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Abstract

Spatial and Temporal Biodiversity Patterns of Coral Reef Cryptofauna
in the Arabian Peninsula

Rodrigo Villalobos Vazquez de la Parra

Coral reef cryptobenthic communities are largely understudied yet they

contribute to the large majority of coral reef biodiversity. The main aim of this

dissertation was to understand the effects of the organic C, temperature,

surrounding benthic communities, salinity, catastrophic events, time, and

limitations to dispersal of the cryptobenthic communities. Using 54 ARMS along

the Saudi Arabian Red Sea coast, we found that temperature, chlorophyll-a

concentration, and photosynthetic active radiation affected the number of OTUs

of the cryptobiome, i.e., its biodiversity. We found temperature, energy available,

and benthic structure to be associated with distinct cryptobenthic communities

and to influence its diversity patterns. These environmental conditions affected

differentially the abundance of specific organisms. We also investigated the

inter-annual patterns of variability of this biological component in the central Red

Sea. We deployed and collected ARMS in four reefs along a cross shelf gradient in

three sampling periods spanning 6 years (2013-2019). This period included the

2015/2016 mass bleaching event. We observed cross shelf differences in

community composition to be consistent over time and maintained after the

bleaching event. However, turnover was significantly higher between

prebleaching and post bleaching sampling years than between post bleaching

comparisons. Cryptobenthic communities of 2019 presented a slight return to
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prebleaching composition. In light of predictions of returning bleaching events

every 6 years, the observed return might not be sufficient for reaching a full

recovery. We investigated the relative contribution of two ecological theories:

the neutral theory (associated with the limitations to dispersal and therefore

geographic distance) and the niche filtering (associated with environmental

conditions that limit colonization). We used 50 ARMS collected from the north,

central, and south Red Sea, the Arabian Gulf, and Oman Gulf. We found that

limitation to dispersal and environmental filtering to influence beta diversity.

However, the geographic distance had a better fit with the beta diversity patterns

observed, suggesting a preponderance of the neutral theory of ecology

explaining the community patterns. This dissertation provides fundamental

information on characterization of the cryptobiome in the Arabian Peninsula.
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Chapter 1

General Introduction

1.1. Importance of coral reef biodiversity for human well-being

Coral reefs shelter one third of the oceans’ biodiversity yet occupying only 0.2% of the

ocean floor (Spalding and Grenfell 1997; Fisher et al. 2015; Hughes et al. 2017b). Despite

its relative small cover, coral reefs are likely to support the livelihoods of approximately

400 million people (Morrison et al. 2019). A great part of the goods (e.g., food) and

services (e.g., coastal protection, recreation, nutrient cycling provided by coral reefs

might be related to biodiversity (Hughes et al. 2017b; Woodhead et al. 2019). Indeed,

biodiversity also influence human well-being through ecosystem service such as climate

regulation and protection against natural hazards (Díaz et al. 2006). Worm et al. (2006)

concluded that biodiversity has a positive association with productivity and stability

through all trophic levels in the marine ecosystems, with the loss of biodiversity having

greater impacts on less diverse ecosystems (Cardinale et al. 2012).

Despite their high levels of biodiversity, coral reefs like other coastal habitats, are under

increasing disturbance pressures and undergoing rapid degradation (Hughes et al.

2017b). Global stressors to coral reefs such as climate change and ocean acidification

have resulted in for example higher frequency in the occurrence of bleaching events and

decreased calcification rates in corals (Hughes et al. 2017b; Eyre et al. 2018; Hughes et

al. 2018). In addition, pollution and overfishing where present, synergize with global
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stressors, affecting reef biodiversity and potentially jeopardizing their ability to deliver

goods and services (Hughes et al. 2017b). The high biodiversity associated with coral

reefs and their economic importance make them a priority for conservation(Burke et al.

2011). Most of the species in coral reefs are, however, still undescribed (Knowlton et al.

2010) and one cannot protect what we do not know exist. Cryptobenthic groups such as

Isopoda, Nematoda, and Mollusca are expected to have a great contribution to the

overall missing biodiversity (Appeltans et al. 2012; Fisher et al. 2015; Leray and Knowlton

2015; Bouchet et al. 2016). Recent estimates suggest these cryptobenthic groups can

contribute to the majority of the reef biodiversity (Fisher et al. 2015). However, coral

reef monitoring is focused on the changes in biodiversity and community structure of

fishes and corals that are conspicuous and easily targeted during visual surveys

(Sheppard and Sheppard 1991; Malcolm et al. 2010; DiBattista et al. 2016b; Roberts et

al. 2016). Focusing on the largest fraction of the reef biodiversity, those studies overlook

the most diverse multicellular taxa in coral reefs (Pearman et al. 2016), intensifying an

existing gap in knowledge on how most coral reef groups respond to global changes

(Mora et al. 2011). Ensuring the conservation of their high biodiversity is essential to

sustain the delivery of their services. To better plan protection of coral reefs, and foresee

the path for coral reef communities during a global ecosystem change we need to better,

and more comprehensively, understand the processes and mechanisms that govern

species richness and distribution. With this regard, studying the most speciose (i.e.,

species rich) component of coral reefs is of utmost importance.
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1.2. Sampling strategies for cryptobenthic communities

Cryptobenthic communities or the cryptobiome include species that reside in crevices

within the reef matrix or within larger sessile species (e.g., corals, sponges), and that

include a high proportion of the under-documented species in coral reefs (Carvalho et al.

2019b). These communities can be sampled using as semi-quantitative methods, such as

the collection of dead branching coral heads (Plaisance et al. 2009), and with

quantitative methods using artificial substrate units such as 3D printed corals (Wolfe and

Mumby 2020), or the Autonomous Reef Monitoring Structures (ARMS, Figure 1.1) (Leray

and Knowlton 2015). Natural substrates such as coral rubble and branching coral heads

could be quantitatively sampled if volume and complexity are considered in the

sampling strategy (Kramer et al. 2014).
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[Figure 1.1] ARMS units before and after deployment. On the left, a schematic

representation of an ARMS previous to deployment and to the right an ARMS at the

moment of collection, 24 months after deployment. Image credit: Joao Curdia (left) and

Morgan Bennet-Smith (right).

ARMS consist of nine layers of PVC with 2.54 cm of space between them, placed on a

larger rectangular PVC base. Bars of PVC block the water flow in between some of the

PVC layers to provide habitat for species preferring low water flow, whereas the open

layers allow for water to freely flow. The units are recommended to be left to soak for

between one to three years on the reef to allow for the establishment of cryptobenthic

organisms (Danovaro et al. 2016). An in-depth explanation of the ARMS can be found in

Chapter 2. ARMS are increasingly being used for studying biodiversity patterns of

cryptobenthic communities, providing reliable and comparable measurements of
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biodiversity from different places, like Virginia, Florida, The Great Barrier Reef, Hawaii,

Saudi Arabia, the Mediterranean Sea, and Jordan (Plaisance et al. 2011b; Plaisance et al.

2011a; Leray and Knowlton 2015; Al-Rshaidat et al. 2016; Danovaro et al. 2016; Hurley et

al. 2016; Pearman et al. 2016a; Pearman et al. 2018; Carvalho et al. 2019b; Pearman et

al. 2019; Pearman et al. 2020). From these studies patterns of cryptobenthic biodiversity

are starting to be revealed at a global scale. Pearman et al. (2020) in an inter-basin study

found the Red Sea to be more species diverse than the distinct basins in the

Mediterranean Sea, the Black Sea and the Adriatic Sea. The reefs of Hawaii and the

Great Barrier Reef were found to have a higher crustacean biodiversity than the

Jordanian reefs in the Red Sea (Plaisance et al. 2011b; Plaisance et al. 2011a; Al-Rshaidat

et al. 2016). Differences of species composition with depth were also found in

brachyuran crabs in the Hawaiian archipelago using ARMS (Hurley et al. 2016). Along

latitudinal and environmental gradients in the Red Sea, Carvalho et al. (2019b) also

provided a within basin analysis of the mobile cryptobenthos and found that they are

influenced by particulate organic carbon, while the sessile organisms were more

influenced by sea surface temperature.

The ARMS combine visual taxonomic identification of sessile and larger mobile

organisms with molecular techniques (Leray and Knowlton 2015; David et al. 2019).

Traditionally, biodiversity studies are done involving experts of the groups studied

identifying organisms with morphological features. Taxonomic studies are key in our

understanding of biodiversity. However the morphological identification of species limits

the extent of studies done in environments with high number of unknown species like
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coral reefs (Carbayo and Marques 2011). Then the use of molecular tools comes in hand

for revealing biodiversity patterns in coral reef communities (Carbayo and Marques

2011; Mora et al. 2011). In particular, the use of next-generation sequencing for

biodiversity studies facilitates the research of unknown small species in samples with a

high number of species (Leray and Knowlton 2015; Pompanon and Samadi 2015).

To obtain taxonomic assignments of the next generation sequencing a reliable dataset of

sequences from morphologically identified species is necessary. Therefore,

metabarcoding taxonomic accuracy, which uses next generation sequencing, depends in

the individual sequencing of species, namely barcoding technique. Metabarcoding is the

sequencing of a fraction of the genome that can differentiate species in a sample with

several organisms. In animals, the COI mitochondrial gene is commonly used for this

purpose (Plaisance et al. 2009; Geller et al. 2013; Leray et al. 2013; Lobo et al. 2013;

Leray and Knowlton 2015; Pompanon and Samadi 2015; Al-Rshaidat et al. 2016; Leray

and Knowlton 2016b; Pearman et al. 2018; Carvalho et al. 2019b; Pearman et al. 2020).

After obtaining the sequences of the preferred part of the genome for all the organisms

in the sample, these sequences are compared to previously published sequences in

public databases to look for a species match (Deng et al. 2007). Another path usually

used simultaneously involves grouping sequences by similarity (Hao et al. 2011). The

program will then assign a number to each group of sequences similar enough to

represent the same species or taxa (Plaisance et al. 2009; Hao et al. 2011; Leray and

Knowlton 2015). The outcome of this path is obtaining an Operational Taxonomic Unit

(OTU) table with the number of each species and its repetitions for each sample. The
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latter analysis of the sequences can determine the number of species; and at some

degree its proportion of biomass of each taxa in each sample (Leray and Knowlton

2016a). Generally, using metabarcoding it is possible to discover biodiversity patterns in

a cost-effective way (Knowlton and Leray 2015b). The greatest limitation of

metabarcoding is in the primer used to amplify the targeted region of the genome

(Deagle et al. 2014). The primer used needs to amplify at the same proportion all the

species that we are targeting in the sample (Leray et al. 2013). Each primer has more

affinity to some groups, causing a misrepresentation in the sample (Leray et al. 2013;

Deagle et al. 2014). Nevertheless, preliminary studies in the Red Sea while confirming

that different primers (18S and COI) have different affinities to different groups, the

biodiversity patterns are overall maintained (Pearman et al. 2018). The barcoding

technique is more accurate than the metabarcoding, because it sequences one organism

at a time and provides a measurement of abundance (Plaisance et al. 2009; Pearman et

al. 2016a). The limiting of the barcoding technique is the sample size. To tackle a sample

with a high number of organisms will require much more time than metabarcoding

technique (Plaisance et al. 2011a).

1.3. Spatio-temporal patterns in biodiversity

Geographic location of a coral reef influence its species richness and the structure of the

community (Pearman et al. 2018). At the global scale, debate about the influence of

latitude in biodiversity patterns, for example, has been intense over the decades. And,

there are conflicting results of latitudinal differences in biodiversity between marine taxa

in the same major groups (Rex et al. 2005). For example, Roy et al. (2000) found some
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groups of bivalves to show increasing diversity towards the tropics while Flessa and

Jablonski (1995) found that other bivalve species did not show any major increase in

diversity with decreasing latitude. At a smaller scale, and focusing on reef cryptobiome,

Pearman et al. (2020) found no relationship between latitude and diversity in a regional

study from the Baltic Sea to the Red Sea. However, Leray and Knowlton (2015) reported

higher diversity in the tropics using the same method, although smaller sampling size

and distinct ecosystems were used. Further evidence using standardize methods is

needed to resolve the latitudinal pattern in species richness. Ecological factors can

change within the same latitude giving place to a gradient or abrupt change in species

diversity along a longitudinal gradient. Coral reefs are found in the tropics and subtropics

(Burke et al. 2011), given its latitudinal constrain, longitudinal patterns in species

diversity become more relevant. For example, species diversity increases longitudinally

in coral reefs with proximity to the coral triangle (Veron 1995; Gray 1997; Veron et al.

2011).

In addition to differences in latitude and longitude, at a more local level, distance from

shore can also affect benthic biodiversity and community structure (Pearman et al.

2018). The patterns of variability along the cross-shelf might be, however,

site-dependent (Malcolm et al. 2010) but more studies are needed to better disentangle

the drivers shaping these communities. Malcolm et al. (2010) found water temperature

to be an important factor influencing a cross-shelf gradient. In the Red Sea, a recent

study focusing on cryptobenthic coral reef fauna reported changes in community

structure and diversity across an inshore/offshore gradient without a particular driving
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factor being identified (Pearman et al. 2018). Ellis et al. (2017) also found coral

communities to be more diverse and abundant with distance from shore in the south

Red Sea, and found depth to influence species composition. Depth has been previously

identified as a driving factor shaping decapod abundance and community composition in

a coral reef in the Hawaiian archipelago (Hurley et al. 2016). Another important factor

influencing coral reef communities is the effect of nearby habitats in newly colonized

substrates. Studies comparing natural and artificial reefs found that they shelter distinct

communities, that are likely a subset of the nearby habitats (Carvalho et al. 2013). Also,

using rough carbonate tiles, Roth et al. (2018) found that coral reefs benthic pioneer

communities are influenced by the fish and the nearby benthic mature communities

(Roth et al. 2018).

The Red Sea has latitudinal and seasonal gradients in temperature, salinity, and

nutrients, which could play a role in the differential distribution of species (Acker et al.

2008; Raitsos et al. 2013; Churchill et al. 2014; Wafar et al. 2016; Berumen et al. 2019b).

A higher diversity has been reported in northern reefs of the Red Sea for coral

communities of inshore reef (Sheppard and Sheppard 1991). However, previous studies

in the Red Sea showed no clear latitudinal differences in species richness for sessile

benthic organisms and fish communities in offshore reefs (Roberts et al. 2016). Roberts

et al. (2016) did not sample the Farasan Islands, the southernmost region in the Saudi

Arabian Red Sea, which has particular characteristics such as a shallow and extended

shelf, high temperature, high productivity, and sedimentation (Raitsos et al. 2013;

Berumen et al. 2019b). Hence, we believe that the particular characteristics of southern
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Red Sea (i.e., Farasan Islands) might be responsible for the existence of two major

ecoregions in the Red Sea (northern and southern Red Sea ecoregions) (Sheppard and

Sheppard 1991; Roberts et al. 2016). Most of our understanding of biodiversity patterns

in Red Sea coral reefs is obtained through single time samplings, creating a gap in the

knowledge of temporal variability in coral reefs. Indeed, long-term monitoring projects

are critical to detect changes in coral reefs (Ducklow et al. 2009).

1.4. Coral reef biodiversity in the Arabian Peninsula

The Arabian Peninsula is surrounded by the Northern and Central Red Sea, Southern Red

Sea, Gulf of Aden, Western Arabian Sea, Oman Gulf, and the Arabian Gulf ecoregions

(Spalding et al. 2007)(Figure 1.2). However, when the Ecoregions were established, there

was a gap in knowledge in the Arabian Peninsula compared to other regions like the

Caribbean and the Great Barrier Reef (Spalding et al. 2007; Berumen et al. 2013;

Vaughan and Burt 2016). In the following years, from 2005-2014 nearly half of all the

publications in coral reef science were published (Vaughan and Burt 2016). Recently, in

the Red Sea, the division between the Northern and Central Red Sea and the Southern

Red Sea Ecoregions has been suggested to be revisited with the aim of consider a

southern limit between these Ecoregions (Roberts et al. 2016). Also, DiBattista et al.

(2016b) in the south of the Red Sea, suggested that the Bab al Mandab strait does not

seem to be limiting larval exchange with the Indian Ocean, instead, ecological factors

drive species distribution in this area. Nevertheless, more studies are needed to better

define bioregions in the area. The highest species diversity of non-coral invertebrates in
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the Arabian Peninsula is observed in the Red Sea. Within the Red Sea the northern area

is the most diverse for non-coral invertebrates (DiBattista et al. 2016b). The Red Sea is

considered a biodiversity hotspot because of its especially high number of species and

for being a center of endemism (Bowen et al. 2013; DiBattista et al. 2016b). The coral

reefs of Oman are also considered a center for endemism, although not a biodiversity

hot spot (Allen 2008; DiBattista et al. 2016b). Distance between reefs has been

considered to influence the distinctions in communities caused by the dispersal

limitation of species (Pearman et al. 2020). Also, physical barriers such as water currents,

upwelling regions, and limited water flow can affect species dispersal (Bowen et al.

2013). Indeed, dispersal limitation has been considered to influence some reefs in the

Arabian Peninsula (Nanninga et al. 2015). However, environmental conditions at a site

can determine the establishment of species, through environmental filtering (i.e.,

species will colonize depending on their tolerances), and therefore influence community

composition (DiBattista et al. 2016b). Currently, a sound understanding of the

importance of dispersal limitations and environmental filtering in the biodiversity

distribution patterns of the cryptobenthic communities in the Arabian Peninsula is

lacking.
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[Figure 1.2] Ecoregions according to Spalding et al. (2007) in the Arabian Peninsula.

1.5. Research questions and hypotheses

Based on the current state of research and the identified knowledge gaps in the spatial

and temporal patterns of biodiversity and the causes of species distribution in the Red

Sea cryptobenthos, several questions and associated hypotheses (listed below) will be

addressed in this dissertation.

The main research question posed as a basis of this dissertation is:

How do reef cryptobenthic communities change in space and time in the Arabian

Peninsula?
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More specifically, in this dissertation the following questions will be addressed:

1. How does energy input from primary producers, temperature, and benthic

characteristics influence the cryptobenthic organisms along the latitudinal

gradient? (Chapter 2)

2. Are inter-annual biodiversity patterns of variability more important than

cross-shelf patterns? (Chapter 3)

3. What is the relevance of dispersal limitations and environmental filtering in the

distribution of coral reef cryptobenthic communities in the Arabian Peninsula?

(Chapter 4)

We hypothesize that cryptobenthic communities will respond to the local environmental

conditions, namely temperature, primary production, and benthic structure of the coral

matrix. Also, we expect cryptobenthic coral reef communities to have a persistent

cross-shelf gradient over time and to show a greater sensitivity to bleaching in inshore

than offshore reefs. At last, we expect cryptobenthic communities to be limited by both

dispersion limitations and environmental filtering, as are other marine communities.

1.6. General and specific objectives

With the goal to answer the research questions this dissertation addresses the following

general objective:
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“To use standardized sampling methods and molecular tools to better understand the

patterns of change in cryptobenthic communities of coral reefs in the Arabian

Peninsula.”

We subdivide the general objective into specific objectives to be addressed with

different sampling designs in the following chapters.

1. To test how the environmental conditions influence the composition and

structure of the cryptobiome community, the following sub-objectives were

defined:

a. To evaluate the effect of the energy available from primary producers,

temperature, and benthic structure of the reef to the community

structure.

b. To identify the main indicator taxa in the Red Sea cryptobenthic

communities.

c. To assess the critical breakpoints of energy available, temperature, and

benthic structure to cryptobenthic biodiversity and the abundance of

indicator taxa.

2. To determine the temporal variability of the coral reef cryptobenthic community

in in the central Red Sea, the following sub-objectives were defined:

a. To determine the inter-annual variability patterns of the cryptobenthic

communities in coral reefs in central Red Sea.
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b. To evaluate the persistence of cross-shelf patterns in the cryptobenthic

community of coral reefs, after a bleaching event.

3. To assess the biodiversity patterns of the coral reef cryptobenthos between

basins in the Arabian Peninsula.

a. To identify the patterns of community composition and diversity between

basins in the Arabian Peninsula.

b. To evaluate the relative contribution of environmental filtering and

dispersal limitations in the distribution patterns of coral reef

cryptobenthic communities in the Arabian Peninsula

1.7. Dissertation structure

In this dissertation, we combined the standardize method of the ARMS with molecular

tools, remote sensing data, and visual benthic surveys, to better understand the

biodiversity patterns of the understudied cryptobenthic communities of coral reefs in

the Arabian Peninsula.

First, in Chapter 2 we will assess how the latitudinal gradients in temperature and

salinity, and the variable conditions of primary production in the Red Sea influence the

cryptobenthic community structure and biodiversity patterns. In addition, we will use

benthic photo transects of each reef analyzed to understand the influence of the benthic

surrounding environment on the cryptobenthos. Secondly, in Chapter 3 we will observe

how the cryptobenthic community changes over time, based on three samplings periods
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spanning six years (2013-2019). During this period, reefs in the central Red Sea were

affected by the mass bleaching event of 2015-2016, which will allow us to test the

influence of this bleaching event in the cryptobenthic communities. We will assess the

temporal variability in turnover (associated with species replacement) and nestedness

(associated with species loss) of the cryptobiome through this sampling time and

investigate if cross shelf patterns previously identified persistence through time. Finally,

in Chapter 4 we will analyze the relative contribution of environmental filtering and

limitations to dispersal in the biodiversity patterns of the cryptobiome composition and

structure in the Arabian Peninsula using distance decay methods. The reefs sampled in

the distinct regions of the Arabian Peninsula are distributed in a variety of

environmental conditions and separated from less than 20 km to more than 4000 km

apart. Some are also relatively isolated by suggested physical barriers such as the strait

of Bab al Mandab and the strait of Hormuz.
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Chapter 2

Responses of the coral reef cryptobiome to environmental gradients in the

Red Sea

This chapter is aimed to produce a publication with the contribution of the

authors: Villalobos, R., Aylagas, E., Ellis, J.I., Pearman, J.K., Anlauf, H., Curdia,

J., Mejia, A., Roth, F., Berumen, M.L., & Carvalho, S.

