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Abstract 

Detrimental effects of climate change on socioeconomically and biologically 

important coral reef ecosystems are apparent globally. Increasingly recurrent 

bleaching events have reduced coral cover and structural complexity, with 

changes resulting in shifts from coral to macroalgal-dominated states and 

concomitant adjustments in the reef communities. Predicted increases in the 

frequency and severity of globally relevant bleaching events highlight the need 

to understand how reef communities are structured in naturally extreme 

environments. The current study aims to explore how reef communities, 

including both benthic and fish communities, are structured by focusing on the 

environmentally extreme Arabian/Persian Gulf, comparing these communities 

with those found in the more environmentally benign conditions within the 

neighboring Musandam and Sea of Oman. The Chapter 2 of this study explores 

the reef benthic community structure within the three regions, during a three-

year period, and shows that coral communities might persist under an 

increasingly disturbed future environment, although in a more structurally simple 

configuration. Chapter 3 examines seasonal and spatial variability in the 

composition of new colonists among regions, with results revealing a meager 

rate of coral settlement in the region, suggesting that reefs are likely to recover 

slowly from disturbances. Chapter 4 explores spatial and seasonal variation on 

the density, biomass, size structure, and functional composition of small site-

attached reef fish communities within the three regions, finding spatial 

differences in community composition, as well as lower biomass and density in 

the Arabian/Persian Gulf. Chapter 5 investigates, through the use of 

experimental tiles, the rates of herbivory and identifies key herbivores species in 

the Arabian/Persian Gulf and the Sea of Oman, with findings showing that one 

single abundant omnivore angelfish acts as a functionally important herbivore in 

the Arabian/Persian Gulf. Altogether, the results of this work has shown that 

coral reef fauna can occur in extreme environmental conditions predicted to 

arise as a consequence of future global warming, but that there are incredible 

ramifications on the diversity and functional ecology of these ecosystems. 

These results provide insights into changes we may expect on reefs elsewhere 

in the future.  
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Resumo 

Os efeitos prejudiciais das mudanças climáticas em ecossistemas de recifes de 

coral de elevada importância socioeconómica e biológica são globalmente 

visíveis. Episódios de branqueamento, cada vez mais frequentes, têm vindo a 

reduzir a extensão e a complexidade estrutural dos corais, resultando em 

mudanças no domínio de corais para macroalgas e respectivos ajustes nas 

comunidades dos recifes. Aumentos previstos globalmente na frequência e 

gravidade de episódios de branqueamento destacam a necessidade de 

entender como as comunidades de recifes são estruturadas em ambientes 

naturais extremos. O presente estudo tem como objetivo explorar como as 

comunidades de recifes, incluindo comunidades bentónicas e de peixes, são 

estruturadas no Golfo Arábico/Pérsico, comparando com comunidades em 

condições ambientalmente mais benignas de Musandam e do Mar de Omã. O 

capítulo 2 deste estudo explora a estrutura da comunidade bentónica dos 

recifes destas três regiões, durante um período de três anos, verificando-se 

que as comunidades de corais podem persistir sob um ambiente futuro cada 

vez mais alterado, embora numa configuração estruturalmente mais simples. O 

capítulo 3 examina a variabilidade sazonal e espacial na composição de novos 

recrutas entre as regiões, revelando uma escassa taxa de fixação de corais na 

região, sugerindo uma lenta recuperação dos recifes a ocorrências adversas. O 

capítulo 4 estuda as variações espaciais e sazonais da densidade, biomassa, 

estrutura das classes de tamanho e composição funcional das comunidades de 

peixes de recife nas três regiões, encontrando-se diferenças espaciais na 

composição da comunidade, bem como menor biomassa e densidade na 

região do Golfo Arábico/Pérsico. O capítulo 5 investiga, através do uso de 

telhas experimentais, as taxas de herbivoria e identifica espécies-chave de 

herbívoros no Golfo Arábico/Pérsico e no Mar de Omã, com descobertas 

mostrando que uma única espécie de peixe-anjo omnívoro, abundante na 

região, age como o principal herbívoro no Golfo Arábico/Pérsico. Em conjunto, 

os resultados deste trabalho demonstram que a fauna de recifes de coral pode 

ocorrer em condições ambientais extremas, previstas no futuro como 

consequência do aquecimento global, mas que existem diversas ramificações 
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na diversidade e ecologia funcional desses ecossistemas. Estes resultados 

fornecem informações sobre mudanças previstas nos recifes de coral no futuro. 
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Chapter 1 Introduction 

Coral reefs occupy less than 0.1% of the marine environment but are home to over a 

quarter of all marine biodiversity (Veron et al., 2009). These marine ecosystems are 

extremely diverse, ecologically complex and function as important breeding, 

spawning, nursery, shelter and feeding areas for a multitude of organisms (Moberg 

and Folke, 1999). In addition to its importance to biodiversity, reefs also provide 

essential economic revenues for coastal populations around the world; an estimated 

350,000 int$/year/ha in goods and services are produced annually, directly 

supporting tens of millions of people living in developing countries that border coral 

reefs through food, coastal protection, building materials, medicines, and economic 

value from tourism and fisheries (Moberg and Folke, 1999; Martínez et al., 2007; 

Sheppard et al., 2009; De Groot et al., 2012; Spalding et al., 2017).  

Coral reefs under threat 

Despite their importance, coral reefs are globally under threat from anthropogenic 

impacts of overfishing, pollution, coastal development, destructive tourism activities, 

and climate change (Moberg and Folke, 1999). Due to the thermal sensitivity of reef-

building corals, coral reefs worldwide have undergone mass bleaching events, where 

increases of sea surface temperatures (SSTs) causes corals to expel their symbiotic 

algae (zooxanthellae, Symbiodinium spp.) (Rowan, 2004). Depending on the severity 

and duration of the thermal stress that reefs face, the impacts of such bleaching can 

vary from changes in the species composition and functional traits structure of coral 

assemblages, with coral communities transitioning from more sensitive branching 

corals to more resilient massive species (Marshall and Baird, 2000; McClanahan et 

al., 2007; Hughes et al., 2018b) to almost total loss of the coral population and shifts 

to an algal dominated stable state (termed ‘phase shift’) (Hughes, 1994; Pandolfi et 

al., 2003).  

Given the slow growth rates of corals and their sensitivity to stress, phase shifts can 

cause substantial impacts to the ecological and economic integrity of reef systems 

(Knowlton, 1992; Moberg and Folke, 1999; Scheffer et al., 2001). Numerous studies 

have shown that phase-shifts from coral to algal dominated systems can occur 

rapidly after disturbance (i.e., several months following disturbance) and can persist 
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over long time periods (such as 15 years)  (Hughes, 1994; Hughes et al., 2007; 

Cvitanovic and Bellwood, 2008; Diaz-Pulido et al., 2009; Cheal et al., 2010). In 

addition, recent climate change models have predicted an increase in the frequency 

and severity of mass coral bleaching events as a reaction to the rise of ocean 

temperatures (Teneva et al., 2011; Frieler et al., 2013; Hughes et al., 2018a). As a 

consequence, it is expected that there will be an increase in coral mortality globally 

accompanied by a phase-shift towards an algae-dominated system (Ledlie et al., 

2007; Diaz-Pulido et al., 2009). These phase-shifts produce a cascade of effects 

within coral reef assemblages, from declines in coral recruitment, to subsequent 

impacts on other species that are dependent on corals, which leads to a degradation 

of reefs (Wilson et al., 2006; Munday et al., 2008).  

Reef communities’ responses to hostile conditions 

Benthic communities 

Reef recovery from disturbances depends significantly on the supply of available 

colonists that can settle on the substrate made available by the death of corals 

(Gilmour et al., 2013). This new open-space can be either colonized by new coral 

larvae (Hughes and Tanner, 2000), turf and/or coralline algae (Gilmour et al., 2013) 

or other organisms that can exclude and outcompete corals, such as macroalgae and 

sponges (Diaz-Pulido and McCook, 2002; Norström et al., 2009). Whether there is a 

long-term shift into a new stable state community (Roff et al., 2015) or a rapid return 

to the pre-disturbance assemblage (Halford et al., 2004; Adjeroud et al., 2009) will 

depend on both stochastic and deterministic processes (Lillis et al., 2016). While the 

supply of potential larval colonists is predominantly affected by stochastic processes 

(e.g. currents, predation (Keough and Downes, 1982; Siegel et al., 2008)), 

deterministic processes such as habitat availability, larval substratum preference, 

and interactions with existing community members underlie much of the settlement 

process occurring on reefs (Lillis et al., 2016). After settlement, final community 

structure will depend on post-settlement processes (Caley et al., 1996).  

Small-bodied reef dependent fish community 

Decreases in coral species diversity and a reduction in the three-dimensional reef 

complexity after disturbance can have immediate impacts on the associated fauna 
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(Berumen and Pratchett, 2006). Reef fish populations that depend on the reef for 

food and shelter can be directly affected by shifts in coral communities, resulting in 

reductions in abundance, diversity and size structure of fishes (Wilson et al., 2006; 

Pratchett et al., 2008; Bonin et al., 2011; Bellwood et al., 2012; Rogers et al., 2014). 

Most impacted by changes in the structure of coral reef communities are small-

bodied, site-attached fish species. These species constitute a substantial numerical 

proportion of reef fish communities, and are inherently associated with the reef matrix 

and reliant on fine-scale habitat structure (Munday and Jones, 1998; Ferreira et al., 

2001). In parallel with their habitat dependence, the limited regenerative capacity and 

short life-spans of small-bodied site-attached fish species (Bellwood et al., 2006) 

makes them extremely responsive to environmental change and particularly useful for 

investigating reef fish responses under extreme environments (Depczynski and 

Bellwood, 2004; Pratchett et al., 2008). 

The importance of herbivory on reef resilience 

There is increasing evidence to show that a range of fish functional groups may 

promote resilience of coral reef communities by controlling the benthic algae, 

sponges and coral growth, potentially affecting reef trajectories following disturbance 

(Burkepile and Hay, 2008; Cole et al., 2009; Pawlik et al., 2013). Many factors can 

promote ecosystem vulnerability and trigger a shift from coral to macroalgal-

dominance (Hughes et al., 2007), but the reduction or disappearance of critical 

functional groups such as herbivores are considered vital components of this process 

(Scheffer et al., 2001; Hughes et al., 2007; Ledlie et al., 2007). One of the primary 

factors suggested to control the transition from coral to algal dominance is the 

grazing action of herbivorous fish and invertebrates (Burkepile and Hay, 2008; 

Ceccarelli et al., 2011). Herbivores regulate the competitive relationship between 

macroalgae and coral communities by removing competitive dominant algae that can 

inhibit coral growth, while also opening suitable space for the settlement of coral spat 

(Hughes, 1994; Lirman, 2001; Jompa and McCook, 2002; Bellwood et al., 2004; 

Burkepile and Hay, 2008; Green and Bellwood, 2009). Herbivorous grazing may be 

an essential factor affecting coral recovery following major disturbances such as 

bleaching events, with grazers then acting as regulators of both community structure 

and function (Lessios, 1988; Moberg and Folke, 1999; Nyström and Folke, 2001; 

Bellwood et al., 2004).  
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It is likely that herbivores will play a crucial role in the resilience and recovery 

potential of coral reefs amid climate change increases in the degradation of reef 

habitats (Diaz-Pulido et al., 2009). However, the magnitude and extent of the 

importance of herbivores under increasing sea surface temperatures, as well as 

changes in the structure of the reef-dependent community, is not well understood 

(Feary et al., 2010; Pratchett et al., 2013; Hoey et al., 2016). As such, it is 

appropriate to examine the role of herbivory in structuring benthic communities in 

areas currently exposed to naturally high sea-surface temperatures in order to 

develop an understanding of the potential role of herbivores in structuring reef 

communities under future climate change. 

Reef resilience will be, in part, determined by the localized environmental context in 

which communities occur (Hoegh-Guldberg, 1999; Coles and Riegl, 2013). 

Environmental factors, such as, temperature, salinity, and light, can strongly 

influence the growth, mortality, fecundity, and settlement of corals (Hoegh-Guldberg, 

1999; Baird and Marshall, 2002; Riegl and Purkis, 2012), and hence their capacity to 

re-assemble following disturbances (Hoegh-Guldberg et al., 2007), control 

recruitment and settlement of other reef benthos (Chan and Williams, 2003; 

Saunders and Metaxas, 2007; Przeslawski et al., 2008) as well as influence the reef 

fish community (Munday et al., 2008; Wilson et al., 2010; Burt et al., 2011; Richards 

et al., 2012).  

The Gulf 

While reefs commonly exist in relatively stable and thermally optimal environmental 

conditions, reefs throughout the Arabian Peninsula occur in what is regarded as an 

extreme environment and can serve as a gateway to show us possible future 

changes and acclimation of the reef community to future climate-change induced 

warm-water anomalies (Feary et al., 2012; Burt et al., 2014; Shraim et al., 2017). The 

Persian/Arabian Gulf (hereafter ‘the Gulf’) has been known in the scientific 

community as a natural laboratory where the study of the effects of climate change is 

possible to do in situ (Feary et al., 2010; Pratchett et al., 2013; Burt et al., 2014; 

Shraim et al., 2017).  

The Gulf is a small, semi-enclosed shallow marine environment with maximum depth 

90m (Sheppard et al., 2010a). This semi-enclosed basin has a restricted water 
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exchange due to the narrow 50 km connection with the Sea of Oman and the Arabian 

Sea through the Strait of Hormuz (Sheppard et al., 1992; Reynolds, 1993; Coles, 

2003). The water enters along the Iranian coast at surface levels, reaching the 

Arabian coast after in an anti-clockwise broad circulation pattern (Sheppard et al., 

2010a). Due to its location, in an arid subtropical environment, with very little river 

inflow or fast oceanic water circulation refill, seawater temperatures and salinity have 

normal extremes values (B. M. Riegl and Purkis, 2012). Although being a sub-tropical 

region, located above the Tropic of Cancer, it presents a more tropical climate in the 

summer and a more temperate one in the winter than in other areas at the same 

latitude (Sheppard, 1993; Sheppard et al., 2010a). For example, SST values 

observed in the Gulf are the widest range encountered worldwide on reefs, with 

average annual temperature range of 24C, varying from 12C in the winter months 

to 36C during the summer (Price et al., 1993; Riegl, 2001; Sheppard and Loughland, 

2002; Coles, 2003). This is in comparison with other tropical regions, where the 

range in SST is usually limited to ~19C, being often the upper limits between 33ºC 

and 34ºC and the lower limits reaching 13 to 16ºC (Coles, 2003).  

High temperatures in the summer, together with dry winds in the winter and little 

precipitation results in an average of 1 to 2 m evaporation per year in the Gulf 

(Sheppard et al., 2010a). Salinity values in the Gulf usually are higher than 39 psu 

(Sheppard et al., 2010a; Sheppard et al., 2012), reaching values as high as 70 psu in 

the Bahrain embayments (Sheppard et al., 2010a) and 50 psu in some coral areas 

(Coles, 2003). These salinity values experienced in the Gulf exceed the optimum 

range of coral reefs in other tropical regions (i.e., within the Atlantic and Pacific) that 

generally have a salinity interval of 35 to 37 and an upper tolerance range between 

40 and 45 (Price et al., 1993; Coles, 2003).  

