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Abstract  10 

The loss of coral cover is often accompanied by an increase of benthic algae, a 11 

decline in biodiversity and habitat complexity. However, it remains unclear how surrounding 12 

communities influence the trajectories of re-colonization between pulse disturbance events. 13 

Over a 12-month field experiment in the central Red Sea, we examined how healthy (hard-14 

coral dominated) and degraded (algae-dominated) reef areas influence recruitment and 15 

succession patterns of benthic reef foundation communities on bare substrates. Crustose 16 

coralline algae and other calcifiers were important colonizers in the healthy reef area, 17 

promoting the accumulation of inorganic carbon. Contrary, substrates in the degraded area 18 

were predominantly colonized by turf algae, lowering the accumulation of inorganic carbon 19 

by 178%. While coral larvae settlement similarly occurred in both habitats, degraded areas 20 

showed 50% fewer recruits. Our findings suggest that in degraded reefs the replenishment of 21 

adult coral populations is reduced due to recruitment inhibition through limited habitat 22 

complexity and grazing pressure, thereby restraining reef recovery.  23 

 24 

Keywords: Ecosystem recovery; Coral-algal phase shifts; Habitat association; Structural 25 

complexity; Benthic succession  26 

 27 

Highlights  28 

 29 

- We assessed impacts of coral-algal phase shifts on trajectories of re-colonization  30 

- Turf algae were the main colonizers on bare substrates in degraded areas  31 

- Algae suppress the accumulation of inorganic carbon, limiting reef cementation  32 

- Habitat degradation reduces post-settlement survival of coral larvae  33 

- Coral-algal phase shifts may limit coral reefs to recover after disturbance  34 

 35 
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1 Introduction 36 

In tropical coral reefs, scleractinian corals and crustose coralline algae (CCA, calcareous 37 

red algae of the order Corallinales) form the foundation of the reef structure by creating 38 

complex biogenic matrices on which reef biodiversity and functioning rely (Moberg and 39 

Folke, 1999; Wild et al., 2011). Following natural and anthropogenic disturbance events, 40 

coral reefs undergo transient successional phases that can help rebuilding a system that 41 

resembles the pre-disturbed community (Belliveau and Paul, 2002; Hughes et al., 2007), 42 

however, regime shifts to new benthic assemblages, such as turf and macroalgae, are also 43 

likely (Bahartan et al., 2010; Belliveau and Paul, 2002; Graham et al., 2015, 2006; Hughes, 44 

1994).  45 

Besides the supply of new coral larvae (Hock et al., 2017), biological factors that 46 

determine the trajectories of recovery are commonly density-dependent and are related to the 47 

competition for food and space (Hurlbut, 1991). Reef recovery was observed in cases where 48 

the top-down control through grazing by herbivores limits algal growth (Gilmour et al., 2013; 49 

Holbrook et al., 2018). Grazers such as surgeon- and parrotfish remove algae, thereby 50 

opening available space that promotes the settlement of coral larvae (Ceccarelli et al., 2005). 51 

Turf and macroalgae, on the other hand, restrain coral settlement and recruitment by 52 

competing for space with CCA and corals (Ceccarelli et al., 2005; Jorissen et al., 2016). Even 53 

more so, certain algal species can actively release chemical bioactive substances upon contact 54 

to inhibit the coral’s growth (allelopathy) (Dixson et al., 2014). In contrast, some CCA 55 

contain chemical cues that facilitate coral settlement and recruitment (Belliveau and Paul, 56 

2002; Heyward and Negri, 1999).  57 

Although many mechanisms work in conjunction to support and maintain reef recovery, 58 

the structural complexity of the habitat may also sustain a greater abundance and richness of 59 

species than homogeneous habitats (Bracewell et al., 2018). On a reef-wide scale, structural 60 

complexity of the habitat shapes the reef fish community, hence the abundance of grazers and 61 

predators exerting top-down control (e.g., Chong-Seng et al., 2012; Coker et al., 2014; 62 

Graham et al., 2007). On a scale of microhabitats (settling space for pioneer communities), 63 

calcareous encrusting organisms, such as CCA, bryozoans or serpulid worms can fulfil a 64 

number of functional roles: As they grow, they accumulate calcium carbonate to the reef 65 

framework, reinforce the underlying skeletal structure of coral substrates and infill cracks in 66 

the framework (Perry, 1999; Scoffin, 1992). In addition, the accumulation of inorganic 67 

carbon creates biogenic structures that can influence the community via niche partitioning 68 
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and the provision of refuges from physical stressors and competitive and predator-prey 69 

interactions (Mallela, 2018; Scharf et al., 2006; Walters and Wethey, 1986). Likewise, the 70 

structural complexity in microhabitats may influence small scale physical conditions (e.g., 71 

hydrodynamics, surface orientation, and irradiance) that can affect the community 72 

development by either facilitating or inhibiting the growth of species, depending on their 73 

respective tolerance thresholds (Field et al., 2007; Hurlbut, 1991; Mallela et al., 2017; Moura 74 

et al., 2008). 75 

Identifying and understanding what influences the recovery of communities from 76 

disturbance is important for conservation and management measures (Godfray and May, 77 

2014). Thereby, recent evidence indicates that algae-dominated reefs will experience less 78 

coral recruitment than coral-dominated reefs (e.g., Dixson et al., 2014; Johns et al., 2018). 79 

However, more in-depth studies are needed to understand better how these antagonistic 80 

communities may influence the trajectories of re-colonization, as well as how this affects 81 

fundamental reef ecosystem functions, such as the accumulation of inorganic carbon. 82 