2.1. Chapter abstract

An essential component of coral reef animal diversity is the species hidden in crevices

within the reef matrix, referred to as the cryptobiome. These organisms play an

important role in nutrient cycling and provide an abundant food source for higher

trophic levels, yet they have been largely overlooked. Here, we analyzed the distribution

patterns of the largest size fraction of the mobile cryptobiome (>2mm) along the

latitudinal gradient of the Saudi Arabian coast of the Red Sea. Analyses were conducted

based on 54 Autonomous Reef Monitoring Structures (ARMS), a standardized collection

tool specifically designed to investigate this critical component of the reef biodiversity.

We retrieved a total of 5273 organisms, from which 2583 DNA sequences from the

mitochondrial COI gene were generated through sanger sequencing and deposited in
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public databases. We found that the cryptobiome community is variable inside the

basin. Regression tree models identified sea surface temperature (SST), percentage

cover of hard coral (HC) and turf algae as determinant for the number of operational

taxonomic units present per ARMS. Our results from multivariate analysis further show

that the community structure of the cryptobiome is associated with the energy available

(measured as photosynthetic active radiation), SST, and nearby reef habitat

characteristics (namely hard and soft corals, turf and macroalgae, and abiotic

categories). Our study contributes to a better understanding of the relationship between

the understudied reef cryptobiome and the main driving forces shaping its distribution.

Given the importance of the cryptobiome to temperature and reef benthic communities,

current scenarios of intensive coastal development and increasing sea temperatures are

likely to modify it.

2.2. Introduction

Coral reefs shelter close to one-third of the ocean’s biodiversity, yet they represent less

than 0.2% of the surface of the ocean’s floor (Reaka-Kudla 1997; Spalding and Grenfell

1997; Knowlton et al. 2010). Most of the biodiversity of animals in coral reefs results

from the cryptobiome (Carvalho et al. 2019b), which is composed of species of small-size

organisms inhabiting crevices within the reef matrix (Reaka-Kudla 1997; Enochs and

Manzello 2012; Carvalho et al. 2019b). Their biomass per square meter can reach

values one order of magnitude higher than that reported for zooplankton in five cubic

meters of water column (Roman et al. 1990; Kramer et al. 2012), hence providing not
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only a diverse but an abundant food source for higher trophic levels (Carleton and

McKinnon 2007; Enochs and Manzello 2012). Cryptobenthic assemblages incorporate

diverse trophic categories, such as primary consumers (Blanchard 1991; Buffan-Dubau

and Carman 2000), detritivores, and predators (Reaka 1985; Reaka 1987), which all

interact in nutrient cycling in the reef system (Kramer et al. 2012). However, despite

their diversity and critical importance in the functioning of benthic habitats, limited

knowledge exists about the distribution and abundance patterns of the cryptobiome.

Within the cryptobiome, different species have specific niche preferences resulting from

their differential sensitiveness to a range of environmental variables and biological

interactions, which determine their distribution patterns (Gross 1957; Hendrickx and

Serrano 2014). Among the factors that have been pointed out as driving biogeographic

patterns, here we will focus on three; sea surface temperature, primary production and

available habitat. Sea surface temperature (SST) points to be one of the most relevant

(Addo-Bediako et al. 2000; Root et al. 2003; Sunday et al. 2011; Kellermann et al. 2012;

Overgaard et al. 2014; Ottimofiore et al. 2017). The critical role of SST is increasingly

reported for different marine species in light of global climate change (Sunday et al.

2012; Ottimofiore et al. 2017). Temperature affects the performance, energy

assimilation, and reproductive capacities of organisms (Feder and Hofmann 1999;

Portner 2002; Chown and Terblanche 2007; Angilletta 2009; Verberk et al. 2016). Also, it

has been hypothesized that energy transfers faster between trophic groups with

increasing temperatures (Brown et al. 2003; Huston 2003).
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Coral reef primary production is based on phytoplankton, benthic algae, and

zooxanthellae and other symbiotic algae in symbiosis with other organisms (Hilting et al.

2013). The abundance and biomass of primary producers are influenced by the position

in the shelf, the oceanographic characteristics experienced at a reef (Bierwagen et al.

2018), the energy available as photosynthetic active radiation (PAR), and nutrient

availability (Brown et al. 2003; Huston 2003; Clarke and Gaston 2006; Roth et al. 2020).

Primary producers can influence the trophic web through a bottom up effect.

Chlorophyll-a concentration is commonly used as a proxy of pelagic primary production

(Gove et al. 2016). Coral reefs as other marine ecosystems rely partly on phytoplankton

for energy input (Duarte and Cebrian 1996). For example, soft and hard corals both

capture zooplankton linking the pelagic environment to the coral reef food web (Rossi et

al. 2020) (Ferrier-Pagès et al. 2011). Some corals such as Montipora capitata are able to

sustain all their physiological needs from heterotrophic feeding when needed (Grottoli

et al. 2006). As well, assessing PAR has been recommended to be used as a proxy to

estimate the energy available for primary production (Clarke and Gaston 2006),

particularly between reefs with similar geomorphology and oceanographic

characteristics.

In adittion to temperature and energy input, the availability of suitable substrates for

settlement and colonization is critical for the distribution patterns of the cryptobiome.

Studies have reported that cryptobenthic fish assemblages are more abundant and

speciose in coral rubble than in other substrates within the coral reef (Troyer et al.

2018), accounting for almost half of the reef fish diversity (Brandl et al. 2018). Also,
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cryptobenthic organisms are found to be more abundant and diverse in coral rubble

when compared to sand and life coral(Enochs and Manzello 2012). Species using

habitats in proximity to artificial reef structures are likely to colonize the vacant surfaces

(Herbert et al. 2017), and even though the composition and structure of artificial and

natural reefs may differ (Carvalho et al. 2013), the characteristics of the nearby habitat

will most likely play a critical role on establishing assemblages (Roth et al. 2018).

The preferential residence in hidden spaces of the cryptobiome, their small size, and the

lack of standardized approaches has limited the investigation of this diverse group of

organisms in the past. In the last decade though, Autonomous Reef Monitoring

Structures (ARMS) developed during the Census of Marine Life (CoML), contributed to

an increasing number of studies performed under standardized conditions that will

boost the knowledge of the biodiversity and ecological patterns of the cryptobiome

(Plaisance et al. 2011b; Leray and Knowlton 2015; Al-Rshaidat et al. 2016; Hurley et al.

2016; Pearman et al. 2016a; Ransome et al. 2017; Pearman et al. 2018; Servis et al.

2020). ARMS consists of stacked PVC layers with spaces in between, either allowing or

limiting water flow. The space between the PVC plates provides substrate and shelter to

mobile and sessile cryptobenthic organisms. Also, plates have variable levels of light

exposure. Overall, ARMS mimic the structural complexity of the reef and the diversity of

ecological niches available for colonization, while providing a standardized way to

quantify the cryptobiome. According to the standard protocol for the use of ARMS (Leray

and Knowlton 2015), the organisms are separated into three mobile fractions based on

their size (100-500 μm, 500-2000 μm, >2000 μm) and one sessile fraction. Each fraction
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is composed of a different group of organisms (Carvalho et al. 2019b). Overall, fractions

are analyzed based on metabarcoding techniques (i.e., each fraction is blended and then

analyzed through amplicon sequencing). The only exception is the largest mobile

fraction (>2000 μm) that is analyzed based on a combination of morphological and

molecular (i.e., DNA barcoding) techniques. This strategy also allows quantifying

abundance, which is currently not achievable using metabarcoding technique, yet

essential for assessments of ecosystem health (Aburto-Oropeza et al. 2015; Thibaut et

al. 2017). Therefore, to understand better how some of the characteristic organisms of

the reef cryptobiome respond to changes in environmental patterns, this study is

focused on the largest fraction of the mobile cryptobiome (i.e., >2000 μm).

Here we investigate the responses of coral reef cryptobenthic organisms to key

environmental variables that are known to potentially influence their distribution

patterns. Given the high levels of diversity of this biological component of reef systems,

different organisms are likely to have varying tolerances for abiotic variables (Pearman et

al. 2016a). The strong environmental gradients observed across the latitudinal extent of

the Red Sea provide an excellent natural laboratory to examine the responses of the

cryptobiome to some fundamental environmental variables (e.g., SST and chlorophyll-a).

The Red Sea coral reef system extends along its main length from 12°N to 28°N (Carvalho

et al. 2019a). The reefs experience a gradual increase in SST from north to south, while

the opposite trend occurs for salinity. Chlorophyll-a (Chla) concentrations do not follow a

consistent latitudinal gradient being affected by seasonal oceanographic patterns. In

general, the southern reefs experience higher levels of Chla driven by the intrusion of
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nutrient rich Gulf of Aden Intermediate Water (GAIW) especially in the spring and

summer (Churchill et al. 2014). In the northern Red Sea, seasonal mixing of the water

column in the winter can bring nutrients into the photic zone and an increase in primary

productivity (Acker et al. 2008). Changes along the latitudinal gradient allow identifying

regions of contrasting environmental scenarios to test their combined effect in the

distribution patterns of cryptobenthic reef communities. The environmental gradient

and standardized methodology of the ARMS in sampling the cryptobiome enabled

several hypotheses to be tested: 1) Species richness of the cryptobiome will have a

positive relationship to mean annual temperatures, as increased temperatures facilitate

the transfer of energy between trophic levels in ectotherms; 2) The temperature

gradient in the Red Sea will influence community composition; 3) Higher levels of

primary production (using Chla and PAR as proxies) will result in higher levels of species

richness and abundance in the cryptobiome; 4) The cryptobiome will be influenced by

the characteristics of nearby reef habitats, as each habitat provide a specific array of

niches with associated cryptobenthic assemblages.

2.3. Materials and methods

2.3.1. Study area and sampling design

Along the Saudi Arabian Red Sea coast, 18 reefs were selected, across 11 degrees of

latitude (Figure 2.1, Table S-2.1). Reefs were divided into three regions according to the

regional distinction made by Pearman et al. (2019), based on differences in temperature,

nutrients, productivity, and connectivity. Six reefs, located in the vicinity of Duba (27° N;
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N1-N6) were assigned to the northern region. This region is characterized by lower SST

and PAR than the central and southern regions. Seasonal variability in Chla

concentrations is observed as vertical mixing of the water column in winter, which brings

nutrients into the photic zone and subsequently increases primary productivity (Raitsos

et al. 2013). Seven reefs were located in the central Red Sea close to Thuwal and Jeddah

(22° and 20° N; C1-C7). This region is characterized by intermediate values of SST and

PAR compared to the other regions. In addition, the central Red Sea maintains an

oligotrophic profile throughout the year (Kheireddine et al. 2017). Five reefs were

located in the southern Red Sea close to Al Lith and at the Farasan Islands between (20°

and 16° N; S1-S5), associated with the highest SST, PAR, and Chla concentrations (Raitsos

et al. 2013).

Three ARMS replicates (54 in total) were placed in each selected reef at approximately

10 m depth on an hard substrate area exposed to full light; replicate units were

separated by two to five meters. Units were deployed between June 2014 and May 2015

and recovered approximately two years later. Due to safety and logistical constraints, 12

units (reefs JD02, JD03, R018, R024) could only be recovered three years after

deployment. Coordinates, characterization of the reefs, deployment and recovery

periods are provided in the Supplementary Material (Table S-2.1).

Data on the benthic structure was generated from standard photo-transect surveys

conducted at the time and depth of deployments. The surveys included triplicate

transects (separated by 5m) of 20 m length and 1 m wide, with photos (1 x 1 m) taken

every 2 m using the method described by (Pearman et al. 2016a). Benthic groups were
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then identified using Coral Point Count with Excel extensions for 48 randomly distributed

points (Ellis et al. 2019). From the benthic survey dataset, we used the following benthic

categories: hard corals (HC), soft corals (SC), turf algae (Turf), macroalgae (MA), and

other substrates (named Abiotic for practicality in the following text; i.e., sum of sand,

rubble, dead coral colonies, and rock).
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[Figure 2.1] Reef sites sampled along the East Red Sea coast (Saudi Arabia). Top left

figure showing the sites and their respective region (North, Center, South). Top right

figure shows the average of sea surface temperature in Celsius (SST) from May 2015 to

May 2017, i.e., throughout most of the deployment periods. The bottom left, and
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bottom right figure shows the average for the same time interval for Chlorophyll-a in mg

m-3 (Chla) and photosynthetic active radiation (PAR) in Einstein m-2 d-1, respectively.

Maps were designed using ArcMap (Version 10.7.1.), Environmental Systems Research

Institute, Inc., Redlands (esri.com).

2.3.2. Autonomous Reef Monitoring Structure (ARMS) – retrieval and processing

The ARMS units consist of nine PVC square plates (22.5 cm x 22.5 cm x 0.66 cm) stacked

on top of each other with spaces of 1.28 cm in between. Water flow is blocked in

alternate spaces with bars forming a cross shape. The array of PVC plates is fixed to a

base of 45 cm by 35 cm with weights to stabilize the ARMS at the sea floor.

Before collection, each ARMS unit was covered in situ with a 106 μm mesh windowed

plastic bin to avoid the loss of mobile specimens, while allowing water flow. Once

aboard the boat, each ARMS was placed in its individual container with filtered local

seawater (106 μm). In the lab, each unit was disassembled inside its container, and the

plates were gently brushed on each side to detach mobile organisms to the filtered

seawater. A visual inspection was done to each plate to pick by hand each mobile

specimen left attached to the plate and placed back in the container. The water was then

sieved with a 2 mm sieve to collect larger mobile organisms. The material retained in the

sieve was sorted and identified to the lowest taxon possible. A photographic record was

kept for each organism. Each organism was assigned a label and stored in 80% ethanol

for future DNA barcoding.
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2.3.3. DNA extraction and DNA barcoding

A tissue sample (10 to 50 μg) was obtained from 5273 organisms. Where possible, the

taxonomically relevant traits were preserved during tissue sample collection. The DNA

was then extracted using the DNeasy kit (Qiagen) as per the manufacturer's instructions.

Between 2 and 10 ng of each DNA extract was used for DNA barcoding. A 658 bp region

of the mitochondrial cytochrome oxidase I (COI) gene was amplified using the primer

combination jgLCO1490 (TITCIACIAAYCAYAARGAYATTGG) and jgHCO2198

(TAIACYTCIGGRTGICCRAARAAYCA) (Geller et al. 2013). PCR was performed in a total

reaction volume of 19 μl that consisted of 10 μl of GoTaq G2 Hot StartMaster Mix

(Promega), 0.6 μl of each primer at 10 μM, 0.2 μl of 20 mg mL-1 bovine serum albumin

(BSA), and 1 μl of extracted DNA. The thermocycling profile consisted of an initial

denaturation step at 95 °C for 5 min followed by 4 cycles of 94 °C-30 s, 50 °C-45 s, and 72

°C-1 min, and by 34 cycles of 94 °C-30 s, 45 °C-45 s and 72 °C-1 min, and a final 8 min

elongation phase at 72°C (Leray and Knowlton 2015). PCR products were examined on

1.5% agarose gels stained with 4 μl of SYBRTM Safe DNA gel stain per 100 mL. When

amplification with the jgLCO1490 - jgHCO2198 primer combination failed, the PCR was

repeated using the LoboF1 (KBTCHACAAAYCAYAARGAYATHGG) and the LoboR1

(TGRTTYTTYGGWCAYCCWGARGTTTA) (Lobo et al. 2013) primer combination keeping the

PCRmix and conditions described. PCR products were purified using 2 μl of IllustraTM

ExoProStarTM 1-step from GE Healthcare for 8 μl of PCR product. The PCR product was
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sequenced in Sanger ABI 3730 capillary platform using 5 μl of primer at 20 pmol and 10

μl of purified PCR product at the King Abdullah University of Science and Technology

(KAUST) Bioscience Core Laboratory (BCL).

From the 5273 organisms collected, a total of 2583 sequences were obtained. Forward

and reverse reads obtained from the capillary platform were assembled using Geneious

(Biomatters) with edges trimmed where the chance of a base error was greater than 5%.

Sequences were discarded if a stop codon was present in the translated sequence to the

invertebrate mitochondrial or had three ambiguous bases that caused a wrong amino

acid translation. All sequences were aligned and primers trimmed from each sequence.

Sequences with long branches in a phylogenetic tree were considered different from

other closely related taxa blasted against the NCBI database using blastn; contaminated

sequences were discarded (Johnson et al. 2008). Sequences in the alignment were then

clustered with Clustering 16S rRNA for OTU Prediction (CROP) using the parameters -l 3

and –u 4 (Hao et al. 2011). Representative sequences of each operational taxonomic unit

(OTU) were blasted in NCBI blastn database Nucleotide collection nr/nt (Johnson et al.

2008). For OTU reference sequences with identity values higher than 98% and full query

cover the top blast hit was assigned as the taxonomy to the OTU. Assigned taxonomies

through blastn were compared with morphological identifications done in the field. The

specimens that were not assigned taxonomy to their COI sequence through the NCBI

database were allotted a taxonomy using the morphological identification. An OTU table

was created in mothur with the files obtained from CROP (Schloss et al. 2009), adding

the taxonomy of the morphologically identified individuals. The organisms from which
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no sequence was obtained were assigned into an OTU based on the morphological

similarities. Sequences were deposited in the BOLD database with Genebank accession

numbers (to be deposited).

2.3.4. Data analysis

Species accumulation and rarefaction curves were computed in R using the package

vegan to assess if our sampling effort was representative of the cryptobenthic

community (Oksanen et al. 2018). Hurlbert’s expected number of species in 20

individuals (ES20) was used to standardize the sampling effort and the density of

individuals in each reef, given the unbalanced design (i.e., different number of reefs per

region). ES20 was calculated for each region in R using the package vegan (Marcon and

Herault 2015). The ARMS from reefs N1 and N3 were excluded from the analysis as they

contained less than 20 individuals. Relationships in the number of species or abundance

and regions was investigated using a subsample of 15 ARMS per region to homogenize

the sample size. One-Way ANOVA was used when the assumptions of normally

distributed data and homogeneity of variance were met. The non parametric test

Kruskal-Wallis was used when One-Way ANOVA assumptions were not met. The process

was repeated for the most abundant phyla (Annelida, Arthropoda, Echinodermata,

Mollusca, and Chordata). These phyla combined accounted for 95% of the OTUs and

individuals, and presented individuals in at least 40% of the ARMS in each region. A Venn

diagram was done in mothur to visualize the number of exclusive and shared species in

and between regions (Schloss et al. 2009).
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A similarity percentage analysis (Simper) was performed in vegan for R with 999 number

of permutations to investigate the contribution of each OTU to the overall Bray-Curtis

dissimilarity between regions.

Chla concentrations, particulate organic carbon (POC), PAR, and SST as monthly averages

were obtained from the MODIS A satellite system with a 4x4 km resolution for each

location using the package obpgcrawler R (Tupper 2018). Based on the data obtained,

we generated the following explanatory variables for each reef to be used in

downstream analysis: i) Annual average over 2013-2017 period of SST, Chla, Particulate

Organic Carbon (POC), PAR; ii) Average over the deployment period of SST (Dep.SST),

Chla (Dep.Chla), POC (Dep.POC), and PAR (Dep.PAR).

Initially, we tested the correlation between explanatory variables using the Pearson

correlation (Best and Roberts 1975). Values higher than |0.9| in the Pearson correlation

coefficient were considered highly correlated, and only one variable was chosen as a

proxy for all. The correlation of explanatory variables showed that satellite-derived

variables measured during the deployment period and for the annual average over

2013-2017 were highly correlated. POC and Chla were also highly correlated. We kept

for further analysis the 5 years average (2013-2017). In the end, we analysed the

following potential explanatory variables: SST, Chla, PAR, and percent coverage of SC, HC,

Turf, MA, and Abiotic benthic categories (Supplementary Table S-2.2). To observe

differences in the not correlated environmental variables between regions we extracted

a subsample of 9 ARMS per region to homogenize the sample size and performed a

Kruskal-Wallis test between regions for each not correlated environmental variable.
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A distance-based redundancy analysis (dbRDA) based on the dissimilarity matrix

generated with the Bray-Curtis index was performed in the package vegan for R to

investigate possible relationships between each of the selected environmental variables

and the cryptobiome community structure (Oksanen et al. 2018). Environmental

variables were normalized prior to analysis. A permutation test was performed in vegan

to test for significance in the dbRDA model (McMurdie and Holmes 2013b), using 999

number of permutations. To investigate the relationship between reef sites and the taxa

influencing the most the Bray-Curtis dissimilarity patterns between regions, as indicated

by the SIMPER analysis, a second dbRDA was performed using those OTUs.

Classification and regression tree (CART) models were used to investigate responses of

the cryptobiome to environmental drivers (De'ath and Fabricius 2010) using SPSS

(Version 25). CART models are decision tree models that enable nonlinear relationships

and interactions to be analyzed. Models were conducted on the total number of OTUs

per unit as well as the cryptobenthic organisms that contributed the most to the

dissimilarity between regions. Trees explain variation in a single response variable by

repeatedly splitting the data into two more homogeneous groups, using the explanatory

variable with the highest statistical association to the response variable (Hewitt et al.

2016). A node represents a single input variable and a split point on that variable. The

tree is built by splitting the data, constituting the root node of the tree, into subsets (i.e.,

children nodes also known as second, third etc. nodes). Tree growth was constrained to

have a minimum of six observations in a node before attempting a split. As regression
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tree analysis does not have any distributional assumptions, no transformations were

applied.