Strong variation in SST and high salinity values within the Gulf substantially influence 

water density, currents, water mixing, and a host of other environmental parameters, 

and therefore species composition (Price et al., 1993; Riegl, 2001; Coles, 2003). 

These conditions make the Gulf an ideal location to study the effects of climate 

change on oceanic processes and to develop an understanding of potential changes 

in coral reefs and coral communities in the future under climate change effects 

(Sheppard and Loughland, 2002; Baker et al., 2004; Feary et al., 2010; Sheppard et 



6 

al., 2010b). To understand these effects entirely, it is essential to compare studies 

conducted in the Gulf with a biogeographically similar areas that have more favorable 

conditions. 

The Gulf is bordered to the east by the Sea of Oman, part of the Arabian Sea and the 

Indian Ocean (Sheppard et al., 1992). The Gulf and the Sea of Oman are 

biogeographically connected with one another through the Strait of Hormuz, and 

although both share close taxonomic affinities, each represents very different 

environmental conditions (Carpenter et al., 1997; Coles, 1997; 2003; Feary et al., 

2010). The Sea of Oman contains deeper waters that are well mixed, with mild 

seasonal changes in SSTs, ranging from 32ºC in the summer to 20ºC in winter, as 

well as in salinity, presenting values between 35 and 37 (Coles, 1997; Böhm et al., 

1999; Coles, 2003; Foster et al., 2012). Both the Sea of Oman and Straits of Hormuz 

have substantial vertical mixing of the water (Bauman et al., 2013). As such, the Gulf 

and the Sea of Oman make an ideal natural experimental area to study the effects of 

climate change in marine ecological processes, and these two areas can be 

compared using observational and manipulative studies in order to examine the 

importance of herbivory under different climatic conditions.  

Reef communities in an extreme environment 

Although the Gulf is a harsh environment, the coral reefs of this region can survive in 

what is considered extreme conditions in other areas of the globe (Sheppard et al., 

1992). As a result of these extreme conditions, the region represents a less complex 

and less diverse reef ecosystem when compared to other reefs in the Indo-Pacific 

(Sheppard et al., 1992). Different physical factors influence the structure of the 

benthic community in the northeastern Arabian Peninsula. These factors include 

extreme temperatures, high salinities, macroalgal competition, and geographic 

isolation (Coles, 2003). Temperatures extremes and high salinity are the two most 

important factors, but chlorophyll-a concentrations, surface currents and wind speeds 

have been recently shown to play also a significant role (Bauman et al., 2013). 

Changes in the actual topography of these reefs have influenced different organisms 

that inhabit the Gulf and their metabolism; such as fish feeding habits (Burt et al., 

2011; Pratchett et al., 2013), and benthic communities diversity. 
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Research aims 

The purpose of this dissertation was to understand how reef communities within the 

Gulf are structured within the naturally extreme variations in sea-surface 

temperatures and salinity, as well as under increasing environmental disturbances, 

and compare these with reef communities in more benign environmental conditions. 

This study analyses responses from benthic communities (corals and non-corals) 

and small-bodied reef-dependent fish communities to extreme environments as it 

also looks at the main functional group of fishes, herbivores, responsible for the reef 

resilience. The first chapter of this dissertation explores how benthic coral 

ecosystems are structured within extreme environments with recurrent disturbances, 

showing that although coral communities may persist under such stress, a much 

more structurally simple configuration is expected. As the recovery of reefs is 

strongly dependent on the benthic organisms settling after disturbances, in the 

second chapter, I examine the spatial and seasonal patterns in settlement of benthic 

reef organisms, with results indicating that these reefs are likely to recover at a slow 

rate from on-going and future disturbances due to the low rates of larval coral 

settlement to these reefs. In the third chapter, I study how the community structure of 

small-bodied reef fish is impacted by the extreme seasonal variation of different 

environmental factors, with results showing fundamental impacts in density and 

biomass, as well as substantial changes in the associated fish community’s 

functional composition which are likely to happen on reefs as global climate 

continues to change. In the final chapter, I conduct a manipulative experiment to 

elucidate the role of macro-herbivores in the removal of macroalgae in an extreme 

reef environment (the Gulf) compared with a more benign environment (the Sea of 

Oman), with results showing different taxa being responsible for herbivory within 

each environment. Surprinsingly, the key species responsible for algae removal in 

the Gulf was not the expected local herbivores, but a single hyper-abundant 

omnivore species (an angelfish), while sea urchins were the active herbivores in the 

Sea of Oman. Together, these studies provide profound insights into how reefs 

around the world may react to increasing climate change and anthropogenic 

pressure and will help to identify the main herbivorous groups that are predicted to 

play an important role in the resilience and recovery of reefs in future environments 

with extreme conditions. The extrapolation of these results can help in predicting 



8 

alterations that are likely to occur in other regions worldwide as a consequence of 

climate change.  
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Chapter 2 “The implications of recurrent disturbances within the 

world's hottest coral reef” 

 

Preface 

The first publication of this dissertation compares benthic assemblages, of the Gulf, 

Musandam and the Sea of Oman, over a period of time that included several large-

scale disturbances. The results gathered in this study provide insights into how coral 

communities may respond to disturbance under environmental extremes associated 

with future climate change. 

 

Highlights 

 Coral communities shaped by local environmental conditions and disturbance 

history; 

 Gulf reefs dominated by stress-tolerant corals and resilient to disturbances; 

 Musandam and Sea of Oman reefs dominated by stress-sensitive corals; 

 Harsh conditions and ongoing disturbances likely to lead to novel coral 

assemblages. 
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Supplementary Material 

 

Table S2.1 Summary of MANOVA and ANOVA’s comparing the cover of benthic categories among regions (Persian Gulf, Musandam, Gulf 
of Oman), years (2008, 2011) and sites around the Arabian Peninsula 

     
Coral Algae CCA Other Dead Rock Sand and Rubble 

Source of 
variation Wilks  F p 

 
F p F p F p F p F p F p F p 

Region 0.050 26.69 < 0.001 
 

45.128 < 0.001 1.662 0.198 13.472 < 0.001 62.446 < 0.001 0.931 0.400 82.802 < 0.001 29.465 < 0.001 

Year 0.202 30.47 < 0.001 
 

7.984 0.006 0.070 0.792 155.690 < 0.001 38.131 < 0.001 6.743 0.012 0.269 0.606 2.458 0.122 

Site(Region) 0.133 7.56 < 0.001 
 

12.053 < 0.001 10.014 < 0.001 8.073 < 0.001 7.250 < 0.001 4.209 0.009 5.171 0.003 11.222 < 0.001 

Region x Year 0.103 16.35 < 0.001 
 

7.813 0.001 3.428 0.039 16.755 < 0.001 46.944 < 0.001 2.697 0.076 12.694 < 0.001 17.774 < 0.001 
Site(Reg) x Year 0.093 9.54 < 0.001 

 

6.230 0.001 2.004 0.123 5.882 0.001 23.357 < 0.001 18.172 < 0.001 20.928 < 0.001 14.640 < 0.001 

Table S2.2 Summary of MANOVA and ANOVA’s comparing the cover of the four dominant coral families among regions (Persian Gulf, 
Musandam, Gulf of Oman), years (2008, 2011) and sites around the Arabian Peninsula 

 

 

 

 

 

 

 

 

 

     
Acroporidae Pocilloporidae Faviidae Poritidae 

Source of variation Wilks  F p 
 

F p F p F p F p 

Region 0.050 49.785 <0.001 
 

33.198 <0.001 17.079 <0.001 81.671 <0.001 29.304 <0.001 

Year 0.749 4.777 0.002 
 

1.050 0.310 0.144 0.706 2.091 0.153 5.977 0.017 

Site(Region) 0.121 15.373 <0.001 
 

5.353 0.002 16.928 <0.001 19.694 <0.001 12.082 <0.001 

Region x Year 0.548 4.996 <0.001 
 

5.283 0.008 4.766 0.012 11.956 <0.001 1.490 0.234 

Site(Reg) x Year 0.677 2.003 0.028 
 

2.432 0.074 1.463 0.234 2.504 0.068 2.652 0.057 
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Table S2.2 Percent cover of (a) benthic categories, and (b) coral at the three study locations (Persian Gulf, Musandam and Sea of 
Oman) in 2008 and 2011. Values given are means ± 1SE 

 
Persian Gulf Musandam Sea of Oman 

A) Benthic categories 2008 2011 2008 2011 2008 2011 

Live Coral 31.7±3.9 56.1±1.9 46.9±4.0 58.5±6.9 
24.2±8.2 

 
14.3±2.2 

Turf and fleshy algae 5.0±1.4 7.7±0.6 6.5±1.7 4.3±1.1 8.6±2.5 6.6±0.8 

Coralline algae 2.8±0.5 0.5±0.1 12.0±1.8 0.3±0..1 6.8±1.4 1.8±0.9 

Other Live 1.0±0.2 3.0±0.5 4.4±0.8 2.3±0.7 3.5±0.6 14.5±2.4 

Dead Framework 7.8±0.9 3.1±0.5 5.3±1.0 3.3±0.5 5.1±1.7 7.3±3.2 

Rock/Rubble/Sand 51.7±4.0 29.7±2.1 23.7±2.0 31.3±6.7 51.6±7.5 55.5±4.3 

  
 

 
 

 
 

B) Coral families 
 

 
 

 
 

 

Acroporidae 0.2±0.1 0.3±0.2 4.9±1.6 16.4±6.0 1.1±0.3 0.5±0.4 

Agariciidae 0 0 0.4±0.3 0.02±0.02 0.02±0.02 0 

Astrocoeniidae 0 0 0.01±0.01 0 0 0 

Dendrophylliidae 0.7±0.2 0.8±0.3 0.02±0.02 0 0.06±0.06 0 

Faviidae 15.2±2.3 28.4±4.4 15.0±1.9 9.9±2.5 1.7±0.6 3.2±1.0 

Merulinidae 0 0 0.5±0.2 0 0 0 

Mussidae 0.5±0.2 0.05±0.03 1.7±0.6 0.1±0.1 0.2±0.1 0.2±0.2 

Pectiniidae 0 0 0.4±0.3 0 0.02±0.02 0 

Pocilloporidae 0 0 4.9±1.5 11.7±3.4 18.5±8.8 3.6±1.2 

Poritidae 14.9±4.3 25.8±5.1 18.3±3.3 20.3±4.6 2.3±1.1 6.8±2.2 

Siderastreidae 0.3±0.1 0.8±0.5 0.2±0.1 0.02±0.02 0.1±0.05 0.1±0.05 
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Table S2.4 Percent cover of (a) benthic categories, and (b) families at the six study sites (Saadiyat and Ras Ghanada [Abu Dhabi], Al 

Harf and Coral Garden [Musandam], Dibba and Al Aqa [Fujairah] in 2008 and 2011. Values given are means ± 1SE 

 
Saadiyat Ras Ghanada Al Harf Coral Garden Dibba Al Aqa 

A) Benthic categories 2008 2011 2008 2011 2008 2011 2008 2011 2008 2011 2008 2011 

Live Coral 34.6±7.0 58.9±3.2 28.9±4.0 53.2±1.3 35.7±2.8 37.5±2.8 58.0±3.7 79.5±4.3 40.8±13.5 10.4±1.5 7.5±1.0 18.2±3.6 

Turf and fleshy algae 1.6±0.3 7.9±0.4 8.3±2.0 7.5±1.2 10.6±2.3 7.2±1.1 2.4±0.5 1.3±0.9 7.5±4.6 5.9±1.4 9.7±2.4 7.2±0.8 

Coralline algae 1.6±0.4 0.4±0.2 4.0±0.7 0.6±0.2 16.3±2.0 0.1±0.04 7.6±1.6 0.6±0.2 4.0±0.9 0.4±0.1 9.7±2.2 3.2±1.6 

Other Live 1.4±0.2 4.3±0.4 0.5±0.1 1.7±0.3 6.1±1.1 0.8±0.2 2.8±0.4 3.8±1.0 2.2±0.7 21.1±2.2 4.8±0.7 8.0±1.6 

Dead Framework 8.4±1.2 2.8±0.5 7.3±1.5 3.3±0.9 2.8±1.0 2.8±0.6 7.9±0.9 3.8±0.9 8.7±2.7 0.2±0.1 1.6±0.5 14.4±5.0 

Rock/Rubble/Sand 52.4±7.7 25.7±3.4 51.1±3.4 33.6±1.5 26.4±2.0 51.6±4.0 20.9±3.1 11.0±4.1 36.7±11.8 62.0±2.5 66.6±4.3 49.0±7.6 

  
 

 
 

 
       

B) Coral families 
 

 
 

 
 

       

Acroporidae 0.1±0.1 0.4±0.4 0.2±0.2 0.1±0.1 3.3±1.3 4.3±1.4 6.6±2.9 28.6±10.0 0.9±0.4 0.9±0.7 1.4±0.5 0 

Agariciidae 0 0 0 0 0 0 0.9±0.5 0.03±0.03 0 0 0.03±0.03 0 

Astrocoeniidae 0 0 0 0 0.03±0.03 0 0 0 0 0 0 0 

Dendrophylliidae 0.3±0.1 0.4±0.2 1.1±04 1.1±0.5 0.03±0.03 0 0 0 0 0 0.1±0.1 0 

Faviidae 9.6±1.4 14.3±1.5 20.9±2.9 42.6±1.9 12.0±1.7 11.4±3.6 18.1±3.2 8.5±3.6 0.1±0.1 0.4±0.2 3.2±0.9 6.0±1.0 

Merulinidae 0 0 0 0 0.9±0.4 0 0 0 0 0 0 0 

Mussidae 0.1±0.1 0 0.8±0.4 0.1±0.1 2.9±0.9 0 0.5±0.4 0.2±0.2 0 0 0.3±0.1 0.4±0.3 

Pectiniidae 0 0 0 0 0.8±0.5 0 0 0 0 0 0.03±0.03 0 

Pocilloporidae 0 0 0 0 1.4±0.8 3.4±1.5 8.3±2.1 20.0±4.7 36.7±14.5 7.2±1.3 0.3±0.1 0 

Poritidae 24.1±6.8 42.4±2.0 5.7±1.0 9.2±1.1 13.4±2.4 18.3±3.4 23.2±5.6 22.2±8.9 3.2±2.1 1.9±1.3 1.4±0.8 11.7±3.3 

Siderastreidae 0.3±0.2 1.4±0.9 0.2±0.1 0.2±0.1 0.2±0.1 0.03±0.03 0.2±0.1 0 0 0 0.2±0.1 0.2±0.1 
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Chapter 3  “Settlement Patterns of Corals and other Benthos on 

Reefs with Divergent Environments and Disturbances Histories 

around the Northeastern Arabian Peninsula” 

 

Preface 

The recovery of reefs after disturbances depends on the supply of new colonists and 

which ones will settle in the open spaces created. The different taxa that settle will 

determine if reefs return to a pre-disturbance assemblage or if they will undergo a 

long-term shift. The purpose in this second publication was to analyze spatial and 

seasonal variability in the settlement of benthic organisms on reefs from the three 

regions (Gulf, Musandam and the Sea of Oman), providing insights into peak 

settlement periods and recovery dynamics. 

