has failed to detect this signal, including
Chaetodon species and Ctenochaetus striatus (JD DiBattista
et al. unpublished), Dascylllus aruanus (Robitzch 2017), two
anemone species (Heteractis magnifica and Stichodactyla
haddoni (Emms 2015)), and a coral (Pocillopora verrucosa
(Robitzch et al. 2015)). Taken together, there does not seem
to be a clear connection between the presence of a genetic
break at 20°N and biological traits such as pelagic larval
duration or spawning mode. At least two of the studied spe-
cies suggest that environmental characteristics play an
important role in shaping gene flow near 20°N (Nanninga
et al. 2014; Giles et al. 2015; Saenz-Agudelo et al. 2015), but
recent modeling work suggests that oceanographic patterns
are tightly linked with genetic similarity among populations
(Raitsos et al. 2017).

While there are some species that exhibit this genetic
break, it is not typically reflected in a presence / absence
change (see Sect. 8.2.1). A more interesting barrier is perhaps
the Strait of Bab al Mandab, the narrow opening dividing the
Red Sea from the Gulf of Aden (and the wider Indian Ocean),
which is the most common range limit for the majority of
Arabian endemics (DiBattista et al. 2016a). Approximately
half of the species investigated so far have shown signatures
of restricted gene flow between the Red Sea and the Gulf of
Aden. Recent and unpublished data suggest that this structure
is explained to some extent by historical interruption of gene
flow, followed by secondary contact. As with the putative bar-
rier at 20°N, evidence for disruption of gene flow between
populations at either side of this strait is divided. Several spe-
cies of fish show genetic structure between populations in
Djibouti and populations in the southern or central Red Sea
(Saenz-Agudelo et al. 2015; Salas De la Fuente 2016;
DiBattista et al. 2017; Robitzch 2017), and some anemone
species show similar genetic structure (Emms 2015).
However, there are also several fishes for which this pattern is
not the case (DiBattista et al. 2017). Although there is limited
data available, no consistent pattern has emerged, and it
appears that there is not a single biological characteristic that
can explain the observed patterns. Indeed, the evolutionary
history of Red Sea fauna may be rather complicated and each
species may have a unique story (DiBattista et al. 2013,
2016a). Further work with additional species (and application
of next-generation sequencing technologies) may reveal com-
mon histories for some groups of fishes.

8.3.2 East-West Connectivity

While questions about genetic connectivity along the latitu-
dinal gradient of the Red Sea have received limited attention
(Sect. 8.3.1 above), even fewer studies have explicitly tested

whether connectivity across the Red Sea (east-west connec-
tivity) is occurring. The geography and oceanography of the
Red Sea make this a reasonable possibility; the typical width
of the Red Sea is ~200-300 km, and the Red Sea is charac-
terized by periodic basin-width eddies hypothetically capa-
ble of facilitating the transport of larvae across these distances
(Zhan et al. 2014; Yao et al. 2014). A recent modeling study
confirmed the potential for cross-sea connections of larval
particles and found correspondence with available genetic
data for clownfish (Raitsos et al. 2017). This work demon-
strates that the eddies and cross-basin currents should be suf-
ficient to link reefs on opposite sides of the Red Sea on a
regular basis. The eddies are somewhat ephemeral (Zhan
et al. 2014), and the timing of spawning in most Red Sea reef
fishes is not clear (see Sect. 8.4.4 below), but the ‘average’
oceanography appears to be conducive to genetic mixing,
even for species with a short pelagic larval duration, such as
clownfish (Nanninga et al. 2014; Saenz-Agudelo et al. 2015;
Raitsos et al. 2017). Some groupers, which have longer
pelagic larval durations than clownfish, also exhibit genetic
patterns suggesting east-west connectivity (Priest et al.
2016). The timing of spawning and interactions with the
hydrodynamic conditions present during the larval dispersal
phase (as opposed to time-averaged conditions) can have
substantial influence over specific dispersal potential.
Empirical measurements of specific dispersal events are
uncommon, but application of genetic parentage analysis has
proven to be powerful in this regard (e.g., Harrison et al.
2012; Almany et al. 2017). To our knowledge, parentage
analysis has only been conducted in one study in the Red Sea
(Nanninga et al. 2015). Based on modeled hydrodynamics of
the inferred spawning dates, most of the clownfish larvae
would have been advected out of the study area, correspond-
ing with the lack of parent-offspring matches in the study
(Nanninga et al. 2015). However, additional modeling work
suggested that if the study had focused on a reef located fur-
ther inshore, a greater portion of the larvae may have been
locally retained and self-recruitment may have been more
prominent (Nanninga 2013). The potential for connections
across the width of the Red Sea, especially if they occur on a
regular basis, has important implications for conservation as
healthier populations could reseed heavily exploited popula-
tions (see Sect. 8.5.2) on opposite sides of the Red Sea.

8.3.3 Genetic Identification of Cryptobenthic
Species

Cryptobenthic fishes are generally characterized as fishes
that have a proximate association with the benthos and attain
body lengths <50 mm (Ackerman and Bellwood 2000;
Depczynski and Bellwood 2003). These fishes are often
cryptic in nature and coloration, hence they are often over-
looked or excluded during standard visual reef fish censuses.
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Despite their small size, this group can be strikingly abun-
dant and diverse across coral reefs. By some estimates this
group contributes approximately 50% of the individual fish
abundance and 10% of the overall reef fish biomass on coral
reefs (Ackerman and Bellwood 2000). Additionally, a large
proportion of these fishes exhibit high fecundity, growth, and
metabolic rates (Hernaman and Munday 2005, 2007,
Depczynski and Bellwood 2006; Depczynski et al. 2007).
Due to the rates at which these fishes are preyed upon, they
play a disproportionate role in the transfer of energy in reef
food webs. In addition to being prey items for larger fishes,
cryptobenthic fishes may also play other important func-
tional roles (Goatley and Brandl 2017). However, logistical
constraints limit the number of studies that include or focus
on cryptobenthic fishes and subsequently impact our under-
standing of their ecology.

The Red Sea is no exception; few studies have examined
cryptobenthic fishes in Arabian waters. The family Gobiidae
has been the subject of some study (Herler and Hilgers 2007;
Herler 2007), but only recently studies have begun to inves-
tigate community-level composition of this assemblage
among different habitats (Troyer et al. 2018; Coker et al.
2018). Importantly, the application of molecular tools to
identify species (DNA barcoding) has enabled community-
level and ecological investigations even though morphology-
based taxonomy remains problematic for these fishes (Troyer
2017; Coker et al. 2018; see also Tornabene et al. 2013)
There are many undescribed species and very few morpho-
logical identification keys are available for Red Sea speci-
mens (Troyer 2017). Fortunately, each new study that
combines morphology and genetic analyses steadily contrib-
utes to global genetic databases (such as GenBank) and helps
to slowly fill some of the many gaps in coverage of Red Sea
species (Troyer 2017; Robitzch 2017; Isari et al. 2017a, b;
Coker et al. 2018). Barcoding is not a panacea (Rubinoff
2006), but the technique can be a valuable component of an
integrated approach (DeSalle 2006).

Standardized field sampling suggests that cryptobenthic
fish communities differ along a latitudinal gradient and with
distance from shore (Coker et al. 2018). The Red Sea’s envi-
ronmental gradients (Raitsos et al. 2013; see also Chap. 1)
and are predicted to influence species composition and abun-
dance through direct (e.g., temperature, salinity, productiv-
ity) and indirect variables (habitat availability, predation
pressure). Given the size of individuals within this group,
microhabitat is likely to explain finer-scale spatial patterns
(see Troyer 2017) while environmental variables are likely
driving larger-scale patterns. Given the importance of this
group, future work is needed in the Red Sea to better under-
stand biodiversity, spatial patterns, and ecosystem processes.
The work so far on these fishes, and particularly the molecu-
lar barcoding work, suggests that there are many new fishes
(some not yet recorded from the Red Sea and many others
probably new to science) to be discovered.

8.3.4 Inter-Species Genetic Variation

and Cryptic Speciation

The uniqueness of the Red Sea fauna is only apparent in
comparison to the fauna of the seas outside of the Red Sea.
The Red Sea is undoubtedly an important biodiversity
hotspot among the entire western Indian Ocean (DiBattista
et al. 2016b), but there are important unanswered questions
as to why this is the case (DiBattista et al. 2016a). Many Red
Sea populations may have colonized the Red Sea and then
had to adapt to its unique environmental conditions, effec-
tively diverging from the “parent” populations in the Indian
Ocean, but there is also evidence that some Indian Ocean
species have their origins within the Red Sea, challenging
the historical assumption that peripheral seas rarely “export”
biodiversity (Bowen et al. 2013). What exactly drives the
generation of diversity within the Red Sea is still not well
understood, but it could be that novel genes and adaptations
emerge to cope with typical Red Sea conditions (see ReFuGe
2020 Consortium 2015), which might otherwise be consid-
ered “harsh” in other parts of the Indo-Pacific.

