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Abstract Corals from the Gulf of Aqaba (northern Red

Sea) are resilient to high temperatures and therefore this

region is regarded as globally important for reef conser-

vation. However, long-term dynamics of coral reef

assemblages from the Gulf of Aqaba remain largely

understudied. In this study, we analysed the change in

benthic, fish and invertebrate assemblages of reefs around

Dahab (South Sinai, Egypt) between 2009 and 2019. We

also studied the individual trajectories of coral reef benthic

categories, key invertebrate and fish species and their

relationship. As site emerged as the main factor explaining

the variability in coral reef communities, we identified

three clusters of sites with similar assemblages. Both

benthic, fish and invertebrate assemblages changed con-

siderably at the three site clusters between 2009 and 2019.

We found significant increases in fleshy macroalgae (* 6

to 15%) and cyanobacterial mats (* 6 to 12%) in all site

clusters. Although not observing a significant reduction of

hard coral cover, both macroalgae mat cover and

cyanobacterial mat cover were significantly negatively

related to hard coral cover and hard coral disease. Soft

coral cover (mainly corals from the Xeniidae family)

decreased significantly in two of the site clusters, their

cover being negatively related to macroalgal and

cyanobacterial cover. Significant declines in grazer urchins

were observed at all site clusters, and a strong negative

relationship was found with macroalgae and cyanobacterial

mats cover, suggesting urchin decline as one of the main

drivers behind algal increases. Different site clusters had

different fish trajectories (butterflyfish, parrotfish, sur-

geonfish and predators), with only damselfish densities

significantly decreasing at all sites. A significant decrease

in damselfish densities was related to increases in

cyanobacterial mats. These findings suggest that if

macroalgae and cyanobacteria continue to increase, Dahab

coral reefs could undergo degradation, and therefore, more

studies are needed to elucidate the drivers behind these

algal increases.

Keywords Coral reef � Gulf of Aqaba � Coral reef
resilience � Macroalgae � Cyanobacterial mats � Urchins �
Algae phase shift

Introduction

Coral reefs, which harbour 25% of the marine biodiversity

and provide ecosystem services to over 500 million people,

are suffering severe degradation due to the combined

effects of anthropogenic perturbations and global climate

change (Hughes et al. 2017; Lamb et al. 2018). Anthro-

pogenic disturbances such as overfishing, coastal devel-

opment and pollution, together with increasing climate
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anomalies reduce coral reef resilience, which can result in

changes of coral reef assemblages (Adjeroud et al. 2018;

Hughes et al. 2018a; McWilliam et al. 2020). Decreases in

coral cover and increases in alternate groups such as algae

or sponges are increasingly common and have profound

effects on ecosystem functioning and the ecosystem ser-

vices provided (Done 1992; Norström et al. 2009; Bell

et al. 2013). Declines in the scleractinian coral cover of up

to 80% in Caribbean coral reefs and 50% in the Indo-

Pacific have been reported (e.g. Bruno and Selig 2007;

Gardner et al. 2003; Pandolfi et al. 2003; De’ath et al.

2012). More recently, unprecedented pan-tropical mass

bleaching, which killed 30% of the world’s largest coral

reef ecosystem, the Great Barrier Reef, has raised concerns

about the future of coral reefs under pressure in the

Anthropocene (Hughes et al. 2017, 2018b).

With the increasing frequency and intensity of bleaching

events and estimates predicting 90% of the world’s coral

reefs are expected to experience severe bleaching by 2050

(van Hooidonk et al. 2014; Heron et al. 2016), conservation

of regions with heat-tolerant corals is paramount. The Red

Sea, which extends between the Arabian Peninsula and the

African mainland, is one of the world’s warmest (20–28 �C
in the Northern Red Sea and 28–35 �C in the Southern Red

Sea) and most saline water bodies (36–42 ppt) hosting

highly diverse coral reefs (Abdelmongy and El-Moselhy

2015; Rasul et al. 2015). Despite the northern Red Sea

displaying the highest rates of warming throughout the Red

Sea (Chaidez et al. 2017), including more severe thermal

anomalies (Osman et al. 2018), this region has not expe-

rienced massive coral bleaching events. Due to this high

coral heat tolerance, the northern Red Sea has been pro-

posed as a coral refuge of global importance, as this region

may host a gene pool of heat-resistant scleractinian corals

that could be extremely useful for reef restoration efforts

around the world (Fine et al. 2013). Coral reefs in the Gulf

of Aqaba are, however, subject to increasing anthropogenic

disturbances mostly linked to the development of the

tourism sector (Rinkevich 2005; Naumann et al. 2015).