 

Highlights 

 Settlement of corals was extremely low compared to those reported for other 

regions.  

 Low rates of coral settlement suggest that these marginal reefs are likely to 

recover slowly from disturbances.  

 Spatial differences in composition of new colonists were more important than 

temporal differences  

 Strong spatial variation in composition of new colonists among regions, driven 

by: coralline algae in the Gulf, colonial ascidians on the Musandam Peninsula 

and barnacles in the Sea of Oman.  
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Supplementary Material 
 
 
Supplementary Table 1. Pearson r-values of benthic groups strongly associated 
with each axis of the MDS. Only benthos with r>[0.5] are included. 
 

Axis Benthic 
group 

r-values 

MDS1 Coralline 
algae 

r = 0.75 

 Barnacle r = -0.57 
MDS2 Polychaeta r = 0.77  
 Turf algae r = 0.57   
 Bryozoans r = -0.73 
MDS3 Colonial 

ascidians 
r = -0.68 
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Chapter 4 “Seasonal changes in community structure of small-

bodied, site-attached reef fishes in the Northeastern Arabian 

Peninsula” 

 

Preface 

Changes in the reef benthic community, as well as existing extreme environmental 

conditions, are known to impact fish communities, affecting their density, richness 

and biomass. While pelagic, and non reef-dependent fish, can migrate under extreme 

conditions or after disturbances, small-bodied site-attached reef fish, might have 

different responses due to their limited spatial range, flexible responses to 

environmental changes and short life-spans. This study examines how seasonal 

variation in different environmental factors affects the density, biomass, size 

structure, and functional composition of small site-attached reef fish communities. 

Highlights 

 Lower density and biomass of small site-attached reef fish communities in the 

Gulf than both Musandam and the Sea of Oman; 

 In the Gulf, fish densites doubled in cooler months than warmer months, while 

the opposite was observed in Musandam and the Sea of Oman; 

 Territorial herbivores were characteristic of the Gulf while diurnal planktivores 

of Musandam and the Sea of Oman; 

 Regional differences in fish communities explained by salinity and wind speed  
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Abstract 

Reef fish communities are affected by climate change, particularly small abundant 

residents that are site-attached. Changes in the abundance and community 

composition of these fishes can give valuable information on the conditions of the 

reef system. The density, biomass and size-class structure of small-bodied, site-

attached reef fish in three environmentally distinct marine regions of the northeastern 

Arabian Peninsula were quantified over a two-year period to explore spatial and 

seasonal variation. Comparing between the southern Arabian Gulf where seas are 

characterized by extreme temperatures and salinity, and the Musandam Peninsula 

and northern Sea of Oman, two areas with more benign oceanographic conditions, 

revealed dramatic differences in community density, biomass and structure. Although 

damselfishes (F. Pomacentridae) numerically dominated communities in all areas, 

dominant species differed between regions with Pomacentrus aquilus and 

Pomacentrus trichrourus more common in Arabian Gulf communities, and Chromis 

xanthopterygia, Neopomacentrus cyanomos, and Pomacentrus leptus dominating 

Musandam and Sea of Oman communities. Marked differences in seasonal 

dynamics between regions were observed with a doubling of density in winter 

compared with warmer seasons for the southern Arabian Gulf, while the opposite 

was observed in Musandam Peninsula and Sea of Oman. Lastly, at the functional 

level ~90% of the total small-bodied fish community in the Musandam Peninsula and 

Sea of Oman consisted of omnivorous and diurnal planktivores, whereas Arabian 

Gulf communities were dominated by territorial herbivores and omnivorous 

planktivores. Salinity and wind speed were the main environmental factors explaining 
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regional differences in the structure of fish communities between southern Arabian 

Gulf and both Musandam and Sea of Oman, while minimum temperature was an 

important factor explaining seasonal differences within the Gulf. 

Keywords: seasonality; community structure; Arabian Peninsula; site-attached; 

salinity; Pomacentridae 

Introduction 

Escalating anthropogenic disturbances together with global increases in sea-surface 

temperature (SST) caused by climate change have led to reductions in the species 

composition and three-dimensional complexity of coral communities globally (Hughes 

et al., 2003; Hughes et al., 2017). Such changes to coral reefs have substantialy 

impacted resource availability (e.g., food, shelter) for the associated fauna, resulting 

in reductions in the abundance, diversity and size structure of reef fish populations 

(Wilson et al., 2006; Pratchett et al., 2008; Bonin et al., 2011; Rogers et al., 2014). 

Small, site-attached fish species are likely to be among the most heavily affected by 

changes in reef complexity, as they are closely associated with the reef matrix and 

reliant on fine-scale habitat structure (Munday and Jones, 1998; Ferreira et al., 

2001). As these fishes constitute a substantial proportion of reef fish community 

abundance and diversity, losses as a result of habitat degradation are likely to have 

important implications for the functional and structural attributes of reef-associated 

fish communities (Munday and Jones, 1998; Ackerman and Bellwood, 2000; Floeter 

et al., 2004; Munday et al., 2008). While the response of the wider coral reef fish 

assemblage to physical extremes is well studied (Munday et al., 2008; Nilsson et al., 

2009), the impacts of these environmental changes on the community structure of 

small site-attached reef fish communities is less well known.  

Reef fish communities around the Arabian peninsula have become increasingly 

studied in the past decade as seas surrounding the area are biogeographically linked 

but are characterized by widely divergent environmental conditions, making it a 

‘natural laboratory’ to study the influence of thermal stress on fishes (Feary et al., 

2010; Burt et al., 2011b; Feary et al., 2012; Shraim et al., 2017). The northeastern 

Arabian Peninsula is bounded by the southern Arabian/Persian Gulf (hereafter called 

‘the Gulf’), the Strait of Hormuz adjacent to the Musandam peninsula, as well as the 

Sea of Oman, and these seas have an environmental regime largely structured by 
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seasonal variation in a range of environmental factors (Sheppard et al., 1992; Burt et 

al., 2011b; Feary et al., 2012). For example, as a result of its shallow depth, 

restricted water exchange and surrounding arid environment, the southern Gulf is 

characterized by extreme SSTs ranging from winter lows of <12°C to summer highs 

of >36°C (Sheppard et al., 1992; Sheppard, 1993), and hyper-saline conditions (>44 

PSU) that occur year-round  (Reynolds, 1993). In contrast, the adjacent Musandam 

and Sea of Oman water bodies both have deeper waters that are well mixed with 

those of the Indian Ocean, resulting in much milder seasonal changes in SSTs, from 

22°C in the winter to 34°C in the summer (Kleypas et al., 1999; Schils and Wilson, 

2006), and salinity that is comparable to normal oceanic conditions (35–37 PSU) 

(Schils and Wilson, 2006; Foster et al., 2012) .  

Studies in the region have shown that the more extreme environmental conditions of 

the Gulf substantially impacts reef fish communities, resulting in a lower abundance, 

diversity, biomass and functional diversity of assemblages when compared with the 

more environmentally benign Musandam and Oman seas (Feary et al., 2010; Burt et 

al., 2011b). However, these studies focused on broader reef fish communities, 

potentially obscuring patterns and dynamics that may differ for small, site-attached 

reef fish species. Small-bodied fish, such as pomacentrids, are extremely flexible in 

their behavioral responses to environmental changes (Fricke, 1977), and adaptation 

to changes in local water temperature also occur more rapidly in small-bodied, short-

lived species than larger species (Feary et al., 2014). Nevertheless, this adaptation 

might have downsides, as a reduction in swimming performance in smaller fishes 

makes them more vulnerable to predation (Coker et al., 2009; Johansen and Jones, 

2011b). Thus regional differences in environmental conditions may play out 

differently for small-bodied reef fish than has been recognized previously. In addition, 

those earlier region-wide comparative studies have largely been based on one-time 

snap-shot surveys, ignoring the strong temporal variability that occurs in this sub-

tropical region. There is increasing evidence that regional reef fish abundance and 

composition fluctuate with seasonal changes in temperature, and the influence 

appears to vary spatially around the region as a result of differences in the range of 

thermal conditions (Coles and Tarr, 1990; Burt et al., 2009; Grandcourt, 2012). Thus 

there is a need to develop a better understanding of the spatial and temporal 
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dynamics of the small, site-attached reef fish species that serve important functional 

roles on the reefs of north-eastern Arabia.  

This study examined the role of seasonal variation in environmental factors in 

structuring the density, biomass, size structure, and functional composition of small 

site-attached reef fish communities (<20cm adult TL, reef-associated and 

cryptobenthic species) throughout the southern Gulf, Musandam, and Sea of Oman 

regions. In the north-eastern Arabian Peninsula small, site-attached reef fishes can 

make up 5% of the coral associated fish community richness (representing 52% of 

the coral-dependent fish community), and contain a range of species that are at an 

elevated risk of extinction (Buchanan et al., 2016). We hypothesise that the physical 

extremes of the Gulf negatively affect the small-site attached reef fish community, 

with the dramatic seasonal changes in environment conditions more negatively 

affecting density, biomass and functional composition of these assemblages 

compared with the more benign environments experienced in the adjacent seas.  

Methods 

Sampling design and study area 

To examine the role of seasonal environmental variability in structuring the density, 

biomass and functional composition of small bodied (<20cm TL), site-attached reef 

fish assemblages in north-eastern Arabia, we performed visual surveys across eight 

sites spanning three regional seas: the Gulf (Dhabiya, Saadiyat, Ras Ghanada), 

Musandam (Al Harf, Falcon Rock, Coral Garden) and Sea of Oman (Dibba, Al Aqa) 

(Figure 4.1). All sites were characterized by fringing and patch reefs at similar depth 

(c. 2–8 m) and general habitat conditions, with sites separated by 13–33 km within 

regions. Surveys were performed every three months (i.e. quarterly) at each site over 

two years (April 2011 – April 2013), encompassing four seasons each year (winter: 

January-March, spring: April-June, summer: July-September and autumn: October-

December). Within each season the surveys were performed within ca. 10 days 

across all sites to ensure consistency of seasonal sampling.  
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Figure 4.1 
Study area in the Arabian Peninsula showing the location of the 8 sites among 
the three regions: Gulf sites in circles (1: Dhabiya, 2: Saadiyat, 3: Ras Ghanada), 
Musandam sites in squares (4: Al Harf, 5: Falcon Rock, 6: Coral Garden) and 
Sea of Oman sites in triangles (7: Dibba, 8: Al Aqa). 

 

During each survey period, visual censuses of small-bodied, site-attached reef fish 

communities were performed on six replicate belt-transects (30 m x 1 m) space ca. 3 

m apart. One metre wide transects were used as these are the most appropriate for 

surveying small reef-dependent species (Adam et al., 2011; Bozec et al., 2011), and 

are particularly appropriate in areas with reduced visibility such as the southern Gulf 

or the Sea of Oman where visibility is often <5 m (Burt et al., 2009; Feary et al., 

2010). Within each transect, all species for which maximum adult body size <20 cm 

TL (following Froese and Pauly, 2017) were identified and categorized into 5 cm 

interval size classes. Care was taken not to re-census fishes that left and re-entered 

the transect area. Estimated total lengths of each individual were converted to 

biomass based on species-specific growth coefficients (Froese and Pauly, 2017). 

When a species-specific coefficient was not available, a coefficient from a species 

with similar morphology (from the same genus) was used. Species were classified at 

broad and fine functional groupings (i.e., herbivore [territorial farmer], omnivore 

[benthic omnivore, diurnal planktivore, omnivorous planktivore], and carnivore 

[generalist carnivore, micro-invertivore, ectoparasite feeder, nocturnal planktivore]) 

(Froese and Pauly, 2017) to explore functional differences in fish communities.  
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Environmental data 

To explore spatio-temporal relationships between environmental parameters and fish 

community composition, the sea-surface temperature (SST), surface salinity, 

dominant current speed and dominant wind speed were gathered from model outputs 

and satellite observations for each site at each sampling period. SST, salinity and 

current data (all data in daily average intervals) were obtained from the 1/12° Global 

Hybrid Coordinate Ocean Model (HYCOM) (Metzger et al., 2010). Wind data was 

derived from the National Center for Atmospheric Research, Research Data Archive 

(rda.ucar.edu). All wind data was a 6-hour average of the effective neutral wind at a 

height of 10 metres and within grid spacing of 0.205-deg x 0.204-deg in E-O and N-S 

directions, respectively. All parameters were acquired for the period 01 April 2011 – 

30 April 2013. Each environmental parameter was averaged across daily readings 

(SST, salinity, current, and wind) for each site during each quarterly survey period. 

Minimum, maximum and variance of SST and salinity for each season were also 

calculated.  

Data analysis 

Univariate and permutational multivariate analyses of variance were performed to 

compare and contrast community density (individuals 100m-2), biomass (kg ha-1), 

size-class structure (cm TL), taxonomic composition and functional composition 

(broad and fine functional classification) among regions (Gulf, Musandam, and Sea 

of Oman), among seasons (winter, spring, summer and autumn), and years (year 1 

and year 2). All analyses were performed in SPSS (IBM Corporation, 2016) and 

PRIMER 6.0 software (Clarke and Gorley, 2006), including the PERMANOVA add-on 

package (Anderson, 2001). Data were first tested for normality and unequal variance 

using the Shapiro-Wilk W and Levene’s tests. Fish density and biomass did not meet 

these assumptions, and therefore both were log(x+1) transformed prior to statistical 

analyses (Zar, 1999). To assess seasonal differences in density and biomass of 

small site-attached fishes between regions, a nonparametric permutation-based 

analysis of variance test (PERMANOVA, 9999 permutations) on the Euclidian 

distance matrix was performed (Anderson and Braak, 2003). Variability was analysed 

between regions (fixed factor with 3 levels), sites (random factor with 8 levels nested 

in ‘Region’), years (random factor with 2 levels), and seasons (fixed factor with 4 
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levels). When mean square estimates of interaction terms were negative, the 

interaction terms for subsequent PERMANOVA analyses were pooled with the 

residual (following Fletcher and Underwood (2002); Anderson et al. (2008)). Where 

significant differences between factors were detected (p < 0.05), pairwise 

comparisons were performed using Monte Carlo adjusted p-values to determine 

which means differed significantly.  

