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Sponge abundance and diversity
patterns in the shallow and
mesophotic reefs of the
northern Red Sea
Lilach Raijman-Nagar1*, Liron Goren1,2, Sigal Shefer1,2

and Micha Ilan1

1School of Zoology, Faculty of Life Sciences, Tel- Aviv University, Tel-Aviv, Israel, 2The Steinhardt
Museum of Natural History, Tel- Aviv University, Tel-Aviv, Israel
Accumulating data on the increasing degradation of coral reefs worldwide has

led to a focus on the unique mesophotic coral ecosystem (MCE) as a potential

refuge for threatened shallow-water species (i.e., the deep reef refugia

hypothesis: DRRH). Sponges play a crucial role in coral-reef functioning but

are often overlooked in benthic surveys. This knowledge gap is especially true for

the Red Sea, where data on sponge abundance, coverage and species

composition are scarce. Furthermore, to date, no study has examined

mesophotic sponges in the Red Sea. Here we compared sponge abundance

and diversity metrics between shallow and mesophotic reefs at two sites in the

Gulf of Aqaba, northern Red Sea. We also examined the role of biotic and abiotic

parameters in determining sponge variability between sites and depths. Sponge

diversity metrics significantly varied with increasing depth and between sites.

Sponge species composition also differed significantly between depth and sites.

However, parameters measured in the water column, that is, Total Organic

Carbon (TOC), Particulate Organic Carbon (POC), NOx, etc., did not differ

between depths and sites, except for Synechococcus and Prochlorococcus

concentration, which did. The findings indicated that site characteristics and

biotic interactions may play an essential role in determining sponge diversity and

community composition. Between-site differences in sponge fauna revealed in

the study highlight the importance of considering the variability in the benthic

communities and the factors controlling it when designing management tools

for coral reefs, particularly for the northern Red Sea.
KEYWORDS
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1 Introduction

Mesophotic Coral Ecosystems (MCEs) are benthic reefs

typically occurring below shallow coral reefs (< 30 m) and down

to the bottom of the photic zone (~150 m) (Lesser et al., 2018; Pyle

and Copus, 2019). MCEs support diverse benthic communities,

composed of scleractinian corals, octocorals, sponges and many

other associated organisms that dwell among them (Garcia-Sais,

2010; Lesser and Slattery, 2018; Pyle and Copus, 2019; Goren et al.,

2021). Some communities in the MCEs constitute a direct extension

of the shallow coral reef (Slattery et al., 2011), while others are both

taxonomically and functionally unique to the mesophotic depths

(Loya et al., 2016; Kahng et al., 2017). The abiotic conditions

undergo changes from shallow to mesophotic depths, as light,

temperature and turbulence flow decrease, while nutrient

concentrations increase (Lesser et al., 2018; Kahng et al., 2019).

Also, due to their (usually) relatively far distance from the shore and

sea surface, MCEs have been considered less vulnerable to

anthropogenic disturbances, such as ocean warming. This has led

to the ‘deep reef refugia hypothesis’ (DRRH), which suggests that

MCEs could act as sanctuaries and source of propagules for

endangered shallow-water species (Bongaerts and Smith, 2019).

Nevertheless, even though the potential promise of this hypothesis

for the preservation of endangered shallow-water species, in many

reefs around the world, MCEs remain largely unexamined (Smith

et al., 2016; Bongaerts et al., 2017; Medeiros et al., 2021) and DRRH

role in species conservation is highly controversial. Thus, while

some studies support its significance (Kramer et al., 2019; Gasbarro

et al., 2022; Sturm et al., 2022), others challenge its validity, mainly

at local scales (Slattery et al., 2018; Eyal et al., 2022; Loiseau et al.,

2023). Moreover, MCEs have traditionally received less scientific

attention compared to their shallow counterparts worldwide

(Menza et al., 2008), and particularly so in the Indo-Pacific reefs

(Kahng et al., 2010; Dumalagan et al., 2019). This limited

exploration of MCEs is due to the logistical and technical

constraints involved in research at depths beyond the limits of

conventional SCUBA diving (Kahng et al., 2014; Sinniger et al.,

2016). This situation emphasizes the important need to reveal the

ecological aspects of MCEs, such as biodiversity patterns and the

related factors shaping them along the shallow to mesophotic depth.

Such studies are particularly urgent in light of the recent evidence of

the rapid degradation of shallow coral reefs worldwide (Glynn,

1996; Hughes et al., 2003; Shlesinger and Loya, 2019).

Sponges (Porifera) are a conspicuous component of the benthic

fauna on both shallow and mesophotic reefs, exceeding coral

biomass and abundance at some locations in the Caribbean (Diaz

and Rützler, 2001). Sponges play major structural and functional

roles in coral reefs, such as nutrient cycling, as they accumulate

dissolved organic matter (DOM) and then release particulate

organic matter (POM) back into the surrounding environment.

Organisms at other trophic levels further consume the POM, a

pathway termed “the sponge-loop” (De Goeij et al., 2013; Rix et al.,

2018). Sponges also enhance reef biodiversity by acting as a shelter

and providing a microhabitat for many of the reef’s micro and

macro fauna (Fiore and Jutte, 2010; Goren et al., 2021). The
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importance of sponges in coral reefs highlights the significance of

characterizing sponge diversity and abundance in these ecosystems.

In recent years, sponges’ ecological roles, function, and community

structure metrics have been extensively studied in several locations

worldwide, including MCEs sites (Lesser, 2006; Pawlik et al., 2016;

Lesser and Slattery, 2018; Scott et al., 2019; Macartney et al., 2021).

However, in the Indo-Pacific reefs, particularly the Red Sea, data

regarding sponges such as, ecology and distribution patterns,

remain limited. Several factors contribute to this gap, including a

lack of taxonomic knowledge, the frequently cryptic growth form of

sponges, and difficulties in field identification, which are just some

of the reasons that sponges are often overlooked (Wulff, 2001). This

gap of knowledge is especially pronounced in Red Sea MCEs, where

data on sponge abundance, community structure, and coverage are

notably sparse (Bell et al., 2015; Eyal et al., 2019; Wooster

et al., 2019).

The Red Sea, known for its diverse coral reefs, is considered a

marine biodiversity hotspot due to the high level of species richness

and endemism (Wooster et al., 2019). Nevertheless, most studies

conducted on sponges in this region have been related to bioactive

compounds (reviewed in Wooster et al., 2019), with only a few

publications from recent years engaging with sponge biodiversity

(Ilan et al., 2004; Helmy and Van Soest, 2005; Erpenbeck et al., 2016;

Voigt et al., 2017; Van Soest and De Voogd, 2018). Additionally, no

quantitative data focused on sponge abundance, richness or species

composition are available from the region, with the exception of a

few studies of individual species (Meroz and Ilan, 1995a; Yahel

et al., 1998), or general studies of the benthic fauna with only minor

reference to sponges (Benayahu and Loya, 1981; Ellis et al., 2017;

Khalil et al., 2017). Additionally, to our knowledge, no study to date

has focused on the mesophotic sponge diversity composition in the

Red Sea.