When widespread species have been examined with sam-
ples both from within the Red Sea and outside the Red Sea,
the patterns of intra-specific genetic variation are unpredict-
able. In some species, the Red Sea populations appear to
show evidence of contemporary genetic exchange with other
western Indian Ocean populations (e.g., Abudefduf vaigien-
sis, DiBattista et al. 2017), while other species show unex-
pected divergence dating far beyond recent sea level minima
(when the Red Sea would have been quite, but not com-
pletely, isolated from the Gulf of Aden and the rest of the
Indian Ocean (DiBattista et al. 2016a)). Examples of the lat-
ter case include Chaetodon melannotus (DiBattista et al.
2017) and Mulloidichthys flavolineatus (Fernandez-Silva
et al. 2015, 2016). In some cases, the isolation appears to be
so complete that the species should likely be considered sep-
arate species yet to be described, such as Pygoplites diacan-
thus (DiBattista et al. 2013; Coleman et al. 2016) and
Cephalopholis hemistiktos (Priest et al. 2016). In the context
of Red Sea fishes, there can therefore be some semantic con-
fusion with regards to “cryptic species”. One definition
applies to the preceding examples, and is taxonomic in
nature, wherein populations have species-level divergence
but have evaded detection by taxonomists because the mor-
phology has not diverged (at least obviously enough to have
been recognized). Another definition of “cryptic species” is
functional or ecological in nature; the Red Sea has many
fishes that, due to their size, coloration, or behavior, are dif-
ficult to detect in visual surveys, and are often overlooked or
understudied (see Sect. 8.3.3).

While the aforementioned studies have examined a small
number of species in some detail, the results indicate that
there is no single explanation for the evolutionary history of
Red Sea ichthyofauna (DiBattista et al. 2016a). We therefore
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thought it would be useful to broadly assess the genetic
“connectedness” of Red Sea fishes using samples from
within the Red Sea compared to samples from outside the
Red Sea (using Indian Ocean sites when available). For spe-
cies endemic to the Red Sea, we included samples from sis-
ter species (or at least congeners). For many species, prior
genetic data was publicly available in the NCBI GenBank
repository (http://www.ncbi.nlm.nih.gov/genbank/) (specifi-
cally, the mitochondrial gene cytochrome oxidase I (COI)
“barcoding” marker), but for many species that were not
available, we sequenced new samples. For these species, we
used a small (~2mm?) piece of fin tissue and extracted DNA
following the “HotSHOT” protocol (Truett et al. 2000;
Meeker et al. 2007). The COI barcoding fragment was ampli-
fied using the primers FishF2/FishR2 (Ward et al. 2005).
PCR products were sequenced in the forward direction with
fluorescently labeled dye terminators following the manu-
facturer’s protocols (BigDye, Applied Biosystems Inc.,
Foster City, CA, USA) and were analyzed using an ABI
3130XL Genetic Analyzer (Applied Biosystems) in the King
Abdullah University of Science and Technology (KAUST)
Biosciences Core Laboratory. (Details of the samples used,
including accession numbers for existing and newly-
generated sequences, are available in Table 8.1 and Appendix
1) Sequences were aligned using Geneious R8 (Biomatters
Ltd., Auckland, New Zealand) and divergence was calcu-
lated using the Kimura 2-parameter model (K2P) in MEGA
6.0 (Tamura et al. 2013). The results of this comparison show
that there do not seem to be any obvious family-specific or
genus-specific patterns of genetic relatedness. For species
that occur inside and outside of the Red Sea (Appendix 1),
there were varying levels of differentiation, and there were a
few species exhibiting quite high values (e.g., Bothus pan-
therinus). Several explanations are possible: among other
possibilities, the values may be the result of as-yet unde-
tected cryptic speciation, the samples could have been mis-
identified, or intraspecific variation may be quite high in
general. Values for sister species comparisons (Table 8.1)
were, as expected, generally higher than the intraspecific
comparisons. There were several interesting species pairs for
which the K2P values were very low (e.g., Pseudochromis
fridmani + Pseudochromis sankeyi and Chaetodon austria-
cus + Chaetodon melapterus). These pairs may be in the
early stages of speciation (e.g., Waldrop et al. 2016).

8.4 Ecology

8.4.1 Application of Stable Isotope

Techniques to Red Sea Fishes

Stable isotope analyses have been traditionally used to track
the movements of fishes through natural isotope gradients, or

isoscapes, via analysis of the calcified earbones (“otoliths™)
(Campana and Thorrold 2001; Thorrold et al. 2001; Kennedy
et al. 2002; Elsdon et al. 2008). While these studies have pro-
vided useful insights on the movements of marine organ-
isms, there are some notable challenges to using stable
isotope from fish otoliths. Bulk isotope values can be affected
by fish metabolism (Kalish 1991; Stephenson et al. 2001),
environmental conditions (Mulcahy et al. 1979), and changes
in dissolved inorganic carbon §'"*C values (Schwarcz et al.
1998). There is also difficulty with associating any changes
in otolith 8'3C values with either changes in basal resource
use or trophic shifts (Post 2002), and this is particularly
apparent when working with species that undergo ontoge-
netic shifts in habitat use, as many coral reef fishes do
(Cocheret de la Moriniére et al. 2002; Kimirei et al. 2013).
However, the use of compound-specific stable isotope analy-
sis (CSIA) of essential amino acids (EAAs) may help to cir-
cumvent these complexities. Essential amino acids are those
that most animals, including fishes, have lost the ability to
synthesize at sufficient rates for survival (Borman et al.
1946; Reeds 2000), therefore EAAs must be assimilated
through the fishes’ diets. Once taken up, EAAs remain virtu-
ally unaltered biochemically, so that fractionation factors
between food and consumers are essentially zero (Hare et al.
1991; McMahon et al. 2011a). This means §'°C values of a
consumer’s EEAs represent the isotopic signatures of the
primary producers (e.g. plants, algae, and microbes) at the
bottom of the food web. When this information is combined
with known isoscapes across marine environments, it allows
for the possibility to track movements through habitats, pro-
vided the fish is present long enough to incorporate the iso-
topic signature of its habitat. The use of CSIA-EAA to
investigate residency, ontogenetic movement, and food web
ecology has been pioneered in studies of fishes from the Red
Sea (McMahon et al. 2011a, b, 2012, 2016).

The analysis of §3C values of essential amino acids in
Red Sea fishes has expanded our understanding of fish resi-
dency and ontogenetic movements. CSIA-EAA has been uti-
lized to study residency patterns of coral reef fish in the Red
Sea, providing information applicable to coastal ecosystems
across the globe. McMahon et al. (2011b) documented the
advantage of CSIA-EAA compared to traditional bulk analy-
sis for determining habitat use in economically important
fishes. Although isotopic differences between mangrove and
seagrass habitats have been previously documented
(Marguillier et al. 1997; Layman 2007), McMahon et al.
(2011b) failed to find any clear relationship between habitat
residency and bulk isotope 83C values. Bulk isotope values
were only able to distinguish between ocean basins rather
than specific habitats, while EAA 8"3C values provided suf-
ficient resolution to reliably distinguish between mangrove
and seagrass habitats (McMahon et al. 2011b), including
across ocean basins.


http://www.ncbi.nlm.nih.gov/genbank/

165

8 Fishes and Connectivity of Red Sea Coral Reefs

rroo

000

180°0

970°0

Proo

€Iro

80C°0

800°0

020°0

s0°0

8110

rL0°0
160°0

#00°0
cLo0
€200
£00°0
€100
L2070
000
820°0
$20°0
$20°0

c80°0
dey

1°068T8SId
6981 EEHIN
[L3TEEHIN
8EveoPAl
8eveovdr
19896813
'109v61dX
T8 IECHIN
6CLIEEHIN
8S9TEEHIN

S8I8ICEHIN

ELLTEEHIN
OILTEEHIN

STLICEHIN
1'0C10SEOL
LSLTEEHIN

SOLTEEHIN
YOLIECHIN
VILIECHIN

S80LTEEHIN

01867€0(
LLSTEEHIN
LLBTEEHN
1°$S967€0(
Joquinu
UOISSAOIY

LT69SY

1997 SYd

¥817.LOY
8C19Sd

1CL9Sd
S169S¥

SY6SSY
16€LSY

76195

09119

[Teud
65655
£689SY

LS8ISY

0SILSY
0SILSY

“JoI Areiqry
LSNv

sourddiryq

SOAIP[EIN
uewQ)