Previous studies have shown the deleterious effects of

intensive diving and snorkelling activities, coastal devel-

opment and eutrophication on the health of northern Red

Sea coral reefs (Zakai and Chadwick-Furman 2002; Hasler

and Ott 2008; Naumann et al. 2015). Short-term studies in

the area (1–3 yr) have reported increases in the cover of

turf algae and macroalgae, which were positively corre-

lated to environmental nutrient levels (Bahartan et al. 2010;

Naumann et al. 2015). Algae are fierce spatial competitors,

and at high abundances they have multiple effects on coral

health and impair coral and fish recruitment (Rasher and

Hay 2010; Dixson et al. 2014). Herbivores (both fish and

invertebrates such as sea urchins) are vital to control algal

proliferation and ensure space for coral recruitment and

regrowth (Williams and Polunin 2001; Burkepile and Hay

2008; Sandin and McNamara 2012). However, when her-

bivory capacity is reduced, for example due to overfishing

or algal deterrence, algae can proliferate and disrupt coral

reef functioning, leading to coral reef degradation and a

community phase shift (Bellwood et al. 2004; Hoey and

Bellwood 2011). Given the key importance of the Gulf of

Aqaba region at a global scale, long-term studies are nee-

ded to investigate the dynamics and state of its coral reef

assemblages and evaluate the full implications of the pre-

viously reported algal increases, in order to establish ade-

quate conservation measures.

In this study,we have surveyed fringing reefs in theDahab

area (South Sinai, Egypt) between 2009 and 2019. Dahab is a

world-renowned dive destination since the late 1990s and its

reefs are amongst the world’s most dived upon (30,000

dives/yr) (Hasler andOtt 2008).We collected data on the reef

benthos composition, the abundance of diseased coral

colonies and the densities of key invertebrate and fish species

in order to: (1) study whether there were significant temporal

changes in reef benthos assemblages or fish and invertebrate

communities and (2) analyse individual temporal trajectories

of benthos categories, colonies of diseased coral and key

invertebrate and fish species. We also explored the rela-

tionships between different organisms to explore the fol-

lowing hypotheses: (1) whether macroalgae and

cyanobacterial mats affect hard and soft coral cover and the

abundance of hard coral diseases and (2) if top-down control

(from herbivorous fish or herbivorous invertebrates such as

urchins) is related to changes in fleshy macroalgae and

cyanobacterial mats cover.

Materials and methods

Coral reef surveys

A total of 11 fringing reefs around Dahab in the northern

Red Sea were surveyed twice a year (August–September

and March–April) between 2009 and 2019 using four end-

to-end 20 m transects perpendicular to the reef slope

(Fig. 1a). Surveys were carried out by volunteers trained

and supervised by professional scientists (ESM Supple-

mentary Information). Benthic composition, coral damage

and invertebrate and fish indicator species were monitored

at each site at 5 and 10 m depth, using SCUBA. Due to

logistics, not all sites and depths were monitored at each

sampling episode (ESM Table 1). Benthic composition

was determined using the point intercept transect (PIT)

method (Hill and Wilkinson 2004), in which the benthos

categories lying under a point of the transect line were

recorded every 50 cm. We classified scleractinian corals

according to their morphology, as this is an important trait
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in coral functioning and in coral reef structural complexity

(Darling et al. 2012). Twenty-three benthic categories were

used: branching hard coral (HC), columnar HC, tabular

HC, massive HC, encrusting HC, foliose HC, solitary HC

(mushroom corals, Fungiidae), Millepora hydrocorals,

Alcyoniidae soft corals (SC), Xeniidae SC, Nephtheidae

SC, Tubipora spp. SC, zoanthids, other soft corals, spon-

ges, coralline algae, turf algae, fleshy macroalgae,

cyanobacterial mats, other benthic living organisms, rock,

rubble and fine sediment (sand and silt).

During the coral damage survey, the number of hard

coral colonies affected by coral diseases (black band dis-

ease, dark spot disease, yellow band disease, skeletal

eroding band, and white plague) located within 2.5 m at

each side of the transect line was recorded. Invertebrate

and fish indicator species were selected due to their

importance in coral reefs. Key invertebrate species (crown

of thorns starfish Acanthaster planci, grazer urchins (long-

spined urchins belonging to the genus Diadema and

Echinotrix, pencil urchin Heterocentrotus mamillatus and

collector urchin Tripneustes gratilla), giant clams (Tri-

dacna spp.) and corallivorous snails (Drupella spp. and

Coralliophila spp.) located within 2.5 m at each side of the

transect line were counted. Fish were counted within 2.5 m

on each side of the transect line and 5 m above. Monitored

fish included damselfishes (Plectroglyphidodon lacryma-

tus, P. leucozonus and Stegastes nigricans), parrotfishes

(Scaridae), surgeonfishes (Acanthuridae), butterflyfishes

(Chaetodontidae), groupers (Ehinephilinae and Ser-

ranidae), snappers (Lutjanidae), sweetlips (Haemulidae),

emperors (Lethrinidae), broomtail wrasse (Cheilinus

lunulatus) and humphead wrasse (Cheilinus undulatus).