In the present study we therefore assessed the abundance and

diversity patterns of the sponge fauna along a depth gradient from

the shallow to the mesophotic reef at two sites in the Gulf of Aqaba,

northern Red Sea. We also addressed the role of abiotic factors

(water chemistry parameters) in shaping the variability in sponge

diversity and community structure between sites and depths.
2 Materials and methods

2.1 Study sites

The Aqaba (Eilat) coral reef, extending along approximately

10 km from north to south, is characterized by a fringing reef and

fragmented structure, exposed to various anthropogenic and

natural disturbances (Genin et al., 1995; Loya, 2004; Katz et al.,

2015; Tamir et al., 2017). Both shallow and mesophotic habitats are

dominated by hermatypic scleractinian corals composed of

generalized and specialist fauna. Among them, the coral families

Acroporidae, Pocilloporidae, and Merulinidae, as well as

Agariciidae, Lobophylliidae, Euphylliidae, and Poritidae, are the

most prevalent scleractinian corals in the shallow and mesophotic

reef, correspondingly. Crustose coralline algae (CCA) were also
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reported to flourish in the mesophotic reef in higher abundances

compared to the shallow reef (Eyal et al., 2019).

Sponge surveys were carried out in July 2018 at two sites in the

Gulf of Aqaba, differing in their geomorphological structure: the

Interuniversity Institute for Marine Sciences in Eilat (IUI, 29°

30’06.7”N 34°55’02.9”E); and the oil jetty shore (OJ, 29°31’21.7”N

34°55’56.6”E) (Figure 1A). The first site is located within Eilat’s

Coral Beach Nature Reserve and is a rich reef, reaching down to

70 m along a steep slope. Unlike its shallow fringing reef, the

mesophotic reef at this site is characterized by a gravel-like cover.

The second sampling site is located off the OJ site, north of the

nature reserve, and is composed of coral knolls distributed among

grass/sand patches. It extends down to a continuous boulder-like

ancient coral reef at the mesophotic depth.
2.2 Quantitative survey of shallow and
mesophotic sponge communities

Sponge abundance, diversity and coverage were assessed in the

shallow coral reefs of IUI and OJ at depths of 5, 10 and 20 m, and in

the mesophotic reef at 50, 60 and 70 m and 50 and 60 m at OJ and

IUI (correspondingly). For each combination of site and depth, a

quantitative survey was conducted using approximately 30-35

photo-quadrats (each of 70x50 cm), covering a total area of ~10.5

m² per site and depth and a total of ~115.5 m² across both sites. The

MCE survey was conducted from the R/V Sam Rothberg using a

Remotely Operated Vehicle (ROV ECA-Robotics H800) equipped

with FHD camera, four video lights (4000 lumens) and two parallel

laser beams for scale (7.5 cm apart). The ROV’s path was

continuously tracked using an acoustic underwater positioning

system (USBL) and the HYPACK® navigation system. Photo-
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quadrats were captured at 10 m intervals to ensure there was no

overlap in the surveyed area. In addition, to maintain the camera’s

perpendicular orientation to the substrate, the ROV’s position was

adjusted to the slope angle and fixed along the surveyed depth. This

ensured that the ROV’s HD camera was aimed directly downward

at a 90° angle, approximately 1 meter above the seabed. In instances

where it was feasible, the ROV was positioned directly on the

seafloor to capture images in front of vertical substrates (such as

walls or sheer drops). In these cases, the ROV’s camera was kept

horizontal (90° angle) to the photographed surface, maintaining

about 1 m distance.

A similar methodology was performed at the shallow reefs,

using SCUBA diving, with photo-quadrats taken ~1 m above the

reef using a CANON G12/16 camera mounted on a tray with two

video lights (3500 lumens) and two parallel laser beams for scale

(7.5 cm apart). To ensure a uniform survey of the area and to

minimize diver’s bias, photo-quadrats were taken at a consistent

depth perpendicular to the target surface (seabed or wall). These

were captured at intervals corresponding to every five ‘fine strikes’

aligned parallel to the shoreline. At both habitats, additional close-

up pictures of the surveyed area (in each photo-quadrat) were taken

in order to facilitate identification of the living organisms on the

substrate. Photo-quadrats size was adjusted using ImageJ software

(Abràmoff et al., 2004) to create image collections of equal size

(70*50 cm). Only clear and sharp images were used for the analyses

of the photo-quadrats. Furthermore, images were cropped to

remove any blurry edges and lens distortion, concentrating on the

central area of the image where the camera angle’s effect

is minimized.

For sponge coverage calculation, 100 sampling points were

overlaid on each image (50x70 cm) in a stratified random manner

(Shihavuddin et al., 2013) using CoralNet online software (Lozada-
A B

C

FIGURE 1

(A) Gulf of Eilat/Aqaba map showing the surveyed sites: IUI – The Interuniversity Institute for Marine Sciences in Eilat. OJ – Oil Jetty. WGS84
projection (B) Typical view of the mesophotic reef (60 m) at the IUI survey site, characterized by a steep slope and gravel-like cover (C) Image of the
reef at the OJ survey site (50 m) characterized by large boulders mostly covered with encrusting sponges and algae.
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Misa et al., 2017). Benthos components beneath each point were

classified into one offive categories: sponge, coral, algae, other biotic

components (“Other”) and substrate which included dead corals,

soft and hard substrate. Each component’s coverage was calculated

in relation to the others (relative abundance). To assess sponge

diversity at each site/depth (e.g., richness, abundance, Shannon,

evenness), the sponge species were counted and identified in each

image to the lowest possible taxonomic level. To facilitate accurate

identification of sponges in the photo-quadrats, where required and

feasible, specimens were collected during the survey. Subsequent

sponge taxonomic classification was performed through

preparation and inspection of spicules and tissue sections (Rützler

and Macintyre, 1978) supported by the relevant sponge taxonomic

literature (Row, 1911; Hooper and Van Soest, 2002; Ilan et al., 2004;

World Porifera Database, 2024). However, when taxonomic

identification and/or sampling were not possible, sponges were

defined according to their morphology and referred to

as “morphospecies”.
2.3 Environmental conditions at the
study sites

Because seawater composition may affect sponge community

structure, we sampled seawater adjacent to the reef (<50 cm from

the substrate) at 50 and 5 m depth at the two survey sites, using

horizontal 12 L Niskin bottle (Supplementary Figure 1). Samples

were collected during winter (Nov 2018-Mar 2019) and summer

(Jun-Sep of 2019) and processed for: Total Organic Carbon (TOC),

Particulate Organic Carbon (POC) and inorganic nutrients (NOx-,

SiO2, PO4
3-), and fluorescence-activated cell-sorting (FACS) was

used to sort the cells (following the protocols in Morganti et al.,

2016 and Baetge et al., 2020). Briefly:

2.3.1 TOC analysis
Pre-combusted EPA vials (40 mL) with PTFE-lined septa were

pre-washed twice with the sampled water. Twenty mL of sampled

water were then added to the bottle and preserved together with 80

μL of HCL 32%. Samples were immediately stored at -80°C until

processing and analysis at the Carlson Microbial Oceanography Lab

at the Marine Science Institute, UC, Santa Barbara.

2.3.2 POC analysis
For this analysis duplicates of 4 L seawater from two Niskin bottle

were collected and filtered through 100 μm plankton mesh to remove

large particles, followed by filtration through pre-combusted (400°C for

4 hours) GF/F filters (nominal pore size 0.7 μm, 25mm). Immediately

thereafter the filters were stored at -80°C and dried at 60°C for 24 h

prior to analysis using a Total Organic Carbon analyzer

(Shimadzu Instruments).