 Therefore, in the present study, the colonization patterns of pioneer communities, and the 83 

accumulation of inorganic carbon, as a proxy for reef framework stability and complexity, 84 

were investigated within a coral and turf algal-dominated reef area in the central Red Sea 85 

over a one-year cycle. To mimic substrates of different surface orientation, light-exposed and 86 

shaded settlement tiles were deployed within each area to address the following research 87 

questions: i) how do nearby reef habitats influence the recruitment and succession of benthic 88 

pioneer communities, ii) how does the succession of benthic pioneer communities affect the 89 

accumulation of inorganic carbon, and iii) are recruitment and succession patterns consistent 90 

on light-exposed and shaded habitats?  91 

 92 

2 Methods 93 

2.1 Study site and habitat characterization 94 

This experiment was carried out at Abu Shosha reef located in the central Red Sea on the 95 

west coast of Saudi Arabia (22°18'16.3''N; 39°02'57.7''E) (Figure 1A). Within the reef, two 96 

small (< 20 m2) but distinct habitats that were dominated by corals (> 40 % hard coral cover) 97 

or algae (< 15 % coral cover, > 40 % turf algae cover) were selected as experimental areas. 98 

Both areas were located at a depth of 5 m on the semi-exposed side of the reef, and were less 99 

than 30 m apart; therefore, they were expected to experience similar environmental 100 

conditions (e.g., temperature, salinity, insolation, and hydrodynamics).  101 
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The benthic reef cover in the experimental areas was analyzed at the beginning and the 102 

end of the study period by photo quadrats (Hill and Wilkinson, 2004). In each area, a PVC 103 

quadrat (50 x 50 cm; 0.25 m2) was placed randomly on the reef structure, and a photograph 104 

was taken from 1 m distance to the substrate. This procedure was repeated ten times in each 105 

experimental area. Photos were analyzed with the software Coral Point Count with Excel 106 

extension (CPCe) 4.1 (Kohler and Gill, 2006) using 48 randomly overlaid points for each 107 

quadrat, resulting in 480 data points per study area and time point. The benthos directly under 108 

every point was identified to the lowest possible taxon. The functional groups investigated 109 

were: hard and soft corals, macroalgae, turf algae, biogenic coral rock, coral rubble, 110 

carbonate sediments, and the giant clam Tridacna sp. The hard and soft corals were identified 111 

to the genus or family level. Turf algal communities (termed ‘turf algae’ hereafter) consisted 112 

of a heterogeneous assemblage of filamentous algae and cyanobacteria. Areas of bare 113 

biogenic coral rock (termed ‘biogenic rock’ hereafter) were not covered by one of the 114 

functional groups but were associated with endolithic algae and crustose coralline algae 115 

(Bahartan et al., 2010). Coral rubble consisted of lose fragments of dead corals overgrown by 116 

heterogeneous assemblages of turf algae.  117 

The structural complexity of experimental areas was assessed using the reef rugosity 118 

method (Hill and Wilkinson, 2004). Briefly, a light chain with 1 cm link size was laid out so 119 

that it followed the contour of the reef. Rugosity (structural complexity) was then calculated 120 

as the ratio of the reef surface contour distance (measured with a transect tape) to the linear 121 

distance (actual length of the chain; 5.47 m). This procedure was repeated five times in each 122 

experimental area.  123 

 124 

2.2 Fish community 125 

In situ visual surveys were conducted to identify fish communities associated with each 126 

of the two experimental areas. Each reef area was surveyed on the same day using a modified 127 

stationary point count (SPC) method. Due to the small size of the experimental areas, a single 128 

survey was conducted on each reef with a radius of 3 m. All fishes within the cylinder were 129 

counted, identified to species level and the total length (TL) estimated to 5 cm size-class bins. 130 

All species were later placed into trophic groups (i.e., carnivore, detritivore, herbivore, 131 

omnivore, planktivore) and fine level for herbivores (i.e., browser, excavator, grazer, 132 

scraper). The biomass (g) was calculated for each species using length to weight conversion 133 

parameters from available sources (Froese and Pauly, 2013; Kattan et al., 2017). The biomass 134 

for each species across size bins was summed for each trophic group and habitat. 135 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 136 

2.3 Water quality variables 137 

Key environmental variables were monitored at the sampling site. Water temperature (Tw) 138 

was measured continuously for one year with data loggers (Onset HOBO Water Temperature 139 

Pro v2 Data Logger - U22-001; accuracy: ± 0.21 °C). Light availability was measured 140 

continuously on three full days (logging interval = 1 minute) per month with data loggers 141 

(Onset HOBO Pendant UA- 002-64; spectral detection range 150–1200 nm). Loggers were 142 

oriented so that the detector was always faced upward and as level as possible. Light readings 143 

in lux were converted to photosynthetically active radiation (PAR; µmol quanta m−2 s−1; 400 144 

to 700 nm wavelengths) using the following approximation: 1 µmol quanta m−2 s−1 = 51.8 145 

lux. This conversion factor was obtained by inter-calibrating the lux readings with data 146 

obtained from a parallel deployment of a PAR sensor (LI-COR LI-1500 quantum sensor) and 147 

the Onset HOBO Pendant during 4 hours of daylight. Both readings correlated (r2 = 0.91) and 148 

the obtained conversion factor of 51.8 was similar to 52.0 reported (Valiela, 1984). Salinity 149 

was measured each day of sampling with a conductivity measuring cell (TetraCon®, 925, 150 

WTW, accuracy: ± 0.5 % of value, internal conversion to salinity).  151 

Seawater samples for the determination of dissolved nitrate (NO3
-) and nitrite (NO2; 152 

collectively = NOx), phosphorus (PO4
3-), and monomeric silicate (Si(OH)4) were taken in 153 

triplicates from directly above the reef with 60 mL syringes. On the boat, samples were 154 

filtered immediately through syringe filters (IsoporeTM membrane filters, 0.2 µm GTTP) 155 

into acid washed 15 mL centrifuge tubes and stored dark and cool for transportation to the 156 

laboratory (< 2 h). In the laboratory, the samples were stored frozen at − 50 °C pending 157 

analysis. From the syringes, 5 mL subsamples for NH4
+ were filtered separately into acid 158 

washed 15 mL centrifuge tubes and 1.2 mL orthophthaldialdehyde-solution (OPA) was 159 

added. Dissolved inorganic nutrient concentrations were determined using a continuous flow 160 

analyzer (AA3 HR, SEAL, USA) following the designated colorimetric methods. The limits 161 

of detection (LOD) for NO3
-, NO2, PO4

3 and Si(OH)4 were 0.032 µmol L-1, 0.002 µmol L-1, 162 

0.011 µmol L-1 and 0.083 µmol L-1, respectively. NH4
+ was determined fluorimetrically 163 

within 8 h after sampling (Trilogy® Laboratory Fluorometer, Turner Designs Inc., San Jose, 164 