Seasonal differences in regional fishes density and biomass were analyzed using a 

partially nested 4-way PERMANOVA based on Bray-Curtis distance matrix (9999 

permutations) (Anderson, 2001). To visualize multivariate patterns, non-metric 

multidimensional scaling (nMDS) ordinations of Bray-Curtis dissimilarity matrices, 

calculated from log(x+1) transformed data, were used. Spearman rank correlation 

was used to identify species strongly driving divergence along the nMDS axes (r ≥ 

0.8 for either axis). Similarity percentage (SIMPER) analyses were performed to 

determine which species, functional group and/or size class characterised each 

season and region, and which factor contributed mostly to dissimilarity between 

groups (Clarke and Warwick, 2001). Density of species, functional groups, and size 

classes of fishes that were identified by SIMPER as being important spatio-temporal 

drivers of community difference were analysed using PERMANOVA (Anderson, 

2001) based on a Euclidean distance measure (Terlizzi et al., 2007). Before 

multivariate analyses, all species occurring in less than 5% of samples were removed 

to reduce the influence of outliers (McCune et al., 2002).  

To determine environmental variables that may influence the spatio-temporal 

variation in community structure across seasons and regions, distance-based linear 

modeling (DistLM) with Bray-Curtis distance measures and 9999 permutations was 

used. The best-fit model, based on corrected Akaike Information Criterion for finite 

samples (AICc), was then visualized with distance-based redundancy ordination 

analysis (dbRDA) (Anderson et al., 2008). Ordinations were optimized with vector 

overlays to graphically illustrate environmental variables driving differences in fish 

communities. Before analyses, all environmental parameters that had non-skewed 

distributions were log(x+0.1) transformed to normalize the data (Clarke and Gorley, 

2006). Following this, all environmental variables were then standardized to account 

for differences in scales and units among variables. Multi-collinearity of all 

environmental variables was checked using draftsman plots, and any variables that 
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were strongly collinear (Pearson’s r >0.95 or <-0.95) were reduced to a single 

representative variable.  

Results 

A total of 26 species of small bodied site-attached reef fishes (from 8 families) were 

observed across all sites and seasons, with 13 species (7 families) observed in the 

Gulf, 24 species (8 families) in Musandam and 17 species (7 families) in the Sea of 

Oman. Only four species in Musandam and two species in the Gulf were restricted to 

those water bodies; all other species were shared among two or more regions 

(Supplementary Table S 4.1). Pomacentridae was the most speciose family across 

all three regions (nine species in total: four in the Gulf, nine in Musandam, and eight 

in the Sea of Oman), and was also the most abundant, making up 95.7% of the total 

abundance of fishes observed in this study. 

The small site-attached fish communities showed significant variation in density and 

biomass across regions, seasons, and years (PERMANOVA, density: Pseudo-

F=4.21, p<0.001; biomass: Pseudo-F=2.18, p=0.04; Figure 4.2). In terms of regional 

differences, both density and biomass were substantially lower in the Gulf than in the 

Sea of Oman or Musandam, where density and biomass averaged two to six times 

greater than the Gulf across years, respectively (Figure 4.2). The lower density in the 

Gulf was significant for every season relative to Musandam across both years, while 

differences were only significant during autumn and summer in year 1 when 

compared with the Sea of Oman (p<0.05 for each; Figure 4.2a). The most dramatic 

difference in density tended to occurred during the summer, when the Sea of Oman 

and Musandam densities were four- to 12-fold higher than in the Gulf, respectively, 

although there was some year-to-year variability. In parallel, biomass in the Gulf was 

also lower than the Musandam or the Sea of Oman in every season (except Year 2 

spring), although these differences were not significant due to high variability (Figure 

4.2b). Biomass was highly variable among seasons and between years in Musandam 

and the Sea of Oman, but was largely stable and low within and among years in the 

Gulf (Figure 4.2b). Seasonal biomass variation in Musandam and the Sea of Oman 

was largely driven by differences in the abundance of heavier, larger bodied fishes 

(e.g. Abudefduf vaigiensis) (Figure 4.2).  
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Figure 4.2 
Variation in (a) density (ind. 100m-2) and (b) biomass (kg ha-1) of small site-
attached species across regions, years and seasons (mean ± SE). 
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There were substantial changes in density across seasons within each region, but 

these changes were not consistent between regions. In the Gulf, although densities 

were low across seasons, a significant 50% decrease in density was observed from 

winter to spring across both years (p=0.03 and p=0.02, respectively), with density 

continuing to decline into summer in year 2 (a 70% decline from winter to summer, 

p=0.02) (Figure 4.2a). There was considerable seasonal variability between years in 

the Musandam, although like the Gulf the spring season tended to be characterized 

by low density. Densities were highest during summer and autumn in year 1, when 

densities more than doubled from winter and spring (p<005 each, except between 

autumn and winter (p=0.07)), while in year 2 peak densities were observed only in 

summer, when densities were a third to twice as high as in other seasons, although 

these differences were not significant (p>0.05).  Similarly to Musandam seasonal 

pattern, densities in the Sea of Oman were also a third to twice as high in the 

summer across years as well as in spring for year 2, although these differences were 

not significant (p>0.05) (Figure 4.2a). The high inter-seasonal variation in density in 

Musandam and the Sea of Oman were largely driven by the occurrence of Chromis 

xanthopterygia and Neopomancentrus cyanomos, two planktivorous species that 

tend to form large feeding schools above coral heads. The occurrence of these 

schools within transects thus resulted in large fluctuations in density from season to 

season in those seas, but are notably absent from transects in the more seasonally 

stable Gulf communities. In terms of biomass, while seasonal changes in the Gulf 

were largely consistent with changes in density in both years, there was broad and 

inconsistent variation in biomass among seasons and years in Musandam and the 

Sea of Oman (Figure 4.2b). This substantial variation in seasonal biomass in 

Musandam and the Sea of Oman was largely due to variation in the relative 

abundance of larger- versus smaller-bodied reef fish species among seasons (Figure 

4.2a,b). Of particular importance to seasonal variation in biomass in these regions 

was A. vaigiensis, which comprised only a modest proportion of the overall density 

(<15% on average), but contributed  anywhere from a third to over three-quarters of 

seasonal biomass due to its larger body size compared with the more common 

smaller damselfish species (Figure 4.2b).  
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Variation in community structure  

Multivariate ordination of fish communities, based on density, showed that 

assemblages in the Gulf were markedly different from the assemblages in the other 

regions consistently across all seasons, while there was a considerable amount of 

overlap in community structure in Musandam and the Sea of Oman (Figure 4.3). 

Differences in community structure were primarily driven by damselfishes, with 

Pomacentrus aquilus and Pomancentrus trichrourus being more abundant in the 

Gulf, while N. cyanomos, Pomancentrus leptus and Dascyllus trimaculatus were 

more common to the other regions (Figure 4.3). PERMANOVA analysis showed that 

there was a significant interaction between the main effects of regions, seasons and 

years, indicating that temporal differences were not consistent across regions (Table 

4.1). As such, pair-wise PERMANOVA comparisons were used to assess temporal 

differences in density within regions.  

 

Figure 4.3 
Non-metric multidimensional scaling (NMDS) of small site-attached reef 

fish communities across three regions in the Arabian Peninsula (Gulf , 

Musandam  and Sea of Oman □ sites) based on density for year 1 and 2. 
Ellipses have been added around each regional cluster to aid 
interpretation. The vectors overlay displays the strength and direction of a 
species’ Spearman rank correlations with either axis (restricted to those 
with r > 0.8) 
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Table 4.1 
Results of the three-factor analyses of variance assessing differences 
between regions, seasons and sites (within regions) in small site-attached 
fish community composition based on density (PERMANOVA, based on 
Bray-Curtis distance, data log(x+1). Significant probabilities are indicated in 
bold. 

 Fish community composition 

Source  df MS Pseudo-F P 

Region  2 2.6074E5 6.3559 0.0063 

Year  1 49026 6.3454 0.0135 

Season  3 11054 2.2253 0.0595 

Site (Region)  5 21344 2.7625 0.002 

Region * Year  2 20895 2.7045 0.0422 

Region * Season  6 8143.3 1.5512 0.099 

Year * Season  3 4967.3 1.8059 0.0228 

Site (Region) * Year  5 7726.2 11.975 0.0001 

Site (Region) * Season  a    

Region * Year * Season  6 5249.8 1.9086 0.0016 

Site (Region) * Year * Season  30a 2750.5   

Res  320 645.17   
 

a) Pooled data: Pooled terms included those that resulted in negative estimators of components 

of variation 

Within each region, there were significant differences in fish community structure 

among all seasons each year (p<0.05 each), with the exception of winter and both 

autumn and summer for the Gulf in year 1 (p=0.14 and p=0.08, respectively), and 

summer and winter for Musandam in year 2 (p=0.11). SIMPER analyses showed that 

>58% of seasonal variation in the Gulf was primarily driven by two species (P. 

aquilus and P. trichrourus), with A. vaigiensis also having an important role in the 

winter differences from other seasons in year 1 (Table S 4.2). Variation among 

seasons in Musandam was largely driven by two main species (C. xanthopterigya, N. 

cyanomos), which together with P. leptus and Chromis flavaxilla contributed >50% of 

divergence between seasons (Table S 4.2). C. xanthopterigya, N. cyanomos and P. 

leptus also drove seasonal differences in community structure in the Sea of Oman, 

which along with A. vaigiensis were responsible for >43% of community dissimilarity 

between seasons (Table S 4.2). The seasonal variation of these particular species 
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was not consistent between regions (see Figure 4.2a), reflecting the significant 

PERMANOVA region x season x year interaction effect reported above.  

Seasonal differences in the size-class structure of the fish community across regions 

were also observed. While fish in the two smallest size classes (0-5 cm and 5-10 cm) 

made up the majority of fishes in all three regions, they made up virtually the entire 

community (98.4%) in the Gulf, while larger size classes (11-15 cm and 15-20 cm) 

were better represented in Musandam and the Sea of Oman communities (Figure 

4.4). As a result, seasonal variation in density and biomass were relatively consistent 

in the Gulf where fishes were small, while modest changes in the abundance of 

larger-bodied fish in Musandam and the Sea of Oman during particular seasons 

could result in large changes in biomass estimates. For example, in year 2 the lowest 

density of fishes in the Sea of Oman occurred in winter and autumn (Figure 4.2a), 

and while in autumn biomass was also lower, in winter occurred the highest fish 

biomass, mainly due to the presence of the rare but larger-bodied A. viagiensis which 

made up >80% of the community biomass this season (Figure 4.2b). In contrast, the 

highest fish abundance observed in this study was in Musandam in summer of year 

2, when biomass was among the lowest recorded over the two years in that region 

because the abundance was almost exclusively of the smaller size class (TL <5 cm) 

of species such as C. xanthopterygia, N. cyanomos, and P. leptus and lower 

densities of the larger size class of A. vaigiensis (TL >10cm) (Figure 4.2; Figure 4.4). 

The three former small species together made up >73% of fish density in each of 

these regions across years (Figure 4.2a), but contributed only marginally to overall 

biomass (Figure 4.2b). 

Functional groups 

There were marked differences in functional groups contributing to the fish 

community among regions, reflecting differences in the species composition reported 

above. In the Gulf, communities were heavily dominated by omnivorous planktivores 

and territorial farmers, which together made up >95% of the fish community, on 

average (Figure 4.5). Here, these groups were mainly comprised of P. trichrourus 

and P. aquilus, respectively, each making up 91% and 100% of the individuals in 

their respective functional groups in the Gulf. In contrast, territorial farmers were rare 

in Musandam and the Sea of Oman, where diurnal planktivores (a group absent in 
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the Gulf) and omnivorous planktivores dominated fish communities. Together these 

two functional groups made up >85% of the fishes within these regions, represented 

mainly by N. cyanomos and C. xanthopterygia, respectively.  In both the Gulf and 

Musandam the functional structure of the fish communities was relatively stable 

across seasons and years, with only modest shifts in the relative proportion of the 

two dominant groups (Figure 4.5). In contrast, in the Sea of Oman there was large 

seasonal variation in the abundance of the two dominant functional groups (diurnal 

planktivores and omnivorous planktivores), and these seasonal changes were not 

consistent from year to year. This variation in functional groups in the Sea of Oman is 

largely the result of differences in the abundance of four schooling species (N. 

cyanomos and C. xanthopterygia as diurnal planktivores and A. vaigiensis and P. 

leptus as omnivorous planktivores; Figure 4.2), which were the dominant species 

within their respective functional groups and whose presence or absence within 

transects could result in large changes in abundance as a result of their gregarious 

behaviour.  

 

 

Figure 4.4 
Seasonal variation of small site-attached fish density of each size class (cm TL) 
per region and year. Error bars are +/- 1SE. 
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Figure 4.5 
Seasonal differences in relative abundance of principal fine functional 
groups within each region. Fine functional groups divided by: diurnal 
planktivores, omnivorous planktivores, territorial herbivores and others 
(benthic omnivores, ectoparasite feeder, generalist carnivores, micro-
invertivores, and nocturnal planktivores). 
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Environmental factors  

Three environmental factors together explained 49.8% of the total variation in fish 

density among regions: salinity, wind speed, and minimum temperature (DistLM, 

BEST modeling). The distance-based redundancy analysis (dbRDA) plot, illustrating 

the fish community structure, showed that the environmental factors strongly 

diverged the Gulf fish community from those of Musandam and the Sea of Oman, 

where there was considerable similarity indicated by the broad overlap of points 

(Figure 4.6). The first dbRDA axis accounted for 46.2% of the total variation in fish 

community structure while the second dbRDA axis accounted for only 3%. Salinity 

was positively correlated with the first dbRDA axis (r=0.99), while wind speed was 

negatively correlated (r=-0.66), and both distinguished the Gulf fish communities from 

Musandam and the Sea of Oman, with communities in the former region being 

influenced by higher levels of salinity (mean 41psu vs 38 and 37psu, respectively) 

and the two later by stronger winds (mean 5.1 and 4.4 m/s in Musandam and the Sea 

of Oman vs 3.8m/s in the Gulf) (Figure 4.6, Figure S 4.1). The second dbRDA axis 

was better correlated with minimum temperature (r=0.47), and while seasonal 

differences were clearer within the Gulf, with the summer being visibly separated 

from the remaining seasons by higher values of minimum temperature (mean 

minimum temperature values of 32C in the summer compared with 19C in winter), 

these were not consistent within Musandam and the Sea of Oman (Figure 4.6, Figure 

S 4.1). 
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Figure 4.6 
Distance-based redundancy analysis (dbRDA) illustrating the relationship 
between environmental predictors that best explain the variation of fish 

community in the different regions (Gulf , Musandam  and Sea of Oman 
□ sites). The dbRDA was constrained by the best-fit explanatory variables, 
with AICc, from a multivariate multiple regression analysis (DISTLM) and 
vectors overlays are shown for predictor variables explaining a significant 
proportion of the variation. 