2.3.3 Inorganic nutrients (NOtotal, SiO2, PO4
-3)

For each nutrient, duplicates of 15 mL water samples were

collected from two Niskin bottles. The collection tubes and filters

were twice pre-washed with the water sample before use. First, the
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samples were filtered through a 100 μm plankton mesh to remove

large particles. They were then filtered through 0.22 membrane

filters and frozen at -20°C until analysis. Nutrient concentrations

were measured using a QuikChem 8000 flow injection analyzer

(Lachat Instruments, Milwaukee, USA).
2.3.4 Ultra-plankton concentration
FACS analysis was used to assess the concentration of non-

photosynthetic bacteria (Bac), Prochlorococcus (Pro), Synechococcus

(Syn) and eukaryotic algae (Euk) cells. For this purpose, 1.8 μL of

sampled water were preserved in cryovials with 0.2% EM grade

glutaraldehyde, to a final concentration of 0.1%. The cryovials were

then flash-frozen in liquid nitrogen and stored at -80°C until

analysis using an Attune NXT® acoustic focusing flow cytometer

(Applied Biosystems, Waltham, USA).
2.4 Statistical analysis

All statistical analyses and data visualizations were performed

with Rstudio version 2021.09.0 + 351 (RStudio, T, 2020) in R

version 4.1.0 (Team, R. C, 2020). Sponge diversity, species

composition, and coverage were analyzed and compared between

shallow and mesophotic reefs, as well as between sites (OJ and IUI).

Coverage data were additionally compared across depths within

each site. The decision to pool the diversity data into shallow

(5,10,20 m) and mesophotic (50, 60, 70 m) categories, rather than

‘shallow’, ‘upper’ and ‘lower’ mesophotic, is based on previous

studies from the Gulf of Eilat. These studies identified light

zonation of ‘upper’ mesophotic at 30-80 m and ‘lower’ at 80-

160 m, corresponding with changes in benthic community

composition (Tamir, 2015; Eyal et al., 2019; Tamir et al., 2019).

As our current study surveyed only depths within the ‘upper’

mesophotic, we referred to it collectively as ‘mesophotic’. In

addition, to mitigate the potential bias in our results for sponge

diversity indices and community composition calculations, we

addressed the issue of zero-inflated data in the count data as

following: data were pooled from every ten photo-quadrats per

site and depth, creating one larger photo-quadrat of 3.5m², which

we refer to as a ‘transect’. This approach was not necessary for the

coverage analysis, which did not exhibit the same issue.

Consequently, the coverage analysis was conducted using

individual photo-transect units, where the average sponge

diversity per site or depth was calculated based on the averaged

values per transect. Sponge community structure was inferred from

Bray–Curtis dissimilarity distances species-by-site matrix,

calculated using the ‘metaMDS’ function. Diversity indices (e.g.,

richness, abundance, Shannon, evenness) were estimated using the

‘diversity’ function, all available on the vegan package (Oksanen

et al., 2013). Differences in the sponge coverage and diversity indices

between sites and depths were examined using permuted nested

two-way ANOVA (‘aovp’ function,Wheeler et al., 2016), followed

by Benjamini-Hochberg post-hoc pair-wise permutation tests,

where depths were nested within sites (‘dunn_test’ function,

Mangiafico and Mangiafico, 2017). A pairwise correlation matrix,
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based on Spearman’s correlation rank coefficient, was built to

examine the relations between sponge diversity (coverage and

diversity indices) and depth, as well as biotic parameters,

including algae and coral coverage (‘cor’ function, Team, R. C,

2018). Rarefaction curves were built and statistically compared

using the functions ‘specaccum’ and ‘EcoTest.sample’ available in

the packages vegan and rareNMtests, respectively (Oksanen et al.,

2013; Cayuela et al., 2015).

Sponge community composition was visualized using non-

metric multidimensional scaling (nMDS), and possible differences

between sites and depths were examined using ‘adonis’ function for

permutation multivariate analysis of variance (PERMANOA)

(Anderson, 2001; Anderson and Walsh, 2013), followed by

SIMPER analysis, to identify the contribution of each sponge

species to the overall dissimilarity between depths or/and sites. P.

value <0.05 was defined as the level of significance (Oksanen

et al., 2013).

Seawater content/composition differences in relation to

season, sites and depths were assessed using permuted repeated

measures ANOVA ( ‘aovperm ’ function, nperm=5000,

method=“Rd_kheradPajouh_renaud”), where site was defined as

a nested factor within season (Frossard and Renaud, 2021).

Nevertheless, unfortunately, only inorganic nutrients (NOx-,

SiO2, PO4
3-) were analyzed in relation to season since the

summer samples of TOC and FACS were corrupted. FACS

parameters were analyzed using two-way ANOVA, after log

transformation of Prochlorococcus (Pro) and Synechococcus

(Syn) data to meet ANOVA’s test assumptions for normal

distribution and homoscedasticity. Data visualization was

performed with the following packages: ggplot2 (Wickham,

2016), ggrepel (Slowikowski et al., 2018), gridExtra (Auguie

et al., 2017) and ggpubr (Kassambara and Kassambara, 2020).
3 Results

3.1 Sponge quantitative surveys

Forty-one morphospecies and twenty-three species were

recorded during the quantitative surveys across depths and sites

(a sum of sixty-four overall). Of these, 40 were unique to the

mesophotic reef, nine unique to the shallow and 15 species/

morphospecies were shared by both (Supplementary Figure 2).

Among these shared species, seven are common across both

shallow waters and the depths of 50, 60, and 70 m. Two species

are found in both the shallow reef and at 60 m, while three are

unique to both shallow and 70 m depths. The remaining species are

shared between shallow waters and depths of 50 and 60 m. In

addition, most sponges at the mesophotic sites were encrusting

(70%), compared to only 37% at the shallow ones.

3.1.1 Sponge abundance, diversity and coverage
Sponge richness was found to be depth-dependent at both

surveyed sites (Figures 2A, E) and was significantly higher in the

mesophotic reef compared to the shallow reef (permuted nested

two-way ANOVA, p<0.05, Figure 2A, Table 1). Thus, the highest
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richness was found at 60 m depth (n=30 species/morphospecies),

followed by 70 m (n=29 species/morphospecies) and 50 m (n=25

species/morphospecies). At the shallow depths, 20 and 10 m

displayed a similar number of sponge species (n=15 species/

morphospecies), while the 5 m depth had the lowest richness

(n=6 morphospecies/species). In addition, while at the shallow

depths (20 and 5 m) the rarefaction curves reached a plateau,

indicating sufficient sampling effort, at the mesophotic depths the

curves were not asymptotic and thus far from saturation, indicating

insufficient sampling effort for these depths (Figure 2E). Both

sponge abundance and Shannon diversity indices were found to

be significantly higher in the mesophotic compared to the shallow

reef (mesophotic: 61.7 ± 15.4 SE and 4.9 ± 0.3 SE individuals/

transect, respectively, shallow: 5.9 ± 0.6 SE and 1.8 ± 0.2 SE,

respectively. Figures 2B, C, Table 1). The sponge community in

the mesophotic reef was less even than that at the shallow depth

(0.36 ± 0.0 SE and 0.68 ± 0.0 SE, respectively. Figure 2D, Table 1). In

addition, while sponge abundance, Shannon and evenness were

similar between sites (OJ and IUI), the mean richness was

significantly higher at the OJ site compared to the IUI site (6.5 ±

1 SE vs. 3 ± 0.5 SE morphospecies/transect, respectively, Table 1).

Sponge coverage significantly increased with depth and varied

between sites. Also, a significant interaction was found between depth

x site effect for sponge coverage (Table 1, Figure 3A). The highest

sponge coverage was found at 70 m (mean: 8.4% ± 1.5 SE) and the

lowest at 5 m (<1%). Moreover, sponge coverage was higher at the OJ

site (mean:3.4% ± 0.4 SE) compared to the IUI (mean: 1.5% ± 0.2 SE)

and varied between sites at the same depths: for example, sponge

coverage was two-fold higher at the OJ mesophotic reef compared to

the IUI mesophotic (mean: 5.5% ± 0.7 SE vs. 2.6% ± 0.6 SE,

Figures 3A, B; Supplementary Table 1). In addition, at both sites

sponge coverage significantly increased between depths (IUI:

F1,144 = 10.4, p<0.05, OJ: F1,182 = 36.8, p<0.001, Figures 3A, B). At

the OJ site sponge coverage significantly changed along depths,

peaking at 20 m, followed by a decrease and then peaking again at

70 m, whereas at IUI, sponge coverage peaked at 50 m and decreased

at 60 m (Figures 3A, B; Supplementary Table 1). Algal and coral

coverage also differed between depths but with an opposite trend.