‘puUB[S] YRIISBIAL
anbiquiezopy

anbiquiezoy

BIpUf

eIRnSNY
‘pue[S] prezry
VS WiV
USWAL ‘BIJOJ0S

VS ‘nquex
SOAIPEIN

USUWIDX ‘BI0J0S
SOAIP[EIAL

USUWIDX ‘BI0OJ0S

pue[s] uorunay
ey
nos ‘ueqin(g

IeoseSepen
USWIdX ‘BII000S

SOAIP[EIN
nnoqrl 2090

IeoseSepeIn

SIATP[BIN
SOAIP[BIAL
PUB[S UOTUNSY
s Surdwes

snppoundoss1u uoLyjoLy
snp)]a1s SNUPSIG

A0INns SNUDS1S
smppoundoa)niand
smjaydourdyy
smpoundoan.1and
snjaydauids

puts1s040]yd snjaydauidsg
wnn12svfiq uoridojdiq
WUDWPLLL STUUOLYIOPNIS ]
Ip1ay stuoty)

sno1pu1 uopopydSj3Sjqueyy
SNULI2GIDq snauadnIvg

smp195n) SnuudS1uafy
SNANOLOJYD “JO SNUIJIYD)

snpydao0]£3u0.41S SNANIOJY)
pUOSVXaYy SuSLIdLICH
1DUDIDLSUOM SNIUINLIT

SISUDLIDYSDIDPDUL UOPOIIDYL)
DJNUN] UOPOIIVYY)
WNNSUDLL UOPOIIDY)

sn.a1dp)autr uopo1avy)

DIOUOYIUDX 01S2D))
snaaydosfayo uawwyffng
snaa1dos{ayd uawwyfing
DPNDIDASIU SNANYIUDIY

(UspV Jo JIno / vag
PaY Jo opIsInQ) soroads 193s1§

8991 ccHIN
0LBTEEHIN
8981€EHIN
ESLICEHN
YSLIEEHIN
CSLIEEHIN
8VLICEHN
9Y8IEEHIN
8CLICEHN
LSOTEEHIN

0C8ICEHIN

9LLTEEHIN
SILIEEHIN

CCLIEEHIN
YO8TEEHIN
9SLIEEHIN

ITLTECHIN
00LTEEHIN
TOLTECHIN

6691 cCHIN

I89T€EHIN
9LBIEEHIN
SL8ICEHN
0SOTEEHIN

(Srdwes yoH/Sy)
Ioquinu UOISSQ00y

L199Sd
9LL9SE
£8EYSd
€L61SY

9ISV
S96£Sd
96995
9L8SSd
19v¢Sd
S0CLOY

CSL9SY

evLESY
89¢9S¥

88SLSY
096LSd
£9191q

gredd
91eID
¥299S¥

¢SSeSY

ILyESYH
£661Sd
STLYSY
ILLLSYE
“JoI Areiqry
LSNv

VS ‘Temny,
VS

‘yepAeg [V q.14S
ueuw( ‘Spue[s|
JeATuIfeH v

nnoqrf@ “p0q0

VS ‘Temny],

VSA
‘Spue[s] uesere

VS ‘nquex
UQWAX ‘BII000S
VS ‘Temnyg,
VS

‘Spue[s] uesereq
VSA

‘gerrey] [V q.19S
VS ‘syueg
uesere, Inos
USUWIRX ‘BNOJ0S
VS

‘Spue[S[ ueserej

VS
‘SPUB[S] UBSEIR]

1dA39 ‘zeng jo Jino

VS ‘Temnyy,
VS ‘Temny,
VS ‘lemnyL,
VS ‘Syueq
uesereJ yinos
VS ‘syueg
uesere,] YInos
nnoqrl@ 42090
VS ‘lemnyL,
VS ‘Temnyy,
(UspV Jo JInD / vas
pay) s Surdwes

10J popraoid aIe SIdQUINU UOISSIOIE YUBGUID) “PIPNOUI ST 9IUISJOI AIRIQI] INSST) [BUIAUI ) ‘SN 18 poduonbas sojdwes 10 *(vIqery 1pnes
soyrs Surdwres *(10uaSu00 10) $910ads I9)STS [EUTWOU JIAY) (AIM SA10ads Ysy OTWApUL (YOO/SY) USPY JO JIND / BaS Py JO ($°€°8 199§ 938 ‘[0 U0

STIDWAPDIP UOLYIOLY
snanbp)
SNID]121S SNUDSIS

snipnaLL SHUDSIS

puvununs snjaydaurdsg

puvwns snjaydauidyy

1004ff023 snjaydaurdsy
1yovap uoridoydiq

IvIpIUIp SIUOLYD)

smpjavyf

uopopyds]3§jquey

1pyss.Lof snauadnang
SNID12SDJX2S
snuudSua g

2qqnipng snuj1y?)
snqq18 SNAnIojy)
DAODYIUDX SYSLAdLICH]
NnUPjOS SNAUNLIT
smp1asofionod
uopo1avy)

SMIDIOSD UOPOIIDY)
SNIDAID] UOPOIIDY?)

SNODILISND UOPOIIVY )

DI1A2NS 01SID))

SNIDPNDINGID UIUDYING
SIPPNDIIGID UIUDYING

wyyns snAnyaupIy
saroads

Uopy JO JInH / B3S Py

QepnuUOpORNA],
Jeprue3Ig
Jeprue3Ig

QBpIUBIINS
QBpIURIINS
QBpIULIINS

JepIUBLIDS

10oyUDS SIU0IYI0PNISJ QBPIIIOIYIOPNAS]

QepIyuEORWO]
QBpIYUBIRWO]
SEPINA

awpLqe]
aeplqe]

9epLqe]
QBPLNUAOO[OH
aepradn[)
JepruOpoIeRy)
epruopoleey)
SepruopoIeRy)
SepruopoIeey)
QBpIUoISaE))
oephsijeq
Sepnsifeq

JepLINYIULIY
Aure

ordures yoeo

= yS3) paredrpur are pasn sajdwes Yy oy
Paseq ‘qgd]) SSQUpale[ar oAU '8 3|qel



166

M. L. Berumen et al.

The application of CSIA to otolith EAAs has also revealed
plasticity in the ontogenetic movements between coastal
ecosystems of reef fish. Past studies have documented the
importance of coastal habitats (e.g., mangrove and seagrass
beds) as nurseries for coral reef fishes (Adams et al. 2006;
Nagelkerken et al. 2008), though most of these studies have
inferred this relationship by analyzing size-frequency distri-
butions and relative densities of juvenile fishes (Nagelkerken
et al. 2000; Cocheret de la Moriniére et al. 2002). A Red Sea
study was the first to quantify the contribution of different
juvenile habitats to adult fish populations via CSIA-EAA of
otoliths (McMahon et al. 2012). By assessing EEAs in mate-
rial from the core of the otoliths (i.e., the material deposited
as a juvenile), McMahon et al. (2012) assigned adult fishes
into different juvenile habitats. In addition to documenting
movements of economically important snappers among
coastal habitats in the Red Sea, the study more generally
emphasized the importance of seascape configuration as a
factor driving ontogenetic movement patterns.

Densities of Ehrenberg’s snapper (Lutjanus ehrenbergii)
were found to be highest on shelf reefs near shore, which also
happened to have the greatest levels of connectivity between
coastal wetland habitats and other shelf reefs. This finding
lends empirical support to others that have found higher fish
biomass on reefs closer to coastal habitats (Nagelkerken et al.
2000; Mumby et al. 2004). While these snapper are able to
migrate from coastal habitats to shelf reefs, there does appear
to be a break in connectivity at the shelf edge, where snappers
cannot or will not migrate beyond. Red Sea oceanic reefs
were dominated by snappers that had settled directly onto
these types of reefs, despite the complete absence of juveniles
from extensive visual surveys. A small portion (<30%) of
snappers on offshore reefs were also found to have migrated
from a large island near the shelf edge, crossing deep water
and making horizontal movements of at least 30 km.
McMahon et al. (2012) demonstrated not only a plasticity in
ontogenetic movements of snappers, but also the ability to
migrate large distances between coastal wetlands and reef
habitats. The role of seascape configuration plays an impor-
tant role in structuring how snapper, or any fish, may be able
to move between coastal habitats. In light of planned coastal
developments in the Red Sea (see Sect. 8.5.3), understanding
linkages between coastal habitats and nearby reef fish popula-
tions will be important to consider.

While isotopic studies from the Red Sea have demon-
strated patterns of residency and connectivity in coral reef
fishes, the more traditional use of isotopic analyses has been
to tease apart information about resource usage. Isotopic
approaches have been especially useful in reconstructing the
diets of important fishery species (e.g., cod, Hanson and
Chouinard 2002). Several isotopic studies have documented
reliance on microbially-processed carbon in mangrove eco-
systems (Bouillon et al. 2002; Kieckbusch et al. 2004;

Kristensen et al. 2017), raising interesting questions about
the structure of some marine food webs. In the Red Sea,
mangrove-derived carbon contributes little to the diets of
coastal snappers compared to other locations (e.g., the Pacific
coast of Panama and the Caribbean) (McMahon et al. 2011b).
The reduced reliance on mangrove-derived carbon in the Red
Sea is potentially due to the relatively diminutive mangrove
stands that typically exist on a narrow strip of coastal land, as
opposed to the more extensive forests found at some non-
Red Sea sites that spend more time submerged and accessi-
ble for fishes (McMahon et al. 2011b).