USA) and following > 4 h incubation with OPA in the dark (LOD = 0.023 µmol L-1). 165 

 166 

2.4 Settlement tiles: experimental design 167 

In December 2016, eight aluminum frames (50 x 50 cm) were deployed directly onto the 168 

reef (Figure 1B). The frames were secured to the substrate with weights, spacing the frames 169 
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1.5 to 2.5 m apart. Four frames were randomly placed within each of the experimental areas 170 

(coral- vs. algae-dominated). Each of the structures was equipped with 24 rough, untreated, 171 

carbonate tiles of about 8 x 8 cm (surface area: 64 ± 0.8 cm2). Rough carbonate tiles were 172 

used, as their surface mimics coral rock and enhances natural species richness and biomass 173 

compared to other artificial substrates (e.g., Kennedy et al., 2017). Tiles were installed at a 174 

45-degree angle relative to the substrate on a tough plastic net fixed between the vertical 175 

poles to reduce excess sedimentation (Figure 1C). Settlement tiles were positioned pairwise 176 

on top of each other with plastic bolts and nuts, resulting in 12 light-exposed tiles (mimicking 177 

upwards facing, well-lit substrates) and 12 tiles facing downwards (mimicking cryptic, 178 

shaded substrates) per frame (Figure 1C). The lost surface area due to drill holes and nuts was 179 

considered in calculations. Monthly, starting in January 2017, a random pair of settlement 180 

tiles were collected from each frame for further analysis. This procedure resulted in a dataset 181 

where the establishment of organisms on tiles could be observed over the whole 52-week 182 

study period with a monthly resolution. In total, 192 settlement tiles were analyzed for this 183 

study. Additionally, from September until December 2017, three identical frames with 184 

settlement tiles were deployed directly onto a sand area in a distance of 20 m to the original 185 

experimental plots (results presented in the supplementary material Table S1). Results are not 186 

further discussed, as the succession patterns reflected a mixture of coral- and algae-187 

dominated areas (i.e., more bare substrates, and fewer turf algae as compared to tiles in algae-188 

dominated areas, however, fewer calcifying organisms as compared to the coral-dominated 189 

habitat).  190 

 191 
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 192 

Figure 1. Maps of the study site (A) and illustrations of the experimental setup (B and C). The 193 
maps (A) indicate the location of the study site at the Saudi Arabian coast in the central Red Sea. The 194 
red inlet magnifies the location of the study site, Abu Shosha reef. Experimental structures with 195 
carbonate settlement tiles were deployed directly onto the reef (B). The picture shows the coral-196 
dominated area. Graphical visualization of the experimental frames with carbonate settlement tiles 197 
(C). Insert shows the side view of settlement tiles that were attached to the frames in a 45-degree 198 
angle relative to the substrate on a tough plastic net fixed between the vertical poles. Photo by H. 199 
Anlauf. Maps by U. Langner and graphical visualization by J. Cúrdia.  200 
 201 

2.5 Settlement tiles: collection and processing 202 

After removing the tiles from the frames, they were placed in separate Ziploc bags for 203 

transportation to the laboratory, where all tiles were rinsed with fresh water to remove mobile 204 

invertebrates, sediments, and salt. Each tile was photographed for later assessment of the 205 

community composition and relative tile cover. Photos were analyzed with the software Coral 206 

Point Count with Excel extension (CPCe) 4.1 (Kohler and Gill, 2006) using 48 randomly 207 

overlaid points which were then assigned to one of the following abiotic or biotic categories: 208 

(1) Non-biotic cover / bare substrate; (2) Filamentous turf algae; (3) Fleshy macroalgae: 209 

brown macroalgae; green macroalgae; red macroalgae; (4) Scleractinian corals; (5) Sessile 210 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

calcifying invertebrates other than corals: barnacles; bryozoans; polychaetes; molluscs; (6) 211 

Cyanobacteria; (7) Crustose Coralline Algae (CCA); (8) Crustose algae other than CCA; (9) 212 

Sponges; and (10) Tunicates. Additionally, the total number of coral spat and coral recruits 213 

was counted on each tile. Coral spats were defined as individuals that successfully settled and 214 

developed the first polyp by the time of sampling. Coral recruits were defined as individuals 215 

with multiple visible polyps that have survived post-settlement mortality with a chance to 216 

integrate into the population (Martinez and Abelson, 2013).  217 

After taking the pictures, all sessile organisms were scraped off with razor blades and 218 

collected in pre-combusted tinfoil. Tinfoil packages with content were dried at 40 °C for 48 219 

h. Dried samples were homogenized with mortar and pestle. Subsamples were weighed and 220 

transferred into tin cups for elemental analysis of total carbon (C) content. For organic carbon 221 

content (Corg), dried subsamples were weighed into silver cups and decalcified by dripping 222 

hydrochloric acid (2N HCl) directly onto the sample. After completion of the decalcification 223 

process, samples were re-dried at 40 °C for 24 h. Total C and Corg contents were measured 224 

using an elemental analyzer (Thermo Flash EA 1112). Standard deviations for repeated 225 

measurements of lab standard material (peptone) was < 0.15 ‰ carbon. Standard deviations 226 

of concentration measurements of replicates of the lab standard were < 3 % of the 227 

concentration analyzed. The inorganic carbon (Cinorg) content was calculated as the difference 228 

between C and Corg. 229 

 230 

2.6 Data analysis  231 

Statistical analyses were performed using JMP© Pro13 (SAS Institute) statistic software. 232 

Data were tested for Gaussian distribution with normal probability plots (Q-Q-plot) and/or 233 