While algal coverage increased with depth (F1,326 = 645, p<0.001) that

of coral decreased (F1,326 = 45, p<0.001). Thus, out of the total

coverage, algae dominated the mesophotic depths at both sites

(~50%) whereas corals were a prominent biotic component on the

shallow reefs (~25%). In addition, differences in coral and algal

coverage were also observed between sites. For example, coral

coverage at the IUI mesophotic depth was 19% ± 1.8 SE, compared

to 9.2% ± 1.1 SE at the OJ site (Supplementary Table 1). In addition,

significant positive correlations were found between depth and

sponge Shannon index (Spearman’s rank, R2 = 0.83, p<0.05),

sponge abundance (Spearman’s rank R2 = 0.94, p<0.05) and algal

cover (Spearman’s rank R2 = 0.83, p<0.05, Table 2). Conversely,

depth had a significant negative correlation with coral cover

(Spearman’s rank R2=-0.83 p<0.05) and sponge community

evenness (Spearman’s rank R2=-0.83, p<0.05, Table 2). Significant

negative correlations were also found between sponge abundance and

coral cover (Spearman’s rank R2=-0.77, p<0.05), and sponge

community evenness (Spearman’s rank R2=-0.94, p<0.05, Table 2).
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3.1.2 Sponge community composition
NMDS ordination revealed a clear separation between sites and

between mesophotic and shallow communities within each site

(PERMANOVA, R2
Sites=0.19, R

2
Sites/Depths=0.39, p<0.01). Site and

depth had a strong interaction on the community composition,

meaning that at each depth (shallow vs mesophotic), sponge

communities clustered according to the site origin rather than to a

specific depth (Figure 4). Furthermore, SIMPER analysis revealed that

Mycale (Carmia) fistulifera (Row, 1911) and Crella (Grayella)

cyathophora (Carter, 1869) explained 24% of the difference between
Frontiers in Marine Science 06
the IUI and OJ sites (Figure 5; Supplementary Table 2), while the

morphospecies ‘yellow.gre.enc.thin’ and ‘beige.enc.flower’, which occur

only at the mesophotic depths, explained 23% of the difference between

the shallow andmesophotic habitats (Figure 5; Supplementary Table 3).
3.2 Water sampling results

Generally, water parameters were found to be homogenous

between sites, depths, and seasons (for inorganic nutrients), except
A B

C D

E

FIGURE 2

Mean values of sponge diversity indices – A comparison between shallow (n=17 transects) and mesophotic (n=12 transects) reefs at both study sites
(IUI & OJ) pooled together. (A) Sponge richness (morphospecies/transect) (B) Sponge abundance (individuals/transect) (C) Shannon diversity index
(D) Berger-Parker evenness index. Asterisks represent significant difference (p<0.05, permuted two-way ANOVA, depths nested within sites, Table 1).
Interquartile range of 25th and 75th percentile of the data is represented by the box. The median value is indicated by the line inside the box. (E)
Sample-based Rarefaction curves of sponge species and morphospecies richness in the mesophotic (green curves) and shallow (grey curves), sites
pooled. Permutations no. = 1000 per curve. The vertical lines indicate confidence interval of 95%. *** p.value <0.001, **** p.value <0.0001.
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for Prochlorococcus and Synechococcus concentrations (Supplementary

Table 4). Prochlorococcus concentration was significantly higher at the

mesophotic depths (3.38 ± 0.0 SE μM/L vs. 3.0 ± 0.0 SE μM/L in the

shallow, log-transformed data), but was similar between sites. In
Frontiers in Marine Science 07
contrast, Synechococcus concentration was significantly higher at the

OJ site compared to the IUI (depths pooled, 4.0 ± 0.0 SE μM/L and 3.8

± 0.0 SE μM/L, log-transformed respectively) and within each site it

was significantly higher at the shallow reef (Supplementary Table 4).
TABLE 1 Mean values and summary statistics of permuted nested two-way ANOVA results for depth and site effect on sponge richness, abundance,
Shannon diversity index, evenness index and sponge coverage.

Habitat Richness Abundance Diversity (Shannon) Evenness (B_P) Coverage

Mesophotic 9.1 ± 1.1 61.7 ± 15 1.7 ± 0.1 0.36 ± 0.0 4.5 ± 0.55

Shallow 2.2 ± 0.2 5.1 ± 0.6 0.6 ± 0.0 0.68 ± 0.0 1.2 ± 0.25

IUI 3.0 ± 0.5 9.6 ± 3.6 0.8 ± 0.1 0.58 ± 0.0 1.5 ± 0.2

OJ 6.5 ± 1.2 41.9 ± 12.8 1.2 ± 0.1 0.52 ± 0.0 3.4 ± 0.4

Summary statistics F 1,1,25 p. value F1,1,25 p. value F1,1,25 p. value F1,1,25 p. value F1,1,326 p. value

Site 6.8 <0.05 3.3 0.07 1.3 0.2 0.06 0.7 6.9 <0.01

Depth 36.2 <0.0001 10.9 <0.01 37.8 <0.0001 20.3 <0.001 37.9 <0.001

Site*Depth 8 <0.01 2.7 0.1 3.8 0.06 1.1 0.2 5.8 <0.05
fron
Depths nested within sites. Number of permutations=1000. Values in bold are significant.
A B

C

FIGURE 3

Sponge, corals, algae, other biotic components (“Other”), and substrate coverage (%), across the shallow (5-30 m) and mesophotic (50-70 m) depths
at the survey sites (IUI & OJ). (A) Sponge coverage at IUI (permuted ANOVA, F1,144 = 10.44, p<0.05) (B) Sponge coverage at OJ (permuted ANOVA,
F1,182 = 36.8, p<0.0001). (C) Mean coverage of sponges, corals, algae, other biotic components (“Other”) and substrate at the shallow and
mesophotic depths. Asterisks indicate significant difference. Interquartile range of 25th and 75th percentile of the data is represented by the box. The
median value is indicated by the line within the box.
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4 Discussion

The current study provides valuable insights into the sponge

community structure at mesophotic depths in the Gulf of Aqaba. It

demonstrates that sponge coverage and diversity significantly

increase with depth and vary between adjacent sites (Figures 2,

3A, B, Table 1; Supplementary Table 1). We also found that the

overall sponge community underwent change between sites and

within sites at different depths (Figure 4), with the mesophotic reef

presenting a flourishing sponge community composed of 40 unique

morphospecies. A total of 64 morphospecies/species were found for

both shallow and mesophotic reefs together at the two surveyed

sites (Supplementary Figure 2). This number, however, is probably

an underestimation since many sponge species are cryptic or

endolithic and, therefore, invisible to standard visual benthic

(especially ROV-dependent) surveys and thus frequently

overlooked (Pearman et al., 2018; Timmers et al., 2022). The

rarefaction curves in our results also indicate an underestimation

of sponge community richness, particularly for the mesophotic
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depths, where the rarefaction curves were far from saturation