Due to low abundances of predator fish (trophic levels C 3:

groupers, snappers, sweetlips, emperors and wrasses) these

fish were grouped in the single category ‘‘predators’’ for

statistical analysis.

Data analysis

Benthos composition data were expressed as % of cover,

whereas densities of invertebrates (individuals/m2) and fish

(individuals/m3) were calculated. Hellinger-transformed

data, using the function ‘‘decostand’’ from vegan package

(Oksanen et al. 2019), were used for multivariate analyses,

whereas non-transformed data (% cover or densities) were

used for univariate models. All analyses were performed on

R version 3.5.1.

We used redundancy analysis (RDA) with variation

partitioning (Borcard et al. 1992) to assess the relative

contribution of site, year, season and depth on the coral reef

community (benthos or invertebrates and fish) variability

(function ‘‘varpart’’, package vegan). This method parti-

tions the global variation into the different components of

interest, their interactions and the residual component using

adjusted-R2 values that correct for the variation jointly

explained by multiple variables (Peres-Neto et al. 2006).

a b

Fig. 1 a Map with the surveyed sites within the Dahab region

(Southern Sinai, Egypt), and the site cluster identified by colour.

b Cluster analysis of the dissimilarities between sites and

identification of different clusters (green: cluster 1, blue: cluster 2

and orange: cluster 3) of similar sites. Y-axis represents the heights at
which the clusters diverge
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Since site aroused as the factor explaining most of the

coral community variability, we used a hierarchical cluster

analysis (function hclust in R) using Euclidian distance to

identify clusters of similar sites (benthos, invertebrate and

fish data combined). The ‘‘Average’’ algorithm was chosen

after analysis of the cophenetic correlation coefficients

(Pearson correlation between the cophenetic distances

calculated on cluster branches and the coral community

dissimilarity matrix) and the Kelley–Gardner–Sutcliffe

(KGS) penalty function was used to prune the dendrogram.

Non-metric multidimensional scaling (nMDS) analysis was

used to visualise the differences between coral community

composition amongst years and clusters of sites.

‘‘metaMDS’’ function (vegan package) was used to per-

form the nMDS analysis with random starts to reach a

stable solution. Then, the ‘‘envfit’’ function (vegan pack-

age) was used to plot categories highly correlated to the

nMDS distribution (R2[ 0.8 and P-value\ 0.05).

In order to study changes in similar coral reef assem-

blages over time, we performed nMDS analyses of (1)

benthos and (2) fish and invertebrates data for each of the

site clusters previously identified. Species highly correlated

to the observed temporal changes were then plotted to the

ordination as explained before.

In order to study the change of individual groups over

time, cover of the different benthic groups (cover[ 5% in

at least 8 transects), number of diseased coral colonies and

fish and invertebrate densities were modelled as a function

of time (year) using generalised additive mixed models

(GAMMs, package gamm4) with site, depth and season as

random effects. GAMMs are a non-parametric extension of

General Linear Mixed Models (GLMMs) that use smooth

functions of the explanatory variable and are therefore

suitable for non-linear relationships such as those

encountered in ecological data (Guisan et al. 2002). Nested

models (with different combinations of the random effects)

were built. The difference in Akaike Information Criterium

with correction for small sample sizes (AICc) values

between each model and the best fitting model with the

lowest AICc (DAICc) was used to determine the strength

of each model. Akaike weights (wi), which determine the

weight of evidence of each model relative to the set of

candidate models, were then used to select the model with

the best fit (model with the highest weight, ‘‘MuMIn’’

package, Barton 2019) (Arnold 2010). Model residuals

were explored with variogram plots, which showed no

significant auto-correlation within the data.

Nested linear mixed models were constructed (‘‘lme4’’

package, Bates et al. 2019) to investigate (1) how fleshy

macroalgae and cyanobacterial mats affected hard and soft

coral cover and hard coral disease and (2) how urchins and

herbivore fish (damselfishes, parrotfishes and surgeon-

fishes) densities were related to fleshy macroalgae and

cyanobacterial mats cover. Site, depth and season were

included as random effects, and the model with the best fit

was selected using Akaike weights, as previously described

for GAMM models.

Results

Important components in variation of coral reef

communities

The relative contribution of reef site, year, depth and sea-

son to the variability of the coral reef communities was

assessed using a redundancy analysis with variation parti-

tion. Coral reef site was identified as the factor explaining

the highest variance in both benthic composition (21%) and

fish and invertebrate communities (13%) (ESM Fig. 1).