 

Discussion 

Small site-attached reef fish are important and abundant residents on tropical reefs, 

and constitute a high percentage of the reef-dependent fish community (Bell and 

Galzin, 1984; Sale, 1991). Although this sub-group of fishes are extremely flexible in 

their behavioural responses to regular environmental changes (Fricke, 1977), they 

are still under threat from climate change, being affected not only by extreme 

environmental fluctuations that lead to physiological alterations (Pörtner and Knust, 

2007), but also by modifications in the reef matrix that affect their shelter and nesting 

areas (Munday and Jones, 1998; Ferreira et al., 2001). As such, changes in their 

composition and abundance can give valuable information on the condition of reefs 

(Bell and Galzin, 1984; Komyakova et al., 2013). This study explored the community 

structure of small-bodied site-attached reef fishes in north-eastern Arabia, one of the 
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most thermally extreme reef environments on earth, providing insights of future 

conditions expected to happen in other parts of the world as environmental 

conditions become more extreme and potentially more variable. Understanding how 

such fish communities may respond to long-term differences, across such variable 

and extreme environmental conditions, allow us to understand how they may 

respond to future climate change. In parallel, our results enable us to understand 

how seasonal fluctuations might structure fish communities in high-latitude marginal 

reef environments that are likely to become a refugia for tropical species 

experiencing range expansion as the warming of the tropics pushes equatorial 

species further towards the poles (Yamano et al., 2011; Baird et al., 2012). 

While small-bodied fish community abundance, biomass and functional composition 

varied both spatially and temporally, the most dramatic differences in our study 

occurred at the regional level, with the more seasonally variable Gulf environment 

having fish communities quite different from Musandam and the Sea of Oman, which 

were broadly similar to each other. Gulf communities had reduced abundance and 

biomass, a predominance of herbivores (territorial farmers) and omnivorous 

planktivore functional groups, and stable community structure across seasons. In 

comparison, in the more benign oceanic conditions found in Musandam and the Sea 

of Oman, fish communities exhibited a predominance of diurnal and omnivorous 

planktivores, and a community structure extremely variable across seasons and 

years, with variation mainly driven by several gregarious schooling species which 

dominated communities.  Abundance and biomass values in the Gulf were two and 

six times lower than in the Sea of Oman and Musandam, and these sharp differences 

could be explained by the environmental differences that exist between these 

regions, as recurrent periods of physiological stress (as extreme SSTs and high 

salinities in the Gulf) are known to have a substantial effect on fish communities 

(Feary et al., 2010). For instances, increases in water temperatures and changes in 

salinity causes increases in fish metabolic rate (Plaut, 2000; Boeuf and Payan, 2001; 

Pörtner and Knust, 2007), which force fish to augment food consumption to maintain 

their growth, or to reduce energy allocated for other activities (Angilletta Jr et al., 

2003; Donelson et al., 2010). As a result, fish suffer possible impaired growth, 

decreases in critical swimming speed and regular activity level, and consequently 

decreasing their ability to forage for food (Plaut, 2000; Boeuf and Payan, 2001; Hurst, 

2007; Johansen and Jones, 2011a). While differences in the wider fish communities 
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across these regions have been documented in the past (Feary et al., 2010; Burt et 

al., 2011b; Grandcourt, 2012), they have been biased towards large-bodied species. 

Both large and small-bodied fish suffer from these previously stated physiological 

alterations, but small-bodied fishes, as damselfish, are particularly vulnerable to 

extreme variations in environmental conditions, which have been documented to 

decline their abundances (Booth and Beretta, 2002; Jones et al., 2004) and change 

their community structure (Bellwood et al., 2006). As common prey species for 

piscivores, they also become vulnerable to reductions in swimming performance, 

enhancing predation risk (Coker et al., 2009). Together these ecophysiological 

pressures may explain the extreme divergence of Gulf fish communities from those in 

the biogeographically linked, but more benign, neighboring seas.    

Differences in the density and biomass of small-bodied reef fish between regions 

may also be an indirect response to regional differences in the structure and 

composition of benthic communities (Ferreira et al., 2001; Wilson et al., 2010). 

Recurrent bleaching events, for example, have occurred within the Gulf since 1996 

(Riegl and Purkis, 2012; Riegl et al., 2018) resulting in substantial loss of live coral 

and shifts in community composition (Riegl, 1999; 2003; Burt et al., 2008; Burt et al., 

2011a). Near complete loss of branching Acropora species and a concomitant 

increase in massive and sub-massive Faviids and Poritids (Riegl, 1999; 2003; Burt et 

al., 2008; Burt et al., 2011a)  have reduced the complexity of the reef matrix and the 

amount of habitat available for small-bodied reef fishes that are often tightly 

associated with coral (Buchanan et al., 2016). In addition to the physical 

environmental stress, such benthic-related changes likely also contribute to the low 

densities of small-bodied site-attached reef fish species within the Gulf. In parallel, 

reefs in the Sea of Oman, have experienced wide-range mortality of Acropora and 

Pocillopora as a result of a harmful algal bloom in 2008 (Bauman et al., 2010). 

Concordantly, small-bodied fishes in this region don’t subsist under an extreme 

environment, but the reduction of the complex reef matrix may explain the lower 

densities in the Sea of Oman compared with the relatively intact and topographically 

complex reef habitat within Musandam (Burt et al., 2016), albeit still substantially 

more abundant than in the low-complexity, environmentally extreme Gulf.  

While regional differences were the most crucial drivers of community structure for 

small-bodied reef fish, temporal variation was also apparent, and this was not 
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consistent among regions. Density and biomass in the Gulf experienced drops of 50-

70% from winter to the warmer spring and summer seasons, and while this could be 

due to the physiological responses of individuals, it could also be due to increased 

sheltering of small-bodied fish species during summer when predatory snappers and 

groupers become common on these reefs (Burt et al., 2009; Burt et al., 2013), 

artificially decreasing observations during visual census. As summer temperature, in 

the Sea of Oman and Musandam, do not exceed for long periods the maximum 

temperatures for optimum growth for damselfish (approximately 31C as shown in 

Nakano et al. 2004 and Rummer et al. 2014), seasonal density patterns were 

contrary to the Gulf, with higher densities in the summer. In contrast to the Gulf, 

overall fish abundance in the Musandam and the Sea of Oman was generally highest 

in the summer months. The summer sea temperatures are not nearly as extreme in 

these seas, rarely exceeding the 31 °C maximum temperatures for damselfishes, 

suggesting that physical thermal stress is likely less important that in the Gulf. In 

addition, the warmer summer season is also characterized by higher productivity in 

these areas as a result of monsoon upwelling, which could explain the substantially 

higher observation of planktivorous damselfish schools driving densities in the 

warmer seasons in these regions. These species were typically small-bodied in size, 

explaining the paradoxical observation of low biomass during periods of peak density 

on reefs in the Musandam and the Sea of Oman.  

Although there were broad differences in community structure among all three 

regions, the damselfishes dominated communities across all study sites. Both P. 

aquilus and P. trichrourus are abundant fishes in the Gulf (Burt et al., 2011b; Shraim 

et al., 2017) and were the primary species responsible for regional difference. In 

comparison, three species were important in structuring communities in Musandam 

and the Sea of Oman: C. xanthopterygia, N. cyanomos and P. leptus. We can expect 

that regional differences in pomacentrids populations are related to the fact that only 

a few species can tolerate the extreme SST and salinity that characterizes the Gulf, 

as has been reported for other reef-associated fish species (i.e., Gulf butterflyfish 

populations, see Pratchett et al., 2013). The relatively high proportion of 

damselfishes made up by P. aquilus and P. trichrourus in the Gulf suggest that these 

hardy species are able to flourish in an environment that is largely absent of direct 

competitors, and recent research has shown that they have broadened their dietary 
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habits to make use of resources not typical of these species in other regions (Shraim 

et al., 2017). Further research on the physiological and ecological constraints 

structuring the diverse damselfish populations in this region is warranted.  

One surprising result from this study was the observation of relatively stable 

communities in the highly thermally variable Gulf, while the more stable environments 

of the Musandam and the Sea of Oman were characterized by highly seasonally 

variable assemblages. These highly dynamic changes in the fish community 

structure are a result of the differences in species composition between regions, and 

external influences besides environmental seasonality could be masking existing 

patterns. Within both Musandam and the Sea of Oman, the primary species 

influencing seasonal dissimilarities are known schooling species (N. cyanomos and 

C. xanthopterygia), and the occurrence of schools in surveys would be affected by a 

variety of factors in addition to thermal conditions, such as food availability, predation 

pressure, visibility and others (Pitcher, 1986), making abundance estimates for these 

gregarious species much more dynamic. In contrast, the dominant species in the Gulf 

were mainly sedentary territorial farmers (P. aquilus) and non-schooling planktivores 

(P. trichrourus), behavioral attributes which would result in more consistent estimates 

of abundance and function across seasons.  

The environmental factors driving differences in fish communities varied regionally. In 

the Gulf salinity and minimum temperature were important in structuring the fish 

community, reflecting the more extreme nature of this environment and the general 

perception of this being a physiologically hostile area for reef fishes (Feary et al., 

2010; Pratchett et al., 2013). The limited coral cover but high abundance of algae on 

reefs in this area likely explain the prevalence of territorial farmers on these reefs 

(Burt et al., 2008; Burt et al., 2011a), in keeping with observations from earlier 

studies on the wider reef fish communities (Feary et al., 2010; Burt et al., 2013). In 

contrast, in Musandam and the Sea of Oman physical factors related to water 

motion, such as winds, explained most of the difference in community structure. 

These areas are known to be highly productive, particularly during the summer when 

monsoon-driven upwelling results in nutrient rich surface waters that support high 

densities of phytoplankton and herbivorous zooplankton (Sheppard et al., 1992; 

Wilson et al., 2006), explaining the high abundance of planktivorous fishes observed 

here. The dominance of planktivores on Sea of Oman reefs had been noted earlier in 
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association with the monsoon (Burt et al., 2011b), suggesting that differences in 

productivity are important in controlling community structure in the Sea of Oman and 

the Musandam.    

Fish diversity and abundance is threatened when permanent reef degradation occurs 

(Jones et al., 2004), and our results suggest that fundamental shifts in small-bodied 

reef fish community structure are likely to happen as the global climate continues to 

change. Small-bodied reef fish assemblages will likely respond to environmental 

changes in their environment, with a few acclimatized species of damselfish 

persisting (such as P. aquilus and P. trichrourus) becoming dominant and herbivores 

becoming more abundant on reefs as coral cover declines and algae become more 

prevalent. But despite their ability to persist, these species are occurring near their 

upper thermal limit threshold, which may result in reduced swimming performance, 

higher vulnerability to predation, and enhanced metabolic demands for maintenance. 

The low abundance and biomass of fishes in the Gulf suggests that these costs have 

community-level impacts, and given that reduced body size is linked with fecundity, 

these costs will extend through generations. Environmental extremes, together with 

the continuing regional reef degradation, threaten the future of the small-bodied fish 

communities (Munday et al., 2007). Many of the species discussed in this paper are 

considered vulnerable to regional extinction within the next century as a result of 

these threats (Buchanan et al., 2016), and rapid, aggressive management efforts are 

necessary if there is to be hope that this ecologically important and biologically 

diverse group of fishes are to hope to persist on reefs in northeastern Arabia.  
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Table S 4.1 
Mean density (individual 100 m-2 ± SE) of small site-attached reef fish species that were observed within each region, with respective 
family and fine functional group, averaged across all seasons.  

Family Species Fine functional group Gulf Musandam Oman 

Apogonidae Apogon aureus Generalist carnivore 
 

2.0 ± 0.6 0.03 ± 0.03 

 
Cheilodipterus novemstriatus Generalist carnivore 0.1 ± 0.04 0.3 ± 0.2 

 

 
Cheilodipterus persicus Generalist carnivore 2.0 ± 0.5 2.7 ± 0.9 3.5 ± 1.5 

Blenniidae Ecsenius pulcher Benthic omnivore 0.9 ± 0.2 1.1 ± 0.2 2.5 ± 0.4 

Gobiidae Amblygobius albimaculatus Benthic omnivore 0.4 ± 0.1 
  

 
Cryptocentrus lutheri Micro-invertivore 0.5 ± 0.1 0.4 ± 0.1 

 

 
Valenciennea persica Micro-invertivore 

 
0.3 ± 0.1 

 

 
Valenciennea sexguttata Micro-invertivore 

 
0.02 ± 0.02 

 
Labridae Halichoeres marginatus  Micro-invertivore 

 
3.3 ± 0.5 24.4 ± 2.8 

 
Halichoeres stigmaticus Micro-invertivore 1.4 ± 0.3 

  

 
Labroides dimidiatus Ectoparasite feeder 

 
3.6 ± 0.4 2.8 ± 0.5 

Ostraciidae Ostracion cyanurus Benthic omnivore 
 

1.4 ± 0.2 1.9 ± 0.3 

Pempheridae Pempheris vanicolensis Nocturnal planktivore 
 

0.5 ± 0.5 0.3 ± 0.3 

Pomacentridae Abudefduf vaigiensis Omnivorous planktivore 5.9 ± 1.3 54.3 ± 7.3 62.2 ± 10.3 

 
Amphiprion clarkii Omnivorous planktivore 0.02 ± 0.02 1.2 ± 0.2 0.5 ± 0.2 

 
Chromis flavaxilla Diurnal planktivore 

 
54.9 ± 12.0 

 

 
Chromis xanthopterygia Diurnal planktivore 

 
262.1 ± 31.0 109.9 ± 28.5 

 
Dascyllus trimaculatus Omnivorous planktivore 

 
19.4 ± 2.6 3.3 ± 1.0 

 
Neopomacentrus cyanomos Diurnal planktivore 

 
224.2 ± 24.5 64.4 ± 10.9 

 
Pomacentrus aquilus Territorial farmer 76.3 ± 4.6 16.3 ± 2.4 10.2 ± 1.4 

 
Pomacentrus leptus Omnivorous planktivore 

 
137.2 ± 9.4 73.0 ± 8.1 

 
Pomacentrus trichourus Omnivorous planktivore 62.5 ± 7.3 2.1 ± 1.0 0.1 ± 0.1 

Pseudochromidae Pseudochromis aldabraensis Generalist carnivore 0.7 ± 0.2 3.0 ± 0.4 0.1 ± 0.05 

 
Pseudochromis linda Generalist carnivore 

 
0.1 ± 0.1 

 

 
Pseudochromis nigrovittatus Generalist carnivore 0.9 ± 0.2 0.02 ± 0.02 0.1 ± 0.1 

 
Pseudochromis persicus Generalist carnivore 1.2 ± 0.2 0.2 ± 0.1 
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Table S 4.2 
Similarity results of small site-attached reef fish species, based on density, calculated by SIMPER analyses. Only species strongly 
contributing to the dissimilarity (δ >15%) in each seasonal pairwise comparison within regions and years are shown. Season codes: Wi: 
Winter; Sp: Spring; Su: Summer; Au: Autumn. 