(Figure 2E). This suggests that additional sampling would result

in higher richness. Another limitation that should be noticed when

assessing benthic diversity using orthorectified imagery (such as

ROV) is the potential errors due to the variability in the captured

images derived from ROV- camera to substate angles (Lesser and

Slattery, 2021; Lesser et al., 2023). To address these, our study

employed two specific strategies to reduce distortion in ROV

imagery. Unlike typical ROV surveys that rely on video-derived

orthorectified images, we used photo-quadrats for the mesophotic

survey (see methods section). We ensured a consistent

perpendicular angle between the camera and the substrate by

deploying the ROV on the seafloor, facing vertical substrates, to

align the camera horizontally with the target. In steep slope areas

like IUI, or under challenging conditions preventing vehicle

settlement, we adjusted the ROV and camera angles constantly

downwards across the surveyed depth to reduce angular

discrepancies. In addition, during image post-processing, we

concentrated on the central part of the photo-quadrats where
TABLE 2 Correlation matrix for comparisons between Depth (m), Sponge evenness (Berger-parker index), Sponge coverage, Sponge abundance,
Sponge, Shannon index, Algae and Coral coverage.

Sponge evenness

Coral coverage 0.83 Coral coverage

Sponge coverage -0.71 -0.66 Sponge coverage

Algae coverage -0.77 -0.77 0.89 Algae coverage

Depth -0.83 -0.83 0.94 0.94 Depth

Sponge Shannon -0.94 -0.77 0.89 0.89 0.94 Sponge Shannon

Sponge abundance -0.94 -0.77 0.89 0.89 0.94 1.00

-1.00 -0.60 -0.20 0 0.20 0.60 1.00
frontie
Positive correlations are represented in green, and negative correlations in purple. Color intensity represents the correlation strength: the darker the color, the higher the correlation between the
two factors. Only significant correlations are shown. Correlations are based on Spearman’s correlation rank coefficient.
FIGURE 4

NMDS ordination of mesophotic and shallow sites by species, calculated using Bray Curtis dissimilarity matrix and Hellinger transformation. Sponge
species composition significantly differs between depths and sites (IUI vs. OJ, Permutational Multivariate Analysis of Variance (Adonis): Depths
R2 = 0.39, p<0.01 sites/depths: R2 = 0.19, p<0.01).
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angle distortion is the least. Our results also indicate minimal image

bias, as evidenced by the lack of significant differences in most

sponge diversity indices and coverage between sites despite their

bathymetric variation (Table 1) (Bell et al., 2023).

Finally, our results highlight that site-specific features, such as

geomorphology, type of substrate, human influences, and biotic

interactions, might be crucial in determining the variability in

sponges’ diversity and composition at different depths and sites.
4.1 Sponge abundance and diversity
patterns along the shallow to
mesophotic depths

Sponge abundance, diversity indices, as well as coverage, were

generally significantly higher at the mesophotic depths (Figures 2,

3A, B, Table 1) and were similar at the same depths at the

different sites.

In addition, as expected, we found that sponges comprised only

a small part (1-4%) of the shallow reef cover, where coral coverage is

the main component of the benthic live assemblage (Figure 3C;

Supplementary Table 1). Although only two sites were surveyed in

this study, we found it to agree with findings of previous studies
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from the Red Sea (<5 m, Wagler and Brümmer, 2009; Khalil et al.,

2017; Eyal et al., 2019), as well as from other Indo-Pacific areas such

as Wakatobi Marine National Park, Indonesia (Powell et al., 2010),

Moorea, French Polynesia (Freeman and Easson, 2016) and Eastern

India (McClanahan et al., 2009). In the above-mentioned studies,

sponge coverage was 1-11% while coral coverage was 3%-51%. In

contrast, in some reefs off Indonesia, exceptional higher sponge

coverage was documented, reaching 29% of the benthic live

coverage (Bell and Smith, 2004). Sponge coverage in the

Caribbean is also high, with a mean of ~ 16% and a large range

of 2.2-74.4% (Loh and Pawlik, 2014). While historical isolation

events might have contributed to shaping the difference in the

overall biodiversity between these biogeographic regions, local-scale

factors, such as geomorphology and differences in biotic

interactions, have also been suggested to contribute to the

observed differences in sponge distribution patterns (reviewed in

Slattery and Lesser, 2012).

Although at the studied sites sponge coverage was generally low,

on the mesophotic reef sponges were more dominant and prevalent

members of the benthic community, with a mean coverage of 5.5%

and 2.6% at the OJ site and IUI site, respectively (Figures 3A, B,

Tables 1; Supplementary Table 1). Moreover, in numerous photo-

quadrats of the mesophotic reef, sponges exceeded 40% of the live
A B C

D E

F

FIGURE 5

In-situ photographs of the sponge species/morphospecies most contributing to the explained variance in sponge community composition according to
SIMPER analysis between sites and depths (shallow vs mesophotic, see also Supplementary Tables 2 and 3). (A) Mycale fistulifera (B) Crella cyathophora (C)
Diacarnus erythraeanus (D) ‘Yellow.gre.enc.thin’ morphospecies (E) ‘Beige.enc.flower’ morphospecies (F) ‘Yellow.enc.oscula’ morphospecies.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1370089
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Raijman-Nagar et al. 10.3389/fmars.2024.1370089
benthic coverage (OJ, 70 m, Figure 3B). Nevertheless, our

observations of the relatively low sponge coverage in the

mesophotic reef are congruent with the general pattern of sponge

coverage in the Indo-Pacific. In the Philippines, for example, sponge

coverage (assessed together with other biotic components) was

lower than 10% for all the mesophotic sites (Dumalagan et al.,

2019). At our study sites, we also found that the encrusting shape to

be the dominant morphology of sponges at the mesophotic depths

(~70%), which suggests that although sponge coverage is higher at

these depths, the total sponge biomass is not necessarily higher in

comparison to that in the shallower habitats (Slattery and Lesser,

2012; Scott and Pawlik, 2019).

Previous studies have shown that light conditions, rather than

depth solely explain more adequately benthic community changes

along shallow to mesophotic gradient. Hence, many benthic

communities “break” around 60 m depth, marked by a transition

of the typical shallow-reef community to the mesophotic one. The

change in benthic composition appears to be primarily driven by

diminishing light levels, closely associated with the range of optical

depths where surface irradiance reduces from 10% to 1% (Lesser

et al., 2019; Laverick et al., 2020). In the Gulf of Aqaba, two distinct

coral assemblages were characterized: shallow (<40 m) and

mesophotic (40-150 m). Where branching corals predominantly

inhabited shallower regions (< 36 m), other coral species (such as

Leptoseris glabra and Euphyllia paradivisa) thrived in the upper

mesophotic zone (40-80 m), and one coral species, Leptoseris fragilis

was typically found at the lower mesophotic zone, exceeding 80 m

(Tamir et al., 2019). In the current study, such a pattern is

problematic to detect since only the upper-mesophotic depths

were surveyed, and most of the shared species between the

shallow and the mesophotic were observed down to the upper

mesophotic depths limit (that is, 70 m, see results section).