Year was the second most important factor and explained

5% of the balanced variation of benthic composition and

8% of fish and invertebrate communities’ variance. Depth

and season were also significant factors in coral reef

communities, but only accounted for 3 and 1% of the

benthic composition variance, respectively (ESM Fig. 1a),

and 1 and 2% of the fish and invertebrate balanced varia-

tion (ESM Fig. 1b). Finally, a considerable amount of

variance remained unexplained (residual variance) in both

benthic composition and fish and invertebrate communities

by the studied components (ESM Fig. 1).

Identification of similar sites

Since site was identified as the main component explaining

the variability in both benthos and fish and invertebrate

communities we used a hierarchical cluster analysis to

identify groups of similar sites before further analysing the

data. We identified three different clusters (Fig. 1a, b, ESM

Fig. 2). Cluster 1 contained the sites of Abu Helal, Blue

Hole, Gabr el Bint, Islands North and Islands South and

comprised reefs with varied topography (shallow fore reefs

and reef slopes), with the highest hard and soft coral covers

and the lowest scuba diving and fishing impacts (ESM

Table 2, Fig. 1). Cluster 2 was composed of the sites of

Lighthouse, Moray Garden, Rick’s Reef and Um Sid and

was characterised by sites that displayed higher scuba and

fishing impacts and algal abundances (ESM Table 2,

Fig. 1). Distance to the nearest population centre (Dahab

with 15,000 people) did not seem a determinant in the

clustering, since both cluster 1 and cluster 2 included sites

close to urban areas (Islands N and S and Lighthouse) and

further away (Blue Hole, Gabr el Bint, Um Sid and Moray

Garden). Finally, cluster 3 contained the sites of Canyon

North and Canyon South (Fig. 1b), and was the most
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different cluster, which was explained by a higher abun-

dance of fine sediment (Fig. 1b, ESM Fig. 2).

Changes in coral reef assemblages over time

The benthic community structure changed over the last

decade at the three site clusters (Fig. 2). Clusters 1 and 2

displayed a shift in benthic communities away from

Xeniidae soft corals and towards cyanobacterial mats in

recent years, with cluster 2 also shifting towards fleshy

macroalgae (Fig. 2). Cluster 3 also presented a shift

towards fleshy macroalgae in recent years (Fig. 2). Fish

and invertebrate communities changed rather linearly in the

site clusters 2 and 3, moving towards communities with

higher densities in Tridacna spp. and lower densities of

urchins, whereas no clear pattern on fish and invertebrate

communities was observed for cluster 1 (Fig. 2).

Time trajectories of benthic, invertebrate and fish

groups

Benthic categories

Hard coral cover increased by * 30% between 2009 and

2019 at sites from cluster 1, which was mostly supported

by increases in branching (by * 60%, mostly Acropora

coral) and encrusting hard coral (by 19%) (Fig. 3, ESM

Tables 3–4, 8). Solitary corals of the Fungiidae family also

increased significantly during the period studied but their

overall cover remained under 5% (Fig. 3, ESM

Tables 7–8). Hard coral cover in sites from cluster 2 did

not show a significant change over the studied period,

despite significant variability in the cover of encrusting and

solitary hard corals (Fig. 3, ESM Tables 3, 6–8). Hard

coral cover from Canyon N and Canyon S (cluster 3) was

remarkably lower than cover from the other sites, but no

significant changes in the cover were observed between

Fig. 2 Changes in coral community assemblages (benthic composi-

tion-first row, fish and invertebrate communities-second row) over

time visualised as two dimensional non-metric Multidimensional

Scaling Plot (nMDS) for each of the site clusters. Vector plots show

the functional groups that contributed significantly (P\ 0.05,

R2[ 0.8) to the coral community changes
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Fig. 3 Individual temporal trajectories of benthic categories (%

cover) between 2009 and 2019 at the three site clusters (green: cluster

1, blue: cluster 2 and orange: cluster 3). Lines represent the estimated

models (GAMM) with 95% confidence bands. Statistical significance

of the smoother (year): *\ 0.05, ***\ 0.001
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2009 and 2019 (Fig. 3, ESM Tables 3, 8). Massive hard

coral cover did not change significantly in any of the site

clusters (Fig. 3, ESM Tables 5, 8).

Between 2009 and 2019, soft coral cover decreased

significantly by * 53% and * 38% in sites from cluster 1

and cluster 2, respectively (Fig. 3, ESM Tables 9, 13).