Shapiro-Wilk-Test before analysis. Environmental background data, benthic and fish 234 

community compositions were tested for differences with a two-tailed t-test. Dependent 235 

variables on settlement tiles (i.e., abiotic and biotic functional groups on settlement tiles, the 236 

accumulation of Cinorg, and the number of coral spats and recruits) were explored using linear 237 

mixed models (LMMs). The factor ‘treatment’ (coral- vs. algae-dominated) was fixed. The 238 

factor ‘time’ (month 1 – 12) was analyzed using a repeated-measures structure. In all 239 

repeated measures LMMs, various models (e.g., Auto-Regressive (1), Auto-Regressive (1) 240 

heterogeneous, Compound Symmetric (CS)) were run, and the model of best fit selected by 241 

comparing several goodness-of-fit statistics (e.g., -2 restricted log likelihood, Akaike’s 242 

information criteria [AIC] and Bayesian information criterion [BIC]). Data of the LMMs 243 

were checked for normality and homoscedasticity using standardized residual and Q–Q plots 244 
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and, if required, data were either ln, ln(x+1) or square root transformed. If significant 245 

differences were found, estimated marginal means (post-hoc comparisons of least-squares 246 

means) were used to determine which means differed for the significant, highest-order terms. 247 

Holm-Sidak multiple comparisons were made for the relevant factors. The modelling of 248 

‘time’ effects was limited to detecting differences between treatments in each month, 249 

temporal trends between treatments were assessed visually from Fig 3, 4 and 5. Significant 250 

results from the post-hoc comparisons are presented in Table S2. 251 

 252 

3 Results 253 

3.1 Benthic habitat characterization 254 

Distinct benthic communities characterized the two contrasting reef habitats (Figure 2A). 255 

In the coral-dominated area, we observed three-times more hard corals (mean ± SE: 43.55 ± 256 

5.67 %) and 12-times more biogenic rock (16.11 ± 3.05 %), as compared to algae-dominated 257 

areas (13.96 ± 2.33 % and 1.25 ± 0.71 %, respectively) (p |t| = 0.003; and p |t| < 0.001, 258 

respectively). Algae-dominated areas showed a two-fold higher prevalence of turf algae 259 

(47.50 ± 7.15 %), five-times more rubble (17.08 ± 5.75 %) and 22-times more sediment 260 

(11.46 ± 3.66 %), than coral-dominated areas (26.15 ± 5.02 %; 3.30 ± 3.11 %; and 0.52 ± 261 

0.27 %, respectively) (p |t| = 0.001). The bivalve Tridacna sp. was observed in the coral-262 

dominated area only (1.34 ± 0.82 %).  263 

Rugosity (reef complexity) was almost five-times higher in the coral-dominated (0.39 ± 264 

0.03) compared to the algae-dominated area (0.09 ± 0.02) (p |t| < 0.001).  265 

 266 

3.2 Fish community composition 267 

During the fish survey, 166 fishes were counted, belonging to 52 species. The healthy 268 

reef area (i.e., coral-dominated) yielded significantly more fishes (3.7 ind. m-2) and overall 269 

higher biomass (367.9 g m-2) compared to the degraded areas (2.2 ind. m-2; and 87.4 g m-2, 270 

respectively) (p |t| = 0.004; and p |t| < 0.001, respectively). Species richness was almost 271 

double in the healthy reef area compared to the degraded (34 and 18, respectively). Except 272 

for detritivores, the biomass of all trophic groups was lower on the algae dominated reef 273 

(Figure 2B). Of great significance was the absence of omnivores and the pronounced lower 274 

abundance of herbivores in the algae dominated area. Within the group of herbivores, 275 

scrapers contributed the greatest biomass for both reef treatments, but their biomass were 276 

nearly six times higher on the coral-dominated area. This difference was mainly driven by the 277 
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presence of Scarus niger on the coral-dominated reef (details for fine level finding groups 278 

within herbivores can be found in Table S3). 279 

 280 

Figure 2. Relative benthic cover and fish biomass in coral- and algae-dominated reef areas. 281 
Displayed are (A) mean proportional cover of major benthic functional groups assessed by photo 282 
quadrats (n = 10), and (B) fish biomass calculated from abundances and mid-length of size classes of 283 
all fishes in a visually estimated cylinder (⌀ 3 m).  284 
 285 

3.3 Environmental variables: temporal variability over the study period 286 

All monitored environmental variables exhibited a strong seasonal pattern. Average 287 

surface seawater temperature (SST) ranged from 24.56 ± 0.04 °C in February to 32.20 ± 0.03 288 

°C in August. Daily light intensity at 5 m water depth increased from 65 ± 3 µmol photons m-289 
2s-1 in December to 587 ± 26 µmol photons m-2s-1 in August, then decreased again towards 290 

the end of the year. Inorganic nutrient (i.e., DIN and DIP) concentrations were significantly 291 

lower between April and June (0.41 ± 0.09 µM DIN and 0.05 ± 0.02 µM DIP, respectively) 292 

than in the rest of the year (0.82 ± 0.13 µM DIN and 0.14 ± 0.04 µM DIP respectively) (p |t| 293 

= 0.0189, and p |t| = 0.0458, respectively). Detailed information on seasonal patterns of all 294 

environmental variables are presented in Table S4.   295 
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 296 

3.4 Development of benthic foundation communities on light-exposed settlement tiles   297 

The proportion of bare substrate on light-exposed tiles differed significantly between 298 

‘treatments’ (coral- vs. algae-dominated) and ‘time’, with no interaction between the factors 299 

(Figure 3A, Table 1). On average, 48 % more bare substrate was available on tiles from 300 

coral-dominated areas in comparison to tiles from algae-dominated areas (27.3 ± 1.3 % and 301 

18.4 ± 1.6 % respectively). In both treatments, the availability of bare substrate halved within 302 

the first months and then stabilized (Figure 3A). The LMM did not reveal a significant 303 

interaction, indicating that the availability of bare substrate on tiles followed a similar pattern 304 

over time for the two treatments. 305 

The development of the major biotic functional groups on light-exposed tiles differed 306 

between the two treatments but was, in most cases, not independent of “time”, as observed by 307 

the significant interaction ‘treatment x time’ (Figure 3B - E, Table 1). Tiles from degraded 308 

areas showed a nearly twofold greater mean cover of turf algae in comparison to tiles from 309 

coral-dominated areas (69.3 ± 2.6 % and 38.2 ± 3.0 %, respectively). Between May and July, 310 

the mean proportional cover of turf algae converged in both treatments (Figure 3B), as 311 

indicated by a significant interaction of ‘treatment x time’ in the LMM from May through 312 