Nevertheless, our data show that several photoautotrophic

sponges can be found in the lower mesophotic depths (for

example Theonella swinhoei (Gray, 1868, 75 m, 87 m) and Crella

cyathophora (Carter, 1869, 76 m, 78 m). Hence, it is plausible that

these species switch their trophic ecology to rely more on

heterotrophic consumption (Morrow et al., 2016; Macartney

et al., 2021), enabling these species to extend their distribution

into the lower mesophotic depths, beyond the typical patterns

observed in coral communities. This assumption is also supported

by the increase of sponge richness, abundance, and diversity with

depth (Figures 2, 3A, B, Table 1). The last corresponds to the well-

studied pattern documented from the Caribbean reefs that

indicated an increase in sponge abundance and coverage with

depth (Liddell and Ohlhorst, 1988; Reed and Pomponi, 1997;

Kahng et al., 2010; Lesser and Slattery, 2011; Slattery and Lesser,

2012; Lesser and Slattery, 2018; Scott et al., 2019). In the Indo-

Pacific region, however, the biodiversity of sponges in the MCEs has

barely been studied (Loya et al., 2019), other than some data

collected from the mesophotic depths in the Gulf of Aqaba (Eyal

et al., 2019). A study conducted in Kenting (Taiwan), reported

sponges as a common component in the mesophotic habitats, but

with no additional quantitative information (Dai et al., 1992). Other

studies from the Philippines, Japan and Fiji only reported on the
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presence of sponges on the mesophotic reef, while occasionally

noting a specific species. However, no additional data regarding

their abundance, richness or any quantitative data have been

reported from these geographic locations (Cabaitan et al., 2019;

Pyle, 2019; Sinniger et al., 2019).

Several factors have been attributed to controlling sponge

community patterns along the shallow to mesophotic depths. In

the Caribbean, for example, an increase in the availability of trophic

resources (such as carbon and nitrogen) with depth was suggested

to act as a main driver influencing the distribution and abundance

of sponges from shallow to mesophotic depths (bottom-up control)

(Lesser, 2006; Lesser et al., 2019, 2020). Sponges are remarkable

filter-feeders that consume particles as well as dissolved organic

matter (DOM) (Ribes et al., 2003; Yahel et al., 2003). Consequently,

some studies have speculated that since sponges have greater access

to food on the mesophotic reef, this might support a higher sponge

growth rate and, therefore, the higher biomass documented at these

depths (Lesser and Slattery, 2018). Others, however, argued that

there is insufficient evidence to support the theory that sponge

biomass, as well as diversity, increase with depth in the Caribbean

(e.g., Scott and Pawlik (2019)). It was also suggested that sponge

diversity varies at different depths in various locations throughout

the Caribbean, and that it is a function of additional factors such as

substratum type, slope and orientation, rather than depth per se. In

continuation, Pawlik et al. (2018) argued that predation pressure

(top-down control) structured by fish and hawksbill turtles is likely

to have a significant effect on the relative abundance of sponges in

the Caribbean reefs (Pawlik et al., 2013). The findings of the current

study indicate a general increase in sponge diversity and coverage

(Figures 2, 3A, B). Nevertheless, no difference in the examined water

components (e.g. POC, TOC, NOx) was detected between the

shallow and mesophotic reefs , with the exception of

Prochlorococcus concentration, which was higher at the

mesophotic depths (Supplementary Table 4). Our finding of

elevated levels of Prochlorococcus in mesophotic depths

corroborates similar observations made in Caribbean studies (for

example, Lesser et al., 2019, 2020). In contrast, we observed a

homogeneous distribution of other water components, such as

Particulate Organic Carbon (POC), non-photosynthetic bacteria

(BAC), and Nitrogen components (NOx), across both shallow and

mesophotic depths. The different water component patterns

between our study and the ones reported from the Caribbean

may be a result of the distinct water column dynamics at the Gulf

of Aqaba, characterized by vertical mixing and restratification.

Seasonal water displacement (following cooling of surface waters)

along with the impact of semi-diurnal internal tides that cause

significant water displacements (up to around 50 m), likely facilitate

this mixing process (Carlson et al., 2014). Such dynamics could be

instrumental in maintaining the uniformity of water components

across various depths, particularly in the 5-50 m range that was the

focus of our study.

In addition, given the restricted sampling size and depth range

(5 vs. 50 m), solely at two sites, the comparability of these findings

with other studies addressing this topic (see Pawlik et al., 2013,

2018) is limited. Consequently, it is challenging to establish concrete
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conclusions about the effect of bottom-up factors on the

distribution patterns of sponges from shallow to mesophotic

depths in this case.

Another plausible explanation for the observed increase in

sponge diversity metrics from the shallow to mesophotic depths

could be driven by biotic interactions between sponges and other

benthic components. Such interactions could include competition

for space or food, or a positive synergism (Scott et al., 2019; Slattery

and Lesser, 2021), or preditation (Pawlik et al., 2018). As for the last,

sponge-eating fishes are not prevalent in the Gulf of Aqaba, and

signs of sponge-tissue consumption are rare (M. Ilan personal obs).

Hence, there is no strong evidence for top-down control in this area.

However, other biotic interactions might explain sponge diversity

patterns; for example, in the current study, we found that algal

coverage also significantly increased from the shallow to the

surveyed upper mesophotic depths, reaching ~50% of the total

coverage (Figure 3C, Supplementary Table 1). The ability of algae to

efficiently adapt to a low light regime (Kirk, 1994; Vroom and

Smith, 2001), as found at the mesophotic depth, might have

contributed to their dominant occurrence at this depth (Spalding,

2012; Pyle et al., 2016). In addition, algal coverage was positively

correlated with sponge abundance and diversity (indicated by the

Shannon diversity index; Table 2), further reinforcing the idea that a

positive feedback loop might exist between sponges and algae, as

previously suggested Pawlik et al. (2016). According to those

authors there is a reciprocal interaction between sponges, algae,

and microbe, in which the sponges consume dissolved organic

carbon (DOC) released by the algae, releasing onto the reef carbon

and nutrients that enhance algae growth. These interactions have

been suggested to alter microbial activity, which in turn negatively

affects the coral microbiomes. This theory was originally posited to

explain the low coral resilience and coral decline in the Caribbean

coral reefs. In environments with reduced light, such as MCEs,

where autotrophic corals face the decreased ability to compete for

space, this idea of positive interaction between sponges and algae

might also explain the increase in coverage with depth of both

sponges and algae and the decrease of corals coverage in the Gulf of

Eilat/Aqaba, as also observed recently off the Caribbean reefs in

regard to macroalgae and sponge cover (Scott et al., 2019). Our

findings also indicate that corals dominate the benthic live cover at

shallow depths, where sponge coverage was relatively low, while the

opposite pattern emerged with increasing depth, where coral

coverage decreased and sponge coverage increased (Figure 3C;

Supplementary Table 1). A similar phenomenon was described

for Indonesia (Wakatobi Marine National Park), where coral

coverage decreased from the shallow to mesophotic depth, while

sponge coverage markedly increased (Bell et al., 2019). However,

contrary to our observations, crustose coralline algae (CCA)

coverage at Wakatobi decreased with depth. The reciprocal

coverage trends of corals and algae along the depth gradient

reported in our study also agree with those of previous surveys

from the Gulf of Eilat/Aqaba. For example, Eyal et al., 2019,

reported a general increase in macroalgae coverage from shallow

(10 m) to mesophotic (60 m) depths and a decrease in scleractinian

coral coverage for the same depths. Similarly, Abesamis et al. (2018)
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reported that both stony and soft corals were characteristic of

shallow sites in the Philippines, while sponges and macroalgae

(among other benthic components) were more abundant at the

mesophotic sites. Other factors that undergo change along a depth

gradient are light intensity and temperature, both of which are also

important factors in determining sponge distribution and diversity

patterns (Lesser et al., 2018; Kahng et al., 2019; Pyle and Copus,

2019), and were previously shown to have a significant effect on

sponge communities worldwide (Beepat et al., 2020; Idan et al.,

2020; Vargas et al., 2021). Regarding the coral reefs in the Gulf of

Aqaba, only ~1% of the surface light penetrates to the mesophotic

depths (30-76 m). Autotrophic sponges, which rely on

photosynthetic-carbon products generated by Cyanobacteria as

part of their energetic budget, are likely to be significantly affected

by this diminished light availability. The reduced light also impacts

photosynthetic organisms such as corals and algae, which compete

with sponges for the available substrate. Consequently, the lower

light levels might favour sponge that can shift to heterotrophic

feeding, since the latter do not require light and can thus thrive in

these darker environments (Morrow et al., 2016; Lesser and Slattery,

2018; Lesser et al., 2018; Macartney et al., 2021).
4.2 Sponge abundance and diversity
patterns between sites