These decreases were mainly supported by decreases in the

most abundant soft coral family observed, the Xeniidae,

which decreased by * 51% in the sites from cluster 1 and

by * 40% in the sites from cluster 2 (Fig. 3, ESM

Tables 12, 13). Sites from cluster 2 also experienced a

decrease in soft corals from the Nephtheidae family,

although their average cover was initially low (* 1%)

(Fig. 3, ESM Tables 11, 13). No significant changes in soft

coral cover were observed in sites from cluster 3, however,

as with hard coral, these sites displayed significantly lower

soft coral covers (\ 5%), especially of the Xeniidae family

(\ 2%) (Fig. 3, ESM Table 9, 12–13). Soft corals from the

Alcyoniidae family did not change significantly in any of

the site clusters (Fig. 3, ESM Tables 10, 13).

Total algal cover increased significantly in all the

studied sites between 2009 and 2019, with fleshy

macroalgae and cyanobacterial mats as the major respon-

sible groups for such increases (Fig. 3, ESM

Tables 14–19). Steep increases of fleshy macroalgae were

observed in cluster 2 and 3, where macroalgae was nearly

non-existent in 2009 and rose to * 15% of the total ben-

thic cover by 2019 (Fig. 3, ESM Tables 16, 19).

Macroalgal increase in cluster 1 was also significant

(from * 1% in 2009 to * 6% in 2019), but was less

pronounced (Fig. 3, ESM Tables 16, 18). The largest

increase in cyanobacterial mats was observed in cluster 2

(from * 1% in 2009 to * 11% in 2019, P-value\
0.001), whereas increases in clusters 1 and 3 were sig-

nificant but less marked (from * 1% in 2009 to * 6% in

2019, Fig. 3, ESM Tables 17, 19). Cover of coralline algae

significantly changed over the years; however, such vari-

ations corresponded to yearly oscillations rather than clear

increase or decrease patterns (Fig. 3, ESM Tables 15, 19).

Finally, turf algae decreased significantly in cluster 2,

where cover passed from * 7.5% to 1% between 2009 and

2019 (Fig. 3, ESM Tables 18, 19). Results indicate that turf

algal cover in cluster 1 also decreased significantly

(from * 4% to 1%), although deviance explained by this

model was low (adjusted-R2 = 0.05) (Fig. 3, ESM

Table 18, 19). No significant changes in turf algal cover

were observed in cluster 3 (Fig. 3, ESM Tables 18, 19).

At the beginning of the survey in 2009, hard coral cover

was the dominant biogenic group in the three site clusters,

however, by 2019, only sites from cluster 1 remained

dominated by hard coral, whereas algae (fleshy macroalgae

and cyanobacterial mats) was the dominant biogenic group

in sites from cluster 2 and 3 (Fig. 3).

Coral disease

In order to study whether coral disease increased in time,

we modelled the number of diseased coral colonies over

time. The most common observed disease was Skeletal

Eroding Band, which appeared often in corals in contact

with algae (N. M. personal observation). Black Band Dis-

ease was not common in Dahab reefs (reported about once

a year), and Dark Spot Disease and White Plague were very

rare. Yellow Band Disease was never reported. During the

surveyed period (2009–2019), we did not identify any

major disease outbreak; however, the number of colonies

affected by disease increased significantly over time in the

three site groups, with cluster 3 presenting the more con-

stant and steep increase (Fig. 4, ESM Tables 20, 21).

Key invertebrates

Crown of thorns starfish was monitored throughout the

whole period, but only one individual was observed

amongst the 824 transects surveyed. GAMM models indi-

cated that corallivore snail (Drupella spp. and Corallio-

phila spp.) densities changed over time, however the

deviance explained by the models was low for the three

clusters (\ 15%) (Fig. 5, ESM Tables 22, 25). Giant clam

(Tridacna spp.) density significantly increased between

2009 and 2019, especially in clusters 1 and 2 (Fig. 5, ESM

Tables 23, 25). Urchin densities declined significantly

between 2009 and 2019, which was mainly attributed to the

decline in the long-spined urchins Echinotrix spp. and

Diadema spp. (Figure 5, ESM Tables 24, 25). Cluster 3

presented the biggest decline; however, in 2009, this group
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Fig. 4 Individual temporal trajectories of the number of diseased

coral colonies between 2009 and 2019 at the three site clusters (green:

cluster 1, blue: cluster 2 and orange: cluster 3). Lines represent the

estimated models (GAMM) with 95% confidence bands. Statistical

significance of the smoother (year): ***\ 0.001
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displayed the greatest urchin densities (Fig. 5, ESM

Tables 24, 25).

Key fish groups

Butterflyfish density changed significantly through the

period studied in site clusters 1 and 2, with a significant

increase in 2014–2015, a decrease to initial values in 2017

and an increase thereafter (Fig. 6, ESM Tables 26, 31).