In addition to documenting differences in food webs
between broad ocean basins, CSIA is revealing how resource
use can change among reefs in the Red Sea. Using a CSIA-
EAA analysis of fish muscle samples, McMahon et al. (2016)
documented changes in the basal nutrient source that sup-
ports Red Sea coral reef fishes. Some functional groups of
Red Sea fishes exhibited consistency in their nutritional ecol-
ogy while other groups appeared to be flexible. Highly spe-
cialized functional groups, including obligate corallivorous
butterflyfish (Chaetodon trifascialis), algal-farming damsel-
fish (Stegastes nigricans), and detritivorous surgeonfish
(Ctenochaetus striatus) show little change in the main nutri-
ent source they rely on across the seascape from shelf to oce-
anic reefs. Several species were more variable in their
resource usage across reefs, though they were generally reli-
ant on mostly a single basal food source. Planktivorous dam-
selfish (Amblyglyphidodon indicus) were found to rely
almost equally on carbon sources from macroalgae and phy-
toplankton on shelf reefs, while these fish on oceanic reefs
sourced nearly all their carbon from phytoplankton produc-
tion. Lutjanus ehrenbergii also showed a similar pattern,
being reliant mostly on macroalgae production on shelf reefs
and switching to phytoplankton carbon on oceanic reefs (see
Figure 4 in McMahon et al. 2016). Giant moray eels
(Gymnothorax javanicus) relied mostly on phytoplankton-
derived carbon on both shelf and oceanic reefs, though they
had a greater phytoplankton reliance on oceanic reefs. The
pattern for many species to increase reliance on
phytoplankton-derived carbon on oceanic reefs is likely not
unique to the Red Sea (e.g., Wyatt et al. 2012; Letourneur
et al. 2013). Given the lack of terrestrial/freshwater input
into the Red Sea, the patterns documented by McMahon
et al. (2016) are likely to be slightly different in other reef
systems as runoff and riverine outflow can alter food web
nutrient dynamics (e.g., Dromard et al. 2013; Letourneur
et al. 2013; Docmac et al. 2017). CSIA-EAA represents a
powerful technique for determining broad differences in the
nutrient sources supporting coral reefs in oligotrophic sys-
tems such as the Red Sea.

While McMahon et al. (2016) have demonstrated the util-
ity of CSIA-EEA for determining broad differences in highly
dissimilar functional groups, the approach also has the
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potential to identify subtler nutritional differences within
functional groups than previous techniques. Robust differ-
ences have been shown in the §"C isotope values of EEAs
from basal food sources, including various tropical marine
algae (Larsen et al. 2009, 2012, 2013). The technique is sen-
sitive enough to discriminate isotope values between similar
algae and bacterial species, indicating that CSTA-EEA could
be used to determine fine-scale differences in the nutritional
ecology of functional groups that may normally be missed in
traditional feeding observation or stomach content analysis
(Bearhop et al. 2004; Larsen et al. 2012). Indeed, in the Red
Sea, preliminary analysis of fishes within the functional
group of herbivores have found discreet differences in the
nutritional ecology of herbivorous fishes (Tietbohl 2016).
Fishes that appear to have nearly identical feeding habits
show robust and distinct clustering from other species. The
approach even clearly separates scraping and excavating par-
rotfish species, which implies these fish are actually using
different nutritional sources within the turf algae they feed in
together. Distinctions among functional (sub)groups of par-
rotfishes have been previously suggested (Clements et al.
2016); CSIA-EAA of Red Sea parrotfishes may be able to
definitively show these differences and further attribute the
differences to the use of isotopically distinct food sources.
Broader application in other geographic regions will provide
important comparisons and determine the generality of Red
Sea trends for reef systems in other parts of the world.

8.4.2 Megafauna Movements

Reports of whale sharks (Rhincodon typus) impaled on the
bows of steams ships, including four incidents from the Red
Sea and Gulf of Aden, make up some of the earliest pub-
lished records of these sharks in the Arabian region (Gudger
1940). These instances resulted in Gudger concluding,
“whale sharks must surely abound in this region” (Gudger
1938). Following these reports, sporadic sightings of whale
sharks were recorded throughout the region, but research
was limited. Whale shark research within the region began to
increase with the discovery of a juvenile male dominated
whale shark aggregation in the Gulf of Tadjura, Djibouti
(Rowat et al. 2007). Several years later, a juvenile whale
shark aggregation with sexual parity was described within
the Red Sea along the central Saudi Arabian coast approxi-
mately 200 km south of Jeddah (Berumen et al. 2014;
Cochran et al. 2016). Historically, work on sharks in the Red
Sea has been sparse and generally concentrated in the Gulf
of Aqaba (Spaet et al. 2012), but efforts over the last decade
have begun to fill in vital knowledge gaps for select elasmo-
branch species.

The only known Saudi Arabian whale shark aggregation
takes place at a nearshore reef, locally known as Shib Habil,

which lies approximately 4 km from the coast of the small
town of Al Lith. Whale sharks are commonly encountered
here from March through May (Berumen et al. 2014). In
addition, reef mantas (Mobula alfredi, following the taxo-
nomic synonymization of the genus Manta (White et al.
2017)) are occasionally encountered alongside whale sharks
and commonly at the surrounding nearshore reefs (Braun
et al. 2014; Berumen et al. 2014). Despite their similar habi-
tat use near Al Lith during the spring, the two species show
distinct differences in movement patterns the rest of the year.
Mobula alfredi movements were restricted to coastal areas
and reefs primarily within the Al Lith region, which was con-
firmed by acoustic monitoring (Braun et al. 2014; Braun
et al. 2015). Similar restricted coastal movements of M.
alfredi have been documented using satellite tags at a large
manta aggregation in Dunganab Bay along the Sudanese
coast (Kessel et al. 2017). One manta at this location was the
first (and currently the only) documented M. alfredi x Manta
(now Mobula) birostris hybrid (Walter et al. 2014; Kessel
et al. 2017).

In contrast to the mantas, whale sharks leave the Al Lith
region outside of the aggregation season. Most satellite-
tagged sharks (39 of 47) made basin-scale movements
throughout the southern Red Sea. Seasonal variation was
present, with sharks preferring the central Red Sea in the
spring and shifting to the south-central and far southern Red
Sea during the summer, fall, and into the winter months
(Berumen et al. 2014). These high-use areas include waters
of multiple countries including Saudi Arabia, Sudan, Yemen,
and Eritrea, highlighting the need for international coopera-
tion to protect such highly mobile species. Only three of the
whale sharks moved into the northern Red Sea, but tagged
sharks ventured as far north as Sharm el-Sheikh on the Sinai
Peninsula (see Fig. 8.3). Five sharks left the Red Sea and
passed through the Gulf of Aden into the northwestern Indian
Ocean (Berumen et al. 2014). On-going photo identification
efforts and monitoring of the aggregation site have not iden-
tified these sharks as returning to the Al Lith region after
exiting the Red Sea. Limited satellite tagging data is available
from the Djibouti aggregation, with only one track showing
short term movements of a single individual around the Gulf
of Tadjoura (Rowat et al. 2007). On the other side of the
Arabian Peninsula, a presumed pregnant female shark was
tagged in Qatari waters and was tracked moving toward the
Gulf of Aden. The shark traveled at least 2640 km over
37 days, with the tag detaching between the Somali coast and
the main island of Socotra (Robinson et al. 2017).

Photo-identification of whale sharks from 2010 through
2017 at the Shib Habil aggregation has resulted in the identi-
fication of 147 unique individuals in the Al Lith region.
Cochran et al. (2016) described the population structure at
Shib Habil using the 136 individuals identified from 305
encounters between 2010 and 2015. The population exhib-
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ited sexual parity and all individuals were immature based on
size estimate and male clasper morphology. Daily abun-
dances at the aggregation site were estimated as 15 to 34
individuals with individual residence times of 4-44 days
(Cochran et al. 2016).

An international database, Wildbook for Whale Sharks
(whaleshark.org), invites researchers and citizen scientists to
submit photos of whale sharks from anywhere in the world.
Suitable images are used for photo-identification and are
then cross-referenced against the entire database. At the end
of 2017, Wildbook had a total of 585 Red Sea whale shark
encounters submitted from dive companies, tourists, and
researchers. There are sightings from all Red Sea nations
except for Eritrea. Shib Habil has the most encounter records
with 318, an expected result considering the area has been
regularly monitored by researchers since 2010. However,
there are only six reported encounters for the rest of Saudi
Arabia, which is likely due to the lack of local knowledge
about the database (and not necessarily reflective of an
absence of whale sharks).