2.4. Results

2.4.1. Environmental variability

Five-year mean SST minimum values (26.9 °C) were observed in Duba and maximum

(29.7 °C) in the southern reefs (Table S-2.1). Chla concentration also varied among

regions, with the southern region, especially at the Farasan Islands, having the highest

values (1.74 to 2.52 mg m-3, Figure 2.1 and Table S-2.1). Significant differences were

found between regions in all not correlated satellite-derived environmental variables

(Table S-2.3). Regarding the biological and abiotic data resulting from the benthic reef

surveys, no significant differences were detected among regions, except for MA

(ChiSquare = 7.9, p=0.02) probably due to high within region variability between reefs

(Table S-2.3).

2.4.2. Biodiversity patterns

2.4.2.1. Regional alpha diversity

From the 2583 successfully obtained COI sequences from 54 ARMS recovered along the

latitudinal gradient, a total of 279 OTUs were identified. The univariate tests showed

that the northern Red Sea region had a significantly lower average number of OTUs

(F=23.14, p = 0.0001) compared to the central and southern regions, which were not
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statistically different (Figure 2.2A). The averages in the number of individuals were

significantly different between regions (ChiSquare=17.18, p = 0.0002; Figure 2.2B).

Rarefaction curves did not reach a plateau when plotting all the sampling units together,

suggesting that biodiversity was underestimated (Figure 2.2D). The central Red Sea had

a slightly higher accumulation of OTUs per unit and per number of individuals sampled

(Figures 2.2D and 2.2E). The ES20 value was very variable per reef. However, in the

average of all reefs per region we observed the central region with slightly higher ES20

than the north and south Red Sea (North 12.5, Central 12.7, South 12.3; Figure 2.2H).

Annelida, Arthropoda, and Mollusca showed significant differences in the number of

OTUs among regions (Figures 2.2G, 2.2F, and 2.2H). The mean number of OTUs of

Annelida (1.0 OTUs per ARMS; ChiSquare = 6.4, p = 0.04), Arthropoda (3.8 OTUs per

ARMS; ChiSquare = 17.01, p < 0.001), and Mollusca (5.5 OTU per ARMS; F=9.91, p <

0.001) and the abundance of Arthropoda (6.5 individuals per ARMS; ChiSquare = 18.67,

p < 0.001) were different between regions (Figure 2.2C, 2.2G, 2.2F, and 2.2H). The mean

number of OTUs of Arthropoda and Annelida, and the mean number of individuals of

Arthropoda was lower in the northern Red Sea.
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[Figure 2.2] Alpha diversity matrix in the Red Sea basin. A) Boxplot with confidence

interval of the mean number of operational taxonomic units (OTUs) per region. B)

Boxplot with confidence interval of the mean number of organisms per region. C) Means

and confidence intervals of the number of individuals of Arthropoda per region. D) OTUs

accumulation curves per ARMS for each region (North, Central, and South) and all ARMS

pooled together (All). E) Rarefaction curves per region (north, central, and south) and

with all samples pooled together. F) Means and confidence intervals of the number of

OTUs per region visualized as a box plot for Arthropoda, G) for Annelida, and H) for

Mollusca. I) The expected number of species in 20 individuals [ES20]. The letters a and b

denote groups significantly different between them tested by Tukey HSD test. Data in

figures A, H, and I were normally distributed and with equal variances, therefore a

One-Way ANOVA was performed. Figures B, C, F, and G were analyzed using
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Kruskal-Wallis as a not parametric test. Images from: Sander Scheffers (hermit crab),

Dieter Tracey (Polychaeta), and Tracey Saxby (goby and nudibranch), IAN Image Library

(ian.umces.edu/imagelibrary).

2.4.2.2. Distribution of the number of OTUs between regions

Approximately 63% (151 OTUs) of the OTUs were exclusive to a single region, 25% (61

OTUs) were shared between two regions, and 13.8% (28 OTUs) were present in all

regions. Among the shared OTUs, 35 OTUs (15% of the total OTUs) were shared between

the central and southern regions of the Red Sea. Also, 10% of the OTUs were shared

between the central and northern regions (23 OTUs), and 1% between the northern and

the southern (3 OTUs) regions (Figure 2.3). The phyla Annelida, Arthropoda, and

Mollusca accounted for the most OTUs in the central and southern regions (Figure 2.3).

Arthropoda, Echinodermata, and Mollusca accounted for the majority in the northern

region. Arthropoda was the phylum with the largest number of OTUs in the central and

south regions, while Mollusca dominated in the north.
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[Figure 2.3] Venn diagram showing the number of operational taxonomic units (OTUs)

unique to each region and shared between the regions (North, Central, and South) using

a random subsample of 9 ARMS per region. The associated circle graphs show the

relative composition of cryptobiome at the Phylum level calculated in terms of the

relative number of OTUs per region (numbers shown in the center of each circle). The

phyla Platyhelminthes, Nemertea, and Sipuncula were grouped under the category

“others”.

2.4.2.3. Linking environmental variables to community patterns
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In the distance-based redundancy analysis, PAR and SST are mostly associated with the

first axis that explained 38.26% of the constrained variation (Figure 2.4A). Percentage

cover of soft corals was associated with the second axis that explained 18.21% of the

constrained variation and separated central from southern reefs with exception of S2

and S1. Soft corals were associated with most of the assemblages of the reefs in the

central region. The northern reefs were associated with the percentage cover of hard

corals. Turf algae was associated with the second axis. The southern reefs and C3 were

associated in the top left quadrat with Chla and macroalgae and at a lesser extent with

the Abiotic group. The permutational multivariate analysis of variance showed that the

dbRDA results are not random (p = 0.001).

The dissimilarity in the communities between regions was driven in its majority by OTUs

of Arthropoda based on the results from the Simper analysis (Table S-2.4 and Figure

2.4B). The Palaeomonidae shrimp OTUs 123 and 47, the crab Tanaocheles stenochilus

OTU 105, and the brittle star Ophiotrix OTU 3 were associated with both the first and the

second axis in the bottom left quadrant. The ARMS from all the southern reefs and two

ARMS from C2 are present in the bottom left quadrant. The Paguridea OTU 1, OTU 83,

and OTU 50, the decapod OTU 60, and the Galatheidae OTU 69 were associated with

both axes in the top left quadrant with the ARMS from the central Red Sea except one

ARMS from C4 and two form C2. All northern Red Sea reefs clustered to the right

separated by the first axis from the south and central Red Sea reefs. No OTU used in this

analysis was associated with the north Red Sea reefs.
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[Figure 2.4] Multivariate visualizations of the distance-based redundancy analysis

(dbRDA) showing differences between the community structure of cryptobenthic

organisms of the ARMS sampled in the north (N), central (C), and south (S) regions. The

axis represents the percentage of constrained variation. A) The arrows mark the

contribution of the not correlated explanatory variables to the variation observed. Sea

surface temperature (SST), Chlorophyll-a concentration (Chla), and photosynthetic active

radiation (PAR) were obtained from remote sensing and calculated as averages of the
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monthly means over five years prior to ARMS retrieval dates. Reef community variables

from reef surveys at 10 m depths as in percentage cover of hard corals (HC), percentage

cover of macroalgae (MA), percentage cover of soft coral (SC), percentage cover of turf

algae (Turf), percentage cover of bare substrates (Abiotic; i.e., rock, sand, and dead

coral) were also correlated with observed cryptobenthic biodiversity patterns. B) The

arrows mark OTUs significantly different between two regions.

2.4.2.4. Environmental variables influence the cryptobiome distribution patterns

Classification and Regression Tree (CART) models were used to investigate important

environmental drivers and split points of cryptobenthic diversity. For the nine OTUs that

significantly contributed to the dissimilarities observed, SST and PAR were the

physico-chemical environmental variables most likely to form the first (parent node) and

second split (Table 2.1). The characteristics of the nearby benthic community can also

affect the distribution patterns of cryptobenthic fauna. Turf and hard corals were

identified as the most influential coral reef community categories and important drivers

within the first three nodes of a tree followed by abiotic substrate (Table 2.1).

Table 2.1. Variables driving the parent and two first nodes (split points) in the regression

trees summed overall response variables. Figures S-2.2.1 to S-2.2.11 shows the complete

tree for each variable. Turf, HC and Abiotic stands for means percentage cover of turf

algae, hard coral, and not live substrate, respectively. Average SST (sea surface
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temperature) and PAR (photosynthetic active radiation) are satellite-derived variables

calculated over a period of 5 years.

SST PAR Turf HC Abiotic

Node 1 (Parent) 1 2 3 1

Node 2 3 1 1

Node 3 1 1

Total 5 3 3 2 1

Overall, cryptobenthic diversity (i.e., number of OTUs) was affected by several

environmental drivers including SST, HC, and Turf (Figure 2.5). SST provided the first-level

split for overall diversity where higher SST levels were associated with higher diversity

(Figure 2.5). A lower percentage of hard coral cover and turf cover were associated with

higher cryptobenthic diversity, which may be indicative of the overall higher

cryptobenthic diversity observed in the central and southern areas. In general SST values

of 28.5°C and Turf values of less than 41% cover represented critical values where the

abundance of common OTUs changed (Table 2.2). Notably, critical values greater than

28.5°C sea surface temperature were associated with higher overall diversity of
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cryptobenthic fauna and two shrimps (OTU 47 and OTU 123). PAR values of greater than

49 Einstein m-2 d-1 resulted in an increased abundance of the brittle star (OTU 3) and the

shrimp (OTU 47). The full tree structures are provided in the supplementary material

(Figure S-2.1).

[Figure 2.5] CART model using regression tree to observe critical breakpoints in the

number of OTUs as a proxy for species richness of the cryptobiome in response to SST,

Chla (and its correlated variable POC), PAR, HC, SC, Turf, and MA.
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Table 2.2. Summary of the key environmental variables and split values identified for

which the abundance of each OTU were highest and lowest. Percentage cover of turf

algae (Turf), other substrates (Abiotic), and hard coral (HC), and the five-year average of

the remote sensing variables sea surface temperature (SST), and photosynthetic active

radiation (PAR) were the key environmental variables determining split values of the

dominant OTU abundance.
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2.5. Discussion

2.5.1. Characteristics of the largest cryptobiome size fraction

Currently, there is an urgent need to investigate biodiversity patterns and distribution of

species in increasingly disturbed ecosystems, such as coral reefs (Klein et al. 2015).

Understanding the stressors and environmental factors influencing coral reef functioning
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is particularly useful for marine spatial planning and conservation (Bruno et al. 2018).

Considering the accelerating degradation of coral reefs as a result of global warming,

resulting in more frequent, intense, and long lasting bleaching events, the use of

standardized approaches and tools has been increasingly advocated to maximize the

ability to predict trajectories of change globally and through time (Ransome et al. 2017).

The present study is one of the first providing information for a better understanding of

the responses of the cryptobiome to natural environmental gradients at the scale of a

sea basin using standardized (ARMS) tools and quantitative approaches.

Smaller representatives of the cryptobiome (mobile specimens from 106 to 2000 µm in

size) are notably variable in species richness over short spatial scales, and its majority is

composed by species with extremely low abundances (rare species) (Pearman et al.

2018; Carvalho et al. 2019b). We found a similar pattern for larger reef crypto fauna

specimens from samples ranging over 1500km of Saudi Arabian coastline. Most of the

OTUs retrieved in this study were exclusive to one region, and 43% of the OTUs were

only represented by a single individual. The records of high variability in diversity over

short distances may reflect the high degree of ecological specialization that exists at

coral reefs (Kramer et al. 2016; Wilson et al. 2016). Coral reefs offer a wide range of

ecological niches allowing the access to different sources of available biological energy

(Kramer et al. 2016; Wilson et al. 2016). It has been estimated that coral reefs host 35%

of the marine biodiversity and 500,000 – 10 000 000 species globally (Knowlton et al.

2010). The high levels of biological variability found for Red Sea cryptobiome between

500 and 2000 µm and similar findings for smaller size classes (Pearman et al. 2018;
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Carvalho et al. 2019a; Carvalho et al. 2019b) further support that tropical coral reef

ecosystems are highly diverse.

As in many other marine biodiversity studies, we could not get an asymptote in the

rarefaction and species accumulation curves, suggesting that many of the rare species

with the capacity to inhabit the ARMS units are yet to be sampled. Therefore, the

percentage of rare species in our sampling and the regional biodiversity, is likely

underestimated. These species with locally low abundance can have vulnerable

functions in the ecosystem (Mouillot et al. 2013). Evidence has shown that functional

redundancy is not as widespread as it is thought (Mouillot et al. 2013; Leray et al. 2019),

possibly explaining lognormal distribution in species abundances (Connolly et al. 2014).

However, rare species are more susceptible to local extinction because of its small

population size (Matthies et al. 2004). The focus in maintaining species diversity and

protecting rare species becomes relevant for the conservation of coral reefs ecosystem

function (Dee et al. 2019). Yet, our knowledge of coral reef biodiversity is lacking with

the majority of the species in the coral reef still undescribed (Knowlton et al. 2010). Also,

there is a need to increase the taxonomically identified genetic barcodes in public

databases. For example, in the cryptobiome most of the sequences retrieved with

molecular techniques do not have a species level match in taxonomy in the public

genetic databases (Pearman et al. 2018). Our current work, contributed to decrease this

gap, providing more than 2500 sequences that can match a taxon in the public NCBI

database. However, species level identifications in genetic databases are still needed,
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making the efforts of expert taxonomists important to maximize the advantages of

applying molecular tools to describe biodiversity patterns over time and space.

2.5.2. Effects of sea surface temperature in the cryptobiome

Temperature shape communities by favoring species with optimal performance at the

ambient temperature and therefore regulating the distribution of species in, for

example, coral reefs (Ottimofiore et al. 2017). Here, we disentangle the distribution

patterns of key players of the cryptobiome as well as of the community structure, in

areas along the Red Sea spanning yearly average temperatures from 26.9C to 29.7C. The

colder northern reefs were particularly poor in the number of organisms compared to

the warmer central and southern regions. (Brandl et al. 2020) reports less diversity of

crypto benthic fishes in the warmer Arabian Gulf compared to the colder Gulf of Oman.

However, diversity in the Arabian Gulf might be restricted by fluctuations in

temperature. Northern reefs were separated from the south and central reefs both

regarding community structure and composition, as well as for univariate alpha-diversity

metrics (i.e., number of OTUs and abundance). The same pattern was also reflected by

the number of OTUs of Arthropoda and Echinoderms. Species inhabiting Red Sea reefs

could be readily acclimated or adapted to local temperatures (Gibbin et al. 2018; Osman

et al. 2018), however the effects of temperature could still influence their metabolic

rate. For example, temperature is an important limiting factor for the distribution of the

echinoderm Phataria where low temperatures are associated with metabolic stress

(Morgan and Cowles 1997). Our study supports the critical role of temperature driving
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the distribution patterns and biodiversity of the cryptobiome in the Red Sea. SST has

been previously found to be a driver of community structure in crypto benthic fishes in

the Red Sea (Coker et al. 2018). SST affects food web dynamics in marine ecosystems

(O'Connor et al. 2009). Modifying species at the lower trophic levels present in the

cryptobiome may have repercussions that will be extended through the food chain,

affecting higher trophic levels like larger fish communities. The implications of the

continuous warming in the oceans, and in particular in coral reefs, can have notorious

impacts in the reef biodiversity, considering this is dominated by the cryptobiome.

Nevertheless, given our limited knowledge, some changes may undergo unnoticed over

the next years. Indeed, from the hundreds of OTUs collected, varying temperature

optima are expected. The CART models showed, for example, that the abundance of the

common shrimps (OTU 47 and OTU 123) and a squat lobster (OTU 69) were associated

with increasing temperature, displaying higher abundance in areas with a temperature

higher than 28°C. Temperature increases in the Red Sea could result in highly abundant

species to outcompete other species in northern areas where average yearly

temperature currently is below 28°C (Chaidez et al. 2018). On a global scale, there is

evidence that temperature influences positively species richness in several terrestrial

and marine taxa (Allen et al. 2002; Belmaker and Jetz 2015). However, the lack of a

sound knowledge on the ecological patterns of most of these species that, in

comparison to fish and corals (or even sponges), are fairly unknown, limiting our ability

to confidently conclude future trajectories in the Red Sea coral reefs under climate

change scenarios.
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2.5.3. Chlorophyll a and photosynthetic active radiation as proxies of energy driving

the cryptobiome

Communities with higher access to energy, such as areas with high biomass of primary

producers, can have a distinct structure compared to areas with less access to energy

(Clarke and Gaston 2006). Because, species with higher tolerance to increased yields of

primary producers will outcompete the current dominant species (McClanahan et al.

2002). The energy available for some organisms in oligotrophic waters like the Red Sea is

generally scarce (Raitsos et al. 2013). Indeed, corals thrive in these conditions relying on

benthic dinitrogen fixation (Cardini et al. 2014) and the recycling of carbon and nitrogen

(Wild et al. 2004). An imbalance from an intensive intrusion of nutrients in coral reefs

can cause benthic algae to outcompete corals (Karcher et al. 2020). In nitrogen rich

environments, corals have smaller temperature thresholds to bleaching (DeCarlo et al.

2020). Therefore, it is likely a limiting factor for the distribution of some species. Indeed,

PAR and Chla concentration influenced differences in the community composition of the

Red Sea cryptobiome. Our CART models using regression tree analysis also showed that

the availability of energy as PAR was an important factor associated with abundance for

certain taxa. The absorption of PAR by autotrophic communities and associated fixation

of carbon crucially underpins energy transfer in almost all ecosystems including marine

environments (Tait et al. 2014). Previous biodiversity ecosystem function studies

demonstrate a positive relationship between plant diversity and primary productivity
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(Naeem et al. 1994). It is therefore not surprising that in the CART model higher light

levels supported overall higher cryptobenthic diversity likely as a consequence of

increased primary productivity. However, the ES20 showed no distinction in number of

OTUS between regions, although the northern Red Sea reefs had average PAR values

generally lower compared to the rest of the basin. Nutrients concentrations were not

analyzed in this study and could have contributed to primary productivity. However, no

river outflow was present in the study area. The hermit crab Paguridae OTU 1, the

brittlestar Ophiothrix OTU 3, the shrimp Palaemonella pottsi OTU 47, and the crab

Tanaocheles stenochilus OTU 105 all showed an increased abundance with PAR values

above 48 or 49 Einstein m-2 d-1. Species in the lower trophic levels of the cryptobiome

might be more vulnerable to changes in the energy available from primary producers.

Our results showed that the amount of energy available that enters the trophic web is

associated with species diversity and abundance in the cryptobiome. Therefore, changes

in the natural background levels of energy available in the system, resulting among

others from eutrophication of coastal areas in oligotrophic seas will cause shifts on the

cryptobiome biodiversity, in line with what has been found for larger coral reef

communities (Wittenberg and Hunte 1992).

2.5.4. Influence of the nearby benthic habitats in the cryptobiome

Coral reefs present a variety of niches that harbor distinct mobile animal communities

during parts of their life cycle (Kramer et al. 2016; Wilson et al. 2016). For example,

Trapezia and Tetralia seemed as obligate dwellers of Pocillopora and Acropora
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respectively (Knudsen 1967). Although, they use dead coral colonies in part of their life

cycles (Head et al. 2015). Different reef benthic categories (e.g., hard corals, soft corals,

turf, rubble) can harbor distinct assemblages of species. Coral rubble, for example, give

refuge to a higher number of cryptobenthic fauna species than live corals (Enochs and

Manzello 2012), yet live corals can shelter unique parasitic, commensal, and symbiotic

associated cryptobenthic fauna (Castro 1978; Ivanenko et al. 2014; Conradi et al. 2018).

Turf algae harbors highly diverse and abundant assemblages (Milne and Griffiths 2014).

We hypothesized that the characteristics of the nearby reef habitat would drive

community composition differences in the cryptofauna. Our results showed that the

regions differed in the environmental characteristics of the water column but not on

most of the benthic coral reef communities assessed by photo transects, probably due

to high variability among transects in the same reef. Nevertheless, the multivariate

analysis (dbRDA) showed an influence of major benthic categories shaping the ecological

patterns of the Red Sea cryptobiome. In particular, the percentage cover of turf algae

and hard coral played an essential role on species diversity patterns. These categories

that characterize the nearby habitats and that can harbor a great part of the pool of

ARMS colonizers were also determinant for individual species. For example, the

abundance of a species of pagurid crab and a shrimp of the genus Exoclimenella were

primarily affected by the percentage cover of turf algae. We provide further evidence of

the importance of benthic substrates for coral reef communities (Roth et al. 2018). With

global warming, coral reef benthic communities are expected to shift towards a

dominance of algae due to their comparatively higher resistance to temperature
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increase compared to corals (Anton et al. 2020; Roth et al. 2021). This shift could

influence cryptobenthic fishes as well, which are strongly influenced by the presence of

branching corals (Coker et al. 2018). Given the dependence of the cryptobenthic species

on the prevalent benthic categories in a certain reef, the anticipated shifts due to global

warming will also be reflected at the micro biological scales, even though these will

remain overlooked with traditional monitoring (e.g., Line-intercept or photo-transect

methods).