Similar patterns were observed for surgeonfish from site

clusters 1 and 2 and parrotfish and predators from cluster

site 1, where fish densities initially decreased between 2009

and 2011, recovered between 2014 and 2015, decreased

again in 2016–2017 and increased after 2017 (Fig. 6, ESM

Tables 28–31). Predator densities from site cluster 1 also

decreased in density between 2009 and 2011, however after

their recovery in 2014–2015 remained rather stable (Fig. 6,

ESM Tables 30, 31). Butterflyfish from cluster 3 did not

change significantly in time, however, surgeonfish and

parrotfish in site cluster 3 decreased significantly between

2009 and 2019 (Fig. 6, ESM Tables 26, 28, 29, 31). Par-

rotfish densities in cluster 2 and predator densities in

cluster 3 increased linearly between 2009 and 2019 (Fig. 6,

ESM Tables 27, 30, 31). Damselfish densities decreased

significantly in all site clusters between 2009 and 2019

(Fig. 6, ESM Tables 27, 31).

Relationship between different organisms

and macroalgae

Linear mixed models were used to study (1) how fleshy

macroalgae and cyanobacterial mats related to hard and

soft coral cover and hard coral disease and (2) how urchins

and herbivorous fish (damselfishes, parrotfishes and sur-

geonfishes) densities were related to fleshy macroalgae and

cyanobacterial mats cover. After controlling for site, sea-

son and depth when necessary (ESM Tables 32–46), linear

mixed models showed that increase in both fleshy

macroalgae and cyanobacterial mats was related to sig-

nificant reductions of hard and soft coral cover (Fig. 7a, b,

Fig. 5 Individual temporal trajectories of key invertebrates (number

of individuals/m2) between 2009 and 2019 at the three site clusters

(green: cluster 1, blue: cluster 2 and orange: cluster 3). Lines

represent the estimated models (GAMM) with 95% confidence bands.

Statistical significance of the smoother (year): *\ 0.05, ***\ 0.001

Fig. 6 Individual temporal trajectories of key fish species densities

(number of individuals individuals/m3) between 2009 and 2019 at the

three site clusters (green: cluster 1, blue: cluster 2 and orange: cluster

3). Lines represent the estimated models (GAMM) with 95%

confidence bands. Statistical significance of the smoother (year):

*\ 0.05, ***\ 0.001
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d, e, ESM Table 46). Increases in fleshy macroalgae and

cyanobacterial mats were also significantly related to an

increase in the number of diseased hard coral colonies

(Fig. 7c, f, Table 46).

Urchin densities were also negatively related to both

macroalgae and fleshy algae, whereas damselfishes were

only significantly negatively related to cyanobacterial mats

(Fig. 8a–c, ESM Table 46). No significant relationship was

found between macroalgal or cyanobacterial cover and

parrotfish and surgeonfish densities (ESM Table 46).

Discussion

Changes in coral reef benthic assemblages have been

observed worldwide after acute perturbations (e.g. storm,

disease outbreak or bleaching event) or chronic distur-

bances (e.g. nutrient enrichment or overfishing) (e.g. Guest

et al. 2016; de Bakker et al. 2017; Adjeroud et al. 2018).

Such changes are the result of different species sensibilities

to stress and recovery capacities, as well as changes in

competition and predation patterns (Darling et al. 2012). In

this study, we found that benthic assemblages in coral reefs

around Dahab in the Gulf of Aqaba changed considerably
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between 2009 and 2019. Hard coral cover did not decrease

in any of the site groups and was found to significantly

increase, mainly due to increases in branching coral

(Acropora spp.) in one of the site groups, but no changes in

the cover of massive coral cover were found. These results

are in contrast with studies from other regions which show

a replacement of fast-growing scleractinian coral species

with high structural complexity such as branching mor-

phologies (e.g. Acropora spp.) by slower-growing stress-

resistant corals with foliose or massive morphologies

(Darling et al. 2012; McClanahan 2014; Guest et al. 2016;

Adjeroud et al. 2018). Tropical storms, predation by crown

of thorns and bleaching have been regarded as major fac-

tors in the degradation of coral reefs in the Great Barrier

Reef (De’ath et al. 2012). The northern Red Sea is not

affected by cyclonic storms and its corals display high heat

tolerance (Fine et al. 2013; Bellworthy and Maoz 2017),

thus it could be possible that species such as Acropora spp.

that are normally highly sensitive to thermal stress, but

fast-growing and very competitive (Linares et al. 2011,

Darling et al. 2012), thrive in this region.