In contrast to the significant increase in sponge diversity

metrics from the shallow to mesophotic depths, between the OJ

and IUI sites, sponge abundance and diversity indices were similar

(Table 1). The sponge community composition however

significantly differed between sites (Figure 4, PERMANOVA,

p<0.01), as did sponge richness and coverage, which were

significantly higher at the OJ site (Table 1). Such differences

might be related to a local-scale variance between sites, such as

substrate type, slope angle, orientation or rugosity (Barnes and Bell,

2002). The mesophotic reef at the OJ site is composed of large

boulders, while that of the IUI is mainly covered with coral rubble

(Figures 1B, C). Hence, the OJ site is characterized by a high

abundance of vertical walls or inclined substrate, experiencing a

relatively low rate of sedimentation, and is therefore favoured by

sponges (Maldonado and Young, 1997; Santıń et al., 2018). Solar

irradiance is also lower on vertical surfaces, inhibiting the growth of

macroalgae and other phototrophic organisms and promoting the

recruitment of sponges (Lesser et al., 2018). In addition, the rocky

boulders at the OJ site offer a more stable substrate than the coral

rubble substrate at the IUI, consequently potentially supporting

higher sponge coverage and richness compared to the IUI

(Duckworth, 2015). Nevertheless, unlike the IUI, which is part of

the protected marine nature reserve, the OJ site has been subjected

to heavy anthropogenic pressures such as oil spills (Loya and

Rinkevich, 1980), intense marine traffic, and metal waste

accumulation from nearby port activities. Such anthropogenic

interferences typically negatively impact sponge diversity, which

flourishes in well-preserved ecosystems (Easson et al., 2015; Turon

et al., 2019). Contrary to this, our findings revealed higher sponge
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richness and coverage at OJ compared to IUI, suggesting that other

dominant factors, such as substrate type or flow regime, might play

a more crucial role in determining sponge diversity between these

sites. Sponge species composition also significantly varied between

the OJ and IUI sites (Figures 4, 5). SIMPER analysis indicated that

Mycale fistulifera was the sponge species that contributed most to

the dissimilarity between these sites (Supplementary Table 2, mean

abundance 34% vs. 18%, IUI and OJ, respectively). Interestingly, a

study examining the life-history characteristics of M. fistulifera in

the 1990s at the same sites found a similar pattern, in which this

species was more abundant at the IUI than at the OJ (then referred

to as the Japanese Gardens – JG). This difference was attributed to:

1) higher availability of the sponge’s preferred substrate – the coral

Stylophora pistillata (Esper, 1792) at the IUI; and 2) higher coral

density at the OJ site that led to higher competition, which might

have reduced the abundance of M. fistulifera (Meroz and Ilan,

1995b). In contrast, Crella cyathophora was more abundant at the

OJ site (31% vs. 0.01% at IUI). C. cyathophora is an opportunistic

sponge, thriving on artificial substrates (Perkol-Finkel and

Benayahu, 2005) and common at disturbed sites. It is possible

that the high level of artificial substrate at the OJ site further

facilitated the establishment and expansion of an opportunistic

species such as C. cyathophora at this site.
5 Conclusion

The findings from this study add valuable knowledge to the

scarce data regarding the distribution and diversity of sponges in

the Red Sea in general and in the Gulf of Aqaba in particular. In the

current study, only two sites were surveyed, yet they reflect the

findings from other benthic studies from the Indo-Pacific region,

indicating that visible sponge coverage and abundance are much

lower in this region than in the Caribbean reefs. However, as

recently shown, the contribution of the sponge community in the

reef cryptic habitats in the northern Red Sea greatly expands the

overall benthic community diversity (Van Hoytema et al., 2023).

This study, which is the first to assess the diversity, abundance and

species composition of mesophotic sponges in the Red Sea, has

revealed that the mesophotic reef at the surveyed sites features a

unique and distinct sponge community. Our findings indicate that

both local factors, such as site characteristics (geomorphology,

substrate type, anthropogenic influences, etc.), and biotic

interactions, may play an essential role in shaping the differences

in sponge diversity and community composition between depths

and sites.

Finally, the findings from this study emphasize the importance

of investigating previously overlooked habitats, such as those at the

mesophotic depths, which hold promise for encountering novel

species as well as ecological or pharmacological functions, and may

also act as biodiversity reservoirs in an increasingly dynamic world.

This latter possibility is even more crucial considering the global

threats to coral-reef biodiversity and functioning, in the face of

future anthropogenic and climate-driven changes.
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survey images via CoralNet: a summary of standard operating procedures and
guidelines,” in U.S. Department of Commerce, National Oceanic and Atmospheric
Administration, National Marine Fisheries Service, Pacific Islands Fisheries Science
Center. doi: 10.7289/V5/AR-PIFSC-H-17-02

Macartney, K. J., Slattery, M., and Lesser, M. P. (2021). Trophic ecology of
Caribbean sponges in the mesophotic zone. AIOL. 66, 1113–1124. doi: 10.1002/
lno.11668

Maldonado, M., and Young, C. (1997). Bathymetric patterns of sponge
distribution on the Bahamian slope. Oceanogr. Lit. Rev. 4, 368. doi: 10.1016/0967-
0637(96)00042-8

Mangiafico, S., and Mangiafico, M. S. (2017) Package ‘rcompanion’. Available online
at: https://CRAN.R-project.org/package=rcompanion.

McClanahan, T. R., Muthiga, N. A., Maina, J., Kamukuru, A. T., and Yahya, S. A.
(2009). Changes in northern Tanzania coral reefs during a period of increased fisheries
management and climatic disturbance. Aquat. Conserv.: Mar. Freshw. 19, 758–771.
doi: 10.1002/aqc.1020

Medeiros, A. P., Ferreira, B. P., Alvarado, F., Betancur-R, R., Soares, M. O., and
Santos, B. A. (2021). Deep reefs are not refugium for shallow-water fish communities in
the southwestern Atlantic. Ecol. Evol. 11, 4413–4427. doi: 10.1002/ece3.7336

Menza, C., Kendall, M., and Hile, S. (2008). The deeper we go the less we know. Rev.
Biol. Trop. 56, 11–24. doi: 10.15517/rbt.v56i0.5575

Meroz, E., and Ilan, M. (1995a). Cohabitation of a coral reef sponge and a colonial
scyphozoan. Mar. Biol. 124, 453–459. doi: 10.1007/BF00363919

Meroz, E., and Ilan, M. (1995b). Life history characteristics of a coral reef sponge.
Mar. Biol. 124, 443–451. doi: 10.1007/BF00363918

Morganti, T., Yahel, G., Ribes, M., and Coma, R. (2016). VacuSIP, an improved InEx
method for in situ measurement of particulate and dissolved compounds processed by
active suspension feeders. JoVE. 114), e54221. doi: 10.3791/54221-v

Morrow, K. M., Fiore, C. L., and Lesser, M. P. (2016). Environmental drivers of
microbial community shifts in the giant barrel sponge, Xestospongia muta, over a
shallow to mesophotic depth gradient. Environ. Microbiol. 18, 2025–2038. doi: 10.1111/
1462-2920.13226

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’hara, R., et al.
(2013) Package ‘vegan’. Community ecology package, version. Available online at:
https://CRAN.R-project.org/package=vegan.