2.6. Conclusions

Coral reefs are inhabited by unique and diverse assemblages of the cryptobiome

dominated by rare species that are variable over relatively short geographic distances

(Pearman et al. 2018; Carvalho et al. 2019b). In the present study, we showed that the

largest size fraction of the cryptobiome (>2000 μm) is also characterized by a high

number of species with low abundances. The uniqueness of the cryptobiome

communities across regional scales stresses the need for a balanced distribution of

conservation efforts (e.g., marine protection areas) along the entire Saudi Arabian Red

Sea coastline to protect the largest levels of biodiversity possible. Multiple ecological

aspects of the investigated communities were influenced by a combination of both

environmental variables (specifically, SST, Chla, and PAR) and the characteristics of the

benthic reef habitat, supporting our hypotheses. The inclusion of evolutionary analysis

in future studies will help clarify the effect of the environment in the evolutionary

history of the cryptobiome. The diversity (i.e., number of OTUs) of the cryptobiome was

strongly influenced by temperature and the energy available in the system (estimated by
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Chla and PAR), being depressed in the northern basin where these variables reach lower

values, particularly in comparison to the southern Red Sea. The influence of percentage

cover of hard corals and turf algae on the number of OTUs and the distribution of key

players suggests that biodiversity of coral reefs may shift in the future in response to

phase shifts. In light with the very limited knowledge that still exists on this component

of the reef biodiversity and the estimates on the number of species that are still

undescribed (Knowlton et al. 2010), under scenarios of reef degradation due to local and

global pressures, we shall anticipate regional species richness loss (Molinos et al. 2016).

In this case, molecular based techniques in combination with standardized tools can be

valuable to characterize the baseline biodiversity and assess trajectories of change even

if species cannot have a proper taxonomic identification.
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Chapter 3

Cross-shelf pattern in Red Sea coral reefs cryptobiota is maintained after

the 2015/2016 mass bleaching event

This chapter is aimed to produce a publication with the contribution of the

authors: Villalobos, R., Aylagas, E., Pearman, J.K., Curdia, J., Lozano, D.,

Burton, J., Berumen, M.L., & Carvalho, S.

3.1. Chapter abstract

The cryptobenthic organisms of coral reefs include the majority of the undescribed

species in this ecosystem. The lack of identified species in combination with the highly

diverse cryptobenthic communities limits the extent of studies based in morphological

identifications. However, the use of molecular based technique allows us to study highly

diverse communities in a cost-effective way. The combination of molecular tools with

standard sampling techniques and long-term monitoring programs are relevant to

understanding the environmental and ecological changes in the cryptobenthic

communities. Here we studied the temporal variability of the cryptobenthic coral reef

community in the cross shelf in the central Red Sea through three sampling times

spanning 6 years (2013-2019) and including the 2015 bleaching event. We used a

combination of molecular tools (barcoding and metabarcoding) and the Autonomous
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Reef Monitoring Structures as a standard sampling design. The cryptobenthic

community had high turnover between sampling time and in the cross shelf. The

permutational multivariate analysis of variance results were significant for the factor

reef and time in the community composition in both methodologies (barcoding and

metabarcoding). The partition of beta diversity showed a higher turnover and lower

nestedness between pre-bleaching and post bleaching samplings than between the two

post bleaching periods. However, a slight return to the pre bleaching community

composition was observed in 2019. Given the predictions of decreased time between

bleaching events it is noteworthy that the cryptobenthic community may not reach full

recovery and shift to a new community. We observed a high turnover between reefs in

all time periods, therefore homogenization of the cryptobiome did not occur in the cross

shelf after the 2015 bleaching event. Possibly dispersal limitations and the distinct

environment and benthic structures presents in the cross shelf maintained the

heterogeneity between reefs. We found a larger distinction between reefs in the smaller

organisms. Dispersal limitations could be higher for smaller sizes, like suggested in

previous studies. Although we can’t rule out that the use of distinct methods between

size classes might introduce a bias. And, the highly dissimilar communities in close

geographic spaces refutes the neutral theory of biodiversity and presents what would be

expected for communities influenced by environmental variation. To the best of our

knowledge, we present the first study including a temporal aspect into the analysis of

ARMS.
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3.2. Introduction

Coral reefs harbor approximate 35 % of total marine biodiversity (Knowlton et al. 2010).

Recent estimates indicate that 830, 000 multicellular species inhabit coral reefs (Fisher

et al. 2015). However, it is estimated that 85 % to 99 % of coral reef species are still to be

described; a large proportion is expected to be found in the small inconspicuous

organisms such as cryptobenthic fishes (Brandl et al. 2018) and invertebrates (Appeltans

et al. 2012) which inhabit cracks and crevices provided by the reef framework (Carvalho

et al. 2019b). These organisms constitute the reef cryptobiome (Carvalho et al. 2019b)

and due to their characteristics have regularly been overlooked in reef surveys. However,

the highly specious cryptobiome is crucial for coral reef dynamics. They are an essential

food source for predators (Kramer et al. 2015; Brandl et al. 2019) and play an important

role cycling nutrients in the reef food web (Kramer et al. 2012).

To establish strategies to halt or slow down the current trend in species loss, it is needed

to first catalog biodiversity through collect, catalog, and describe the species present

(Knowlton et al. 2010; Rocha et al. 2014). This is particularly relevant in areas where

comparatively limited research has been conducted, such as the Red Sea (Berumen et al.

2013). A shortage of taxonomists is creating a bottleneck in the description of new

species (Paknia et al. 2015). Recent advances in molecular techniques have improved

our ability of separating organisms’ identity based on regions in their DNA code into

“operational taxonomic units”, fostering more comprehensive assessments over space

and time in species-rich areas (Knowlton and Leray 2015a). DNA-based techniques have

an additional advantage in allowing the identifications of larvae or immature organisms,
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an even greater challenge for morphological-based identifications (Yu et al. 2012).

Therefore, studies using DNA-based techniques are becoming increasingly used in coral

reef ecosystems (Selkoe et al. 2016; Ransome et al. 2017; Coker et al. 2018; Pearman et

al. 2018; Carvalho et al. 2019b; DiBattista et al. 2019; Pearman et al. 2019).Recent

studies using eDNA in the Red Sea and elsewhere have been used to detect conspicuous

as well as cryptobenthic reef species (DiBattista et al. 2017; Nester et al. 2020),

monitoring multitrophic community variations (West et al. 2020), and even estimate

levels of anthropogenic pressure  (DiBattista et al. 2020a).

Recent reports have linked biodiversity loss with impairment of the ocean’s ability to

deliver goods (e.g., food provision) and services (e.g., maintenance of water quality)

(Worm et al. 2006), negatively affecting human well-being. Coral reefs, in particular, are

known to support the livelihoods of more than 500 million people in the world and

generating US$35.8 billion dollars annually (Spalding et al. 2017). A sound understanding

of how species change in space and time and the underlying processes driving those

changes is critical for elucidating the relationship between habitat degradation and

biodiversity (Thomsen and Willerslev 2015). Coral reefs, like other sensitive coastal

habitats, are currently facing unprecedented levels of disturbance driven by local and

global impacts (Hughes et al. 2017b). Global pressures such as increasing sea water

temperature as a result of elevated CO2 levels, have been linked to a higher intensity and

frequency of bleaching events worldwide (Hughes et al. 2018), resulting in dramatic

coral loss, and potentially a relative dominance of rubble (Monroe et al. 2018).

Scleractinian corals along with crustose coralline algae are reef building players, with a
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critical role in maintaining reef structure and consequently reef biodiversity (Foster and

Gilmour 2016; Roth et al. 2018). Increased and combined global and local disturbances,

such as climate change, physical disturbance, and water pollution, can cause a shift to

reefs dominated by non-calcifying organisms and an increase in non-framework building

corals (González-Barrios et al. 2020; Karcher et al. 2020; Pancrazi et al. 2020; Vercelloni

et al. 2020).Which conveys an immediate decline in species with obligate relationships

with corals, followed by an alteration in the community of fishes and invertebrates (Rice

et al. 2019; Lin et al. 2021). Maintaining biodiversity is crucial for securing the stability of

ecosystems’ functioning (Cardinale et al. 2012; Loreau and de Mazancourt 2013) and,

consequently, making the conservation of coral reefs and their associated biodiversity a

fundamental step to ensure the delivery of critical goods and services (Handley 2015).

Long-term studies provide unique information regarding environmental and ecological

changes (Ducklow et al. 2009; Hughes et al. 2017a). Time series provide fundamental

information about natural variability and are key to set critical thresholds above which

significant and undesirable changes may be detected. Ultimately, they will be

fundamental in the early detection of ecosystem degradation. Regrettably, funding for

sustaining long-term monitoring projects is decreasing over recent years (Hughes et al.

2017a). Marine ecosystems are subject to natural variability in physico-chemical (e.g.,

temperature, salinity, light availability) and biological forcing factors (e.g., competition,

predation, food quality and quantity), driving the spatio-temporal dynamics of biological

communities (Leibold et al. 2004; Ducklow et al. 2009; Kraft et al. 2015; Vellend 2016). It

is important to understand the natural temporal variances in biological communities and
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their driving factors, so that the effects of human induced disturbances can be detected,

assessed, and modeling of future trajectories predicted (Condon et al. 2013; Boero et al.

2015). To the best of our knowledge efforts in documenting biodiversity patterns of the

cryptobiome and its ecological drivers following standardized approaches across a

temporal time scale are lacking in the Red Sea and are very limited worldwide.

The application of standardize methods to address a specific question is paramount to

be able to scale up findings from local to global scales (Ransome et al. 2017). One

example is the Autonomous Reef Monitoring Structures (ARMS) to investigate changes

in the cryptobiome. In response to the need of finding standardized tools to investigate

patterns in space and time of this overlooked biological reef component, during the

Census of Marine Life (CoML), a team of scientists developed the Autonomous Reef

Monitoring Structures. Each ARMS unit consist of nine layers of square PVC plates (22.5

cm by 22.5 cm), mimicking the structural complexity of the reef environment with

multiple ecological niches represented through different levels of exposure to light and

water flow. They are usually left in a coral reef between one and three years to allow a

mature community of the cryptobiome to settle (Pearman et al. 2016a; Pearman et al.

2019). The removal and re-deployment allow for sustained long-term observations of

biodiversity to be achieved. ARMS have been attracting the attention of the scientific

community, with hundreds of deployments across the Indo-Pacific, Red Sea, Atlantic,

Mediterranean, Black and Baltic Seas in different benthic habitats (Leray and Knowlton

2015; Al-Rshaidat et al. 2016; Pennesi and Danovaro 2017; Ransome et al. 2017; David

et al. 2019; Hazeri et al. 2019; Chang et al. 2020; Pearman et al. 2020). The relevance
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and potential of this tool to scaling up spatial and temporal trends has even resulted in

the establishment of a molecular research network in Europe (Obst et al. 2020).

Previous studies conducted in the Red Sea identified well-defined reef biodiversity

cross-shelf patterns of the cryptobiome (Pearman et al. 2018). Pearman et al. (2018)

described the offshore reefs in the Red Sea to account for the most unique OTUs, and

observed distinct cryptobiome communities across the shelf. Given the previously

observed cross-shelf patterns, four reefs in the central Red Sea were selected under the

framework of a long-term monitoring program in the Red Sea (two nearshore, one

midshore, and one offshore). Units were initially deployed in 2013 with recovery and

redeployment every two years. This framework allowed for the investigation of the

components (turnover and nestedness) of beta diversity (Baselga 2010). Turnover

informs about the replacement of species between pairs of sites and nestedness about

the prevalence of species (Legendre 2014). It is important to know the contribution of

turnover and nestedness to beta diversity in order to understand the ecological and

historical processes that shaped the community studied (Baselga 2010).

In this study, we investigate patterns resulting from three recovery periods (2015, 2017,

and 2019). During this 6-year period (2013-2019), reefs experienced a global bleaching

event in 2015/2016, giving us the opportunity to investigate not only the

spatio-temporal changes in cryptobenthic biodiversity across a shelf gradient but also to

analyze the potential response of the cryptobiome to that mass bleaching event. We

hypothesize that shelf position will be a determinant driver of biodiversity patterns

(Pearman et al. 2018) and these patterns will be maintained through time. Considering
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that the effects of bleaching tend to attenuate with distance from shore (Monroe et al.

2018), we also hypothesize that temporal turnover will be higher in nearshore than

offshore reefs in response to a bleaching event.

3.3. Methods

3.3.1. Sampling design

A total of 33 ARMS units were deployed and retrieved from three sampling times.

Triplicate ARMS were placed in four reefs located across the Saudi Arabian coastal shelf

in the central Red Sea (Figure 3.1). The units were replaced and processed every two

years. The first and second retrieval dates, May 2015 and May 2017, contained four

reefs. Data from the samples retrieved in 2015 were already published in (Pearman et al.

2018). However, in this study we reanalyze the 2015 data together with new data from

2017 and 2019 to assess temporal changes. Due to a security restriction imposed by the

national coastguard, the third sampling date in 2019 contained two reefs sampled in

June and one in November. In the 2019 sampling date samples from Abu Madafi reef

were collected later and from Abu Shootaf reef were not retrieved due to this

restriction. Locations, deployment and retrieval dates are provided in table S-3.1. The

first sampling date in 2015 occurred prior to the bleaching event in the central Red Sea,

which was recorded in September 2015. Inshore reefs presented a suffered a higher
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percentage of bleached corals than midshore and offshore reefs (Monroe et al. 2018).

The sites were considered inshore, midshore, and offshore given their relative distance

from shore. Abu Shoosha was considered inshore, Abu Shootaf and Al Fahal midshore,

and Abu Madafi offshore following the classification of Pearman et al. (2018).
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[Figure 3.1] Reef sites sampled in the central East Red Sea coast (Saudi Arabia). Top right

figure showing location of the sampling area in the Red Sea. Top left figure shows the

average of Chlorophyll-a in mg m-3 (Chla) from June 2013 to May 2015. The bottom left,

and bottom right figure shows the average for June 2015 to May 2017 and June 2017 to

May 2019, respectively, of Chla in mg m-3. Maps were designed using ArcMap (Version

10.7.1.), Environmental Systems Research Institute, Inc., Redlands (esri.com) using data

from NASA MODIS 4km resolution.

3.3.2. Environmental characterization

Sea surface temperature, chlorophyll-a concentrations, and percentage cover of

ecological meaningful groups from benthic reef surveys were utilized as explanatory

variables for further analysis of the cryptobiome.

3.3.3. Remote sensing data

Eight-day averages of nighttime sea surface temperature (SST) and daily averages of

chlorophyll-a concentrations (Chla) were downloaded from NASA Oceancolor website

https://oceandata.sci.gsfc.nasa.gov/opendap/catalog.xml on 25th December 2020

choosing MODIS Aqua with 4 km resolution. The time interval of the deployment period

was retrieved for each sample unit.

3.3.4. Reef surveys

Coral reef benthic communities were assessed based on triplicate (separated by 5m) 20

m length by 1 m wide photo-transects conducted at each sampling location during the

recovery of the ARMS unit between 8-10 meters depth. Photo quadrats of 1 x 1 m were



82

taken every two meters as in Pearman et al. (2016a). The ecological groups and the

major benthic components (hard coral, soft coral and gorgonians, crustose coralline

algae, other algae, turf algae, and pavement or rock, rubble, sand) were identified and

percent cover estimated in Coral Point Count with Excel extensions for 48 randomly

distributed points as described in Ellis et al. (2019).

3.3.5. Deployment, recovery, and processing of ARMS

ARMS were deployed by SCUBA divers at approximately 10m depth on the hard reef

framework. SCUBA divers were used to collect the ARMS and a 106 µm mesh was placed

over the ARMS in order to retain any mobile organisms inhabiting the units. Once on

board the boat, ARMS were placed in plastic containers and covered with filtered (106

µm) seawater from the site.

To disassemble the ARMS, each plate was brushed inside the filtered sea water, to

remove mobile organisms, and later scraped for collection of the incrusting and sessile

organisms. The sea water was sieved through 106 µm, 500 µm, and 2000 µm meshes to

divide the mobile organisms into three fractions (106-500 µm, 500-2000 µm, and >2000

µm). The scraped material was homogenized in a blender and preserved in 96% ethanol.

The two smallest fractions and the scraped sessile fraction were processed following a

metabarcoding technique. The organisms of the larger >2000 µm were individually
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segregated and morphologically identified to its lowest possible taxonomical group

before DNA barcoding them.

3.3.6. DNA extraction, amplification, and sequencing

3.3.6.1. Barcoding

A tissue sample was taken from organisms of the >2000 µm fraction and DNA extracted

using the Qiagen DNeasy DNA extraction kit, following manufacturers protocol. To

accelerate the DNA extraction process of the specimens, tissue was sampled at an

approximate size of 1mm3 instead of weighing each individual tissue sample. Smaller

specimens, which did not have the required tissue size, were placed in the lysis buffer

whole. A region of 658 bp of the mitochondrial cytochrome oxidase I (COI) gene was

amplified using the primer combination jgLCO1490 (TITCIACIAAYCAYAARGAYATTGG) and

jgHCO2198 (TAIACYTCIGGRTGICCRAARAAYCA) (Geller et al. 2013). A polymerase chain

reaction (PCR) was done using 10 μl of GoTaq G2 Hot Start Master Mix (Promega), 0.6 μl

of each primer at 10 μM, 0.2 μl of 20 mg mL-1 bovine serum albumin (BSA), and 1 μl of

extracted DNA for a total of 19 μl of reaction for the samples of retrieved in 2015 and

2017. The thermocycling profile of the 2015 and 2017 samples consisted of an initial

denaturation step at 95 °C for 5 min followed by 4 cycles of 94 °C-30 s, 50 °C-45 s, and 72

°C-1 min, and by 34 cycles of 94 °C-30 s, 45 °C-45 s and 72 °C-1 min, and a final 8 min

elongation phase at 72°C. Samples from 2019 were amplified in the same region with

the same primers using 12.5 μl of QIAGEN Multiplex PCR master mix, 2.5 μl primer at 0.2

μM, 9 μl of RNase-free water, and 1 μl of extracted DNA for a total of 25 μl of reaction.
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Following the thermocycling profile consisting of an initial denaturation step at 95 °C for

15 min followed by 4 cycles of 94 °C-30 s, 50 °C-1min 30 s, and 72 °C-1 min, and by 34

cycles of 94 °C-30 s, 45 °C-1 min 30 s and 72 °C-1 min, and a final 10 min elongation

phase at 72°C. PCR products were inspected on 1.5% agarose gels stained with 4 μl of

SYBRTM Safe DNA gel stain per 100 mL. Successful PCR products were purified applying 2

μl of IllustraTM ExoProStarTM 1-step from GE Healthcare to 8 μl of PCR product. The PCR

product was sequenced in Sanger ABI 3730 capillary platform using 5 μl of primer at 20

pmol and 10 μl of purified PCR product at the King Abdullah University of Science and

Technology (KAUST) Bioscience Core Laboratory (BCL).

3.3.6.2. Metabarcoding

For the two smaller size fractions of the bulk mobile organisms 10g of material was used

as an input for the Powermax Soil DNA kit (MO BIO). Extractions were undertaken as per

the manufacturer’s instructions with the exception of the bead-beating step. This step

was replaced by shaking incubation overnight at 56 °C with the addition of Proteinase K

(0.4 mg/mL). DNA was amplified using a versatile primer set amplifying a 313 bp

fragment of the COI gene (Forward: GGWACWGGWTGAACWGTWTAYCCYCC; Reverse:

TAIACYTCIGGRTGICCRAARAAYCA; (Geller, Meyer, Parker, & Hawk, 2013; Leray et al.,

2013). For amplification the PCR conditions were an initial 3 min denaturation step at 98

°C, followed by 27 cycles at 98 °C for 10 sec, 46 °C for 45 sec and, 72 °C for 45 sec, with a

final extension of 5 min at 72 °C. All PCR reactions were done in triplicate, using 0.4 μl of

10 μM primers, 10 μl of Phusion High Fidelity Mix (2X), 7.2 μl of water and 2 μl (~ 10 ng)

of DNA. PCR triplicates were combined and 20 μl of the combined PCR products were
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cleaned and normalized using SequelPrep Normalization plates (ThermoFisher Scientific)

resulting in a final concentration of ~1 ng/μl. To add Illumina Nextera tags, a second

round of PCR amplification of 8 cycles using KAPA 2x HiFi Hot Start ReadyMix was

undertaken following the manufacturer’s recommendations. The SequelPrep

Normalization plates (ThermoFisher Scientific) were used to undertake a second round

of cleaning and normalization. Sequencing (2 x 300 bp) was done on an Illumina MiSeq

sequencing platform (v3 chemistry) at the King Abdullah University of Science and

Technology (KAUST) Bioscience Core Laboratory (BCL). Raw reads were deposited at the

NCBI Short Red Archive under the project accession (To be deposited).

3.3.7. Bioinformatics

3.3.7.1. Barcoding

Two directional sequences were trimmed from the 5’ and 3’ end during assembly, when

chance of error was higher than 5%. Assemblies were reviewed for stop codons and

frame shifts in Genious (Biomatters). Consensus sequences of the assemblies were

aligned and primer sequences were removed. A Bayesian clustering algorithm with

lower 3 and upper 4 variance interval was used to define OTUs (Hao et al. 2011).

Taxonomy of the sequences were assigned comparing the representative sequences of

each OTU obtained from the Bayesian clustering algorithm to morphological

identifications done with the organisms’ photograph taken before fixation. Specimens

that failed to be sequenced were added to an OTU if the morphology observed in their

photograph matched the taxonomy or the morphology of the representative organisms
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of an OTU. OTUs that were not identified morphologically to species level were matched

to the NCBI public databases using blastn algorithm and assigning a species hit to

sequences similarity higher than 98%.

3.3.7.2. Metabarcoding – inference of amplicon sequence variant (ASV) and their

taxonomic assigments

Raw sequences were automatically demultiplexed on the MiSeq machine. Primers were

trimmed from the sequences using cutadapt with a maximum of one mismatch allowed

(parameters: -e 0.05 --discard-untrimmed). The DADA2 package (Callahan et al., 2016)

within R (R Team, 2020) was used for the processing of the reads. Briefly reads were

truncated 165 and 160 bp for forward and reverse reads respectively) and filtered with a

maximum allowable number of “expected errors” (maxEE) of four (forward reads) and

six (reverse reads). Sequences were dereplicated and sequence variants were inferred

based on a parametric error matrix constructed from the first 108 bp of the sequences.