August (Table S2).  On average, there were three times more CCA on tiles from healthy 313 

compared to tiles from degraded areas, with no differences between the treatments from June 314 

to August (Figure 3C). Other crustose brown and green algae occupied twice as much space 315 

on tiles from coral-dominated, compared to tiles from algae-dominated areas (14.7 ± 1.5 % 316 

and 6.6 ± 0.9 %, respectively) (Figure 3D). Calcifying invertebrates were only observed as 317 

minor functional groups in both treatments (< 1 %) (Figure 3E). 318 

 319 

3.5 Development of benthic foundation communities on shaded settlement tiles   320 

The availability of free space (bare substrate) on shaded tiles in both treatments did not 321 

change consistently over time (significant interaction ‘treatment x time’ in the LMM) (Figure 322 

3F, Table 1). During the first six months (i.e., from January to June), the availability of bare 323 

substrate dropped by 75 % in both treatments, but this decrease occurred significantly faster 324 

on tiles within the degraded area. Afterwards, the extent of bare substrate oscillated (range: 325 

2.1 – 21.9 %) with no apparent patterns in both treatments. 326 

Turf algae cover on shaded tiles differed significantly between treatments but also in time 327 

(Table 1). The percentage cover was significantly lower on tiles from coral-dominated areas 328 

(24.1 ± 2.4 %) than on tiles from degraded areas (41.4 ± 3.0 %). There was a steady increase 329 
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of CCA cover on shaded tiles from both treatments, with significantly higher values on tiles 330 

deployed within the healthy reef area. The maximum cover was observed in November for 331 

both treatments (coral-dominated area: 50.5 ± 3.0 %; algae-dominated area: 29.7 ± 4.3 %). 332 

Simultaneously, crustose brown and green algae cover increased quickly (up to 25 % mean 333 

cover) during the first months but rapidly dropped to < 10 % after August (Figure 3I). 334 

Overall, the magnitude of the difference between treatments was variable, and no consistent 335 

patterns were observed, which was reflected in the significant interaction of the factors in test 336 

(‘treatment’ and time’ interaction) (Table 1). Up to 30 % of the available substrate on tiles 337 

was occupied by calcifying invertebrates, such as molluscs, polychaetes, and bryozoans, with 338 

significantly higher values on tiles from coral-dominated areas in April, June to July, 339 

September, and November (Figure 3J, Table S2). There was a 2-fold lower prevalence of 340 

calcifying invertebrates after August in both treatments (Figure 3J).  341 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 342 

Figure 3. Proportional cover of abiotic and biotic functional groups on (A - E) light-exposed and 343 
(F - J) shaded settlement tiles from coral- and algae-dominated reef areas. Shown is the 344 
proportional cover of different functional groups over the study period of 12 months in the two 345 
treatments (coral- vs. algae-dominated). Values presented are means ± SE. Dashed lines connect the 346 
data points through time.  347 
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Table 1. Summary of results for the LMMs comparing relative cover of abiotic and biotic 348 
functional groups on light-exposed and shaded settlement tiles between treatments over the 349 
study period of 12 months.  350 

 351 
Ln, natural logarithm; Sqrt, square root; AR(1), autoregressive; CS, compound symmetric; AIC, Akaike’s 352 
information criterion; BIC, Bayesian information criterion; df, degrees of freedom. p values in bold are 353 
statistically significant (p < 0.05). For all sources of variation between ‘treatments’: numerator df = 1. For all 354 
sources of variation between ‘time’ and ‘treatment x time’: numerator df = 11. 355 
 356 

3.6 Coral spat and recruits on settlement tiles 357 

During the 12-month study period, no coral spat nor recruits were observed on light-358 

exposed settlement tiles. Data presented here, therefore, refers to spat and recruits observed 359 

on shaded tiles only. Due to high variability, the number of coral spats on tiles did not differ 360 

between treatments (coral- vs. algae-dominated) but showed significant peaks in April 361 

through July, in January through February and in December (Figure 4A, Table 2). In contrast, 362 

coral recruits were significantly more abundant on tiles from coral-dominated areas and 363 

increased steadily until reaching a peak in August and September (Figure 4B, Table 2).  364 

Variable Bare 

substrate 

Turf algae Crustose coralline 

algae 

Crustose brown & 

green algae 

Calcifying 

invertebrates 

Light tiles      

Transformation Ln(x) Ln(x) Sqrt(x)  None None 

Covariance 

structure 

AR(1) CS AR(1) AR(1) AR(1) 

Source of variation p p p p p 

Treatment 0.0021 0.0034 <0.0001 0.0013 0.0014 

Time 0.0061 0.2196 0.0583 0.0483 0.0584 

Treatment x time  0.0634 0.0489 0.0190 0.9798 0.9798 

      

 

Shaded tiles 

     

Transformation Ln(x+1) None Sqrt(x)  Sqrt(x) Sqrt(x) 

Covariance 

structure 

CS CS CS AR(1) CS 

Source of variation p p p p p 

Treatment 0.0399 0.0001 0.0005 0.0491 0.1582 

Time <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Treatment x time  0.0382 0.1198 0.8742 0.0004 0.0404 
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 365 

Figure 4. Abundance of coral (A) spats and (B) recruits on shaded settlement tiles from coral- 366 
and algae-dominated reef areas. Boxplots showing the median (line across a box), quartiles (upper 367 
and lower bounds of each box) and extremes (upper and lower whisker). The ends of the whisker are 368 
set at 1.5*IQR above the third quartile (Q3) and 1.5*IQR below the first quartile (Q1). If the 369 
minimum or maximum values are outside of this range, then they are shown as outliers (represented 370 
as stars). 371 

 372 

Table 2. Summary of results for the LMMs comparing the number coral spats and recruits on 373 
shaded settlement tiles between treatments over the study period of 12 months.  374 
 375 