     Percentage contribution to dissimilarity based on density 

Region Season 
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Gulf Sp vs. Au 45.97 37.18 34.00     41.43 33.84 47.98      
 Su vs. Au 39.13 29.87 42.55     44.59 34.97 47.47      
 Sp vs. Su 44.98 39.51 41.09     42.21 37.76 43.01      
 Au vs. Wi 40.15 24.22 34.62    18.61 43.27 27.79 47.03      
 Sp vs. Wi 47.29 34.26 30.50    20.47 43.13 22.71 51.33      
 Su vs. Wi 39.91 30.16 37.32    16.63 51.85 27.77 49.59      

Musandam Sp vs. Au 64.58   20.69 24.20 16.90  42.75   21.05 16.75    
 Su vs. Au 52.71   21.87 24.95 15.75  41.74   20.10 20.15    
 Sp vs. Su 57.20    34.58 17.18  46.41   20.85 21.56   15.50 
 Au vs. Wi 54.09   19.88 25.79 16.95  36.28   16.53 17.96    
 Sp vs. Wi 61.90   16.68 25.02 15.54  41.43   19.83 17.91 15.23   
 Su vs. Wi 52.17   17.08 29.92 15.55  36.01   21.28 20.29   17.16 

Oman Sp vs. Au 77.72    29.45  31.37 75.07   33.99  23.30   
 Su vs. Au 58.86   18.26 24.20 15.74 26.30 46.53   29.18 23.79 16.36   
 Sp vs. Su 66.47    29.53 15.28 26.50 80.80   25.39  30.42   
 Au vs. Wi 74.14   15.88 35.73   59.44   24.24   28.42  
 Sp vs. Wi 68.11      43.28 80.92   25.60  25.94 24.10  
 Su vs. Wi 72.88   15.00 29.76  23.38 51.68   17.92 17.17  28.32  
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Table S 4.3 
Similarity results of small site-attached reef fish species, based on biomass, calculated by SIMPER analyses. Only species strongly 
contributing to the dissimilarity (δ >15%) in each seasonal pairwise comparison within regions and years are shown. Season codes: Wi: 
Winter; Sp: Spring; Su: Summer; Au: Autumn. 

      Percentage contribution to dissimilarity based on biomass   

Region Seasons    2011/2012     2012/2013   
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Gulf Sp vs. Au 
Su vs. Au 
Sp vs. Su 
Au vs. Wi 
Sp vs. Wi 
Su vs. Wi 
Sp vs. Au 
Su vs. Au 
Sp vs. Su 
Au vs. Wi 
Sp vs. Wi 
Su vs. Wi 
Sp vs. Au 
Su vs. Au 
Sp vs. Su 
Au vs. Wi 
Sp vs. Wi 
Su vs. Wi 

31.15 17.82 32.46   35.87  53.45 44.60 19.52       
 32.22  40.95   26.83  50.73 41.98 28.24       
 31.64 18.84 52.40   18.05  35.37 26.99 29.96   17.92 15.13   
 37.97  21.89   34.65 15.17 55.06 33.87 25.69       
 38.52 16.68 23.22   32.84  37.50  35.64   20.78  15.71  
 38.94  33.44   24.83  43.26 20.37 32.47     15.03  

Musandam 67.52     17.36  46.54   17.81  15.90    
 54.91    17.40 17.55  50.14 17.97  16.99      
 60.36    18.76 19.81  49.61 15.93    21.91   15.03 
 56.36     16.81  42.68 15.94        
 67.62     16.29  53.41   17.72  16.39    
 55.01    18.75 18.04  52.84   18.75      

Oman 72.90    20.55 26.38  75.49 16.44  22.12  16.43    
 57.57     28.53  57.79 19.96  27.13      
 57.16    21.82 17.40  73.18 20.57    18.26    
 69.31 15.04   20.86 19.14  68.72   16.93  31.70    
 54.31 19.96    29.23  61.78     26.74    
 62.26    18.93 10.57  55.66 17.55    29.60    
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Figure S 4.1 
Changes in environmental parameters across the two years of study, 

within each region: (a) sea-surface temperature (C), (b) surface salinity 
(psu), (c) dominant current speed (m/s) and (d) dominant wind speed 
(m/s). All data gathered from model outputs and satellite observations for 
each site at each sampling period. 
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Chapter 5  “Diel variation in grazing activity by fish and macro-

invertebrates in an extreme environment: comparison between the 

Gulf and the Sea of Oman” 

 

Preface 

Reef recovery after disturbances is greatly dependent on the grazing action of the 

herbivorous functional group. Depending on the fish or invertebrates performing this 

grazing, reefs can recover to a pre-disturbance state or they can suffer a phase-shift 

and become algal dominated. In this final study we identify rates of herbivory and the 

primary taxa responsible for algae removal in the extreme environment of the Gulf 

and compare these with the taxa in the Sea of Oman.  

Highlights 

 Diurnal herbivory is greater in the Gulf, with a two-fold higher reduction in algal 

cover than the Sea of Oman;  

 Nocturnal herbivory is greater in the Sea of Oman than the Gulf; 

 The omnivorous angelfish, Pomacanthus maculosus, was the dominant 

herbivore in the Arabian Gulf; 

 Macro-invertebrates (gastropods and Diadema setosum) were the dominant 

herbivores in the Sea of Oman. 
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Abstract 

Herbivory is a key process on coral reefs, maintaining a healthy balance between 

corals and benthic algae. While numerous studies have shown that a limited suite of 

species, the macroalgal browsers, are capable of removing macroalgae, most 

studies have been conducted on biodiverse, low-latitude reefs. It is unknown how 

these findings translate to marginal high-latitude coral reef environments. We used 

tiles with established algal communities to investigate the rates of herbivory, as well 

as to identify key herbivores species, in two marginal coral reef environments: the 

southern Arabian Gulf, a naturally extreme environment, and the northern Sea of 

Oman. Replicate tiles were deployed for 12h at dawn and at dusk at two sites within 

each region, and stationary video-cameras used to record feeding activity. The 

experiment was repeated over three days. Diurnal herbivory resulted in two-fold 

greater reduction in algal cover in the southern Arabian Gulf than the northern Sea of 

Oman (36.2 ± 5.9%.12h-1 and 19.2 ± 5.0%.12h-1 (mean ±SE), respectively). The 

opposite was observed for nocturnal herbivory, with the greatest reduction in algal 

cover being recorded in the northern Sea of Oman (28.2 ± 4.5%.12h-1) compared to 

the southern Arabian Gulf (11.1 ± 6.2%.12h-1). Analysis of video footage revealed the 

angelfish Pomacanthus maculosus was the dominant herbivore in the Arabian Gulf, 

accounting for 89.3% of total mass-standardized bites recording during diurnal 

periods. In contrast, macro-invertebrates (i.e., gastropods and the Black Longspine 
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urchin [Diadema setosum]) were the dominant herbivores in the Sea of Oman. While 

previous studies in biodiverse reef systems have shown the important functional role 

of single species of rabbitfish and surgeonfish in algae removal, our results show that 

the abundant omnivore angelfish, P. maculosus, acts as a functionally important 

herbivore in the Gulf.  

Keywords: Video camera; herbivory; coral reef; turf algae; Diadema setosum; 

Pomacanthus maculosus 

 

Introduction 

Herbivory is widely regarded as one of the most critical processes on coral reefs, 

maintaining a healthy balance between corals and benthic algae (Mumby et al., 

2006; Hughes et al., 2007), and providing space for the settlement of benthic 

organisms (Bellwood et al., 2012). Grazing activity by herbivores can decrease coral 

reefs vulnerability to shift to an alternate assemblage that is typically dominated by 

algae (Bellwood et al., 2004; Hughes et al., 2007). Different species of fish and 

invertebrates act as key herbivores by removing algae and opening space available 

for coral to settle (Korzen et al., 2011). Herbivory is becoming increasingly important 

as threats to reefs around the world augment, resulting in declines in the cover and 

diversity of corals and concomitant increases in cover and biomass of benthic 

macroalgae (Hughes et al., 2010; Graham et al., 2011; Graham et al., 2013; Hughes 

et al., 2018). The ability of reefs to recover from such events will not only depend on 

the abundance, but importantly the composition, of local herbivore assemblages 

(Burkepile and Hay, 2008; Bennett et al., 2015). 

Macro-herbivores can be divided in two broad functional groups based on their 

feeding behavior: the browsers and the grazers (including scrapers, excavators, and 

croppers) (Wilson et al., 2003; Bellwood et al., 2006). Browsers are selective 

herbivores that feed typically on brown macroalgae (Mantyka and Bellwood, 2007b), 

and are considered important in reversing phase-shifts of alga-dominated regimes 

(Bellwood et al., 2006; Hoey and Bellwood, 2009). In contrast, grazers feed more 

commonly on the epilithic algal matrix (e.g. surgeonfish, parrotfish and rabbitfish), 

with some species of parrotfish scraping or excavating the underlying substrate as 
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they feed (Bonaldo et al., 2014), opening space in the substrate for new corals and 

other benthos to settle (Bellwood et al., 2012), and helping reefs to resist phase-

shifts after disturbances (Nyström, 2006). While the primary species responsible for 

high herbivory rates are commonly comprised of well-known groups, such as 

parrotfish and rabbitfish (Mantyka and Bellwood, 2007a; Cvitanovic and Bellwood, 

2008; Fox and Bellwood, 2008), numerous studies from low latitude reefs have 

reported that removal of algae is often restricted to a limited suite of species, despite 

the range of herbivores present (Bellwood et al., 2006; Hoey and Bellwood, 2009; 

Plass‐Johnson et al., 2015). Collectively these studies have shown that the removal 

of macroalgae is solely performed by one or two species of rabbitfish (Plass‐Johnson 

et al., 2015; Gilby et al., 2017), or surgeonfish (Hoey and Bellwood, 2009). To date, 

the vast majority of these studies have been conducted on biodiverse low latitude 

reefs, but how these findings translate to higher latitude reefs in marginal 

environments is still unknown.  

Reefs in the Arabian/Persian Gulf (hereafter called ‘the Gulf’) exist under a highly 

variable environment, with wide temperature range and high salinity (Sheppard et al., 

1992), making this region ideal to conduct studies on extreme environments. The 

Gulf, is characterized by extreme SSTs with an annual fluctuations of approximately 

24°C, ranging <12°C during the winter to >36°C in the summer (Sheppard et al., 

1992; Sheppard, 1993), and year-round  hyper-saline conditions (>44 PSU) 

(Reynolds, 1993). This region is biogeographically connected with the Sea of Oman, 

that in contrast, is characterized by much moderate annual variation in SSTs, 

approximately 12°C, ranging from 22°C in the winter to 34°C in the summer (Kleypas 

et al., 1999; Schils and Wilson, 2006), and with salinity values similar to other tropical 

reefs (35–37 PSU) (Schils and Wilson, 2006; Foster et al., 2012). Besides 

differences in environmental conditions, both these disparate regions have suffered 

different impacts that have compromised and resulted in the loss of live coral cover 

and coral richness (Bauman et al., 2010; Burt et al., 2011a; Riegl et al., 2012; Riegl 

and Purkis, 2012; Riegl et al., 2018). This loss of living corals has opened space for 

the colonization by algae, that is mainly comprised of turf and coralline algae, with 

reefs in the winter months being dominated by dense beds of foliose brown algae 

(John, 2012).  
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In both the Gulf and Sea of Oman, the herbivore community is comprised of both fish 

and invertebrates, with echinoderms present in high numbers, but with limited 

species richness (George, 2012; R. Bento, unpubl. data). Reef fish communities in 

these disparate regions are structurally and functionally distinct, with communities in 

the Gulf comprising lower richness, abundance and biomass, with a different trophic 

guild structure than the Sea of Oman (Feary et al., 2010; Burt et al., 2011b; Hoey et 

al., 2016). Although herbivores constitute the principal functional group in the Gulf, 

they are mainly comprised by the damselfish territorial farmer, Pomacentrus aquilus, 

while generally more common herbivorous fish groups, such as parrotfish and 

surgeonfishes, are rare or absent from reefs within the southern Gulf, but frequent 

within the Sea of Oman (Feary et al., 2010; Burt et al., 2011b; Hoey et al., 2016). 

This difference in herbivores composition between regions and the lack of what are 

considered essential herbivores in the Gulf raises the question as to who are the 

major herbivores in this extreme system.  

This study aimed to understand the rates of herbivory, as well as to identify key 

macro-herbivores species, and how this varies between two distinct marginal 

environments. We conducted a series of in situ experiments to quantify the density 

and impact of macro-herbivores, and to identify diel variation at two different 

environments in the Arabian Peninsula: the Gulf and the Sea of Oman.  

Methods 

Study location 

This study was conducted during July 2013 along the west (Arabian Gulf) and east 

(Sea of Oman) coast of the United Arab Emirates, on the Arabian Peninsula (Figure 

5.1). Two sites in the Arabian Gulf (Saadiyat and Emily) and two sites in the Sea of 

Oman (Dibba and Al Aqa) were selected to examine spatial variation in the rates of 

herbivory and to identify the fish and invertebrate species responsible for biomass 

consumption. Experiments were conducted at a similar depth (c.a 2-5m) and in areas 

of coral cover on each reef. 
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Figure 5.1 
Location of the four sites where the manipulative study was conducted on 
the Arabian Peninsula. Two sites located on the Gulf (circles: Saadiyat and 
Emily), and two sites located on the Sea of Oman side (triangles: Dibba and 
Al Aqa). 

 

Experimental tiles 

Algal communities were established on 125 unglazed terracotta experimental tiles 

(10 x 10 x 1.5 cm), with a smooth top and a rough underside, by preconditioning the 

tiles for three months on Saadiyat reef (Arabian Gulf). Tiles were placed on the reef 

with the rough surface facing upward at a depth of 5m and enclosed within an 

exclusion cage (mesh size =5cm) to exclude the action of grazers.  

After three months the tiles were collected and sets of five tiles were randomly 

selected. Each tile was individually identified with numbered cable ties, photographed 

and deployed on the reef at each site. Photographs were taken using a standardized 

digital camera setup (10 megapixel Nikon D-18) with a frame to ensure that all 

photos were taken at the same distance and orientation. Each tile was attached to a 

small dive weight using a cable tie, and placed in an area free of live coral. Three 

tiles were left exposed to herbivores, and two tiles were placed within individual 

exclusion cages (approximately 20 × 20 × 20 cm; 1.5 cm square plastic mesh), to 

control for losses due to experimental handling and translocation. Tiles were 

deployed either in the morning (~7:00) or evening (~19:00), and collected after 12h. 
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Tiles were photographed immediately after collection (as previously described). This 

entire procedure was repeated for three consecutive days (three diurnal and three 

nocturnal deployments) at each site.  

Analyzing the photographs taken of the tiles, the cover of algae, coralline algae, 

coral, ascidians, sponges, arthropods (barnacles), mollusks (bivalves, chiton, and 

gastropods), annelids (polychaetes), bryozoans, ‘other living’ and sand/silt was 

determined using CPCe, with 50 random points per tile (Kohler and Gill, 2006). Algae 

were further identified to the genus level as being Champia, Chondria, Cystoseira, 

Padina, Peyssonelia, Ulva, turf algae or placed in an ‘other macroalgae’ category. 

The mean percentage cover of benthic taxa across tiles before the experiment was 

74.3% ± 1.8% SE algae (comprised on average of 93% turf algae), with 16.7% ± 

1.4% SE being bare tile. The remaining categories occupied less than 5% cover.   