Singletons were discarded and the remaining paired-end reads merged with a minimum

overlap of 10 bp and no mismatches in the overlap allowed. Sequences that were

shorter than 312 bp or longer than 314 bp were removed from analysis before chimeric

sequences were removed using the removeBimeraDenovo script within DADA2.

Pseudogenes were detected and removed using Multiple Alignment of Coding

Sequences (MACSE; (Ranwez, Harispe, Delsuc, & Douzert, 2011)) against the MIDORI

database (Machida, Leray, Ho, & Knowlton, 2017) as described in Leray and Knowlton

(2015). Firstly, sequences were translated and aligned using the invertebrate code 5 and
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then the vertebrate code 2. Any sequences containing a stop codon or possessing

greater than two frame shifts were considered as pseudogenes and removed from

further analysis. Samples were subsampled to evenly for downstream comparison.

Taxonomy was assigned against both the NCBI and BOLD databases using RDP classifier

algorithm in dada2 (Wang et al. 2007). The two smaller mobile fractions were combined

and used in further analysis for simplification. The sessile fraction is not used in this

chapter.

3.3.8. Data analysis

3.3.8.1. Analysis of diversity

Alpha diversity (observed OTUs and ASVs for all fractions, and Shannon diversity and

abundance for the barcoded organisms) was assessed using the non-parametric test

Kruskal-Wallis, due to the skewed nature of the data, for the factors reef and time. The

number of unique and shared species among reefs and time was visualized in Venn

diagrams plotted in VennDiagram package of R (Chen 2018) and figures edited in Graphic

(Picta). The reef Abu Shootaf was removed from the univariate analysis, given the lack of

2019 samples from this reef. However, in the Venn diagram categorized by time we kept

Abu Shootaf. Composition plots for each reef and time were plotted at order level using

phyloseq in R and ggplot2 (Ginestet 2011; McMurdie and Holmes 2013a).

3.3.8.2. Patterns of community structure across a shelf gradient and time
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A permutational multivariate analysis of variance (PERMANOVA) was done using the

Bray Curtis and Jaccard dissimilarity index distance matrix for the factors reef and time

with an interaction term as well (Anderson 2001). PostHoc test with the Bonferroni

adjust of probability was done for the Bray Curtis and Jaccard dissimilarity index distance

matrix for reef and time factors using RVAideMemoire program in R (Hervé 2021). Bar

plots were done in phyloseq and ggplot2 to visualize composition in the order level for

each sample (Ginestet 2011; McMurdie and Holmes 2013a).

The indicator taxa were found using the command multipatt of indicspecies in R (De

Caceres and Legendre 2009). We used 299 iterations of the indval value and retained the

taxa that were consistently selected (>90% of the times). We used 999 permutations in

each iteration and restrict the permutation within the year for the reefs and within the

reef for the years. Kruskal Wallis test was performed on the abundances of the

barcoding fraction for the selected indicator taxa. Kruskal Wallis was chosen over ANOVA

given that our data did not meet the ANOVA assumption of homogeneity of variance. No

statistical analysis was done in the number of reads of the selected taxa for the

metabarcoding fraction, because the error in measuring abundance in a metabarcoding

protocol would be higher than the barcoding and a Kruskal Wallis test would provide low

statistical power.

3.3.8.3. Environmental influences in community structure between reefs through time

Environmental variables showed a skewed distribution and were transformed, using Box

Cox, to minimize the skewed nature. To assess correlations between the environmental
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variables a Pearson R correlation was used on the normalized and transformed

environmental variables (Hollander and Wolfe 1975). Variables with significant (p <

0.005) results greater than 0.5 or less than -0.5 were assessed and the environmental

variables rubble, hard coral, soft corals and gorgonians, and Chla were retained.

A distance-based redundancy analysis (dbRDA) was performed to visualize the direction

and extent of the associations between environmental factors and community structure.

The dbRDA was performed for Bray-Curtis and Jaccard dissimilarity distance matrices

(Legendre and Anderson 1999). Biological data was transformed using the Helliger

method in the vegan package to give greater importance to the OTUs which were not

dominant (Carvalho et al. 2019b).

3.3.8.4. Beta-diversity analyses

A principal coordinate analysis (PCO) was used to visualized the differences in the

composition of the cryptobiome between ARMS. The PCO was done in the package

labdvs of R (Roberts 2019) using the Jaccard dissimilarity metric. The nestedness and

turnover was assessed between pairs of ARMS of different sampling times for each reef

and between reefs for each sampling time using the Baselga Jaccard method in the

adespatial package of R (Baselga 2010; Dray et al. 2021).The nestedness and turnover

comparisons were visualized in boxplots. Differences in nestedness and turnover

amongst sampling time and reefs were tested with a one-way ANOVA for those that

were normally distributed and had homogeneity of variance. Otherwise, a

Kruskall-Wallis test was used.
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3.4. Results

3.4.1. Alpha diversity

A total of 277 OTUs and 1,723 specimens were identified from the > 2000 µm size range

of the 33 ARMS units. Most OTUs were present at a single time or reef. Over the three

sampling periods only 38 OTUs (14%) were identified in all three periods. The highest

number of OTUs (74 OTUs; 36%) were shared between 2017 and 2019. In contrast, 2015

and 2019 shared the fewest number of OTUs (12 OTUs; 4%). This patterns between

sampling times was observed for most reefs, except Al Fahal (Figure S-3.1). Only 34 OTUs

were shared across the three reefs (14 %) (Figure 3.2). Abu Madafi, the offshore reef,

shared a lower proportion of OTUs with the near shore reef (Abu Shoosha; 41 OTUs

17%) compared with the mid shore reef (Al Fahal; 51 OTUs 21%). These patterns were

consistent through sampling times when analyzing each reef separately (Figure S-3.1).

Kruskal-Wallis showed that the number of OTUs (Chi Square=6.7, p=0.04) and the overall

abundance (Chi Square=10.2, p<0.01) was significantly different between sampling times

(Table 1). Average number of OTUs per ARMS increased from 19 OTUs, in 2015, to

approximately 30 both in 2017 and 2019. The lowest number of individuals was also

observed in 2015 (~ 28 organisms per ARMS) and peaked in 2017 (~86 organisms per

ARMS), before declining to ~43 organisms per ARMS in 2019. The Shannon diversity

index was equivalent between sampling times and reefs with no significant differences

detected.
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In the 106-2000 µm metabarcoding fraction 33,832 ASVs were obtained from the 33

ARMS units. Most of the ASVs were present in a single sampling occasion (86%, 28,966

ASVs) or reef (86%, 24,666 ASVs) (Figure 3.2). Almost half of the ASVs were present

exclusively in 2015 (44%, 14,791 ASVs). The 2015 sampling period had the highest

number of unique ASVs when observing each reef (Figure S-3.2). Only 5% (1644 ASVs)

were persistent through the study period and 4% (1,223 ASVs) present in all the reefs.

The 2017 and 2019 sampling times shared 9% of the total ASVs (3,138 ASVs), 2015 and

2017 shared 7% (2,435 ASVs), and 2015 and 2019 8% (2,591 ASVs). Similarly, to the

larger barcoded fraction the Abu Madafi reef shared fewer ASVs with the inshore reef

Abu Shoosha (1,700 ASVs; 6%) than with Al Fahal (2,459 ASVs; 9%). This pattern is

observed in all the sampling times (Figure S-3.2).
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[Figure 3.2] Venn diagrams showing the number of OTUs of the >2000 µm fraction

unique to each time (A) and reef (B) and the shared between them. Figures C and D

show the number of ASVs of the metabarcoded 106-2000 µm fraction unique and

shared between time (C) and reef (D). ASHA stands for Abu Shoosha reef, AFHL for Al

Fahal, and AMDF for Abu Madafi. 2015, 2017, and 2019 are the dates of the recovery of

the ARMS and correspond to the deployment periods of 2013-2015, 2015-2017, and

2017-2019, respectively.

The number of ASVs in the metabarcoding fraction (106-2000 µm) was significantly

different between sampling times (Chi Square = 7.8, p = 0.02) but not between reefs (Chi

Square = 1.7, p = 0.42). Unlike the observed for the barcoded fraction, the average

number of ASVs per ARMS was lowest in 2017 (1618) and highest in 2019 (2139), close

to the number of ASVs observed in 2015 (2072).

Table 3.1. Alpha diversity in the cross-shelf and between sampling times. Kruskal-Wallis

analysis of the number of ASVs of the 106-2000 µm fraction and number of OTUs, the

Shannon diversity index, and the abundance of the >2000 µm fraction for factors time

and region.
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For both, the barcoding and the metabarcoding fractions, Annelida increased in relative

abundance in 2017 (Figure 3.3). The barcoding fraction was dominated by Decapoda

(Arthropoda) with 60% of the total specimens. And, the metabarcoding fraction was

dominated by Annelida (18%), Arthropoda (27%), Chordata (8%), and Cnidaria (6%).
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[Figure 3.3] Diversity and abundance present at each ARMS for the barcoding (A) and

metabarcoding (B) fractions. The color code for the orders is found at the right of the

Metabarcoding fraction. The orders displayed outside of the group Other contribute to

95% of the total abundance.

3.4.2. Beta-diversity

In the >2000 µm there was a significant interaction in the PERMANOVA results between

the factors reef and time (p < 0.001; Table S-2) for both Jaccard and Bray Curtis

dissimilarities.

We found significant differences between sampling times in the posthoc test of both

matrices (Table S-3.3 and Table 3.2). Overall, the 2015 samples grouped apart from

those collected in 2017 and 2019 along the second axis of the PCO that explained 7.9%

of the variation (Figure 3.4). There was a general trend for samples from 2015 clustering

closer to those from 2019, than 2017, suggesting a higher similarity between the first

and the last sampling period. The cross-shelf gradient was mainly maintained within

each sampling period, with higher similarity among the communities across the shelf in

2015, becoming more dissimilar after the bleaching event (i.e., samples from different

reefs in 2017 and 2019 are farther apart in the plot). Reefs were significantly different

from each other except Abu Shoosha and Al Fahal in the posthoc test of the

PERMANOVA (Table S-3.3).

A similar trend was observed in the metabarcoded fraction (106-2000 µm) with a

PERMANOVA significant interaction (p < 0.01; Table S-2) for both Jaccard and Bray Curtis.
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And significant differences between all sampling times and between all reefs in the

posthoc test of the PERMANOVA (Table S-3).

[Figure 3.4] Principal coordinate analysis of the A) barcoding >2000 µm and B)

metabarcoding 106-2000 µm fractions using the presence absence matrix and the

Jaccard dissimilarity metric to assess differences in the community composition between

reefs and time.

For both the barcoding and metabarcoding datasets turnover was a higher component

of beta diversity than nestedness.

For the barcoding dataset different patterns were observed for turnover and nestedness

temporally for the reefs. In the offshore reef Abu Madafi, turnover (p < 0.01; Figure

3.5A) and nestedness (p = 0.02; Figure 3.5A) were significantly lower for 2017-2019

while in the inshore reef, Abu Shoosha, the 2015-2017 comparison was significantly

lower (turnover p < 0.01; nestedness p=0.03; Figure 3.5A), when compared to the other
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pairs of sampling dates. There were no significant differences in turnover and

nestedness between sampling dates in Al Fahal. Comparisons amongst reefs within years

showed that the only significant difference in turnover was in 2019 between Abu

Shoosha and Abu Madafi (p < 0.01; Figure 3.5B). There were no significant differences in

nestedness.

In the metabarcoding dataset the only significant temporal differences in turnover

within each reef was observed in all reefs between 2017 and 2019 (p<0.01 in all reefs;

Figure 3.5A), where turnover was significantly lower. However, while nestedness was

higher for the 2017-2019 comparison in Abu Shoosha (p<0.01) and Al Fahal (p<0.01) this

pattern was not observed in Abu Madafi where the 2015-2017 comparison was

significantly lower (p<0.01). Comparisons amongst reefs showed that in 2017 and 2019

all reefs had a significantly different turnover (2017 p<0.01; 2019 p<0.01; Figure 3.5B)

while in 2015 only the comparison between Abu Madafi and Abu Shoosha was

significantly different (p<0.01). In terms of nestedness the only significant difference was

observed in 2019 between Abu Madafi and Abu Shoosha (p=0.01).

3.4.3. Spatio-temporal indicators

We identified 18 OTUs with a significant contribution to the differences in

spatio-temporal patterns (Figure 3.6). Two hermit crabs (Paguridae OTU_4 and

OTU_108), two shrimps (Exoclimenella OTU_60 and Palaemonella pottsi OTU_46), two

squat lobsters (Galathea OTU_90, Phylladiorhynchus OTU_82), two decapods (Decapoda

OTU_53 and OTU_102), one gastropod (Duprella cornus OTU_74), one blenny
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(Cirripectes stigmaticus OTU_118), and one sea urchin (Eucidaris metularia OTU_11)

were indicator taxa for the reef factor. And three shrimps (Palaemonidae OTU_68,

Synalpheus OTU_124, and Thor OTU_125), one brittle star (Ophiocoma OTU_35), two

gastropods (Fissurellidae OTU_37 and Gastropoda OTU_78), one decapod (Decapoda

OTU_53), one blenny (Cirripectes stigmaticus OTU_118), and one hermit crab (Calcinus

rosaceus OTU_52) were indicator taxa for the factor time. When looking at the

abundance of the barcoding fraction, the factor reef and time had a significant

association with the abundance of the indicator taxa for the reef and time factor

respectively (Figure 3.6).
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[Figure 3.5] Turnover and Nestedness through time and in the cross-shelf. A)

Comparisons between pairs of sampling times within the same reef in turnover (top

graphs in A) and nestedness (bottom graphs in A) of the Metabarcoding and Barcoding

fractions for the Jaccard dissimilarity metric using presence absence data. The

arrangement of figure A is made to appreciate the distinctions in turnover and
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nestedness through time in each reef. B) Turnover and nestedness between pair of reefs

in the cross-shelf for each sampling date using the presence absence data for the Jaccard

dissimilarity metric. Samples from the barcoding fraction (>2000 µm) are delineated and

from the metabarcoding fraction (106-2000 µm) filled. Capital M and capital B stand for

metabarcoding and barcoding. The use of M or B followed by a not capitalize letter

marks the distinction of groups.

We identified 21 ASVs with a significant contribution to the differences in spatial

patterns and 10 ASVs in spatial patterns (Figure 3.7). Five annelids (Trypanosyllis

ASV_125 and ASV_247, Annelida ASV_261, and Polychaeta ASV_37 and ASV_118), three

arthropods (Arthropoda ASV_39, ASV_532, and ASV_111), two chordates (Chordata

ASV_12 and Amblyglyphidodon ASV_11), one cnidarian (Leptothecata ASV_47), one

echinoderm (Echinodermata ASV_105), one sponge (Hemimycale ASV_50), and seven

identified only at kingdom level (Eukaryota ASV_215, ASV_30, ASV_78, ASV_380,

ASV_33, ASV_35, ASV_164) were indicator taxa for the reef factor. One annelid

(Polychaeta ASV_37), one arthropoda (Arthropoda ASV_111), one cnidarian

(Sarcophyton ASV_9), one echinoderm (Echinodermata ASV_105), one mollusk

(Gastropoda ASV_86), and five ASVs identified to kingdom level (Eukaryota ASV_30,

ASV_54, ASV_78, ASV_164, and ASV_467).

3.4.4. Environmental drivers shaping the spatio-temporal community patterns

For the >2000 µm fraction the first axis of the dbRDA explained 11.8% of the constrained

variation with the cross-shelf gradient being evident along this axis especially for the
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2017 and 2019 samples. Hard coral cover was associated with the first axis and

associated with the 2017 and 2019 Abu Madafi samples. The soft corals and gorgonians

were also predominantly aligned along the first axis and were associated with the

inshore and mid shores reefs in 2017 and 2019. The second axis explained 7.3% of the

constrained variation and separated the 2015 samples from those in 2017 and 2019.

This axis was associated with the percentage of cover of rubble with the 2015 samples

being positively linked. Chla was associated with the inshore reef Abu Shoosha in 2015

and 2019.

The cross-shelf pattern for the metabarcoding (106-2000 µm) fraction in the dbRDA is

observable in the first axis of the dbRDA that explains 8.5% of the constrained variation

(Figure 3.8B). All the ARMS from the offshore reef Abu Madafi and ARMS from 2015 and

2017 were associated with increasing percentage cover of hard coral. Percentage cover

of rubble was positioned almost parallel to the second axis and associated with the

ARMS collected in 2015. The second axis separated the ARMS by time. Chla was mainly

associated with nearshore reefs in 2015. Soft coral and gorgonians were associated with

Abu Shoosha ARMS from 2017 and 2019 and Abu Shootaf ARMS from 2017.
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[Figure 3.6] Average abundances per ARMS of the indicator taxa by reef (A) and sampling

year (B). Kruskal-Wallis test results are shown in the right side.
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[Figure 3.7] Average number of reads per ARMS of the indicator taxa by reef (A) and

sampling year (B).

[Figure 3.8] Distance-based redundancy analysis of the Bray-Curtis dissimilarity index for

each fraction. Shape of the symbol identifies the reef. Color shade of each symbol

identifies the sampling date. Variation explained is constrained to the fourth

non-correlated ecologically meaningful environmental variables selected. A) >2000 µm

fraction, B) 106-2000 µm fraction.

3.5. Discussion

To get a better understanding of the responses of communities to long-term global

pressures such as climate change, studies utilizing standardized methods across spatial

and temporal scales have to be undertaken. While ARMS have previously been used to

investigate differences in the cryptobiome across spatial gradients (e.g., (Leray and
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Knowlton 2015; Pennesi and Danovaro 2017; Pearman et al. 2018; Carvalho et al. 2019b;

David et al. 2019; Hazeri et al. 2019; Archana and Baker 2020; Pearman et al. 2020;

Servis et al. 2020), to the authors knowledge this is the first time a temporal aspect has

been incorporated into the analysis of ARMS.

3.5.1. Temporal variability: responses to the 2015/2016 mass bleaching event

Coral reefs present a highly variable cryptobiome community between reefs along cross

shelf (Pearman et al. 2018) and latitudinal gradients (Carvalho et al. 2019b; Pearman et

al. 2019), as well as across habitats (Leray and Knowlton 2015) and seas (Pearman et al.

2020). This study shows that in addition to high variability across spatial scales, the

cryptobiome is also highly variable through time.

In 2015/2016, the Red Sea coral reefs experienced a global bleaching event, that

resulted in massive mortality in tropical seas such as in western Australia, French

Polynesia, Hawaii, and Persian/Arabian gulf (Lozano-Cortés et al. 2016; Couch et al.

2017; Le Nohaic et al. 2017; Rodgers et al. 2017; Hughes et al. 2018; Burt et al. 2019;

Eakin et al. 2019; Hedouin et al. 2020). Like observed in other bleaching events

(Berkelmans and Oliver 1999; Jokiel and Brown 2004; Furby et al. 2013), in 2015 in the

central Red Sea, bleaching effects in corals were more intense nearshore than offshore

(Monroe et al. 2018). Genera such as Acropora and Pocillopora have been shown to be

more sensitive to bleaching, which could cause a shift in the dominant genera of corals

after a bleaching event (Monroe et al. 2018) or even to sponge or rubble dominated

systems (Perry and Morgan 2017; Chaves-Fonnegra et al. 2018). This could subsequently
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cause changes in the cryptobiome which relies on the reef 3D structure for a habitat.

Our data covers the period immediately before the bleaching event (June 2015) two and

four years after allowing exploration of the effects of the bleaching event on the

cryptobiome. Indeed, partitioning of the beta diversity applied to the assemblages of the

smaller mobile organisms (106-2000 μm) showed that comparisons between

pre-bleaching and post-bleaching samples resulted in higher turnover and lower

nestedness of ASVs than those between post-bleaching periods. Furthermore, Annelida

increased in relative abundance and percentage of number of reads after 2015 in the

barcoding and metabarcoding fractions respectively, while Chordata decreased from

2015 to 2019 in the metabarcoding fraction. Annelida inhabits corals and non-living

substrates (Cortés et al. 2017), however, in coral reefs most of its species prefer areas

not covered by living corals (Enochs and Manzello 2012). Which is contrary of what we

observed in our results, however richness and not abundance of cryptobenthic species

have been observed to increase in coral rubble compared to live coral (Enochs and

Manzello 2012). Indeed, in the smaller size fraction there was a distinct reduction in

richness from 2015 although this is not evident in the larger size fraction.

However, for the smaller organisms, a slight return to the pre-bleaching community

composition was observed in 2019. The size of the communities and the associated

length of life cycles (higher for fish) may bias the reaction time of reef-associated

communities. Short lived species like those targeted by the ARMS can, therefore,

provide faster responses to disturbance events and be more informative in

environmental impact assessment studies (Brandl et al. 2019). Particularly in light of the



108

predictions of recurring bleaching events every 6 years (Hughes et al. 2018). Given this

prediction and although the cryptobiome might be recovering from the effects of the

2015 bleaching event, full recovery may not happen quickly enough before being

perturbed again resulting in a permanent shift in the cryptobiome.

It is worth noting that the central region of the Red Sea was not affected as strongly by

the 2015/2016 bleaching event as it was by previous events (DeCarlo 2020). Yet, changes

are apparent across the shelf.

3.5.2. Cross-shelf patterns

Previous work showed a cross-shelf gradient in both community composition and

structure across these reefs Pearman et al. (2018). This gradient appears to be consistent

across the temporal period studied here. This gradient is also consistent in other

taxonomic groups including sessile benthic organisms and fish communities (Roik et al.