 376 
 377 
 378 
 379 
 380 
 381 

Sqrt, square root; AR(1), autoregressive; CS, compound symmetric; AIC, Akaike’s information criterion; BIC, 382 
Bayesian information criterion; df, degrees of freedom. p values in bold are statistically significant (p < 0.05). 383 
For all sources of variation between ‘treatments’: numerator df = 1. For all sources of variation between ‘time’ 384 
and ‘treatment x time’: numerator df = 11. 385 
 386 
 387 

Variable Coral spats Coral recruits 

Transformation Sqrt(x) Sqrt(x) 

Covariance structure AR(1) CS 

Source of variation p p 

Treatment 0.2601 0.0430 

Time 0.0065 <0.0001 

Treatment x time  0.1551 0.0396 
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3.7 Accumulation of inorganic carbon on settlement tiles  388 

 389 

By the end of the experiment, light-exposed tiles deployed within coral-dominated areas 390 

accumulated 21 % more inorganic carbon compared to those from degraded areas (1.45± 0.27 391 

mg Cinorg cm-2 and 1.20 ± 0.30 mg Cinorg cm-2, respectively) (Figure 5A, Table 3). In both 392 

treatments, there was a slight, yet significant, increase of accumulated inorganic carbon over 393 

time (Figure 5A, Table 3).  Shaded tiles from coral-dominated areas accumulated over 178 % 394 

more inorganic carbon compared to tiles from algae-dominated areas (250. ± 0.57 mg C cm-2 395 

and 0.90 ± 0.18 mg C cm-2, respectively) (Figure 5B, Table 3). A significant interaction in the 396 

LMM (‘treatment x time’) was expressed by relatively low but stable Cinorg values in algae-397 

dominated areas (range: 0.83 – 1.35 mg Cinorg cm-2). On tiles from the coral-dominated area, 398 

Cinorg values were stable until April, then rapidly increased from 1.07 to 2.56 mg Cinorg cm-2 in 399 

just two months, and remained high thereafter (Figure 5B, Table 3).   400 

 401 

Figure 5. Accumulation of inorganic carbon on (A) light-exposed and (B) shaded settlement tiles 402 
from coral- and algae-dominated reef areas. Data points present means ± SE. Dashed lines connect 403 
the data points through time. 404 
 405 
Table 3. Summary of results for the LMMs comparing the accumulation of inorganic carbon on 406 
light-exposed and shaded settlement tiles between treatments over the study period of 12 407 
months.  408 
 409 

 410 
 411 
 412 
 413 
 414 
 415 

Ln, natural logarithm; AR(1), autoregressive; CS, compound symmetric; AIC, Akaike’s information criterion; 416 
BIC, Bayesian information criterion; df, degrees of freedom. p values in bold are statistically significant (p < 417 
0.05). For all sources of variation between ‘treatments’: numerator df = 1. For all sources of variation between 418 
‘time’ and ‘treatment x time’: numerator df = 11. 419 

4 Discussion 420 

Variable Light-exposed Shaded 

Transformation Ln(x+1) Ln(x+1) 

Covariance structure CS AR(1) 

Source of variation p P 

Treatment 0.0219 0.0001 

Time <0.0001 <0.0001 

Treatment x time  0.0582 0.0198 
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The present study demonstrates that organisms settling only 30 m apart may experience 421 

considerably different biotic environments that are shaped by the structural complexity of the 422 

habitat, as well as by the benthic and fish community composition in the immediate vicinity. 423 

Bare substrates in algae-dominated (post phase-shift) areas were predominantly and rapidly 424 

occupied by turf algae, limiting the space for CCA and the survival of coral settlers. At the 425 

same time, the competitive advantage of these turfs over other benthic taxa, including 426 

important reef calcifiers, caused a significant reduction in the accumulation of inorganic 427 

carbon, which, in the long run, may compromise reef stability and framework complexity 428 

(Manzello et al., 2008).  429 

 430 

4.1 Mosaic dynamics resulted in coral- and algae-dominated areas of an individual 431 

coral reef  432 

The co-occurrence of distinct reef communities within small spatial ranges has been 433 

reported previously (e.g., Edmunds, 2002; Tkachenko et al., 2007) and described as ‘mosaic 434 

dynamics’ of an individual coral reef. Similarly, recovery trajectories after disturbance events 435 

may also be highly variable in sites less than a kilometer apart (Bythell et al. 2000) due to a 436 

combination of local and regional processes, as well as historical effects, such as previous 437 

stress events or adaptation (Bythell et al., 2000; Done et al., 1991; Edmunds, 2002).  438 

Habitat degradation can have a detrimental influence on the structure and dynamics of 439 

ecological assemblages (Fahrig, 2001; Vitousek et al., 1997). The five-times higher 440 

abundance of coral rubble in the algae-dominated area indicates that branching corals must 441 

have been present previously, however, that corals have died, broken, or toppled from their 442 

growth position and fragmented (Holmes et al., 2000). In line with a lower coral cover and 443 

higher amounts of turf algae, sediment, and coral rubble, we observed a lower overall 444 

abundance and species richness of reef fishes within the algae-dominated reef. The loss of 445 

corals can lead to evident declines in the abundance of obligate and facultative corallivorous 446 

fish species that directly depend on corals for food (Munday, 2004; Pratchett et al., 2008) or 447 

protection from predators (Coker et al., 2014). In the present study, the lower abundance of 448 

corals was complemented by fewer branching and plating coral morphologies in the algae-449 

dominated area (personal observation). The resulting low reef complexity (rugosity) may 450 

constitute less suitable habitats for many species of reef fish, which has been previously 451 

observed in the Red Sea (Brokovich et al., 2006). Despite the lower availability of food 452 

sources, even herbivorous fishes were more abundant in the coral-dominated area, indicating 453 

that the habitat complexity may play a stronger role overall in structuring fish communities 454 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

than the benthic composition (Graham et al. 2007). Chemical defense mechanisms of some 455 

algal species can also repel grazing fishes from algae-dominated areas (e.g., Steneck et al., 456 