Video observations 

To identify the fish and macro-invertebrate species that potentially fed on the 

experimental tiles, small underwater digital video cameras (GoPro) mounted on a 

dive weight were positioned approximately 1m from a tile exposed to local herbivore 

assemblages. To record nocturnal feeding behavior, two red-filtered lights were 

positioned on either side of the tiles (two lights per tile). Filming commenced and 

continued without disturbance for 2h at the start of each deployment (i.e., 07:00 and 

19:00 hours; total of 4h per tile per day). A total of 36 h of video observations was 

gathered from 3 sites (3 tiles x 4h = 12h footage site-1). No video recordings were 

possible at the Emily site in the Gulf due to logistical constraints.  

All video footage was viewed, and all fish and macro-invertebrates feeding on the 

tiles were recorded and identified to either species (fish) or family (invertebrates). 

The body size of each fish (total length, TL) was estimated using the experimental tile 

as a size reference. The total number of bites taken per fish species on each tile and 

size was recorded over the entire time period tiles were videoed. To account for 

differences in the impact between fish species of individual bites due to variation in 

body size, mass standardized bite impact (total bites x body mass in kilograms) was 

calculated for each fish species identified feeding on the tiles (following Bellwood et 

al. 2006) . Body mass was estimated using published length-weight relationships for 

each species (Kulbicki et al., 2005; Froese and Pauly, 2017). As individual bites by 
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macro-invertebrates could not be observed, invertebrate grazing activity was 

estimated by recording the number of macro-invertebrates on each tile and the total 

period in which they were present on the tile (following Korzen et al. 2011). 

Data analysis 

Rates of herbivory 

Variation in the reduction in algal cover among regions, sites and diel period was 

analysed using a generalized linear model (GLM) with a normal response variable 

and identity link function. In the model used, region and diel period were fixed factors, 

with site as a random factor nested within region. The analyses were performed on 

the change in the algal cover over the 12h period. The choice of model was based on 

the corrected Akaike information criterion (AICc) ranking. Assumptions of 

homoscedasticity, independence and non-autocorrelation were confirmed using 

residual plots. 

Effects of treatment caging were tested with general linear models, with contrast 

using the data of percentage cover lost of algae on each caged tile versus exposed 

tiles. Assumptions of homoscedasticity were checked by Levene’s test, and normality 

assumption was met for this model. 

Agents of herbivory 

Differences in the assemblages of fishes feeding on the tiles among regions, sites 

and period were analyzed using a three-way permutational analysis of variance 

(PERMANOVA), based on Bray-Curtis distance matrix (9999 permutations) 

(Anderson, 2001). All multivariate statistical analyses were performed using SPSS 

(IBM Corporation, 2016) and Primer-E v6 software (Clarke and Gorley, 2006) with 

the PERMANOVA+ add-on package (Anderson et al., 2008). 

Results 

Herbivory rates 

Reduction in algae cover differed between periods (diurnal vs. nocturnal), between 

regions, and among sites (nested in region) (Table 5.1). Alga cover reduction on tiles 

was highest during the day in the Gulf (day: 36.2% ± 5.9% SE, night: 15.2% ± 4.2% 
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SE; p<0.001), with no significant differences observed in the Sea of Oman (p>0.05; 

Figure 5.2). The reduction in algal cover observed in both regions was due primarily 

to reductions in the cover of turf algae. Within the Gulf, the cover of turf algae 

reduced by 22.8 ± 6.5% during the diurnal deployments, and 7.8 ± 5.6% at night. 

Within Sea of Oman sites reduction of turf cover varied from 26.2 ± 4.8% at night to 

5.5 ± 5.4% during the day (Figure 5.3). There was a significant caging treatment 

effect (GLM, p=0.036), whereby exposed tiles, open to all grazers, had higher algal 

percentage cover loss than caged tiles that excluded all fish and macro-invertebrates 

(Figure S 5.1, Supplements). 

 

 

Figure 5.2 
Variations in the % cover of the different main categories identified on 
uncaged tiles across regions, during day and night grazing (12h periods 
each). The % cover change was calculated as the difference of % cover on 
tiles before and after grazing. The means are based on 9 uncaged tiles left 
for 12h (day or night) within each site at each region (total of 3 days). 
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Table 5.1 
Results of the generalized linear model assessing differences between 
region, sites and period of the day in percentage cover loss of algae. 
Significant values in bold. 

Source 

Type III 

2 df p-value 

(Intercept) 122.485 1 0.000 
Region 0.203 1 0.652 
Period 1.787 1 0.181 
Region*Period 11.391 1 0.001 
Site (Region) 3.004 2 0.223 
Site*Period (Region) 8.775 2 0.012 

 
 

 

 

Figure 5.3  
Variations in the % cover of the five most abundant algae genera on exposed 
tiles across regions, during day and night grazing (12h each). The % cover 
change was calculated as the difference of % cover on tiles before and after 
grazing. The means are based on 9 exposed tiles left for 12 h (day or night) 
within each site at each region (total of 3 days). 
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Video analysis 

A total of 1333 bites from 8 fish species were recorded feeding on the tiles across 

both regions, with 934 bites in the Gulf (from 5 species) and 399 bites in Sea of 

Oman (from 4 species). Only one species, Ecsenius pulcher, was seen grazing on 

the tiles across both regions. Video footage revealed that the Arabian anglefish, 

Pomacanthus maculosus, accounted for 92.0% of total mass-standardized bites in 

the Gulf, while Scolopsis ghanam accounted for 94.3% of the total mass-

standardized bites in the Sea of Oman sites (Table 5.2, Figure 5.4). Diurnal grazing 

in the Gulf was dominated by P. maculosus, accounting for 89.3% of total diurnal 

mass-standardized bites, with P. aquilus accounting for 10.1% of total diurnal mass-

standardized bites (5.9 kg. bites), the remaining species collectively accounted for 

less than 1% of the diurnal mass-standardised bites. Fish grazing activity was only 

observed during the day for Sea of Oman, with total removal rates dominated by S. 

ghanam with 2.7 kg.bites (94.3% of the total mass-standardized bites). 

 

Table 5.2 
Total standardized bites (Kg x bites) of the main fish species, and respective 
functional group (FG), observed grazing on the algae tiles in both regions, Gulf 
and Sea of Oman. Values are based on the 12h of footage per site. 
   Total standardized bites 

   Gulf Oman 
Family Species FG Morning Evening Morning Evening 

Blenniidae 
Ecsenius 
pulcher 

Omnivore 
0.03 0 0.1 0 

Mullidae 
Parupeneus 
margaritatus 

Carnivore 
0 0 0.03 0 

Nemipteridae 
Scolopsis 
ghanam 

Carnivore 
0 0 2.7 0 

Pomacanthidae 
Pomacanthus 
maculosus 

Omnivore 
52.1 19.4 0 0 

Pomacentridae 
Pomacentrus 
aquilus 

Herbivore 
5.9 0 0 0 

 
Pomacentrus 
trichrourus 

Omnivore 
0.3 0 0 0 

 
Pomacentrus 
leptus 

Omnivore 
0 0 0.02 0 

Pseudochromidae 
Pseudochromis 
nigrovittatus 

Carnivore 
0.1 0 0 0 
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Figure 5.4 
Mean number of mass standardized bites taken by fish feeding on tiles per 
hour, within each region, at sunrise and sunset. The remaining five species 
are grouped as “others” as individually they accounted for < 4% of all bites. 

 

 

From the total of 12h of night video footage from Sea of Oman a total of 6h08m had 

macro-invertebrate activity, where gastropods were observed on tiles for a total of 

3h41m (31% of the total video time), while one species of echinoid (Diadema 

setosum) was found on tiles for a total of 2h27m (20% of the total video time). Night 

grazing in the Gulf was solely done by one fish species (P. maculosus) with total 

removal rates of 19.4 kg. bites (Table 5.2, Figure 5.4). Significant differences 

between the fish assemblages that grazed in the different sites within each region 

were confirmed with PERMANOVA, as well as the interaction with each site and 

period of the day (Table 5.3).  
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Table 5.3 
Results of the three factor permutation analyses of variance (PERMANOVA) 
assessing differences between regions, sites and period of the day in mass 
standardised bite impact from the fish community feeding on the tiles (data 
fourth-root transformed). Significant values in bold. 

Source df MS Pseudo-F P (MC) 

Region 1 15383 7.369 0.056 
Site (Region) 1 2087.4 3.232 0.028 
Period 1 23343 11.183 0.042 
Region*Period 1 9209 4.412 0.102 
Site(Region)*Period 1 2087.4 3.232 0.028 
Residual 30 645.77   

 

 

Discussion 

Herbivory is widely accepted as a critical process on coral reefs, with parrotfishes, 

surgeonfishes and rabbitfishes being the dominant herbivores on low latitude Indo-

Pacific reefs (Green and Bellwood, 2009; Adam et al., 2011; Steneck et al., 2017). 

Surprisingly, herbivory in the present study, undertaken in a marginal high-latitude 

reef environment, revealed that main diurnal grazing activity wasn’t accomplished by 

any of the known teleost herbivores within the region, but by P. maculosus. This 

angelfish was the dominant herbivore, and accounted for the majority (92%) of mass 

standardized bites. Interestingly, although P. maculosus is an abundant reef fish in 

the Gulf (Shraim et al., 2017), it is generally regarded as an omnivore, feeding 

predominately on invertebrates and sponges (Randall, 1967; Ferreira et al., 2004; 

Shraim et al., 2017).  

Control of algae cover in reefs have been traditionally linked to the dominant species 

of herbivores present in each habitat, but recent studies have shown that these 

assumptions do not translate into reality, with fish known as belonging to other 

functional groups having important roles in algae removal (Bellwood et al., 2006; Fox 

and Bellwood, 2008). Although both regions have a good representation of 

herbivores, particularly damselfish in the Gulf (e.g. P. aquilus) and parrotfish in the 

Sea of Oman (Randall, 1995; Feary et al., 2010; Burt et al., 2011b), neither groups 

fed extensively on tiles in the present study. This is despite fish communities in the 

Gulf being mainly comprised of herbivores, with the territorial farmer damselfish 

comprising up to 99% of the total abundance of communities; the remaining larger 

herbivores more commonly found on reefs in other areas (e.g., parrotfish, rabbitfish, 
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surgeonfish) are rare or absent within this region (Feary et al., 2010; Burt et al., 

2011b; Hoey et al., 2016). In addition, territorial farmers feed differently than large 

‘typical’ reef herbivores within reefs, predominantly having a low impact on algae 

loss, while also promoting algal growth in defended territories (Hata and Kato, 2004; 

Ceccarelli et al., 2005); such a low level of algae loss was also found within the 

present study (P. aquilus: 10.2% of the total diurnal mass standardized bites). Lastly, 

large-bodied herbivorous fishes were not observed feeding on the experimental tiles, 

probably because of the reduced numbers of such large herbivores in the Gulf, 

namely parrotfishes (Feary et al., 2010; Burt et al., 2011b; Hoey et al., 2016). This 

reduced number of large-bodied herbivorous fishes (e.g., parrotfishes, surgeonfishes 

and rabbitfishes) is believed to be linked to the extreme environment in the region as 

well as to the low quality and reduced availability of food (Hoey et al., 2016). 

Overall, higher algal cover reduction in the Gulf was observed during the day, with an 

average decrease of 36%.12h-1, while in the Sea of Oman higher algal cover 

reduction was observed at night (28%.12h-1). While fish diurnal grazing activity was 

more influential than night grazing in the Gulf, the opposite was observed in the Sea 

of Oman with nocturnal macro-invertebrate grazing activity playing an essential role 

in this region. Interestingly, although P. maculosus is also present in the Sea of 

Oman (Randall, 1995), no individuals of this species were observed grazing during 

the day on the experimental tiles in this region, and in parallel, no macro-invertebrate 

grazing activity were observed within the Gulf, although echinoids are present in the 

region (George, 2012; Bauman et al., 2016) and were observed nearby the 

experimental tiles in this study. These differences in herbivore composition between 

regions reflect the differences observed in low vs. high-latitude Indo-Pacific reefs, 

with the later having a reduced abundance of herbivorous fishes (e.g., Southeast 

Australia: Hoey et al. 2011; Japan: Nakamura et al. 2013) while urchin grazing 

activity is observed in temperate regions (Ling, 2008). In the Sea of Oman, 

invertebrates’ grazing was divided between one echinoid species (D. setosum) and a 

range of unidentified gastropod species. Although gastropods stayed 20% longer 

periods grazing on tiles than D. setosum, this does not mean that the actual grazing 

activity was higher, since macro-herbivore invertebrates, such as D. setosum, have 

large foraging ranges and low grazing frequencies, while smaller macro-herbivore 

invertebrates (small gastropods) have small foraging ranges but high grazing 
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frequency within those ranges (Carpenter, 1986). Invertebrates grazers are essential 

in promoting reef resilience and are increasingly important in regions where fish 

population decline as a result of different impacts, such as overexploitation or habitat 

degradation (Altman-Kurosaki et al., 2018), but at the same time, intensive grazing 

by sea-urchins can lower the settlement of new coral spat and have destructive 

effects due to high rates of bioerosion (Hutchings, 1986; Korzen et al., 2011). Future 

studies on the echinoids populations of the Sea of Oman are needed to understand 

the population grazing rates benefits and impacts further. 

Our results, showing the importance of a single species (P. maculosos) in structuring 

herbivory within the Gulf, are comparable to previous studies (Australia: batfish, 

Platax pinnatus Bellwood et al., 2006; the Great Barrier Reef: rabbitfish, Siganus 

canaliculatus Fox and Bellwood, 2008, surgeonfish, Naso unicornis Hoey and 

Bellwood, 2009), and in degraded reef systems (Singapore: rabbitfish, Siganus 

virgatus Bauman et al., 2017). To our knowledge P. maculosus has not been 

previously recognized as a key herbivore on reefs and, although we registered high 

herbivory rates from P. maculosus in the Gulf, a study by Shraim et al. (2017) on the 

diet of common species (including P. maculosus), based on gut content analyses, in 

the Southwest Arabian Gulf, observed that algae was almost absent from these fish 

diets in the warmer months, the same period that our study was undertaken (July). 

Herbivory rates tend to increase in the summer months (Lefèvre and Bellwood, 

2011), and we propose that P. maculosus might be removing algae from the 

substrate but not ingesting, though further work on understanding the trophic 

behavior of P. maculosus will be necessary to understand their role as important 

herbivores within the Gulf system. Independently of feeding habits, our results 

indicate that P. maculosus plays an essential functional role in the region, during the 

summer period, helping to remove algae from the substrate.   