2016; Khalil et al. 2017). Thus, it appears that the bleaching event in 2015 did not cause

a homogenization of the cryptobiome. Individual coral reefs are physically isolated by

kilometers of deeper, non-reef habitat, and often prevailing currents limits dispersal

between reefs (Largier 2003), leading to dispersal limitation amongst the reefs (Volkov et

al. 2007). Which could keep reefs distinct even when perturbed by extensive bleaching

events.

A high turnover in the cryptobiome amongst reefs is present in all time periods which

was previously observed prior to the coral bleaching (Pearman et al. 2018) and is typical

of other environments including soft bottom communities in the central Red Sea
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(Alsaffar et al. 2017) and in tropical coastal habitats (Rocha et al. 2018; Alsaffar et al.

2020).

The cross-shelf distinction in coral reefs communities was clearer in the smaller

organisms. This is in agreement with Soininen et al. (2007) and Chust et al. (2016) who

found that dispersal capabilities of species has a negative relationship with beta

diversity. Indeed it has been shown that dispersal limitation had a greater effect on the

cryptobiome in a pan-regional study compared to environmental conditions (Pearman et

al. 2020). However, it should be noted that two different processing methodologies, as

well as taxonomic level used in the comparisons (ASV and OTU), were undertaken for

the different size fractions in this study and thus it cannot be ruled out that

methodological biases could account for this finding. Future studies could involve the

metabarcoding of the larger size fraction and the use of the same sequencing grouping

methodology to minimize this bias as well as including other taxonomic groups such as

bacteria and fungi.

Beta diversity is also driven by variations in local environmental conditions (Gianuca et

al. 2017) with the cryptobiome being shown to be affected by environmental

differentiations (Enochs et al. 2011; Coker et al. 2018). Indeed, temperature, fishing

pressure, nutrient levels, sedimentation, and pollution has been hypothesized to

influence the communities of coral reefs (Fabricius 2005; Hughes et al. 2017b).
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The offshore reef, Abu Madafi, was associated with hard coral and algae, which were

negatively correlated with SST while the other reefs were positively correlated with sea

surface temperature.

This would suggest that the offshore reef is particularly vulnerable to future increases in

temperature in agreement with Chaidez et al. (2018). Indeed, Abu Madafi showed the

largest reduction in richness between 2015 and 2017 before partially recovering to 2015

levels in 2019.

3.6. Conclusions

Our results demonstrate highly dissimilar communities in the same reef complex

refuting the neutral theory of biodiversity (Hubbell 2001) and showing what is expected

for a community affected by environmental variation as seen in other coral reefs

(Dornelas et al. 2006).

The lack of sound knowledge on the natural variability of cryptobiota hampers us from

fully disentangling the effects of bleaching on the composition of these assemblages,

though. Yet, our results lay the foundation for future studies in spatio-temporal

variability patterns of this critical component of the reef biodiversity using standardized

quantifications, and in particular for comparisons with other regions more severely

affected by the 2015/2016 global bleaching event, as the south-central Red Se
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Chapter 4

Biodiversity patterns of the coral reef cryptobiota in the Arabian Peninsula

This chapter is aimed to produce a publication with the contribution of the

authors: Villalobos, R., Aylagas, E., Pearman, J.K., Curdia, J., Bell, A., Brown,

S., Rowe, K., Lotfi Rabaoui, Marshell, A., Burton, J., Berumen, M.L., &

Carvalho, S.

4.1. Chapter abstract

The Arabian Peninsula accounts for approximately 6% of the world’s coral reefs. Some

thrive in extreme environments of temperature and salinity like in the Arabian Gulf and

the Red Sea. Along the coasts of the Arabian Peninsula coral reefs experience gradients

in environment and reef structure that can affect the distribution of associated species.

Six ecoregions have been described in the Arabian Peninsula based on homogeneity of

species composition and oceanographic characteristics. However, reconsiderations in

the limits between ecoregions have been recommended to be reconsidered for fishes

and corals. Compared to corals and fish information about the highly diverse
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cryptobenthic communities in the regions is almost non-existent. Here we present the

first interbasin study using standard methods targeting the cryptobenthic community of

coral reefs in the Arabian Peninsula. We used metabarcoding techniques from two

mobile size classes (106-500 and 500-2000) and one sessile size class from a total of 51

ARMS sampled in triplicate per reef in the northern (2 reefs), central (7 reefs), and

southern (3 reefs) Red Sea, and Arabian Gulf (2 reefs) and Oman Gulf (3 reefs) to

investigate patterns of biodiversity and community structure. We then analyzed distance

decay methods to assess the changes in Jaccard similarity with both geographic and

environmental distance. Our results show that the Red Sea cryptobenthic communities

are more diverse than those inhabiting the Arabian and Oman Gulfs. Specifically, the

central Red Sea was the most diverse region with in the Red Sea, probably being a

regional ecotone. The range of environmental conditions in the Red Sea provide more

niches for cryptobenthic species to colonize contributing to the high diversity observed.

Of notice, the Arabian Gulf shared more ASVs with the Red Sea than with the Oman Gulf.

We found geographic distance to have a better fit with beta diversity in the mantel

partial correlation than environmental distance. However, the two mobile fractions

(106-500 and 500-2000) had a significant correlation between environmental distance

and beta diversity. Dispersal limitations explained better the beta diversity between

reefs. However, environmental filtering had an effect in reefs with short geographic

distances.
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4.2. Introduction

The coral reefs of the Arabian Peninsula account for approximately 6% of the world’s

coral reef cover (Burke et al. 2011) and exhibit high levels of endemism (Wehe and Fiege

2002; DiBattista et al. 2016b). The Arabian Gulf and the Red Sea have been used as

model ecosystems to understand the biological components of reefs under extreme

environments and along environmental gradients, respectively (Burt et al. 2014;

Berumen et al. 2019b). However, the Arabian Peninsula coral reefs have been

understudied when compared to those on the Great Barrier Reef and in the Caribbean

(Berumen et al. 2013; Vaughan and Burt 2016), although this gap in knowledge has

recently been decreasing (Vaughan and Burt 2016).

Coral reefs in the Arabian Peninsula experience a variety of conditions dictated by

various environmental parameters and differences in geological and paleo-climatic

histories. This led (Spalding et al. 2007) to differentiate the Arabian Peninsula into six

ecological regions although there have been proposals to further refine these regions

(Roberts et al. 2016; Vaughan and Burt 2016). While the ecological regions were defined

on the paleoclimatic histories, research has shown that differences in biodiversity around

the Peninsula are also evident for a range of fauna including annelids, arthropods, corals,

fishes, other chordates, echinoderms, and mollusks (DiBattista et al. 2016b). Inter-basin

comparisons in the Arabian Peninsula have provided a broader understanding of the

coral reefs in the region. For example, (DiBattista et al. 2016b) found the Red Sea and
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the Oman Gulf as regions with high levels of endemism while (Brandl et al. 2020) found

the Oman Gulf to have a more diverse and abundant cryptobenthic fish community than

the Arabian Gulf. Investigations have also shown differences between the two regions in

the Red Sea for plankton (Pearman et al. 2016b; Pearman et al. 2017) as well as in the

cryptobiome of the coral reefs (Carvalho et al. 2019b; Pearman et al. 2019). However,

efforts are still needed to fully understand the biodiversity patterns in the Arabian

Peninsula, especially in the reef communities not targeted in visual reef surveys.

Four of the ecological regions proposed by Spalding et al (2007) were represented in this

study (two in the Red Sea, the Arabian Gulf, and the Oman Gulf), differing in

environmental conditions. The Red Sea is characterized by a latitudinal gradient for both

temperature and salinity with the northern being colder and more saline than the southern

Red Sea (Ngugi et al. 2012) which generally has a higher productivity (Churchill et al.

2014). The north and south of the Red Sea also experience seasonal upwelling events

bringing nutrients into the surface waters (Acker et al. 2008; DeCarlo et al. 2021). The

Red Sea had experienced intermittent periods of partial isolation from the Indian Ocean

and increased salinity during glacial maxima and currently the connection with the Indian

Ocean is still restricted through the strait Bab al Mandab (Bailey 2010). Along with the

natural environmental barrier provided by the upwelling outside the Gulf of Aden and the

comparatively higher primary productivity (DiBattista et al. 2016a), these conditions may

have contributed to the surge of endemic species in the area (DiBattista et al. 2016a). The

third ecological region (i.e., the Arabian Gulf) is a shallow water body with a restricted

water flow with the Indian Ocean through the strait of Hormuz. These characteristics
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result in more extreme oscillations in the sea surface temperature that can reach 20 °C

between seasons. The fourth region represented here, i.e. the Oman Gulf where the

conditions are a result of the southwest and northeast monsoon seasons (Wiggert et al.

2005). In general, it has a higher productivity and lower temperatures below the surface

due to upwelling (Wiggert et al. 2005; Al-Azri et al. 2010) although the surface waters

can be 10 °C warmer than below the thermocline (Coles 1997). These conditions are

unique around the Arabian Peninsula and particularly considering the four regions

analyzed, which may act as a natural barrier to species colonization Saenz-Agudelo et al.

(2015).

In the region, coral reefs support varying services, including the artisanal coastal fisheries

that are the main source of fishing effort (Jin et al. 2012; Al-Abdulrazzak et al. 2015;

Shellem et al. 2021). Currently, both in the Red Sea and the Arabian Gulf there are

ongoing plans to further develop tourism in coastal areas by 2030 (Gladstone et al. 2013;

Chalastani et al. 2020). Both activities can have severe impacts in the health of coral reefs

particularly on their biodiversity (Hasler and Ott 2008; Hughes et al. 2017b; Hilmi et al.

2018), yet the extension of those impacts in combination with global warming are

unclear.

Most of the biodiversity in reefs is found in small organisms with nocturnal activity or

hidden in crevices within the reef matrix (Reaka-Kudla 1997), formerly named the

cryptobiome (Carvalho et al. 2019b). Despite a growing body of literature focused on this

fundamental biodiversity component in the region (Al-Rshaidat et al. 2016; Pearman et

al. 2016a; Coker et al. 2018; Conradi et al. 2018; Pearman et al. 2018; Troyer et al. 2018;
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Carvalho et al. 2019b; Kandler et al. 2019; Pearman et al. 2020), a comparative

assessment of biodiversity patterns across the multiple ecoregions around the Arabian

Peninsula is missing. The cryptobiome plays an important role in coral reefs (Brandl et al.

2018) encompassing a variety of ecological trophic groups such as, primary consumers

(Blanchard 1991), detritivores (Rothans and Miller 1991), suspension feeders (Richter et

al. 2001), and predators (Reaka 1987) that not only contribute to the cycle of carbon and

nutrients (de Goeij et al. 2013) but are also a food source for larger predators such as

fishes (Reaka 1985). Nevertheless, our knowledge about this important component of the

reef biodiversity is still limited. Yet, the development of tools and standardized methods

in the last decade have promoted concerted and unprecedented efforts at the global scale

to disentangle patterns of change in the cryptobiome. The Autonomous Reef Monitoring

Structure (ARMS) provide a standardized and non-destructive method to mimic the

structural complexity of the reef matrix, allowing for a comparable analysis of the

biological communities (Ransome et al. 2017) across multiple scales. Compared to other

sampling methods such as collection of dead branching coral heads the ARMS sample

less representation of the coral reef fauna, but provides a quantitative study. A better

understanding of the biological and environmental drivers shaping these communities is

critical to make informed management decisions (Gold et al. 2021). Namely to prevent or

mitigate impacts from anthropogenic activities, it is important to investigate the link

between biodiversity changes and environmental variables so as to have a broad

understanding of the trajectories ecosystems will follow in the Anthropocene (Costello

and Wilson 2011; Andersen et al. 2015; Camp et al. 2018). The analysis at a broad
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geographic scale with distinct environmental conditions helps to make this link (Pearman

et al. 2020).

To help predict the distribution of species, in ecology, theories such as the neutral theory

and the niche theory were developed. The neutral theory of ecology states that similarity

will decrease with distance given the limitation in dispersal capacities of the organisms,

namely, distance decay (Hubbell 2001). However the effect of environmental

stochasticity in the communities present at a site may play a relevant role in coral reefs

(Dornelas et al. 2006). And, the niche theory explains that species similarity in

communities decreases with increasing differences in environmental variables, namely

environmental filtering (Thakur et al. 2020). In coral reef fishes of the Arabian Peninsula,

DiBattista et al. (2020b) found environmental filtering to be a cause of genetic

divergence, although endemic species in the same region formed due to past isolation of

the population also influence genetic diversity.

Here we hypothesize that the communities between these three basins will be mainly

affected by dispersal capacities, given the long geographic distance and isolation between

them. We expect to observe a higher similarity between the communities in the Oman

Gulf and the Arabian Gulf communities, given their closer proximity when compared to

the Red Sea, assuming species distribution will conform with the neutral theory of

ecology. To test our hypothesis, we will test for the influence of dispersal limitation and

environmental filtering to the community composition and diversity of the cryptobenthic

communities.
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4.3. Methods

4.3.1. Sampling design

A total of 17 Reefs were sampled in the Arabian Peninsula using triplicate ARMS (Figure

4.1). Only two units from the site in Jeddah (JD02) in the Red Sea were used because the

third ARMS was lost during the deployment period. Two reefs were located in the north

Red Sea, seven in the central Red Sea, three in the south Red Sea, two in the Arabian

Gulf and three in the Oman Gulf. The ARMS were deployed at 10 meters depth between

July 2016 and December 2017, and retrieved between September 2018 and February

2020. The ARMS were soaked in the water for approximately 24 months (Supplementary

information S1).
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[Figure 4.1] Locations of the reefs sample sin the Arabian Peninsula and the regions they

belong to. In blue the north Red Sea region, in yellow the central Red Sea region, in

green the south Red Sea region, in maroon the Arabian Gulf and in red the Oman Gulf.

4.3.2. Deployment, recovery, and processing of ARMS

Sites were accessed by speed boat. ARMS were retrieved by SCUBA divers. They were

covered with a 106 µm mesh to keep the mobile organisms. Once in the boat, the units

were placed in filtered (106 µm) sea water collected and filtered on site. Back on shore

the ARMS were disassembled and each plate brushed gently inside the filtered sea water

to separate mobile from sessile organisms. The sea water was sieved through 106 µm,

500 µm, and 2000 µm gap sizes to separate the mobile organism into size classes.

Organisms from the 106-500 µm and 500-2000 µm fractions were preserved in 96%

ethanol and processed using a metabarcoding technique. The organisms larger than 2000

µm were visually segregated and individually preserved in 80% ethanol for further

processing using a barcoding technique. Organisms from this fraction were not analyzed

in the current study. The plates were scraped and the product homogenized and preserved

in 96% ethanol for processing in a metabarcoding technique. Further analysis in this

chapter were done in the metabarcoding fractions.

4.3.3. Environmental characterization

To obtain the environmental variability between reefs the daily nighttime sea surface

temperature was extracted from Coral Reef Watch daily global 5km (0.05 degree exactly)
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satellite coral bleaching heat stress monitoring product suite (NOAA 2000, updated

twice-weekly). The monthly average, maximum, minimum and amplitude was calculated

and then averaged for the year 2019. Monthly SST anomaly data was downloaded from

the Coral Reef Watch website (Coral Reef Watch CoralTemp v1.0, global, 5km

resolution) and the following variables were calculated: the annual average (2019); the

average (2010-2020); the number of months with SST anomaly above zero (2010-2020)

and the sum of all monthly averaged SST anomalies (2010-2020). The annual average of

chlorophyll-a concentration, particulate organic carbon, and photosynthetic active

radiation was downloaded from NASA Oceancolor website

https://oceandata.sci.gsfc.nasa.gov/opendap/catalog.xml on 13th April 2021 (MODIS

Aqua; 4 km resolution). Lastly, salinity was obtained from the Copernicus website

(http://marine.copernicus.eu, GLOBAL_REANALYSIS_001_030 product, approx. 8 km

resolution). Values were obtained for the grid that includes the reef targeted. When values

were not available the median of the surrounding grids was taken.

For laboratory and bioinformatics protocols, we followed the procedures presented in

Chapter 2. Below is described a shorter version of those procedures.

4.3.4. DNA extraction, amplification, and sequencing

We used 10g of material of each fraction (sessile, 106-500 µm, and 500-2000 µm) as

input for the extractions using Powermax Soil DNA kit (MO BIO), following the

manufacturer’s protocol with the exception of the bead-beating step. This step was

replaced by shaking incubation overnight at 56 °C with the addition of Proteinase K (0.4

https://urldefense.com/v3/__https://oceandata.sci.gsfc.nasa.gov/opendap/catalog.xml__;!!Nmw4Hv0!hqO4VhUL--Dm6_eK0nJCqQJe6skKCdk-I9_YYHCM8MNEsp_TArEOx2xAYoKHPpHF2E1S5wnOhjsSpPHQ$
https://urldefense.com/v3/__http://marine.copernicus.eu__;!!Nmw4Hv0!hqO4VhUL--Dm6_eK0nJCqQJe6skKCdk-I9_YYHCM8MNEsp_TArEOx2xAYoKHPpHF2E1S5wnOhggGLHVo$
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mg/mL). We amplified the DNA using a universal primer set targeting a 313 bp fragment

of the COI mitochondrial gene (Forward: GGWACWGGWTGAACWGTWTAYCCYCC;

Reverse: TAIACYTCIGGRTGICCRAARAAYCA; (Geller, Meyer, Parker, & Hawk,

2013; Leray et al., 2013). The PCR conditions were as described in the previous chapter

with the same mix and in triplicate. We combined the triplicates and obtained 20 μl for

cleaning and normalizing it using SequelPrep Normalization plates (ThermoFisher

Scientific). We performed a second round of PCR amplification of 8 cycles using KAPA

2x HiFi Hot Start ReadyMix undertaken following the manufacturer’s recommendations

to add Illumina Nextera tags, followed by a second round of cleaning and normalization.

We did the sequencing (2 x 300 bp) on an Illumina MiSeq sequencing platform (v3

chemistry) at the King Abdullah University of Science and Technology (KAUST)

Bioscience Core Laboratory (BCL) and deposited the raw reads at the NCBI Short Red

Archive under the project accession (to be deposited).

4.3.5. Bioinformatics

Overall, we followed the same process described in the previous chapter to obtain the

ASVs abundance per site from the raw sequences. Briefly, we used the DADA2 package

(Callahan et al., 2016) within R (R Team, 2020) for processing of the reads after the

automatically demultiplex of the sequences in the MiSeq machine. We trimmed the

primers with a maximum of one mismatch allowed. Subsequently, reads were truncated
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to 165 and 160 bp for forward and reverse reads respectively. We chose a maximum

allowable number of “expected errors” (maxEE) of four (forward reads) and six (reverse

reads) to filter the reads. Then, we dereplicated the sequences and inferred sequence

variants from a parametric error matrix constructed from the first 108 bp of the sequences.

We discarded singletons and merged the remained reads with a minimum overlap of 10bp

with no mismatches allowed. We kept sequences with length from 312 bp to 314 bp and

removed chimeric sequences and pseudogenes. The latter step was done using Multiple

Alignment of Coding Sequences (MACSE; (Ranwez, Harispe, Delsuc, & Douzert, 2011))

against the MIDORI database (Machida, Leray, Ho, & Knowlton, 2017) as described in

Leray and Knowlton (2015). We assigned taxonomy against the NCBI and BOLD

databases using the RDP classifier algorithm in dada2 (Wang et al. 2007).

4.3.6. Data analysis

To test our hypothesis, we divided the 17 reefs into five regions. The north Red Sea

included the two reefs in Duba, the central Red Sea the reefs in Thuwal, Jeddah and the

northern most reef at Al Lith, and the south Red Sea included the two southern most reefs

of Al Lith and the reef in the Farasan Islands. The Red Sea was divided following

Pearman et al. (2019) distinctions of regions based on environmental and biological

conditions. The Oman Gulf and the Arabian Gulf constituted their own region, also based

on their distinct environment.

4.3.6.1 Alpha diversity
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Rarefaction curves were computed using the package vegan in R to assess taxonomic

diversity (using ASVs as a proxy) between regions (Oksanen et al. 2018). The rarefaction

was chosen given the unbalanced sampling design between regions.

To assess shared ASVs in each fraction the data was subset by size and merged by region.

Shared ASVs amongst regions and ASVs unique to a region were calculated in R. To

visualize the data, ASVs that contributed on average less than 0.0001% of the community

were removed (for visualization purposes only; calculations were undertaken on the full

dataset). The ASV table was converted into a graph object with the igraph package in R

and exported to the Gephi software (Bastian et al. 2009). Networks were created using

the ForceAtlas 2 algorithm with the dissuade hubs behavior included.

To assess the ASVs that were indicative of a particular region the program indicspecies

(De Caceres and Jansen 2016) was used to identify ASVs that were significantly more

abundant in a particular region for each size fraction. ASVs indicative of a region had to

be significant for presence in a region (p < 0.05) and occur above 0.5% relative

abundance in at least 10% of the samples so as to reduce the possibility of rare and low

abundance ASVs being indicator taxa, which may provide an inaccurate assessment.