The second highest number of encounters, 208, comes
from Egypt. The remaining countries all have very low num-
bers of encounters recorded. The satellite tagging results of
Berumen et al. (2014) suggest that the lack of records in
Wildbook arises from a similar unawareness of the database
and far fewer tourists in other areas. Egypt is a well-known
Red Sea diving destination and many dive companies report
sightings directly to Wildbook. The Red Sea Sharks
Monitoring Programme (redseasharks.org), primarily oper-
ating at dive sites throughout the Egyptian Red Sea, main-
tains photo-identification databases for three species of
shark, including oceanic whitetips (Carcharhinus longima-
nus), grey reef sharks (Carcharhinus amblyrhynchos), and
silky sharks (Carcharhinus falciformis). The website also
directs those interested in submitting whale shark and manta
photos to Wildbook and Manta Matcher (mantamatcher.org),
respectively. In addition to identifying >1000 individual
sharks, the Red Sea Sharks Monitoring Programme has iden-
tified sightings of other species, such as scalloped hammer-
heads (Sphyrna lewini), pelagic threshers (Alopias pelagicus),
and whitetip reef sharks (Triaenodon obesus).

A global genetic analysis also suggests regular connec-
tions of whale sharks between the Red Sea and the Indian
Ocean. Very little genetic structure was detected within the
Indo-Pacific, including samples from the Saudi Arabian
aggregation (Vignaud et al. 2014). A follow-up study added
additional locations by using DNA sequences obtained from
copepod ectoparasites of whale sharks (Pandarus rhin-
codonicus), but found a similar genetic pattern (Meekan
et al. 2017). Both studies show slight genetic structure
between the Indo-Pacific and the Atlantic Ocean whale shark
populations, and relative homogeneity within the
Indo-Pacific.

Limited data is currently available on the identity of
potential food sources that whale sharks target throughout
the Red Sea, including at the Shib Habil aggregation site.
Preliminary plankton tows collected next to feeding sharks
have resulted in a near-monoculture of the sergestid shrimp
(Lucifer hanseni) and in one case, copepods (Acartia spp.).
These limited results suggest that, as described in Rohner
et al. (2015), whale sharks most likely do not target one spe-
cific food source but rather target dense patches of prey with-
out specific preferences. In 2016, 83% of the 53 encounters
involved sharks feeding either at or just below the surface.
This suggests that Shib Habil hosts a feeding aggregation,
especially considering that the sharks are immature (based
on size and clasper morphology in males) and breeding is
therefore unlikely (Cochran et al. 2016). It is not clear what
may drive the presumably high densities of prey that whale
sharks feed upon in such a concentrated area (Hozumi 2015),
although regional productivity may play a role (Racault et al.
2015). It also remains unclear if the mantas are targeting the
same food source, or why the whale sharks venture so much
farther from the site compared to the mantas. Understanding
these drivers may become increasingly important if Saudi
Arabia intends to develop marine ecotourism (see Sect.
8.5.3) in the near future; whale shark aggregations lend
themselves to such initiatives, and can be sustainable if
appropriate guidelines are adopted (e.g., Rowat and
Engelhardt 2007; Catlin and Jones 2010).

8.4.3 Lessepsian Migrants

In addition to natural connectivity and movement patterns in
the Red Sea, there is an important anthropogenically-induced
connection in the far north of the Red Sea. The Suez Canal
provides connectivity between the fauna of the Indo-West
Pacific and Mediterranean biogeographical provinces (Por
1978). Since the opening of the canal in 1869, approximately
450 species of marine organisms (Bernardi et al. 2016),
including 106 species of fishes (Rothman et al. 2016; Golani
et al. 2017), have invaded the Mediterranean Sea from the
Red Sea. The phenomenon, termed “Lessepsian migration”
(named after the engineer Ferdinand de Lesseps, who super-
vised the construction of the canal), has been well-
documented (Por 1978), particularly for fish taxa (Golani
1998; Golani and Appelbaum-Golani 2010; Azzurro et al.
2016). The canal has no locks or dams, providing little bar-
rier to dispersal along the corridor. Two hypersaline lakes,
known as the “Bitter Lakes”, may have initially acted as an
ecological barrier to dispersal. However, the salinity of these
lakes has gradually equalized with the Red Sea over time
(Edwards 1987); the large number of species successfully
colonizing the Mediterranean is evidence of the ineffective-
ness of the barrier. Despite the migratory pathway permitting
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bi-directional movement of marine fauna, only a few species
have been confirmed as “reverse Lessepsian migrants” that
immigrate from the Mediterranean and colonize the Red Sea
(Ben-Tuvia 1971; Spanier and Galil 1991; Golani 1998,
1999). The largely unidirectional nature of Lessepsian
migration may be attributed to the existence of unsaturated
ecological niches in the Mediterranean and the competitive
superiority and pre-adaptation of species originating in the
highly diverse tropical Red Sea compared to those of a tem-
perate origin (Golani 1999). Consequently, Lessepsian
migrants are of significant ecological and economic concern,
in some instances resulting in the displacement and local
extirpation of native fish species in the Mediterranean (Galil
et al. 2015). For example, the goldband goatfish, Upeneus
moluccensis, a widespread Indo-Pacific species that invaded
the Mediterranean via the Suez Canal, has largely replaced
the native red mullet, Mullus barbatus, in Levantine fisheries
(Goren and Galil 2005). Dramatic declines in biogenic habi-
tat complexity, biodiversity, and biomass in the Levantine
basin have also been attributed to Lessepsian invaders from
the Red Sea. Research suggests the herbivorous invaders
Siganus luridus and Siganus rivulatus are responsible for the
rapid shift from well-developed native algal assemblages to
“barrens” in the Mediterranean rocky infralittoral ecosystem
(Sala et al. 2011). Some invasion events are relatively well-
documented, and provide ideal opportunities to study the
genetics associated with a rapid colonization of a new area.
The bluespotted cornetfish (Fistularia commersonii) took
130 years to enter the Mediterranean, but only 4 years to
expand as far as any other Lessepsian invaders had been
recorded (Tenggardjaja et al. 2013). A new expansion of the
Suez Canal was completed in late 2016, raising concerns of
even further invasions to come (Galil et al. 2015).

8.4.4 Larval Ecology and Recruitment of Reef
Fishes

The diversity of a larval fish pool, combined with species-
specific distribution patterns, may provide useful informa-
tion on spawning seasons and recruitment patterns of fish.
Knowledge of such patterns facilitates efforts for ecosystem
conservation and fisheries management, yet the research on
the ecology of early life-history stages of fish in the Red Sea
is still in its infancy. High species diversity and a paucity of
diagnostic morphological characteristics for larval life stages
of reef fishes have been among the major bottlenecks in lar-
val ecological research in tropical waters (Leis 2014). These
biological obstacles are further exacerbated by a lack of
marine research opportunities and infrastructure in several
Red Sea countries (see Sect. 8.2.2 above).

The primary sources of ichthyoplankton knowledge in the
Red Sea are a few academic theses on larval fish taxonomy

and ecology in the northern Red Sea, specifically from the
Jordanian Gulf of Aqaba and Egyptian coastal waters (Abu
El-Regal 1999, 2008; Froukh 2001). These studies identified
larval stages at broad taxonomic levels (i.e., family level)
and made predictions of potential fish spawning seasons.
The advancement of species identification through molec-
ular techniques has boosted multi-species Red Sea ichthyo-
plankton studies (Isari et al. 2017a, b; Robitzch 2017;
Kimmerling et al. 2018). Combining morphological charac-
terization with DNA barcoding, Isari et al. (2017a) deter-
mined the larval fish diversity and assemblage variation
throughout an annual cycle in coral reef waters of the central
Saudi Arabian Red Sea using bongo net tows. Genetic analy-
ses revealed high species richness in the area, and high water
temperatures during the year appeared to be the main driver
associated with the numerical increase of larvae in many fam-
ilies. Examination of coral reef fish recruitment patterns using
light traps on coral reefs in the same area by Robitzch (2017)
revealed a seasonal peak in the fall and early winter (i.e.,
October, November, and December) for most of the dominant
families (e.g., Labridae and Gobiidae). Interestingly, other
species appear to have spawning peaks during the cooler
months of the year (e.g., Amphiprion bicinctus (Nanninga
etal. 2015) and Scarus niger (Isari et al. 2017a)), which could
likely reflect differentiation in reproductive thermal optima
among species. Unfortunately, for many species, there is not
even sufficient information to make an educated guess about
the timing (or locations) of their spawning events.
Interestingly, larval fish collections by nets and light traps
are now revealing previously unknown aspects of Red Sea
fish biodiversity. Based on morphological criteria, new
Schindleria records have been reported in the northern Red
Sea (Abu El-Regal and Kon 2008; Fricke and Abu El-Regal
2017a, b). Genetic markers support a striking species
richness of gobies in the central part of the basin (Isari et al.
2017a, 2017b), while high-throughput metabarcoding in ich-
thyoplankton collections from Gulf of Aqaba has been sug-
gested as a promising tool in assessing the diversity of larval
fish community at a species-level (Kimmerling et al. 2018).
Besides larval stages per se, studies on juveniles may also
be informative regarding important ecological processes tak-
ing place during the larval phase. For instance, the duration
of the pelagic larval phase and factors that may influence
species recruitment across the Red Sea have been assessed
on postlarval stages of pomacentrid species (Ben-Tzvi et al.
2007, 2008; Robitzch et al. 2016). These works showed a
decrease in pelagic larval duration towards the southern Red
Sea, mostly associated with the increase in food availability
and water temperature (Racault et al. 2015; Robitzch et al.
2016), while increased downwelling current flow in the Gulf
of Aqaba was associated with an enhancement of recruit-
ment events (Ben-Tzvi et al. 2007). Otolith micro-chemistry
analyses of newly-settled damselfishes at the Gulf of Aqaba
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have provided information on larval dispersal trajectories,
showing heterogeneity in the dispersal routes that supply
local populations (Ben-Tzvi et al. 2008; Ben-Tzvi et al.
2012). Coupling genetic analyses with biophysical dispersal
models has verified a large scale of spatial dispersal of larval
anemonefish in the central Red Sea (Nanninga et al. 2015;
Raitsos et al. 2017; see also Sect. 8.3.2 above).