Despite the heterogeneity in Dahab reefs (i.e. shallow

fore reefs and reefs slopes), the major changes in the

benthic composition in all site groups were characterised

by increases in fleshy macroalgae and cyanobacterial mats.

In two of the site clusters, we also observed a significant

reduction in soft corals. Macroalgae can harm corals and

other organisms through allelopathy (Rasher and Hay

2010), shading (Box and Mumby 2007) and physical

abrasion (McCook et al. 2001). Cyanobacterial mats are

also known to be harmful to reef organisms by producing

highly toxic metabolites that can damage tissue or inhibit

recruitment (Ritson-Williams et al. 2016) and by producing

dissolved organic carbon (DOC) and anoxic environments

(Brocke et al. 2015), which can result in coral diseases

(Carlton and Richardson 1995). Recent studies show that

algal proliferations (including macroalgae and benthic

cyanobacteria) can disrupt the coral microbiome and

increase pathogenic bacteria, leading to increased coral

mortalities (Haas et al. 2016; Zaneveld et al. 2016). Despite

the fact that we did not observe significant decreases in

hard coral cover during the studied period, we found sig-

nificant negative relationships between coral (both hard

and soft) and macroalgal and cyanobacterial cover. We

also found that higher macroalgal and cyanobacterial

covers were significantly related with an increase in the

number of diseased coral colonies (especially in Skeletal

Eroding Band Disease, N. M. personal observation). These

results suggest that although hard coral cover in reefs

around Dahab was stable throughout the period studied,

increasing macroalgal and cyanobacterial cover negatively

affects coral reef building species. Therefore, if sustained

increases in macroalgal and cyanobacterial biomass occur,

Dahab coral reefs could probably undergo degradation.

Algal proliferations (macroalgae and cyanobacteria) and

declines in coral cover lead to a decrease in the structural

complexity of coral reefs, which is in turn associated with

lower ecosystem biodiversity and resilience (Graham and

Nash 2012; Bozec et al. 2015; Ferrari et al. 2016).

Chemical cues from macroalgae and cyanobacteria can

also suppress coral and fish larvae recruitment, reinforcing

algal dominance and decreasing coral reef recovery
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(Kuffner et al. 2006; Dixson et al. 2014; Ritson-Williams

et al. 2016). Recent studies suggest that different coral

reefs display different susceptibilities to macroalgae, with

moderate macroalgal abundances (* 10%) disrupting

coral recruitment in high resilient French Polynesian coral

reefs (Mumby et al. 2016). Therefore, deeper evaluation of

algal effects in the functioning of Dahab coral reefs,

including in coral recruitment, is needed.

Algal proliferation in coral reefs is thought to be the

result of multiple intertwined factors such as the increase in

nutrient content and loss of top-down control due to

overfishing or disease (Rasher et al. 2012; Jessen et al.

2013). Studies indicate herbivory suppression as the dom-

inant factor for macroalgal increases (Rasher et al. 2012),

whereas nutrient increase together with elevated water

temperatures would favour cyanobacterial mats prolifera-

tion over macroalgae (Kuffner and Paul 2001; de Bakker

et al. 2016; Beltram et al. 2019). Although we did not

measure the levels of nutrients in this study, a previous

short-term study in Dahab reported increases in phosphate

and ammonium that were positively related to turf algal

increases, suggesting that eutrophication could be an

important driver of algal increases in Dahab (Naumann

et al. 2015).

The Dahab reefs investigated in this study are located

within the Abu Gallum and Nabq Managed Resource

Protected Areas, for which fishing permits are solely

granted to the local Bedouin tribes for subsistence (Pearson

1998; Galal et al. 2002). Extensive tourism along Egypt’s

Sinai coast has led to high demand in seafood for estab-

lishments catering to visitors, which is partially met

through commercial, non-subsistent harvesting (C. v. M.

personal observation). Therefore, fishing may play a role in

the decrease of herbivorous fish at some study sites and

consequent increase in algae. In fact, the largest increases

in algae were observed in the site cluster that presented the

highest fishing pressures (Rick’s Reef, Um Sid). Individual

trajectories of fish differed between the different site

clusters, but herbivore groups such as parrotfish and sur-

geonfish decreased in site cluster 3, which displayed the

second most important increase in fleshy macroalgae.

Damselfishes decreased in all site groups and were nega-

tively related to cyanobacterial cover. Previous studies

have shown that larger herbivorous species such as acan-

thurids are the main contributors to macroalgal control

(Ceccarelli et al. 2006; Rasher et al. 2013). Although

cyanobacterial top-down control is less understood, partly

due to the fact cyanobacteria have been considered largely

unpalatable to many broad consumers, recent studies sug-

gest an important role of top-down control on cyanobac-

terial mats (Capper et al. 2016; Cissell et al. 2019).