4.3.6.2. Distance decay in beta diversity

The Jaccard dissimilarity distance for each pair of ARMS and for each fraction was

obtained using vegan package of R (Oksanen et al. 2018). The Jaccard similarity later

was obtained by deducting the dissimilarity distance from 1. Distance decay plots of

Jaccard similarity against the geographic and environmental distances were plotted to
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visualize how differences in community similarity vary with both distances and to infer

on the dispersal limitations and environmental filtering driving community patterns. To

obtain the geographic distance we calculated the distance between reefs in kilometers

using marmap in R (E. Pante and Simon-Bouhet 2013). To obtain the environmental

distance we perfomed a PCA with the normalized environmental variables to 0 mean and

1 variance. Then, we chose the two dimensions of the PCA that explained most of the

variation through a scree plot. And, we obtained the Euclidean distance of the two

dimensions chosen, which we used as environmental distance in the vegan package in R

(Oksanen et al. 2018). We used a nonlinear model with an exponential decay formula for

the geographic distance and environmental distance against the Jaccard similarity. The

annual mean of 2019 of sea surface temperature, the maximum monthly temperature, the

minimum monthly temperature, the monthly amplitude temperature, the temperature

anomaly, the chlorophyll-a concentration, the particulate organic carbon, the salinity, and

the photosynthetic active radiation, and between 2010 and 2020 the mean monthly SST

anomaly, the number of months with SST anomaly above 0, and the sum of SST

anomalies were used to obtained the environmental distance. We did the Mantel

correlation between the geographic and environmental distance matrices and the Jaccard

dissimilarity matrix for each fraction. We also ran the Mantel partial correlation test to

observe the independent effect of the geographic and environmental distances in

community composition.
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4.4. Results

4.4.1. Community composition

Arthropoda dominated the communities of the smaller mobile fraction in all reefs.

Specifically, in the Oman Gulf arthropods contributed the great majority of sequences.

The larger mobile fraction was dominated by Annelida and Arthropoda, and in the Oman

Gulf arthropods contributed to the majority of the sequences. However, in the reef JD01

in Jeddah in the central Red Sea Bryozoa was the dominant phylum. In the sessile

fraction Porifera and Arthropoda contributed the most to the number of reads (Figure

4.2).
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[Figure 4.2] Composition plots with relative abundance by phyla in each reef sampled.

The regions are abbreviated where NRS is north Red Sea, SRS south is Red Sea, CRS is

central Red Sea, OG is Oman Gulf, and AG is Arabian Gulf.

4.4.2. Alpha diversity

Rarefaction curves indicated that sampling was not sufficient in any of the regions to

reveal the full diversity of the cryptobiome. All three regions of the Red Sea (north,
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central, and south), had a higher number of ASVs for an equal sequencing depth

compared to the Arabian Gulf and the Oman Gulf, with the central Red Sea having the

highest number of ASVs in all the fractions (Figure 4.3). The Arabian Gulf and the Oman

Gulf ranked differently between fractions. The larger mobile fraction (500-2000 µm)

presented a higher diversity in the Arabian Gulf than in the Oman Gulf. However, the

sessile fraction presented the opposite pattern. In the smaller mobile fraction (106-500

µm) the Arabian Gulf and the Oman Gulf presented equivalent levels of diversity.

[Figure 4.3] Rarefaction curves for the north (NRS), central (CRS), and south (SRS) Red

Sea, and the Arabian Gulf (AG) and Oman Gulf (OG) for the mobile (106-500 µm and

500-2000 µm) and sessile fractions.
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Most of the ASVs were unique to a specific region, with the patterns maintained across

the sessile and the mobile (106-500 µm and 500 to 2000 µm) fractions (Figure 4.4).

Across all regions, a small number of ASVs were shared with the most being in the

sessile fraction (46 ASVs). The lowest number of shared ASVs across all regions was in

the 500 to 2000 µm fraction (28 ASVs). The Red Sea had more ASVs shared within its

regions than with the Arabian Gulf and the Oman Gulf. The number of ASVs shared

within the Red Sea was higher between neighboring regions than between those furthest

apart (North – South). The Arabian Gulf had more shared ASVs with regions in the Red

Sea than with the Oman Gulf. It should be, however, taken into consideration the larger

sampling size of the central Red Sea.

Within the sessile fraction 24 ASVs were identified as indicator taxa. In the central region

of the Red Sea eight indicator taxa were present across four phyla while in the Arabian

Gulf only a single indicator taxon was present of the phylum Porifera. In the 106-500 µm,

27 indicator taxa were identified. Both the northern Red Sea and Oman Gulf presented

eight of these indicator taxa. In the NRS these were spread across the phyla Arthropoda

and Chordata while in the Oman Gulf they were all taxonomically classified as

Arthropoda. In the 500 - 2000 µm fraction, 19 indicator taxa were identified and 13 were

present in the central Red Sea represented by Annelida, Arthropoda, Echinodermata, and

Porifera. The Arabian Gulf did not present indicator taxa for the 500 - 2000 µm.



129

[Figure 4.4] Network analysis for the shared ASVs amongst region and unique ASVs for

a region for the sessile (A), 106-500 µm (C) and 500 – 2000 µm (E) fractions. Nodes for

the regions were coloured blue. Pink notes represent ASVs unique to region while green



130

ASVs indicate those that are shared between 2 and 4 regions while red nodes are ASVs

shared with amongst all regions. ASVs determined as indicators as depicted for the

sessile (B), 106-500 µm (D) and 500 – 2000 µm (F) fractions. NRS = Northern Red Sea;

CRS = Central Red Sea; SRS = Southern Red Sea; OG = Oman Gulf and AG = Arabian

Gulf.

4.4.3. Community structure

Multivariate analysis indicated that there was a spatial structuring to the data with the

three Red Sea regions clustering closer to each other than to either the Arabian Gulf or

Oman Gulf (Figure 4.5). On the other hand, these clustered far apart. The pattern was

consistent for all the fractions. These results were confirmed by PERMANOVA that

indicated a significant difference amongst the regions for all fractions (p<0.001 in all

fractions). Posthoc tests showed that all regions were significantly different from each

other (Table 4.1).
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Table 4.1. Results (106-500 µm and 500-2000 µm) and sessile fractions of the post hoc

analysis of the permutational multivariate analysis of variance in the Jaccard dissimilarity

matrices.
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[Figure 4.5] Principal coordinate analysis of the A) 106-500 µm, B) 500-2000 µm, and

C) sessile fractions of the Jaccard dissimilarity matrix to observe between regions in the

differences in community composition.
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4.4.4. Distance decay similarity with geographic and environmental distances

Distance decay patterns, using an exponential model, indicated a rapid drop off in

similarity within the first 2000 km with samples situated greater than 2000 km away from

each other having low levels of similarity in community composition (Figure 4.7).

Likewise, similarity in community composition declined with environmental distance

(Figure 4.7).

[Figure 4.6] PCA biplot of the normalized environmental variables. In colors according to

the region the names of the reefs. Monthly average (sstm), maximum (sstmax), minimum

(sstmin) and amplitude (sstran) were averaged for the year 2019. We also computed the
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annual average sea surface temperature anomaly (2019; sstano); the average (2010-2020)

sea surface temperature anomaly (sst10y); the number of months with SST anomaly

above zero (2010-2020; sst10yan) and the sum of all monthly averaged SST anomalies

(2010-2020; sstm10yas). And, the annual average for 2019 of particulated organic carbon

(poc), chlorophyll-a (chla), and salinity (sal). The largest symbol represent the centroid

for each region.

[Figure 4.7] Distance decay similarity graphs using the similarity (1-Jaccard dissimilarity

index) of each pair of ARMS compared against geographic distance between the ARMS

for the 106-500 µm (A), the 500-2000 µm (B), and sessile (C) fractions. And similarity

(1-Jaccard dissimilarity index) of each pair of ARMS against the environmental distance

for the same pair for the 106-500 µm (D), the 500-2000 µm (E), and sessile (F) fractions.
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Environmental distance was obtained using the Euclidean distance between pair of

ARMS of the two PCA dimensions that explained most of the variation of the 2019

normalized environmental parameters. A nonlinear exponential model was adapted to

each graph.

Table 4.2. Mantel correlations, Mantel partial correlation, and Multiple Regression on

distance Matrices (MRM) between the geographic and Environmental distance matrices

and the Jaccard dissimilarity matrix for each fraction. Geo. = Geographic distance, Env. =

Environmental distance, P value = probability value, 106 µm = 106-500 µm fraction, 500

µm = 500-2000 µm fraction, Sessile = Sessile fraction, R = Mantel statistic using the

Pearson correlation, R^2 = regression R-squared

The Mantel test showed that the geographic distance and environmental distance had a

significant association with similarity, with R values being larger for geographic

distances (Table 4.2, Figure 4.8). Indeed, both the Mantel test and partial Mantel tests

indicated that geographic distance factors had a stronger correlation with the cryptobiome

than environmental factors.
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[Figure 4.8] Correlations between community similarity with geographical and

environmental distances. Partial mantel correlations (R) showing the relative contribution

of geographical and environmental distances in the community structure. 106 = 106-500

mobile fraction, 500 = 500-2000 mobile fraction, Sessile = Sessile fraction.

4.5. Discussion

Our study provides for the first time an inter-basin characterization of the cryptobiome in

the Arabian Peninsula following standardized approached. The results provided here are

fundamental as a baseline for future assessment targeting these fast-changing

communities, particularly in comparison to corals and fish that are traditionally used in

reef health assessments. Our approach allows for a characterization of these species-rich

communities across a wide breadth of the biodiversity present in tropical coral reefs.

Although we cannot assure that all eukaryotic phyla are amplified with the primer set
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used, here we unveil that the Red Sea regions presented a higher biodiversity than the

Arabian and Oman Gulf. Although, the central Red Sea presented higher diversity above

all regions, its sample size was not comparable. Also, the Oman Gulf reefs presented less

proportion of Annelida and high proportion of Arthropoda sequences when compared

with the other regions. Arthropoda and Annelida dominated in reefs in the mobile

fractions, and Arthropoda and Porifera in the sessile fraction. Our study also showed that

the neutral theory of ecology that highlights the role of dispersal limitation in the

distribution of species, but also environmental filtering, explain part of the community

similarity observed between regions.

The Red Sea is considered a hotspot for biodiversity for its high levels of endemism,

species richness (Bowen et al. 2013; DiBattista et al. 2016a; Berumen et al. 2019a). We

found that the Red Sea cryptobiome had a higher biodiversity than the other two

ecological regions (sensu Spalding et al. (2007)). This is in agreement with a previous

study which found that the Red Sea had a higher diversity than the Arabian Gulf and

Oman Gulf for annelids, arthropods, corals, other chordates, echinoderms, fishes, and

mollusks (DiBattista et al. 2016b). It is possible that the more diverse coral communities

of the Red Sea compared to the Arabian Gulf and Oman Gulf provide more niches for

cryptobenthic species to colonize (Berumen et al. 2019a). Indeed, the cryptobiome has

previously be shown to be influenced by differentiations in the benthic structure (Enochs

and Manzello 2012; Head et al. 2015; Troyer et al. 2018).

Across all the fractions analyzed, the central Red Sea had the highest biodiversity, and

also had the highest number of indicator taxa present in this region. Although a higher
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sampling depth and a balanced sampling design is recommended to further unveil the

Red Sea biodiversity patterns. These results contrast with the described for Red Sea

cryptobenthic fishes, which showed higher diversity in the warmer southern reefs (Coker

et al. 2018). Latitudinal gradients in salinity and temperature, as well as the latitudinal

and seasonal changes in primary production in the Red Sea are well known (Acker et al.

2008; Raitsos et al. 2013; Churchill et al. 2014; Wafar et al. 2016; Berumen et al. 2019b).

These environmental distinctions may have contributed to produce dissimilar reef

communities between the north, central, and south Red Sea. Our samples from the central

Red Sea were located to the southern limit of the northern Red Sea ecoregion (Spalding

et al. 2007), characterized by intermediate temperatures (Berumen et al. 2019b) and

salinity. The central Red Sea can be transition zone (ecotone) within the basin, which is

in this case characterized by a peak in biodiversity most likely promoted by

environmental conditions that can be better tolerated by organisms both from the

southern and northern ecoregions (Smith et al. 1997). Also, in the central Red Sea ARMS

were collected across a shelf gradient which could also increase the biodiversity as more

reef types were sampled and consequently more niches to allow for the higher diversity

(Pearman et al. 2018)

The 500-2000 µm fraction showed a higher diversity in the Arabian Gulf compared to the

Oman Gulf. This pattern agrees with that described by (DiBattista et al. 2016b) for

Annelida and Arthropoda, two phyla that are predominant in this larger size fraction of

the cryptobiome. Although, DiBattista et al., 2016b results are based in published

information and is not directly comparable with our standard method used. The opposite
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pattern was observed for the sessile fraction which followed a similar pattern to that of

the cryptobenthic fish in both regions (Brandl et al. 2020). Also, the Arabian Gulf and the

Oman Gulf shared a limited number of ASVs between them and had a significant

distinction in community composition between grouping fairly separate from each other

in our multivariate analysis of the community composition. This suggests that the various

fractions of the cryptobiome might be differentially affected by distinct pressures and a

better understanding of their patterns of change is needed. The Oman Gulf has a

latitudinal gradient in coral cover, which changes the benthic structure of the reefs (Burt

et al. 2016), and has been shown to influence the mobile cryptofauna (Enochs and

Manzello 2012). In addition, the influence from the upwelling in the Arabian Sea could

contribute to the distinctions observed between the Oman Gulf and the Arabian Gulf

(Coles 1997). Although, Brandl et al. (2020) when comparing these two basins included

samples from the Musadan peninsula, in the north Oman Gulf, this area was not covered

in this study. It is possible that the Oman Gulf presents a latitudinal gradient in diversity

aligned with the gradient in coral cover that is not perceptible here due to the limited

number of samples collected in this region. Further studies should consider exploring a

latitudinal sampling in the cryptobiome for the Oman Gulf to better understand the

patterns of variability in the cryptobiome.

In the current study, geographic distance had a higher contribution to determining

cryptobiome beta-diversity than environmental factors, despite both being significant.

This is in agreement with the patterns observed previously for the cryptobiome in a

pan-regional study in European Seas and the Red Sea (Pearman et al 2020). Dispersal
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limitation, could have a substantial impact in determining the cryptobiome community

due to the potential barriers such as the strait of Bab al Mandab, the strait of Hormuz, and

the upwelling regions of the Gulf of Aden and the Arabian Sea (Pearman et al. 2020).

While geographic distance had the highest influence, environmental conditions are likely

to still contribute to the community patterns. Both the Red Sea and Arabian Gulf have

similar environmental conditions (Burt et al. 2014; Berumen et al. 2019b) and they share

a higher number of ASVs with each other than to the Oman Gulf which is geographically

closer and oceanographically distinct (to the Arabian Gulf). Similar findings were

reported for the cryptobiome in the low salinity Black and Baltic Seas compared to higher

salinity areas (i.e., Adriatic, Mediterranean, and Atlantic Ocean) in between (Pearman et

al. 2020). The results suggest that when dispersal capabilities are not limiting, niche

filtering plays a relevant role sorting the species that are able to colonize in a certain area.

Indeed, distance decay plots for the environmental distance showed a deviation of some

points from exponential model that correspond to reefs in the norther Red Sea and the

Arabian Gulf. These reefs had a lower similarity than expected for their close

environmental distance. Yet, they had higher similarity than the expected from the model

considering the oceanographical distance. This provides evidence that both, limitation to

dispersal through geographic distance and environmental filtering play a role shaping the

communities of the cryptobiome along the Arabian Peninsula. Congruent with our

results, Brandl et al. (2020) suggested a limiting energetic input for the cryptobenthic fish

communities to be a driver of change between the Arabian Gulf and Oman Gulf. And,

(Saenz-Agudelo et al. 2015) found isolation by distance and isolation by environment to
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influence genetic the genetic structure of clown fishes. However, DiBattista et al. (2016b)

and Saenz-Agudelo et al. (2015) did not find the physical barriers in the Arabian

Peninsula to determine species distribution or genetic diversity. More studies are needed

particularly with more replication within the Arabian Sea, Gulf of Oman and the Arabian

Gulf to increase the spatial resolution and improve the model.

4.6. Conclusions

The Red Sea regions are more diverse than the Arabian Gulf and Oman Gulf, and of

particular interest in terms of biodiversity is the central Red Sea. However, reefs along

the Arabian Peninsula present highly unique communities of the cryptobenthos.

Distinction in cryptobenthic community composition between regions is mainly

influenced by oceanographical (i.e., dispersal limitation) distance but environmental

filtering also plays a role driving the distribution of these communities, supporting a

prevalence of the neutral theory of ecology in the distribution of cryptobenthic

communities in the Arabian Peninsula.
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Chapter 5

General Discussion

5.1. Significance and key findings

There is a global need to understand biodiversity patterns of coral reefs to help manage

these ecosystems, especially in view of the global and local threads they are currently

facing (Hughes et al. 2017b). Here we presented the results obtained from 125 ARMS

deployed in the Red Sea (between 2013 and 2019) and in the Arabian Gulf and Gulf of

Oman (between 2016 and 2020) providing a baseline for the assessment of

cryptobenthic communities in the Arabian Peninsula. We obtained 3773 sequences that

can be linked to a taxonomic identification in public databases. The availability of

sequences with taxonomy identification will improve future biodiversity studies which

use genetic tools, such as metabarcoding. We have addressed different questions

related to the distribution patterns along environmental and latitudinal gradients in the

Red Sea, as well as to the inter-annual variability over a six-year period in reefs located in

the central Red Sea. During this period, reefs were affected by the mass bleaching event

of 2015/2016, allowing us to investigate whether previously identified cross-shelf

gradients were maintained after bleaching. Finally, we compared biodiversity patterns of

the cryptobenthic communities across different ecological regions characterized by
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differences in environmental and biological conditions and investigated the relative

importance of dispersal limitation and environmental filtering in the distribution of

species and resulting community assembly.

Our results contribute to a better understanding of the community patterns of the most

diverse component in coral reefs. We found that the latitudinal gradient in temperature

influence the cryptobenthic structure, while energy input (as chlorophyll-a concentration

and photosynthetic active radiation) into the reef influence both the cryptobenthic

community structure and its biodiversity. Indeed, in Chapter 2, we showed that

temperature, percentage of hard coral cover and turf algae influenced the change in the

number of OTUs present in the ARMS. Through a CART model, we found that the sea

surface temperature at 28.49 °C was a cutoff for diversity (measured as the number of

OTUs) with higher diversity observed above this threshold. The CART model also

identified the percentage cover of coral and turf algae associated to diversity. In this

case, higher number of OTUs were observed below the thresholds of 23% and 11% of

cover, respectively. This suggests that reefs with an increasing dominance of corals and

turf algae may harbor less diverse cryptobenthic communities. The higher diversity

associated with reefs with less than 23% of hard coral cover and 11% of turf algae cover,

may suggest that a higher variety of benthic habitats may represent a wider range of

ecological niches that will allow species with different requirement to colonize (Enochs

and Manzello 2012). Sea surface temperature, PAR, turf algae, hard coral, and other

substrate were identified as drivers influencing the abundance of individual OTUs. Our

results also showed that the largest fraction of the cryptobiome (> 2000 µm), analyzed
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based on barcoding techniques using the COI mitochondrial gene, were highly variable

along the coastline of the Red Sea.

In addition to the highly variable cryptobiome communities over spatial scales, the

cryptobiome presents a highly variable community composition through time. We

presented in Chapter 3 the results of the first study using ARMS as a standard sampling

technique to analyze temporal changes in the coral reef cryptobiome. We found a

significant difference in community composition between reefs along the cross-shelf

gradient that was consistent through time, confirming the findings of an initial study in

the Central Red Sea with a larger number of reefs (Pearman et al. 2018). Our sampling

design included one sampling date in May 2015, before the 2015/2016 mass bleaching

event, and two dates post bleaching (2017 and 2019). The bleaching event in 2015 had a

higher influence in the bleaching of corals at inshore reefs (Monroe et al. 2018), yet the

main patterns in terms of differences in community composition in the cross shelf over

the study period were maintained. It is worth noticing that the bleaching event of 2015

did not homogenize the communities (i.e., increase the similarity) in the cross shelf, as

the cross shelf distinctions in community composition was apparent throughout the

study period. Indeed, each shelf position, we observed in 2019 had a slight return of the

cryptobenthic community to a pre bleaching state. The current slight return to pre

bleaching conditions observed in 2019 in our samples, might not be fast enough for the

communities to fully recover with the prediction of bleaching events to occur every 6

years (Hughes et al. 2018). And, stronger bleaching events may affect differently the

cryptobenthic community. Stronger bleaching events have occurred in the central Red
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Sea in the past (1998 and 2010) (DeCarlo 2020) and the bleaching event of 2015 affected

a wider area in the southern Red Sea than in the central Red Sea (Lozano-Cortés et al.

2016). In this study, we could not fully differentiate the effects of temporal variability

with the effects of the 2015 bleaching event. However, the use of two consecutive

sampling period without bleaching events allowed us to suggest possible outcomes for

the cryptobenthic communities. To obtain a larger dataset it is important to sustain

long-term monitoring projects. Specifically, when studying catastrophic incidents for

coral reefs such as bleaching events. Given the variability in community composition, it is

relevant to add a temporal component to future studies.

In Chapter 4, we presented the results of the first inter-basin study of the Arabian

Peninsula targeting cryptobenthic communities. Our analyses at the scale of the Arabian

Peninsula showed that the cryptobenthic community composition is significantly

different between and within basins (in the case of the Red Sea). Although, the north,

central, and south Red Sea regions shared more ASVs between them than with the

Arabian Gulf and Oman Gulf, multivariate analysis showed that all the regions tested in

the present study were significantly different in composition. Which is expected as

regions within Red Sea experience more similar environmental conditions when

compared to the other basins and are geographically closer. We also showed that

dispersal limitations and environmental filtering explained beta diversity observed

between sites. However, geographic distance had a better correlation with beta diversity,

highlighting the importance of species dispersal ability. Nevertheless, interesting results

were observed for the two regions farther apart in terms of geographic distance (i.e.,
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norther Red Sea and Arabian Gulf), which showed a deviation from the model, with

higher similarity than expected by geographic distance and lower similarity than

expected by environmental distance. The Arabian Peninsula presents variable

oceanographic characteristics, influenced partly by the monsoons. The Arabian Gulf and

Oman Gulf present distinct oceanographic characteristics, possible causing the

distinction in the communities observed. As well, the Arabian Gulf and the northern Red

Sea present similar oceanographic conditions, possibly contributing to their deviation

from the model.