Despite the recent and growing interest in larval fish ecol-
ogy in the Red Sea, thorough baseline data are missing.
Much of the basic fish biology, larval biology and ecology,
and other dynamics related to reproduction and recruitment
processes remain unstudied or poorly known. Increased
knowledge of early and late larval stages will improve our
understanding of spawning, recruitment, and connectivity
patterns, which are crucial components of effective manage-
ment plans (McCook et al. 2009). Molecular techniques may
be highly helpful in future studies to reveal not only the hid-
den diversity in Red Sea ichthyofauna (Kimmerling et al.
2018), but will also improve our knowledge of larval disper-
sal trajectories and their influence in population dynamics.

8.4.5 Particularly Understudied Areas

In terms of geography and depth of coverage in many topics,
our knowledge of Red Sea fishes is in early stages.
Nonetheless, there are some areas that are even less well
understood ecologically, and some of these are noteworthy.
This is not intended to be an exhaustive list, but we have
highlighted some areas of potential interest that warrant
future study.

8.4.5.1 Mesophotic Coral Ecosystems

In terms of reef habitats, depths greater than ~30 m are rarely
the subject of thorough study, and only a portion of the lim-
ited studies address fishes inhabiting these depths
(Hinderstein et al. 2010; Kahng et al. 2010). Such systems,
termed ‘“mesophotic coral ecosystems” (MCEs) are of
increasing interest for several reasons, including the poten-
tial for reefs at these depths to serve as refugia from climate
change and increasing temperatures in shallower reef sys-
tems. However, the technical challenge of accessing these
depths (beyond the depth at which standard scuba diving can
be conducted for any reasonable amount of time) remains a
limiting factor. Often when deep-diving resources are avail-
able, such as remotely operated vehicles or manned sub-
mersibles, the target depths are deeper than the lower limit of
MCEs. Only a handful of mesophotic reef studies have been
conducted in the Red Sea. The Gulf of Agaba was explored
in seminal studies (Fricke and Schuhmacher 1983; Fricke
and Hottinger 1983; Fricke and Knauer 1986), primarily
with respect to the distributions of stony corals. More recent
work has employed technical diving techniques and has
focused on fishes in the Gulf of Aqaba (e.g., Brokovich et al.

2007, 2008, 2010). In terms of fishes, almost no other MCEs
have been described in any detail in the Red Sea.

8.4.5.2 Al Wajh Lagoon Reefs

The Red Sea is often referred to as an extreme environment
because it has summer sea surface temperatures regularly
exceeding 30 °C and salinity often above 40 ppt (Ngugi et al.
2012; see also Chap. 1). Within the Red Sea basin, there are
several coastal lagoon systems; these are often quite shallow
and have limited water exchange with the broader Red Sea.
These lagoons potentially experience even greater tempera-
ture and salinity ranges (due to reduced water exchange and
increased evaporation) that could significantly influence ben-
thic and fish communities. Most lagoons are small and sup-
port marginal reefs, however, there is one notable exception.
The Al Wajh (sometimes transliterated from Arabic as “Wadj”
or “Wahdj”) lagoon system in the north-central region of the
Red Sea (Fig. 8.3) is a distinct habitat that differs greatly from
the adjacent deep, clear waters of the Red Sea basin. It is
approximately 1500 km?, consists of approximately 50
islands, and is contained within a barrier reef system with
three very small channels providing limited hydrodynamic
links to the broader Red Sea. Although tidal fluctuations are
generally quite small (rarely more than 10s of cm, and often
completely masked by wind-driven basin-wide shifts in sea
level (Edwards 1987)), these narrow channels experience
strong currents due to the volume of water in the lagoon. The
lagoon is relatively shallow (mostly <30 m in depth) with a
sandy substrate and shallow, patchy coral reefs.

While no temporal in situ environmental measurements
have been reported from within the lagoon, SST satellite data
(MODIS) reveals that temperature fluctuations are greater
than the adjacent Red Sea basin with maximum summer
temperatures up to 1 °C warmer and winter temperatures up
to 3 °C cooler (Calder Atta, unpublished data). In January-
February of 2016, several of the authors (MLB, THST, RSH,
MDT, AK, and DJC) participated in an exploratory survey in
the Al Wajh lagoon and experienced unexpectedly cold water
temperatures, typically as low as 17-18 °C during dives at
10-15 m depth. It is conceivable that the lagoon may like-
wise reach peak temperatures well above 33 °C in summer.
These extreme temperature ranges likely have an influence
on fish communities, both directly and indirectly. Increased
temperature ranges have been shown to directly influence
metabolic rates, movement, and growth rates of fishes
(Munday et al. 2008). In this regard, the Al Wajh lagoon may
be more like the Arabian Gulf (see Sale et al. 2011), and only
a subset of Red Sea fauna may be able to tolerate such large
fluctuations in environmental conditions. Furthermore, the
difference in the benthic reef communities (which have not
yet been fully documented) may further influence the fish
fauna, as indirect effects through changes in habitat are also
expected to modify fish abundance and community structure
(Wilson et al. 2006; Pratchett et al. 2008). The possibility of
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yet-undiscovered endemic species cannot be ruled out, as
even the Gulf of Aqaba has endemic species (DiBattista et al.
2016b). While the Gulf of Aqaba is twice as large
(~3100 km?), it has a much wider connection with the Red
Sea (>5 km wide, compared to <1 km for Al Wajh). The
Living Oceans Foundation included the Wajh lagoon in their
habitat-mapping and groundtruthing of select areas of the
Red Sea (Bruckner et al. 2011), but little data about the fish
fauna from this unique habitat is available. This unique envi-
ronment warrants future investigation to better understand
how species present in this region adapt and cope in an
extreme environment with implications to climate change
within the region and globally.

8.5 Conservation Status and Future

Challenges

The lack of historical data available on reef health (coral and
fish communities) in the Red Sea presents challenges when
assessing the current status of reefs, and, like many other
regions, the Red Sea suffers from shifting baselines (Price
et al. 2014). Nonetheless, consistent fish harvesting and
recent disturbances suggest that this region is not immune to
large-scale degradation and that it faces the same global
threats (e.g., climate change, overfishing, coastal develop-
ment, etc.) as reefs around the world. One notable exception
is that terrestrial impacts (through fresh water input and nutri-
ent runoff) are limited or inconsequential across many regions
of the Red Sea due to limited rainfall and an absence of any
permanent rivers entering the Red Sea. Nonetheless, inputs
related to coastal development, fishing pressure, and increas-
ing sea temperatures appear to be the main modern threats to
reef-associated fishes of the Red Sea (Kotb et al. 2008;
Wilkinson 2008; Furby et al. 2013; Spaet and Berumen 2015).

8.5.1 Bleaching and Thermal Stress

Historical information on coral bleaching in the Red Sea is
limited, with some of the earliest reports of widespread
bleaching documented during 1998 (in Egypt, Eritrea, Saudi
Arabia, Sudan, and Yemen). This coincides with the global
bleaching event at the time (see Hoegh-Guldberg 1999) and
implies that while the Red Sea reefs experience higher water
temperatures than other reef systems, they are not immune to
the influences of global climate change (see also Cantin et al.
2010). Further bleaching has been reported in 2007 (Egypt),
2010 (Saudi Arabia), 2012 (Egypt), and more recently, large-
scale coral loss was observed in 2015 throughout the southern
reefs of Saudi Arabia (Osman et al. 2018; see also Chap. 3).
Limited in situ data about flow-on effects restrict our under-
standing of how fish communities are influenced following
disturbances, however, declines in coral cover and benthic

structure are well-known to negatively affect many fish
(Wilson et al. 2006; Pratchett et al. 2008).