2017). Overall, the lack of habitat structure and molecular defense mechanisms in degraded 457 

areas may lead to a positive feedback of algal dominance following phase shifts in benthic 458 

assemblages.  459 

  460 

4.2 Differential succession of functional groups on bare substrates in coral- and 461 

algae-dominated areas  462 

The faster rates of colonization on light-exposed as compared to shaded tiles is 463 

concordant with previous findings (Jessen et al., 2014; Roth et al., 2015) and suggests a 464 

positive role of light availability on opportunistic and fast-growing phototrophs, such as 465 

many algal species (Williams and Carpenter, 1990).  466 

In both treatments, filamentous turf algae were the first to rapidly occupy bare space, 467 

which is commonly observed after large-scale coral mortality (Adjeroud et al., 2009; 468 

McClanahan et al., 2001; Mellin et al., 2016). Colonization can either result from the 469 

settlement of algal propagules directly from the plankton or by lateral and vegetative 470 

overgrowth (Diaz-Pulido and Garzón-Ferreira, 2002; McCook et al., 2001). Importantly, turf 471 

algae established significantly faster on tiles from algae-dominated areas, which may indicate 472 

a higher supply of propagules from the direct surrounding (Diaz-Pulido and McCook, 2004) 473 

but may also be linked to a lower prevalence of herbivorous fishes (McCook et al., 2001). 474 

Tropical fish grazers maintain turf assemblages at a low standing biomass (Hatcher and 475 

Larkum, 1983; Marshell and Mumby, 2015) and short height (Vermeij et al., 2010), with 476 

highest rates of turf algae growth, and greatest potential for competition-mediated regime 477 

shifts being observed under weakened top-down control (e.g., Smith et al., 2010). An 478 

increased height and density of turf algae may additionally expand the thickness of the 479 

diffusive boundary layer, which could limit photosynthesis and respiration of competing 480 

organisms and promote the accumulation of allelochemicals, labile dissolved organic matter 481 

and harmful metabolites (Haas et al., 2010; Jorissen et al., 2016; Wangpraseurt et al., 2012). 482 

Filamentous turf algae were also growing on shaded tiles from both treatments. The lower 483 

prevalence than on light-exposed tiles may be explained by limited light availability and, 484 

hence, slower growth rates (Mizrahi et al., 2014).  485 

CCA and other crustose algae were the second most relevant colonizers (Belliveau and 486 

Paul 2002; Burkepile and Hay 2009; Smith et al. 2010) on both surfaces, contrary to 487 

previously reported results from the Red Sea (Jessen et al., 2014). However, their 488 
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contribution to the colonization on shaded surfaces was more substantial within the coral-489 

dominated area. A positive correlation between CCA and herbivorous fish biomass was 490 

observed previously (Burkepile and Hay, 2009; Chadwick and Morrow, 2011; Smith et al., 491 

2010). Particularly Scarus niger on the coral-dominated area likely removes algae and 492 

sediment by close cropping, facilitating settlement, growth and survival of coralline algae and 493 

corals (Bellwood et al., 2004). Whether the fish community had a direct effect on CCA or 494 

resulted in a passive aid via the control over turf algae is not possible to deduce from the 495 

current experimental design. Nonetheless, tiles showing lower CCA prevalence were high in 496 

turf algae cover. Faster growth rates of turf algae may outcompete CCA directly, as shown 497 

for other slow-growing reef calcifiers (McCook et al., 2001). Additionally, CCA produce less 498 

motile spores and often lack flagella, limiting recruitment from farther source populations 499 

(Maggs and Callow, 2003). Moreover, they are sensitive to anoxic conditions that may result 500 

from sediment trapping by filamentous algae (Fabricius and De’Ath, 2001). The presence of 501 

herbivorous fish may remove competing epiphytes, stimulating the productivity of CCA (Wai 502 

and Williams, 2005).  503 

Calcifying invertebrates were observed almost exclusively on shaded tiles. Reduced 504 

access by predators and competitive advantages over light-dependent filamentous algae may 505 

enhance their occurrence in shaded niches (Chadwick and Morrow, 2011). The 506 

increasing water temperature in April may have triggered the timing of reproduction (Olive, 507 

1995), accelerated the growth rates (O’Connor et al., 2007; Reitzel et al., 2004) and enhanced 508 

the food availability (Muñoz et al., 2015; Rodríguez-Martínez et al., 2012; Roth et al., 2017), 509 

contributing to a significant increase of cover in the summer. The sudden decrease of 510 

calcifying invertebrates after August cannot be attributed to changes in nutrient availability 511 

but might be related to thermal thresholds as temperatures rose above 32 ℃. Other groups, 512 

less sensitive to this natural stressor, could still flourish and replace (overgrow) calcifying 513 

invertebrates (Greenstein and Pandolfi, 2008). 514 

 515 

4.3 Coral settlement and recruitment  516 

Coral recruitment is a critical step in the recovery process of reefs affected by disturbance 517 

events (Connell et al., 1997) and is influenced both by the initial settlement success and the 518 

post-settlement survival (Gil et al., 2016). Here, we could not identify an evident influence of 519 

nearby habitats on coral larvae settlement (coral spat on tiles), suggesting that source 520 

populations of corals existed within the range for larval dispersal by currents. In general, the 521 

time required for coral planulae to become competent to settle ranges from one to four days 522 
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(Babcock and Heyward, 1986), but can reach up to 100 days (Harii et al., 2002). These 523 

competency periods enable considerable long-distance dispersal throughout reefs, although 524 

small-scale currents may also play a key role in settlement (Koehl, 2007).  525 

With a range of 0 to over 300 spat m–2, our findings are in agreement with previous 526 

reports (Dixson et al., 2014; Fox, 2004). The number of coral spat changed significantly over 527 

time with the main peak in April through July and two smaller ones in February and 528 