Coral reef cryptobenthic communities are highly variable in space and time. They are

influenced by their surrounding environmental conditions and distinguished by dispersal

limitations, specifically between long geographic distances, such as in the Arabian

Peninsula. Homogeneity in a community, oceanographic characteristics, and presence of

dispersal barriers between regions are considered to define the ecological regions of

(Spalding et al. 2007). However, we showed that cryptobenthic communities are fairly

distinct between reefs in the same reef complex and in the same reef over time. The

homogeneity of the community as determinant of ecoregions needs to be revised when

including the cryptobenthic organisms, to include the most diverse component of the

eukaryotic kingdom of the reef (Fisher et al. 2015). Nevertheless, one cannot ignore that

higher replication is needed to improve the accuracy of such analyses.

5.2. Implications for conservation and management
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Preserving coral reefs will provide the habitat needed for the cryptobenthic

communities. Although coral reef cryptobiota is found in higher abundance and diversity

in coral rubble than live coral (Enochs and Manzello 2012), coral reef calcifiers are

needed to provide the coral rubble structure. The main goals for conservation include

fisheries, biodiversity, and climate change (Green et al. 2014). Here we showed

quantitative data in the spatial and temporal biodiversity patterns of the cryptobenthic

communities at a regional level. In addition, the cryptobenthic organisms comprise the

majority of coral reef eukaryotic species for which are relevant to stakeholders to

informatively achieve the goal of preservation of biodiversity. For example, our results

showed that the largest fraction of the cryptobiome (> 2000 µm), analyzed based on

barcoding techniques using the COI mitochondrial gene, were highly variable along the

coastline of the Red Sea. And, the smaller mobile (106-2000 µm) and sessile

cryptobenthic organisms presented a high variability in the Arabian Peninsula. These

results should be considered to provide protection to the distinct communities observed

in the cryptobiome, by far contributing to the majority of the reef biodiversity (Fisher et

al. 2015). In addition, it should be taken into consideration areas with cross shelf reef

complex. Given that reefs in a cross-shelf complex have a different cryptobenthic

communities and this cross shelf distinction is sustained over time. Also, there is

evidence that species in the cryptobenthic community contribute importantly as food

source for higher trophic levels (Brandl et al. 2019), which predators may be

commercially fished. Therefore, preservation of the cryptobenthic communities is also

relevant to achieve the fisheries goal in MPA design. Considering the cryptobiota is
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frequently overlooked when designing MPAs, it would be important to do test whether

results would differ if these organisms are included in the analysis.

Within the Red Sea, we found high beta diversity (replacement) between regions and in

the cross shelf. And, in order to achieve representation and replication of biodiversity

features (Green et al. 2014), we recommend the establishment of marine protected

areas in the north, central, and south Red Sea, being areas with cross shelf reefs of

specific interest. The protection of marine resources through the mega developments in

the Red Sea, The Red Sea Project, AMAALA, and NEOM will help with protection of the

north Red Sea (Chalastani et al. 2020). The south Red Sea reserves at the Farasan islands

could be expanded to main land coral reefs. Unfortunately, the highly diverse central Red

Sea is largely unprotected. As hypothesized here, the central Red Sea could be acting as

an ecotone, providing habitat for species in the North and Central Red Sea and the South

Red Sea ecoregions, which highlights its relevance for conservation.

Corals are currently threated by global warming, jeopardizing the persistence of this

ecosystem (Hughes et al. 2017b). For example, bleaching events are expected to occur at

6 years intervals (Hughes et al. 2018). In addition, cryptobenthic communities are

vulnerable to changes in environmental conditions including temperature, which we

showed in Chapter 2 to influence cryptobenthic diversity. Therefore, endeavors to

mitigate global warming are appropriate to preserve the biodiversity patterns observed

in the cryptobenthic community. The use of long-term monitoring programs will help

observe the efficacy of conservation efforts or the need to implement them. The use of
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cryptobenthic organisms in these monitoring programs will allow to include the vast

majority of eukaryotic biodiversity of the coral reefs. In addition, long term monitoring

programs will provide a reliable tool to study temporal biodiversity patterns. Also, long

term monitoring using ARMS will help clarify the effects of changes in the cryptobenthic

communities to the coral reef ecosystem, which are currently poorly understood.

5.3. Caveats of the methodology used

The methodologies used in this dissertation include standard artificial units, the ARMS,

and molecular tools that help us have quantitative information on the biodiversity

patterns in coral reefs. Even though ARMS have been tested and proved to provide a

good representation of the reef biodiversity (Plaisance et al. 2011a), they are still

artificial units that do not collect all the cryptobenthic organisms in a reef. The ARMS

include a variety of microhabitats (light and dark, water flow and water restricted

cavities), however, the reef contains microhabitats such as live coral branches, mature

sponges, sediments, and the water column that can’t be accounted for in the ARMS. The

ARMS are a cost-effective method to address scientific questions and monitor the

cryptobenthic component of the reef, which serve most of the purposes of studies

investigating changes through space and time. However, ARMS should not be used

exclusively when the aim of a study is creating inventories of biodiversity. It is then

recommended to add other methods such as collection of cryptobenthic organisms from

rubble, epilithic algae matrix, and live coral to provide a comprehensive inventory of
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local biodiversity. In addition, the use of citizen science in censing methods can be an

effective resource (Parker et al. 2018).

The use of barcoding and metabarcoding have their limitations too. Primers used to

amplify mitochondrial COI gene amplify species of different groups with distinct success

rate. Using visual identification in addition of the barcoding technique will decrease this

bias, such as we did in Chapters 2 and 3. Therefore, metabarcoding provides a more

accurate presence and absence data of the community than abundance of individual

species. Metabarcoding needs a reliable library of sequences with assigned taxonomy to

be able to obtain lower taxonomic level matches of the retrieved sequences. However,

currently datasets lack the resolution needed to assign species level match to most of

the metabarcoded sequence. Indeed, in Chapter 3 most of our sequences obtained

through next generation sequencing were not assigned to a taxonomy. There is a need to

improve the resolution of barcoded libraries relying in expert taxonomists.

The use of ARMS in monitoring programs is relevant to target the cryptobenthic

community for standard comparisons. However, the units need to be soaked until a

mature community establishes, for which they are recommended to be deployed for

two years before retrieval (Smithsonian-NMNH 2017). In addition, the processing of

ARMS in the field is time consuming and significant manpower is needed to speed the

process. And sequencing results will be available months after retrieval. Therefore, the
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use of ARMS for quick assessments of the health status of the reef is not ideal and

reactive surveys are then preferred (Schaffelke et al. 2020).

Although the construction costs of one ARMS unit is around 200 USD, the cost of man

power, consumables, and sequencing can add up to thousands of dollars. The monetary

cost as well as the expertise needed in using molecular tools limits the possibility of

using this tool widely by research groups with constrain budgets.

For standardization purposes our study limited the sampling to 10 m depth. For which

diversity in the reef is expected to be underestimated. Future studies expanding the

depth profile are recommended, as explained in the next section.

5.4. Future research directions

This study paves the way to unveiling the spatial and temporal changes in the coral reef

cryptobenthic communities in the Red Sea and can also serve as a reference for studies

currently conducted globally. However, gaps in knowledge still exist.

Coral reefs present distinct habitats that can change within relatively small scales. For

example, the reef flat, the reef wall, and in some cases patches of algae dominated

benthos can all occur within a few hundred meters. Our studies showed that hard coral

cover and turf algae influenced diversity in the larger mobile fraction (>2000 µm). Also,



152

previous studies showed that the benthic habitat could influence the associated

cryptobiota (Enochs and Manzello 2012). And studies using an early prototype of the

ARMS found Crustacea to have distinct diversity patterns between habitats in the same

reef (Plaisance et al. 2011b). Therefore, future cryptobenthic studies using ARMS should

further explore the effect of the surrounding environment in the colonizing

cryptobenthic community. This is particularly relevant within a context of climate

change, more intense and more frequent bleaching events and associated reef

degradations (Hughes et al. 2018). To get a better understanding of the biodiversity

patterns associated with different reef habitats that can represent states of degradation,

it will be essential to use ARMS and the associate cryptobenthic communities in these

ecological assessment studies. Along these lines, using ARMS in a reef degradation

gradient will help this purpose.

The depth differentiation in the cryptobiome also needs to be further explored. The

sampling protocol proposed by (Hurley et al. 2016) sets the depth for deployments at 12

m, 30 m, 60 m, and 90 m. Considering that mesophotic reefs are differentially impacted

and with limited connection with shallow reef area (Rocha et al. 2018), a better

exploration of biodiversity patterns with depth aligned with standard coral and fish

surveys is needed. Depth profiles in the cryptobiome have been documented for

decapods in a reef in Hawaii (Hurley et al. 2016). Hurley et al. (2016) found depth to be

negatively related to diversity and to shelter distinct communities. However, more

studies are needed to explore the vertical dimension in coral reefs to better understand

the biodiversity patterns of the whole coral reef cryptobenthic community.
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While inter-annual variability is high, as we observed by the dominance of turnover in

the present study, very little is known about whether the time of ARMS deployment

and/or recovery has a significant effect in the established communities. It would be

relevant to fill this gap and analyze the seasonal variability of the cryptobiome describing

their colonizing communities. Likewise, we are still missing a solid knowledge on the

succession and colonization patterns. When a mature community is established we

expect to observe a decrease in the variability with time, however further studies are

needed to prove this hypothesis.

The cryptobenthic community has been suggested to contribute to nutrient and carbon

cycles as being an important part of the food web (Kramer et al. 2012; Kramer et al.

2015; Brandl et al. 2019). The use of standard methods such as the ARMS in addition

with incubation techniques (Figure 5.1) to measure the oxygen consumption as

described in Roth et al. (2019) would help understand the effect of the cryptobenthic

communities to carbon cycle. Using the incubation techniques open to possibilities to

perform in situ manipulative studies.

Temperature in the Red Sea is expected to increase up to 0.5 °C per decade in the north

Red Sea (Chaidez et al. 2018). The effect of temperature in the cryptobenthic community

was addressed here and in previous studies (Carvalho et al. 2019b; Pearman et al. 2019).

However, the cryptobiome is highly variable between reefs and to better understand the

effect of temperature in the community, experiments using ARMS subjected

manipulated temperature could provide a better understanding of potential changes

under a climate change scenario.
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In addition to climate change related stressors, local pressures to coral reefs such as

nutrient enrichment have been recognized (Hughes et al. 2017b). However, the direct

effect of nutrients into the cryptobenthic communities is not yet fully understood. The

use of a quantitative methods such as the ARMS with manipulation of nutrient levels will

allow to understand the direct effect of nutrient enrichment in the cryptobenthic

communities.

[Figure 5.1] Image showing the ARMS inside the incubation chamber at 10 meters depth

in Abu Madafi reef in the Central Red Sea Photo credit: Morgan Bennet-Smith.

5.5. Additional work directly related to this dissertation
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The Autonomous Reef Monitoring Structures collected through the efforts of this

dissertation have resulted in two publications describing the cryptobiome and the

microbial community associated to coral reefs.

5.5.1. The characterization of the reef cryptobiome

In the publication, the taxonomical characteristics of the cryptobenthic community along

16 degrees of latitude in the Red Sea are described. The cryptobiome as described in this

publication include the organisms with nocturnal activities and that inhabit crevices

within the reef matrix. This component of the reef includes the majority of the

multicellular diversity of the coral reefs. We used 87 ARMS on 22 reefs and

metabarcoding of the mitochondrial COI gene. We divided the samples into two mobile

(106-500 µm and 500-2000 µm) and one sessile fraction. Our results showed a highly

diverse community including 14 phyla and 10416 OTUs. The mobile component (mean:

684 OTUs; range: 361 – 1099 OTUs) was twice as diverse as the sessile (mean: 365 OTUs;

range: 142 – 639 OTUs). And, Arthropoda dominated both the mobile and sessile

fractions. However, 16 of the 30 phyla present in the reef were not detected with our

methodology, from which 11 lack a representative in the current COI databases. This

highlights the need to support taxonomy efforts with aims to improve current databases.

We found the sessile component of the cryptobiome was influenced along the gradient

by sea surface temperature, while the mobile component was influenced by particulate

organic matter. Although in the same basin, along the Red Sea only 1.5% of OTUs were

shared among all reefs. And most of the OTUs were rare. Results are relevant to inform
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conservation strategies. We recommend to target the cryptobiome alongside fish and

macrobenthos in monitoring programs to provide a broader understanding of the reef

community and well informed management decisions.

Publication: Carvalho S, Aylagas E, Villalobos R, Kattan Y, Berumen M, & Pearman J.K.

(2019) Beyond the visual: using metabarcoding to characterize the hidden reef

cryptobiome. Proceedings of the Royal Society B: Biological Sciences 286 (1896),

20182697.

5.5.2. Red Sea microbial reef communities unraveled using ARMS

For the first time ARMS were applied to the microbial component of the coral reef using

metabarcoding of the 16S rRNA gene. Microbial communities have been studied form

water column, sediments, and as symbionts of organisms, between others, however the

bacterial component of the reef framework is understudied. In this study, we used 56

ARMS along 2000km the east coast of the Red Sea to analyze the effect of the

environment and benthic structure of the reef with bacterial diversity and community

composition. Proteobacteria accounted for most of the ASVs (59%) and the number of

reads (70%). We found bacterial communities to be regionally distinct at the family and

ASV level. Only 3.7% of the ASVs were shared between all regions. However, these ASVs

were highly abundant, accounting for 50.9% of the sequences. We found significantly

different number of ASVs between reefs and regions. The north region had a significantly
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higher number of ASVs than the central and south region. However, most functional

pathways were maintained through all regions and found in all reefs. And, the diversity

of pathways was higher in the north than in the south. We found percentage cover of

macro algae and sea surface temperature to be associated with the distinct relative

abundances. And, diversity decreased at higher temperatures in the southern Red Sea.

We showed that the ARMS can be used to study the effect of environmental change in

microbial communities.

Publication: Pearman JK, Aylagas, E., Voolstra, C. R., Anlauf, H., Villalobos, R., &

Carvalho, S. (2019) Disentangling the complex microbial community of coral reefs using

standardized Autonomous Reef Monitoring Structures (ARMS). Molecular Ecology 28

(15):3496-3507.
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Appendices

A.1. Supplementary tables

Table S-2.1. Metadata for each ARMS retrieved. In Region N is north, C central, and S

south. Temperature values for sea surface temperature (SST) are in Celsius; chlorophyll –

a (Chla) and particulate organic carbon (POC) concentration values in mg m-3;
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photosynthetically active radiation values are in Einstein m-2 d-1. Hard coral (HC), soft

coral (SC), turf algae (Turf), macro algae (MA), other substrate (Abiotic) are values of

percentage cover in the benthic surveys.
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Table S-2.2. Pearson correlation between explanatory variables obtained from remote

sensing data and benthic surveys. Average over five years before the retrieval date of sea

surface temperature (SST), chlorophyll a concentrations (Chla), particulate organic

carbon concentrations (POC), and photosynthetic active radiation (PAR). Average over

the deployment period of sea surface temperature (Dep.SST), chlorophyll a

concentrations (Dep.Chla), particulate organic carbon concentrations (Dep.POC), and

photosynthetic active radiation (Dep.PAR). Percentage cover of hard corals (HC), soft

corals (SC), turf algae (Turf), macroalgae (MA), and other substrate (Abiotic).
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Table S-2.3. Significance values of the differences of satellite derived products and

percentage cover of ecologically meaningful benthic structures between regions. A

subsample of 15 ARMS per region was taken to homogenize the sampling size. Data was

not normally distributed in each region; therefore, the non-parametric Kruskal-Wallis test

was used.
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Table S-2.4. The 10 highest averages of the OTUs influencing differences in community

structure obtained using a simper analysis with 999 permutations and their respective

taxonomy.

Table S-3.1. Location and dates of the sampling sites.
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Table S-3.2. Results of the permutational multivariate analysis of variance in the

Bray-Curtis and Jaccard dissimilarity matrices for the >2000 µm and the 106-2000 µm

fractions between samples using time and reef as factors.
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Table S-3.3. Results of the post hoc analysis of the permutational multivariate analysis of

variance in the Bray-Curtis and Jaccard dissimilarity matrices for the >2000 µm and the

106-2000 µm.
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Table S-4.1. Metadata for reefs where ARMS were retrieved.



179

Table S-4.2. Results of the mobile (106-500 µm and 500-2000 µm) and sessile fractions

of the permutational multivariate analysis of variance in the Jaccard dissimilarity

matrices between samples using region as factor.
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A.2. Supplementary figures

Figure S-2.1. CART models using regression tree to distinguish critical breakpoints in the

abundance of the OTUs that significantly contributed to the dissimilarities observed

(S1-S11). Sea surface temperature values (Av5yr.SST in Celsius), chlorophyll – a

(Av5yr.Chla in mg m-3), particulated organic carbon (Av5yr.POC in mg m-3), and

photosynthetically active radiation (Av5yr.PAR in Einstein m-2 d-1) are averages of the 5

years before the retrieval of the ARMS. Percentage cover of Hard coral (HC), soft coral

(SC), turf algae (Turf), macro algae (MA), and other substrate (Abiotic) were obtained

from benthic surveys.
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Figure S-3.1. - Shared and unique OTU of each reef through the 3 sampling times (A-C)

and between reefs at each sampling time (D-F) for the barcoding fraction.
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Figure S-3.2. - Shared and unique OTU of each reef through the 3 sampling times (A-C)

and between reefs at each sampling time (D-F) for the metabarcoding fraction.

A.3. Other publications during the Candidature

In this publication, we investigated the cross-shelf patterns of the cryptobenthic

communities of coral reefs using triplicates of ARMS in 11 reefs and using barcoding and

metabarcoding of the COI mitochondrial and the 18S rRNA genes. We identified

Annelida and Arthropoda for the mobile organisms and Porifera for the sessile organisms

to be the dominant groups. The primer used as well as the deployment zone of the ARMS

influenced the organisms present, however a cross shelf gradient in community structure

was observed in all the samples. We found that the turnover rof species was the major
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contributor to beta diversity. Therefore, distinct habitats harbor distinct cryptobenthic

communities, which has direct relevance for the goal of preservation of biodiversity when

designing Marine Protected Areas.

Role of the student in the publication: In this research, I was mainly involved in the

retrieval and processing of the ARMS unit. As well as laboratory work through

sequencing of the barcoding fraction with involvement in the bioinformatics of this

fraction. I contributed to the writing of the manuscript, primarily in the area pertaining to

this fraction.

Publication: Pearman JK, Leray M, Villalobos R, Machida RJ, Berumen ML, Knowlton

N, Carvalho S (2018) Cross-shelf investigation of coral reef cryptic benthic organisms

reveals diversity patterns of the hidden majority. Scientific Reports 8:8090

In this work, we studied the effect of the surrounding communities in the colonization of

new substrates using coral dominated and algae dominated reef areas. We found crustose

coralline algae and other calcifiers as relevant colonizers in the coral dominated reef

areas. Also, the gathering of inorganic carbon increased because of these groups.

Contrastingly, we showed that substrates in algae dominated areas were dominated by

turf algae. Which, decreased the accumulation of inorganic carbon. We found

recruitment of corals to be 50% lower in algae dominated areas, possibly by predation,

suggesting that reef recovery in degraded reefs is limited.
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Role of the student in the publication: In this publication, I was involved in conducting

the research activities and reviewing the manuscript draft.

Publication: Roth F, Saalmann F, Thomson T, Coker DJ, Villalobos R, Jones BH, Wild C,

Carvalho S (2018) Coral reef degradation affects the potential for reef recovery after

disturbance. Marine Environmental Research 142:48-58

For this study, we analyzed the influence of the seagrass canopy in the bacteria and

macroinvertebrate communities. We used distinct sea grass densities (unvegetated, low

density, high density and mixed seagrass and algae) as treatments and obtained

environmental and biological parameters in triplicate in each treatment. We repeated the

process in the sediment and water column. We found low percentage of shared species

between all treatments (25% for macroinvertebrates and 11% for bacteria). We also found

the vegetation and grain size to influence the community of macroinvertebrates. Given

the heterogeneity of the sea grass meadows we suggested that preserving the connectivity

between them to be crucial for maintaining regional diversity.

Role of the student in the publication: In this study, I was involved in conducting the

sampling and research activities and reviewing the manuscript draft.

Publication: Alsaffar Z, Pearman JK, Curdia J, Ellis J, Calleja ML, Ruiz-Compean P,

Roth F, Villalobos R, Jones BH, Moran XAG, Carvalho S (2020) The role of seagrass

vegetation and local environmental conditions in shaping benthic bacterial and

macroinvertebrate communities in a tropical coastal lagoon. Scientific Reports 10
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The latest publication in which I was involved researched the drivers of upwelling in the

southern Red Sea and evaluated the satellite-based sea surface temperature to detect

patterns of upwelling. To achieve the latter, we used information from in situ temperature

measurements from the Farasan Banks in comparison to satellite products. We found that

some satellite products underestimate temperature in reefs and had distinct capabilities in

identifying upwelling patterns. We concluded that upwelling in the south Red Sea is

driven by Moonsoon winds from June to September through the Ekman transport. We

aldo detected that maximum temperatures reached in September and October to be

related to the time of cessation of the monsoon winds. In this study we discussed the

implications of this upwelling in the biological component of the reef.

Role of the student in the publication: In this investigation, I contributed with research

activities in the field and providing useful datasets for the publication and contributed to

the manuscript.

Publication: DeCarlo TM, Carvalho S, Gajdzik L, Hardenstine RS, Tanabe LK,

Villalobos R, Berumen ML (2021) Patterns, Drivers, and Ecological Implications of

Upwelling in Coral Reef Habitats of the Southern Red Sea. Journal of Geophysical

Research-Oceans 126