In addition to coral loss, direct effects of climate change
are predicted to have significant ramifications for fishes
through increased water temperature and changes in ocean
acidification (Munday et al. 2008). Fishes in the Red Sea are
already existing in relatively high water temperatures, and
several fishes may already be living beyond or at their ther-
mal maxima for some periods of the year. It is unclear if
fishes are already thermally stressed, or if fishes within the
Red Sea have adapted to cope with greater temperature
anomalies. Increased water temperatures can influence lati-
tudinal distributions, depth structure, activity, growth, and
metabolic processes (Booth et al. 2011; Johansen and Jones
2011; Nowicki et al. 2012). Latitudinal gradients in tempera-
ture, along with extreme regions like the Al Wajh lagoon (see
Sect. 8.4.5.2), provide natural environments in the Red Sea
to investigate the effects and adaption to future climate
change scenarios.

8.5.2 Fisheries

The extraction of fishes by artisanal fisheries has historically
been an integral component of food security in the Red Sea.
Methods such as larger trawlers have recently been introduced
in regions amendable to this method (e.g., southern Red
Sea), however most fishing efforts employ more traditional
methods, such as hook and line, gill nets, and traps
(Tesfamichael and Pauly 2016). Accurate catch data in the
Red Sea is difficult to source, particularly at a local scale
(e.g., at the level of detail of individual fishing ports or land-
ing sites) (Jin et al. 2012). As coastal populations increase, so
will the demand for fish-based protein and associated catch
rates, particularly in regions with large populations. Fishing
pressure varies among countries (and among regions within
countries) based on population, resources, and culture
(Tesfamichael and Pauly 2016). Current estimates suggest
that most targeted fishes are overfished in the Red Sea, with
some groups, such as sharks, significantly reduced from his-
torical numbers (Tesfamichael 2012; Spaet and Berumen
2015). Most fishers employ multi-gear, multi-species opera-
tions with no regional fisheries management organization
oversight, and even bans on catching protected species are
not enforced (Spaet et al. 2016). Some regions, such as
Sudan, appear to experience lower levels of fishing pressure.
A recent study comparing fish communities among compa-
rable offshore reefs in south-central Saudi Arabia to reefs in
Sudan revealed significantly lower abundance and biomass
levels on Saudi Arabian reefs (Kattan et al. 2017). The cumu-
lative evidence suggests that Saudi Arabian reefs generally
experience heavy fishing pressure (e.g., Jin et al. 2012), how-
ever, this could be even higher in more populated regions
(e.g., near Jeddah) and on reefs closer to shore. Data is lack-
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ing for catch rates, and is also deficient for more nuanced
details such as the number of days at sea, discards, distance
traveled, gear use, and targeted events (e.g., spawning aggre-
gations). For example, in the southern islands of Saudi
Arabia, longnose parrotfish (Hipposcarus harid, see
Fig. 8.2h) are targeted in shallow waters during spawning
aggregations (Gladstone 2006; Spaet 2013). These gaps in
data need to be addressed if plans for sustainable fisheries
are to be developed for future generations, in addition to sim-
ply maintaining the current level of associated goods and
services that reef fisheries supply for Red Sea countries. The
narrowness of the Red Sea (Morcos 1970) presents the
potential for cross-basin connectivity through larval disper-
sal, specifically facilitated by periodic oceanographic fea-
tures (Raitsos et al. 2017; see Sect. 8.3.2). This potential
connectivity implies that regions of low fishing pressure
(e.g., Sudanese reefs) could serve as a replenishment source
for regions with depleted fish stocks (e.g., Saudi reefs) or for
regions impacted by severe disturbances (e.g., recent mortal-
ity in the Farasan Banks due to bleaching, see Chap. 3).
While larval dispersal may provide some reason for opti-
mism for reef fisheries, some highly mobile species (e.g.,
tunas or whale sharks, see Sect. 8.4.2) would benefit from
formal management at the level of the entire Arabian
Peninsula (e.g., Spaet et al. 2015). Fortunately, there does
not currently appear to be a targeted fishery for mantas or
whale sharks, two species of potential ecotourism value.
Mobula alfredi is listed as vulnerable with on the [UCN Red
List and Rhincodon typus is listed as endangered, with spe-
cies population trends considered to be declining (Marshall
et al. 2011; Pierce and Norman 2016). Surveys at the main
Jeddah fish market revealed no manta or whale sharks (bi-
monthly surveys between 2011-2013), however, two species
of mobulid ray were found (6 Mobula thurstoni and 1 Mobula
kuhlii) (Spaet and Berumen 2015). The fishing fleet within
the Al Lith area (near the whale shark aggregation site), like
most of Saudi Arabia, is dominated by artisanal fishers using
hand lines (e.g., Jin et al. 2012); mantas and whale sharks are
not targeted. In 2011, one whale shark (previously tagged at
the aggregation site) was accidentally captured in a gill net
and died as a result (Cochran et al. 2016). Although it appears
that bycatch in this form is rare, it is unclear if such instances
would normally be reported. The nearshore location of Shib
Habil and its proximity to the local port puts the mantas and
sharks at risk from outboard motor strikes (Braun et al.
2015). Approximately half of all sharks encountered at the
aggregation site have scars, with 15% of the scars apparently
resulting from propeller trauma (Cochran et al. 2016). A
manta aggregation in Dunganab Bay, Sudan, falls within a
marine protected area that was declared a UNESCO World
Heritage Site in 2016 (Kessel et al. 2017), affording the indi-
viduals at that location protection. Unfortunately, other elas-
mobranchs do not enjoy such reprieve and appear to be

heavily impacted by fishing activies (Spaet and Berumen
2015; Spaet et al. 2016; see also Sect. 8.5.5).

8.5.3 Coastal Development, Ecotourism,
and Saudi Arabia’s Vision 2030

One Red Sea nation is poised to launch some of the most
ambitious development projects ever undertaken. The
Kingdom of Saudi Arabia has released and identified the
nation’s “Vison 2030”, which outlines major economic goals
for the country (details are available at http://vision2030.gov.
sa). Among the many plans outlined, there are several coastal
developments in northwestern Saudi Arabia that each have
the potential to influence reefs in this area (ranging from the
Al Wajh lagoon to Egyptian side of the Gulf of Aqaba).
These coastal projects are described as “Giga-Projects” by
the Saudi government’s Public Investment Fund (www.pif.
gov.sa/pifprograms/vrp_en). The NEOM project envisions a
world-leading “smart city” occupying 438 km of coastline,
sprawling into Egypt and Jordan. Among other lofty goals,
the NEOM project has a plan to achieve a productive city
with the highest per capita GDP in the world. A second
coastal giga-project, known as “The Red Sea Project”, is
based in the Al Wajh lagoon area. This project focuses much
more specifically on diversifying tourism activities in Saudi
Arabia (projections include reaching 90,000 visitors to the
Al Wajh lagoon’s islands annually by 2022 and 1 million
visitors annually by 2035). Eco-tourism and water sports are
explicitly named among the attractions. The proposed scale
and pace of development would set numerous records, espe-
cially considering the near-complete lack of infrastructure
present in this region. These giga-projects will provide inter-
esting case studies for years to come — hopefully they pro-
vide examples of ‘successes’ to serve as models for other
regional developments.

Among the major goals of the new vision is an increased
tourism sector, including the general introduction of tourism
visas (reported to begin in April 2018). At this time, there is
no mention of directly exploiting mantas or whale sharks.
However, these species both readily lend themselves to eco-
tourism endeavors and are attractive targets in various loca-
tions worldwide. Access to the Al Lith whale shark
aggregation site is relatively limited, despite the reef’s prox-
imity to shore, because there is currently only one dive oper-
ation in the Al Lith area with a limited number of vessels.
Light ecotourism focused on the whale sharks has been
ongoing since 2012. At present, there is no formal code of
conduct for interactions with either species, which could
lead to conflicts should tourism begin to increase. Whale
sharks and mantas have the potential to play a role in sustain-
able development of the regional economy, but precautions
must be taken to ensure the long-term viability and minimal
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risk to the animals. Some valuable lessons could be learned
from Sudan. Sudanese reefs were brought to the world’s
attention following Jacques Cousteau’s 1964 documentary,
“World Without Sun”, which documents the Cousteau team’s
adventures living underwater in the Conshelf 2 station.
Today, the majority of international marine ecotourism in
Sudan is centered around liveaboard dive boats and has
grown rapidly (Chekchak 2013). In 2000, there were 8 live-
aboard boats operating out of Port Sudan, but by 2017, there
were 15 (with 7 boats from outside of Sudan). Between
25004000 divers visit annually (mostly from Europe), gen-
erating an estimated US$15-17 million per year in gross
income, including tourism fees (Chekchak 2013). Tourism is
the largest source of income for the Sanganeb Atoll Marine
National Park (see Sect. 8.5.5). Nonetheless, marine tourism
in Sudan can still be considered under-developed, and fortu-
nately there seem to be minimal impacts on the conditions of
the reefs or their resident fish communities. Many of the div-
ing tourists to Sudan are attracted by the still-healthy popula-
tions of reef sharks (Hussey et al. 2013; Spaet et al. 2016).