December, suggesting that the primary spawning seasons occurred before, or during these 529 

periods. Bouwmeester et al. (2015) documented that the spawning of 68 coral species in the 530 

central Red Sea was highest from April until July over at least three consecutive years, 531 

coinciding with rapidly rising sea surface temperatures during this period. The authors also 532 

reported that only Porites monticulosa was reproductively active outside the main spawning 533 

season, being at the stage of maturity of gametes in November. This concurs with the smaller 534 

peaks observed that could be a result of Porites species spawning out of the main breeding 535 

season, as also found in other parts of the world (Stoddart et al., 2012).  536 

The survival of newly settled corals is affected by numerous factors, such as surface 537 

orientation (Babcock and Mundy, 1996), which result in, for example, changes in light 538 

intensity. Light is the main driver for opportunistic phototrophs, such as filamentous turf 539 

algae, as indicated by our results. Therefore, the lack of coral spat or recruits on light-540 

exposed surfaces is not surprising. Turf algae may directly compete for space with coral 541 

settlers and can trap sediments that inhibit the settlement of larvae, thereby reducing their 542 

survivorship (Birrell et al., 2005). Some algae even actively release chemical and bioactive 543 

substances upon contact with corals and inhibit their growth via allelopathy (Dixson et al., 544 

2014). On the other hand, the relative dominance of CCA on shaded surfaces may have 545 

enhanced the survival of settlers by excluding other space competitors and providing 546 

protection from sediments entrapped in filamentous structures (Ruiz-Zárate et al., 2000). 547 

Some species of CCA contain chemical cues which facilitate coral settlement and recruitment 548 

(Heyward and Negri, 1999). The presence of CCA can increase the settlement of coral larvae 549 

by 1600 % as compared to control tiles (Dixson et al., 2014). Another potential explanation 550 

for the absence of coral spat or recruits on light-exposed surfaces may be the higher intensity 551 

of grazing activity on upper surfaces, as many fishes easily reach them (Doropoulos et al. 552 

2016). Grazing and scraping scars were, indeed, mainly observed on light-exposed 553 

experimental substrates during our experiment, supporting the higher likelihood of 554 

survivorship of coral settlers on shaded tiles.  555 
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Contrary to the settlement, the survival of coral spat differed between treatments, thereby 556 

affecting the ability of coral spat to enter the recruitment stage. Significantly more coral 557 

recruits were observed within the coral-dominated habitat in comparison to the degraded 558 

area, which may be explained by a combination of competition at the scale of the plates and 559 

the structure of the nearby fish community. Particularly, altering effects of fish presence vs. 560 

absence may play a crucial role in the survivorship of coral settlers. In the present study, fish 561 

abundance was significantly reduced in the algae-dominated area. The initial direct benefits 562 

of predator removal on early post-settlement growth and survival (Doropoulos et al., 2016) 563 

are, however, eventually outweighed by the adverse indirect effects of reduced herbivory 564 

(McCauley et al., 2010). In the absence of fish, substantial algae cover and biomass 565 

accumulation can negatively affect coral growth and survival via allelopathic and physical 566 

effects (McCook et al., 2001; Rasher and Hay, 2010). Lastly, on bare substrates, the loss of 567 

CCA is reflected by limited hard substrate structures that can lead to the fewer coral recruits 568 

in degraded areas. The formation of these micro-crevice structures (also on settlement tiles) 569 

by carbonate surfaces from CCA and other reef calcifiers enhances refuges for small coral 570 

spats protecting them from physical disturbance by feeding activities of grazers, and 571 

improves their survivorship (Bracewell et al., 2018; Doropoulos et al., 2016; Mallela, 2018; 572 

Nozawa, 2008). 573 

These results highlight the critical role of post-settlement process/factors in coral reef 574 

recovery.  575 

 576 

4.4 Consequences for the functioning and ecosystem services delivery by benthic 577 

foundation communities 578 

CCA and other calcifying organisms are key functional groups in coral reef ecosystems, 579 

as they contribute significantly to reef resilience through their roles in (1) resistance: 580 

calcification and cementation by reef calcifiers enhances the structural complexity and 581 

protects the framework against physical damage, and (2) recovery: enhancing the settlement 582 

and recruitment of invertebrate taxa, supporting the replenishment of corals (Harrington et 583 

al., 2004). The decreased predominance of CCA and other calcifying invertebrates on tiles 584 

from algae-dominated areas resulted in a decreased accumulation of calcium carbonate in 585 

comparison to tiles deployed within coral-dominated areas. A shift in the community 586 

composition on settlement tiles that led to a lower accumulation of inorganic carbon has been 587 

previously reported (Roth et al., 2017). The loss of CCA may thereby reduce reef 588 

cementation (i.e., the filling of cracks and the reinforcement of the skeletal structures of dead 589 
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corals), decreasing the topographic complexity, and increasing reef erosion (Adey, 1978). In 590 

contrast, we observed a lower structural complexity and more coral rubble in the algae-591 

dominated area of the reef. As well as stabilizing the reef framework, coralline algae make 592 

significant carbonate (sediment) contributions, transferring carbon from the biological to the 593 

geological cycle by calcification (Steneck, 1986).  594 

 595 

4.5 Conclusion 596 

More frequent and severe disturbances, such as mass bleaching events and storms, are 597 

causing large-scale coral mortality that is usually followed by the colonization by a range of 598 

benthic organisms. The present study highlights that the surrounding reef communities 599 

(benthic and fish) can influence the trajectories of this re-colonization. Degraded reef areas 600 

(i.e., that are already dominated by filamentous turf and macroalgae, display low complexity 601 

and fish biomass) will negatively impact coral recruitment after disturbance events, 602 

compromising reef recovery. Reduced numbers of coral recruits and the reduced 603 

accumulation of calcium carbonate impair reef cementation, thereby impeding habitat 604 

complexity. ‘Systemic resilience’, where a set of robust source reefs are thought to aid for 605 

coral recovery by larval supply throughout much of the wider ecosystem (Hock et al., 2017), 606 

may not be sufficient to enhance the recovery potential for reefs. Despite the export of coral 607 

larvae to degraded areas, their survival rates can be constrained by the presence of 608 

filamentous turf and macroalgae and the absence of important reef fish. Benthic algae can 609 

have detrimental effects on foundation species, including CCA and corals. Monitoring and 610 

remediating local stressors, such as overfishing, but also eutrophication and sedimentation 611 

that enhance the competitive advantage of many algae, require more attention (Gil et al., 612 

2016). Ecosystem managers must consider that multiplicative effects of stressors can shape 613 

benthic communities at early, vulnerable stages following disturbances (Madin et al., 2014), 614 

and the timing, frequency, and severity should be considered in management plans to foster 615 

resilience. 616 

 617 
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