Pawlik, J. R., Burkepile, D. E., and Thurber, R. V. (2016). A vicious circle? Altered
carbon and nutrient cycling may explain the low resilience of Caribbean coral reefs.
Bioscience. 66, 470–476. doi: 10.1093/biosci/biw047

Pawlik, J. R., Loh, T.-L., and McMurray, S. E. (2018). A review of bottom-up vs. top-
down control of sponges on Caribbean fore-reefs: what’s old, what’s new, and future
directions. PeerJ. 6, e4343. doi: 10.7717/peerj.4343

Pawlik, J. R., Loh, T.-L., McMurray, S. E., and Finelli, C. M. (2013). Sponge
communities on Caribbean coral reefs are structured by factors that are top-down,
not bottom-up. PloS One 8, e62573. doi: 10.1371/journal.pone.0062573

Pearman, J. K., Leray, M., Villalobos, R., Machida, R., Berumen, M. L., Knowlton, N.,
et al. (2018). Cross-shelf investigation of coral reef cryptic benthic organisms reveals
diversity patterns of the hidden majority. Sci. Rep. 8, 1–17. doi: 10.1038/s41598-018-
26332-5

Perkol-Finkel, S., and Benayahu, Y. (2005). Recruitment of benthic organisms onto a
planned artificial reef: shifts in community structure one decade post-deployment.
Mar. Environ. Res. 59, 79–99. doi: 10.1016/j.marenvres.2004.03.122

Powell, A. L., Hepburn, L. J., Smith, D. J., and Bell, J. J. (2010). Patterns of sponge
abundance across a gradient of habitat quality in the Wakatobi Marine National Park,
Indonesia. Open J. Mar. Sci. 4, 31–38.

Pyle, R. L. (2019). “Fiji,” in Mesophotic coral ecosystems. Eds. Y. Loya, K. A. Puglise
and T. C. L. Bridge (Springer International Publishing, Cham), 369–385.

Pyle, R. L., Boland, R., Bolick, H., Bowen, B. W., Bradley, C. J., Kane, C., et al. (2016).
A comprehensive investigation of mesophotic coral ecosystems in the Hawaiian
Archipelago. PeerJ. 4, e2475. doi: 10.7717/peerj.2475
frontiersin.org

https://doi.org/10.1111/j.1365-2486.1996.tb00063.x
https://doi.org/10.3389/fmars.2020.612779
https://doi.org/10.3389/fmars.2020.612779
https://doi.org/10.11646/zootaxa.859.1.1
https://doi.org/10.1007/978-1-4615-0747-5
https://doi.org/10.1126/science.1085046
https://doi.org/10.3389/fmars.2020.603593
https://doi.org/10.1080/00364820410002659
https://doi.org/10.1016/j.cosust.2013.11.019
https://doi.org/10.1016/j.cosust.2013.11.019
https://doi.org/10.1007/978-3-319-21012-4_4
https://doi.org/10.1007/s00338-010-0593-6
https://CRAN.R-project.org/package=ggpubr
https://doi.org/10.1016/j.epsl.2015.02.025
https://doi.org/10.7717/peerj.3410
https://doi.org/10.1017/CBO9780511623370
https://doi.org/10.1038/s41598-019-38795-1
https://doi.org/10.1111/geb.13140
https://doi.org/10.1016/j.jembe.2005.07.010
https://doi.org/10.1016/j.jembe.2005.07.010
https://doi.org/10.1002/lno.11384
https://doi.org/10.1007/s10530-011-0005-z
https://doi.org/10.1002/ecs2.2525
https://doi.org/10.3354/meps13650
https://doi.org/10.1111/geb.12940
https://doi.org/10.1007/s00227-023-04258-5
https://doi.org/10.1146/annurev-ecolsys-110617-062423
https://doi.org/10.1146/annurev-ecolsys-110617-062423
https://doi.org/10.2307/3514787
https://doi.org/10.1073/pnas.1321626111
https://doi.org/10.1007/s00338-022-02311-1
https://doi.org/10.3354/meps003167
https://doi.org/10.1007/s00338-016-1410-7
https://doi.org/10.1007/978-3-319-92735-0
https://doi.org/10.3354/meps003167
https://doi.org/10.7289/V5/AR-PIFSC-H-17-02
https://doi.org/10.1002/lno.11668
https://doi.org/10.1002/lno.11668
https://doi.org/10.1016/0967-0637(96)00042-8
https://doi.org/10.1016/0967-0637(96)00042-8
https://CRAN.R-project.org/package=rcompanion
https://doi.org/10.1002/aqc.1020
https://doi.org/10.1002/ece3.7336
https://doi.org/10.15517/rbt.v56i0.5575
https://doi.org/10.1007/BF00363919
https://doi.org/10.1007/BF00363918
https://doi.org/10.3791/54221-v
https://doi.org/10.1111/1462-2920.13226
https://doi.org/10.1111/1462-2920.13226
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1093/biosci/biw047
https://doi.org/10.7717/peerj.4343
https://doi.org/10.1371/journal.pone.0062573
https://doi.org/10.1038/s41598-018-26332-5
https://doi.org/10.1038/s41598-018-26332-5
https://doi.org/10.1016/j.marenvres.2004.03.122
https://doi.org/10.7717/peerj.2475
https://doi.org/10.3389/fmars.2024.1370089
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Raijman-Nagar et al. 10.3389/fmars.2024.1370089
Pyle, R. L., and Copus, J. M. (2019). “Mesophotic coral ecosystems: introduction and
overview,” in Mesophotic coral ecosystems. Eds. Y. Loya, K. A. Puglise and T. C. L.
Bridge (Springer International Publishing, Cham), 3–27.

Reed, J., and Pomponi, S. (1997). “Biodiversity and distribution of deep and shallow
water sponges in the Bahamas,” in Proc 8th Int Coral Reef Symp, 1387-1392.

Ribes, M., Coma, R., Atkinson, M., and Kinzie, III, R.A. (2003). Particle removal by
coral reef communities: picoplankton is a major source of nitrogen. Mar. Ecol. Prog.
Ser. 257, 13–23. doi: 10.3354/meps257013

Rix, L., de Goeij, J. M., VanOevelen, D., Struck, U., Al-Horani, F. A.,Wild, C., et al. (2018).
Reef sponges facilitate the transfer of coral-derived organic matter to their associated fauna
via the sponge loop. Mar. Ecol. Prog. Ser. 589, 85–96. doi: 10.3354/meps12443

Row, R. H. (1911). Reports on the marine biology of the Sudanese Red Sea.—XIX.
Report on the sponges collected by Mr. Cyril Crossland in 1904-5. Part II. Non-
Calcarea. Zool. J. Linn. Soc 31, 287–400. doi: 10.1111/zoj.1911.31.issue-208

RStudio, T (2020). RStudio: integrated development for R (Boston, MA: Rstudio
Team, PBC). Available at: http://www.rstudio.com.

Rützler, K., and Macintyre, I. G. (1978). Siliceous sponge spicules in coral reef
sediments. Mar. Biol. 49, 147–159. doi: 10.1007/BF00387114
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