Previous studies have reported cyanobacteria as an

important ingredient in several damselfish species diets

(Lassuy 1984; Feitosa et al. 2012). Therefore, we cau-

tiously propose that a decrease in herbivore damselfishes

like those studied here (P. lacrymatus, P. leucozonus and S.

nigricans) might be at least partly related to the observed

cyanobacterial increases. We, however, emphasise the need

of more research to explore this hypothesis in order to

identify the cyanobacterial species proliferating in Dahab

reefs and whether they are consumed or not by herbivore

damselfishes.

Urchin densities significantly declined in all Dahab coral

reefs between 2009 and 2019, which was mainly attributed

to the decline in the long-spined urchins Echinotrix spp.

and Diadema spp., and their densities were significantly

negatively related to macroalgal and cyanobacterial cover.

Grazer urchins such as Diadema are highly effective in

controlling algal proliferation (including cyanobacteria)

and ensuring space for corals to settle (Sandin and

McNamara 2012; Capper et al. 2016). In fact, Diadema

antillarum die-off was one of the main drivers initiating

algal phase shifts throughout the Caribbean in the 1980s

(Carpenter 1990), and its recent recovery in some locations

promoted coral recolonisation and growth (Myhre and

Acevedo-Gutiérrez 2007; Idjadi et al. 2010). Reasons

behind the decreases in long-spined urchins in Dahab reefs,

which were especially pronounced in some of the sites (e.g.

Canyon North and Canyon South), are unknown. However,

further studies should address the reasons behind their

decrease and eventually promote conservation strategies,

since urchin decline seems to be one of the main drivers

behind algal increases in Dahab reefs.

Finally, we also studied the trajectories of other key

invertebrate species such as corallivore snails and Tridacna

spp. Corallivore snails of the genus Drupella and Coral-

liophila can be an important source of coral tissue loss and

reduced growth if present in high abundances (Hamman

2018). A previous link between coral diseases and Dru-

pella snail abundances was suggested in the Red Sea

(Antonius and Riegl 1998) and more recent studies found

Drupella spp. are effective vectors of the ciliate responsible

for brown band disease (BrB) in the Great Barrier Reef

(Nicolet et al. 2013). Other studies suggest that interactive

effects between corallivory and other stressors such as

overfishing or nutrient pollution can further affect coral

resilience (Rice et al. 2019). In our study, we did not find

significant increases in the densities of corallivorous snails

between 2009 and 2019. Tridacna spp. display varied

ecological functions in coral reefs such as increasing

topographic heterogeneity and reef accretion, acting as

reservoirs of zooxanthellae (Symbiodiniaceae) and limiting

eutrophication effects via water filtration (Neo et al. 2015).

An experimental study also showed that the presence of

clams had significantly positive effects on the richness and

abundance of fish species and invertebrates, possibly
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through acting as an important food source (Cabaitan et al.

2008). Giant clam densities in Dahab increased signifi-

cantly during the surveyed period, although this increase

was mainly due to small size (\ 20 cm) individuals, whilst

the biggest sizes remained stable or declined (N. M., per-

sonal observation). During the period studied, we did not

record any outbreak of crown of thorns starfish (COTS).

However, COTS outbreaks have been previously (between

1998 and 2002) observed in the Egyptian Red Sea coast

including Dahab (Ammar et al. 2006; Tilot et al. 2008) and

therefore factors related to COTS outbreaks such as fishing

pressure and increases in nutrients should be controlled

(Babcock et al. 2016).

In summary, coral reef assemblages around Dahab in the

Gulf of Aqaba changed considerably between 2009 and

2019. All sites experienced an increase in fleshy macroal-

gae and cyanobacterial mats, with algae being the most

abundant biotic group in 2019 at two site groups. Steep

urchin declines, especially in long-spined urchins, were

most likely the main driver of the algal increases, although

reasons behind such declines remain unknown. Damselfish

decline was also related to the increase of cyanobacterial

mats, suggesting a possible involvement of top-down

control on cyanobacterial mats, but further research is

required to confirm this hypothesis. A previous short-term

study in Dahab reported high nutrient levels in some reefs

(Naumann et al. 2015); therefore, the role of eutrophication

in the proliferation of cyanobacterial mats should also be

considered and further explored. Despite all site groups

displaying similar changes (e.g. macroalgal and

cyanobacterial increases and urchin declines), the site

group that presented the most moderate macroalgal pro-

liferation was the only cluster to present an increase in hard

coral cover, suggesting high resistance in some of the

Dahab reefs. However, as the strong relationship between

macroalgae/cyanobacteria and coral disease suggests,

Dahab coral reef resistance could be compromised if

macroalgal increases are not controlled and mitigated.
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