8.5.4 Aquaculture

Al Lith is near Saudi Arabia’s largest prawn farm, part of the
National Aquaculture Group (NAQUA). The prawn farm
pumps water into the initial stages of the farm and then uses
a gravity-driven system to distribute the water. The effluent
drains immediately adjacent to the sole marina available for
visitor access to the region, and is directly inshore from the
whale shark aggregation site. The prawn farm in Al Lith was
established before focused study began on either the mantas
or whale sharks, hindering a full understanding of the poten-
tial impacts (see also Hozumi 2015). NAQUA has recently
introduced several sets of open-ocean fish cages growing
barramundi (Lates calcarifer, a non-native species) approxi-
mately 15 km north of Shib Habil.

One aspect of Vision 2030 is continued and rapid devel-
opment of aquaculture along the Saudi Arabian coast. There
are at least two factors that will drive a major increase in
demand for marine protein in the proposed plan for Saudi
Arabia: a need to establish greater levels of food security
(i.e., less reliance on imported foods) and an increase in
international tourism and luxury seaside resorts, both of
which can be expected to create demand for local seafood. A
2016 study identifying suitable potential sites for finfish
cages along the Saudi Arabian coast suggested that the two
southern-most sites in the study have the most potential
(Salama et al. 2016). These locations were chosen due to
their distance from industrial and residential areas (Salama
etal. 2016), but they also align with nearshore reefs shown to
be frequently used by M. alfredi (Braun et al. 2014). The tag-
ging studies (see Sect. 8.4.2) can be used to inform develop-
ment along the Saudi coastline, much like Kessel et al.

(2017) focused on habitat use of the reef mantas in Sudan
where development is being considered within the protected
area.

8.5.5 Existing Protected Areas

Of all the countries bordering the Red Sea, Egypt and Sudan
appear to have relative success in implementing and enforc-
ing some forms of marine resource protection. Between
1983 and 2006, the Egyptian Environmental Affairs Agency
(EEAA) declared the following areas as national parks or
protected areas: Ras Mohamed, Nabq, and Abu Galum in the
Sinai Peninsula, as well as Elba, Wadi El Gemal, and the Red
Sea North Islands in the Red Sea Governorate (www.eeaa.
gov.eg). These protected areas include both terrestrial and
marine components and enjoy varying degrees of protection.
While some tourism activities are permitted in each of these
parks, entry usually requires special permits, and extractive
activities (e.g., fishing) are prohibited. Outside the borders of
protectorates, fishing regulations also prohibit the fishing of
sharks and endangered species. Before the Arab Spring polit-
ical uprising of 2011, the enforcement of protective regula-
tions was carried out partially by rangers appointed by a
branch of the EEAA and partially by the coast guard and the
military. The current status of enforcement is unclear,
although the same entities remain responsible. Anecdotal
evidence from within the diving community in Sinai and
Hurghada suggests possible higher levels of non-compliance
by fishermen post-2011 as well as some potential positive
impacts on coral reefs due to the reduction in tourism in
recent years.

Sudan is home to some of the healthiest reefs in the Red
Sea with relatively intact populations of sharks (Hussey et al.
2013; Spaet et al. 2016) and other top predators (Kattan et al.
2017). Currently, two marine protected areas exist in attempt
to recognize and preserve the biodiversity and unique natural
resources found along the coast of the Red Sea State: (1)
Sanganeb Atoll Marine National Park was established in
1990, encompassing 22 km? around a prominent deepwater
atoll, and (2) Dunganab Bay and Mukkawar Island National
Park, a 2800 km? reserve established in 2004 that includes a
mosaic of undisturbed coral reef, mangrove, seagrass, and
intertidal mudflat habitats. These habitats collectively support
regionally significant populations of endangered dugongs,
sharks, manta rays, dolphins, nesting sea turtles, and birds
(sudanmarineparks.info). Together these two sites were
declared a World Heritage Site in July 2016. A management
structure for these parks is in place, but faces three major
challenges: (1) there is no broad community involvement, (2)
it is missing a general facility for monitoring and enforce-
ment, and (3) it lacks the capacity to absorb future growth in
the region (Chekchak and Klaus 2013). Fortunately, hitherto
underdeveloped levels of tourism (Chekchak and Klaus 2013)
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and fisheries (Tesfamichael and Pitcher 2006) have resulted
in relatively minimal impacts to Sudanese marine resources.
Some degree of self-policing by the local liveaboard dive
boats creates a kind of de facto protection force, as the quality
of the reefs is a driving factor in the success of the local eco-
tourism industry (see Sect. 8.5.3). With increasing interest in
coastal development, fisheries, and tourism to the region,
however, much effort is required to plan and coordinate for
the long-term health of these fragile marine ecosystems
(Chekchak 2013; Chekchak and Klaus 2013).

The Kingdom of Saudi Arabia, on the other hand, which
controls most of the eastern coast of the Red Sea, has declared
only two marine protected areas (MPAs), both of which cur-
rently appear to be little more than paper parks: the Farasan
Islands and the island of Um Al-Qamari. The Farasan Islands
(3310 km?, see Fig. 8.3) were officially declared as protected
in 1996 (Wood 2007). The islands are known to host a unique
seasonal aggregation of the parrotfish Hipposcarus harid
(Gladstone 1996; Spaet 2013). This MPA briefly enjoyed
some success due to strong initial community involvement.
However, its success was short-lived, as lack of long-term
training and awareness programs for local rangers, combined
with growing commercial fisheries in the area, led to a
decline in the effectiveness of this MPA (Gladstone 2000).
The island of Um Al-Qamari (located near Al-Qunfidhah in
the Farasan Banks) was declared a protectorate in 1977,
much earlier than the Farasan Islands, with an area of 2 km?
(Wood 2007). It was designated to protect a resident popula-
tion of seabirds, and it is not clear whether any enforcement
of protection currently takes place on the island or the sur-
rounding waters. In addition to these declared MPAs, Saudi
Arabia issued a royal decree in 2008 putting a total ban on
the fishing of sharks (Spaet et al. 2016). However, little to no
enforcement of this ban takes place; shark fishing occurs on
a daily basis, and hundreds of sharks are landed in Saudi fish
markets every month (Spaet and Berumen 2015).

8.5.6 Marine Invasive Species

The primary invasion threat Red Sea fish populations pres-
ently face appears to be limited to potential escapees from
aquaculture operations. There are very few cases of invasive
fishes colonizing the Red Sea (e.g., Por 1978). Planned rapid
expansion of aquaculture efforts, particularly in Saudi
Arabia, includes dramatic increases in open-sea cage farm-
ing of fishes (see Sect. 8.5.4). These operations have already
commenced near Al Lith (see Fig. 8.3) and near Duba (north
of Al Wajh). Adult barramundi (Lates calcifer) are routinely
spotted at the Al Lith marina, apparently having escaped
from the cages ~15 km to the north. Surveys of coastal reefs
in the area, however, have yet to detect any barramundi
between the marina and the fish farm (Alex Kattan, unpub-
lished data). Barramundi may require estuarine or riverine

areas for successful completion of some parts of the early
life cycle (Copland and Grey 1987). The lack of these habi-
tats in the Red Sea may preclude the establishment of a wild
barramundi population, but large numbers of escaped barra-
mundi (which are voracious predators) could still exert an
impact on native reef fish populations.

As described in Sect. 8.4.3, the Red Sea appears to
‘export’ far more invasive species (into the Mediterranean)
than it ‘imports’ (i.e., reverse Lessepsians are rare). It is pos-
sible that the relatively high temperatures and salinity levels
may present physiological challenges for non-native species.
If this is the mechanism reducing Mediterranean immigrants
to the Red Sea, it may also be inhibiting potential invasive
species that would otherwise arrive via traditional mecha-
nisms (e.g., ship ballast water). These hypotheses remain to
be formally tested.

Red Sea fishes have evolved in and adapted to some of the
most challenging conditions in which modern coral reef
ecosystems appear to be thriving. The opposite sides of the
central Red Sea currently offer an interesting contrast that
may reflect the impacts of anthropogenic pressures in recent
decades. On one side, reef fish communities may be greatly
altered by heavy fishing pressure and coastal development.
On the other side, a lack of infrastructure and locally-initiated
de facto protection may be preserving healthy reef communi-
ties, and may even be supplying important larval input to
overfished populations across the basin. The anticipated
additional future stressors (ranging from local to widespread)
may create even more challenging conditions for Red Sea
reefs, particularly planned ‘giga-projects’ with the potential
to impact large portions of coastline. Responsible and sus-
tainable management of Red Sea reef fish populations will
require a more thorough understanding of the status of fish-
eries, the nuances of local ecology, and various aspects of
connectivity. More than 250 years have passed since the first
European natural historians began investigations into Red
Sea fishes, yet we still have much to learn.
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