Reefs suffering long-term anthropogenic disturbances, under varying levels of reef 

degradation, can maintain herbivory by a few key species (Plass‐Johnson et al., 

2015). While the results of the present study suggest that P. maculosus may play a 

crucial functional role in restoring the balance between corals and algae in the Gulf, 

caution should be used in assuming low functional redundancy in the region. Our 

study was conducted during the season with higher SSTs and salinity values, and 

video recordings were comprised of one day only. It is recommended to explore our 
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results further with multiple-choice algal assays studies (as seen in Mantyka and 

Bellwood 2007a), as well as increase the hours of video footage to cover more than 

one day, while also undertake further seasonal studies of herbivory rates to 

understand how the differences in seasonal extremes might influence herbivory 

activity in the Gulf. As these regions are marginal reef systems with limited diversity 

and abundance of herbivorous fishes, it is crucial to identify functionally important 

herbivores and understand the significance of each fish species’ role in macroalgal 

removal, as these cannot be assumed based on studies from other regions that 

exhibit species diverse systems in higher latitudes. As reefs around the world are 

expected to face extreme environments and concomitant recurrent bleaching events 

from climate change (Hughes et al., 2017), herbivory will be more important than 

ever, and further investigation is needed to identify functionally essential herbivores 

that regulate or remove macroalgae within the natural extreme environment of the 

Gulf. 
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Supplements 

 

 

Figure S 5.1 
Regional differences in the percentage cover of algae after day and night grazing (12h 

periods each) on caged and open tiles. The % cover change was calculated as the 

difference of %cover on the tiles before and after grazing. The means are based on 6 caged 

tiles and 9 exposed tiles (at each day and night period) within each site at each region (total 

of 3 days). Whiskers bars are 95% confidence intervals. 
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Chapter 6 Discussion 

Current forecasts indicate great losses in worldwide coral cover from emerging 

threats associated with climate change, with dire predictions of coral reefs being 

severely degraded by 2050 (Hoegh-Guldberg, 1999; Silverman et al., 2009; Burke et 

al., 2011). Recurrent pan-tropical bleaching events have been experienced when 

environmental parameters are above the reef threshold (Hughes et al., 2017; Hughes 

et al., 2018a), with studies showing extensive loss of coral cover and richness, 

accompanied by increasing algae cover and loss of fish species within key functional 

groups (Hoegh-Guldberg, 1999; Graham et al., 2006; De'ath et al., 2012). Despite the 

extreme environment that the Gulf exhibit, with high fluctuations in sea surface 

temperature (SSTs) and salinities above coral reef thresholds (Sheppard et al., 1992; 

Coles and Riegl, 2013), this study shows that the region supports highly resistant 

coral (Chapter 2) and small-bodied fish communities (Chapter 4), both limited to a 

few resilient species. Nevertheless, coral communities exhibited a slow recovery rate 

(Chapter 3) and herbivory was primarily dependent on one single fish species 

(Chapter 5), indicating that while the reef community persists in such extreme 

environment, it might be in their maximum upper threshold and in a different 

assemblage from what is observed in tropical reefs. 

Reef communities under natural extreme environments 

Coral communities 

In the last half-century, several severe bleaching events have reduced coral cover 

around the globe, with the most severe cases in 1998, 2010 and recently in 2015/16 

(Wilkinson, 2000; Riegl et al., 2011; Riegl and Purkis, 2012a; Hughes et al., 2018a). 

If post-bleaching phases result in an elevated percentage of coral mortality, the reef 

suffers a transformation in the assemblage structure and functional diversity of 

corals. In some cases, reefs suffer almost complete coral loss with no sign of 

recovery (Hoegh-Guldberg, 1999), while in other cases, highly sensitive branching 

coral (e.g. Acropora and Pocillopora) die and coral community persist under the 

dominance of massive resistant species (e.g. Porites and Favites) (e.g., Great Barrier 

Reef (GBR): Hughes et al. (2018b); French Polynesia: Pratchett et al. (2011); Indian 

Ocean: Ateweberhan et al. (2011)). This third pattern was observed in the Gulf, 
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where there was a reduction in the abundance and diversity of species traits, and 

coral community shifted into a dominance of species with stress-tolerant life-histories 

and low structural complexity (Porites and faviids) (Burt et al., 2011a; Riegl and 

Purkis, 2012b; Bauman et al., 2013). The prevalence of these families in the extreme 

environment of the Gulf is expected, with high reef cover of Porites and faviids 

commonly found within disturbed reef systems as these two families are considered 

resistant to a range of stressors (i.e., bleaching, COTs, and storms) (Loya et al., 

2001; Baird and Marshall, 2002; Madin and Connolly, 2006; McClanahan et al., 2007; 

Guest et al., 2012; Baird et al., 2013). But interestingly, this study shows that not only 

do these corals persist under an extreme environment, they are able to withstand 

frequent bleaching events (2010 and 2011, see Riegl and Purkis, 2012a). Over the 

three years of this study (2008-2011) both coral families increased in percentage 

cover within the Gulf by ~20% (Bento et al., 2016, see Chapter 2), showing that these 

coral families are extremely resilience and persist even after extreme pressure. 

While reefs in the Gulf exhibited a depauperate coral assemblage of a few stress-

tolerant species, reefs in the Sea of Oman and Musandam, are characterized by less 

extreme and less variable environmental conditions with fewer major disturbances in 

recent years, supporting a higher diversity of coral families, including the stress-

sensitive, fast-growing, three-dimensional Acroporidae and Pocilloporidae (Bento et 

al., 2016, see Chapter 2). These regional differences in community composition, 

between the Gulf and both Musandam and Sea of Oman, reflect the different 

environmental regimes and disturbance history between these regions. Identifying 

the coral species that are sensitive to heat waves and that easily die, and the ones 

that persist in bleaching events is crucial to understand how climate change impacts 

biodiversity, species composition and ecosystem function (Hughes et al., 2018b). As 

suggested in this study results, recent studies have shown that reefs by 2050 will be 

unrecognizable (Hoegh-Guldberg, 1999; Silverman et al., 2009; Burke et al., 2011), 

and it appears that they might exist, even though under a different configuration, with 

the prevalence of thermally-resistant species of corals, Porites and faviids.  

Settlement of new benthos after disturbances 

Post-disturbance trajectory of reefs is not only dependent on the coral species that 

are resilient and prevail. Benthos that settle on the open space created after 
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disturbances can influence the settlement and survival of coral spat, and therefore 

the possible recovery of reefs post-disturbance. The divergence in coral community 

structure across the three regions of this study (Bento et al., 2016, see Chapter 2) 

was mirrored in the regional differences in the settlement of non-coral organisms 

(Bento et al., 2017, see Chapter 3). While coralline algae, that is known to facilitate 

settlement of coral larvae (Ritson-Williams et al., 2014; Tebben et al., 2015), 

characterized non-coral settlement in the Gulf, Sea of Oman open space was 

substantially covered with barnacles and by colonial ascidians in Musandam, these 

latter benthic taxa (in comparison to coralline algae), are known to inhibit coral larval 

settlement (Chadwick and Morrow, 2011). The high level of settlement of barnacles 

and ascidians within the Sea of Oman and the Musandam respectively, are a 

reflection of the high taxa abundance of each group within the respective reef 

community. In addition, increases in coralline algae cover in the Gulf has been 

previously reported after significant bleaching events (George and John, 2000; 

George and John, 2002), suggesting that high coralline algae cover is characteristic 

of the Gulfs highly disturbed environment. 

In the current study, coral communities showed a slow rate of recovery, as the 

number of coral spat settling in open space was much lower than what has been 

observed in other tropical reefs: there was an average of 38 coral settlers m-2 year-1 

in this study (Bento et al., 2017, see Chapter 3) compared with 100-900 coral settlers 

m-2 year-1 in tropical reefs (Kenya: Mangubhai et al., 2007; Indonesia: Sawall et al., 

2013; Seychelles: Chong-Seng et al., 2014). Low densities of coral spat were 

observed in all three regions, Gulf, Musandam and Sea of Oman, suggesting it is a 

characteristic of the Arabian Peninsula. The higher coral cover observed in 

Musandam (Bento et al., 2016, see Chapter 2) is then a reflection of this undisturbed 

environment and presumably not substantially due to high coral recruitment. In 

parallel, low densities of coral spats, with similar values to what was observed in the 

region, are typically observed in highly disturbed and degraded reef environments 

(van Woesik et al., 2014; Bauman et al., 2015). Although high stress-resistant coral 

Porites and faviids dominate Gulf reefs (Bento et al., 2016, see Chapter 2), these 

families have slow growth rates, which together with the low densities of coral spat 

indicates a slow-growing reef rate. Such results increase the concern for the future of 

the Gulf reefs, as they might not be able to accompany the predicted rising number of 
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future bleaching events as the intensity of global warming continues to escalate 

(Hughes et al., 2018a).  

Small-bodied fish community  

The loss of functionally-diverse corals is a precursor of further shifts in the condition 

and dynamics of other reef communities. The persisting extreme environment and 

low reef structure complexity in the Gulf (Bento et al., 2016, Chapter 2) has also 

influenced the abundance and biomass of small-bodied fish which are two and six 

times lower than the neighboring regions, the Musandam and Sea of Oman (Chapter 

4). Such low abundance and biomass of small-bodied fishes within the Gulf may also 

be explained by the different environmental regimes experienced across regions, as 

severe alterations in the environment (high values or variations in SSTs and 

salinities) also have substantial negative effects on fish metabolic rate (Plaut, 2000; 

Boeuf and Payan, 2001; Pörtner and Knust, 2007). Different reactions can results 

from such physiological changes, such as impaired growth and decreased swim 

speed (Plaut, 2000; Boeuf and Payan, 2001; Hurst, 2007; Johansen and Jones, 

2011), which in turn can compromise the fish ability to forage for food and to avoid 

predators (Coker et al., 2009). While the extreme environment in the Gulf can explain 

the reduction in biomass and abundances of small-bodied fish in the region, the 

reduced complexity of the Gulf and Sea of Oman’s reef matrix, both exhibiting higher 

coral cover of Porites and faviids (Bento et al., 2016, Chapter 2), can also explain the 

lower abundances of small-bodied fish in both regions when compared with the 

relatively intact and topographically more complex Musandam reefs (Burt et al., 

2016), as these exhibit increased nesting and shelter area for this fish community.  

Small site-attached reef fish community in all three regions was primarily comprised 

of Pomacentrids, although different species were represented in the Gulf 

(Pomacentrus aquilus and Pomacentrus trichrourus) compared with the similar 

community assemblage in both Musandam and Sea of Oman (Neopomacentrus 

cyanomos, Chromis xanthopterygia and Pomacentrus leptus) (Chapter 4). These 

observed differences might be a result of different success of species moving from 

the Indian Ocean to the Gulf, with only a few species tolerating and persisting in this 

semi-closed extreme environment, as it has been suggested for the Gulf butterflyfish 

community (Pratchett et al., 2013). Small-bodied fish assemblages in Musandam and 
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Sea of Oman were mainly schooling species of diurnal and omnivorous planktivores, 

which presented a highly variable structure across seasons. The highly productive 

water in those regions (Kleypas et al., 1999; Schils and Wilson, 2006) and the 

seasonal variation in local winds (supplemental material Chapter 4) can influence 

zooplankton availability and as a potential consequence, the differences observed in 

both regions planktivores communities. On the contrary, the Gulf small-bodied fish 

community was mainly comprised of sedentary territorial farmers (P. aquilus) and 

non-schooling planktivores (P. trichrourus), resulting in a more temporally stable 

community across seasons. It is clear from this study results that although small site-

attached reef fish assemblages might persist in an extreme environment, like the 

Gulf, it will be under their upper thermal limit threshold, with a few resilient species, 

lower biomass, slower swimming performance and higher vulnerability to predation.  

Recovery and prevention of phase-shifts: the important role of herbivory 

The ability of coral reefs to overcome recurrent impacts will depend on the 

community resilience and the environment in which they exist. While previous studies 

have shown the importance of herbivores in preventing and reversing phase-shifts 

(Nyström and Folke, 2001; Bellwood et al., 2004; Hughes et al., 2007; Bennett et al., 

2015), it is now clear that this vital role might not be dependent on a group of species 

but actually single species, resulting in low functional redundancy within the 

community (Bellwood et al., 2006a; Bellwood et al., 2006b). As reef communities 

decline around the globe, it is imperative to prevent the elimination of such key 

species, particularly in a system that already exhibits low fish species richness, as 

the Gulf (Feary et al., 2010; Burt et al., 2011b). When a system presents a low 

degree of functional redundancy, with species that are responsible for algae removal 

not possibly replaced by other species, it is crucial to study and protect the only 

species that can improve the reef resilience (Nyström, 2006). Although herbivores 

were the primary functional group of small-bodied fish community (Chapter 4), as 

well as in the general Gulf fish community (Feary et al., 2010; Burt et al., 2011b), 

these are represented mainly by the abundant territorial farmer in the Gulf 

(Pomacentrus aquilus), which contribute only ~10% to the diurnal removal of algae 

from the reef, while surprisingly the omnivorous angelfish, Pomacanthus maculosus, 

is responsible for ~90% of the herbivory activity in the Gulf (Chapter 5). The low 

impact of the damselfish in algal removal was already expected as these territorial 
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farmers have a different effect on the reef algae as they promote algal grow on the 

area they defend (Hata and Kato, 2004; Ceccarelli et al., 2005). With herbivores in 

the Gulf being represented mainly by the territorial farmer damselfish (~90%  of total 

reef fish community) (Burt et al., 2011b), urchins being available (Bauman et al., 

2016) but not observed grazing on settlement tiles in this study (Chapter 5), the role 

of the Arabian angelfish, P. maculosus, is enormous for the prevailing future of the 

Gulf reef communities. As intensity of global warming continues to escalate, 

threatening even more the reef community in the Gulf, studies to further identify 

functionally essential herbivores that regulate or remove macroalgae within the 

natural extreme environment of the Gulf are mandatory.  

Conclusion 

The Gulf has experienced bleaching events of increasing frequency and magnitude 

in recent years and stronger than in other coral provinces (Hughes et al., 2018a), and 

marine life in this region is projected to face high rates of local extinction by 2090 

(Wabnitz et al., 2018). While our results show that the Gulf reef community might 

persist under a different configuration, it is unclear for how long can this system 

prevail in such condition as recurrent bleaching events are likely to occur annually in 

the coming decades (Hughes et al., 2018a). Is this homogenization of coral 

assemblages, with simpler morphological characteristics and less diverse reef 

communities, a short stage before complete degradation or a slight hope in the future 

of the region’s reefs? Worldwide species have shown a poleward or deeper water 

migration as a reaction to increases in SSTs (Yamano et al., 2011). The GBR, for 

example, over the past 30 thousand years has been dealing with sea-level changes 

by exhibiting lateral migration and has been able to withstand SSTs fluctuations. 

Nevertheless, it still faced highly sensitive periods of reduced growth when events 

outpaced the reef growth (Webster et al., 2018). Similar migration, from the eastern 

part of the Gulf to the coast of Iraq and Iran, as well as species extinctions, are 

expected by 2090 in the Gulf with increases in SSTs (Wabnitz et al., 2018). Due to 

the Gulf’s shallow semi-enclosed environment this may be a dead-end for the reef 

community, with replenishment of lost species dependent on an adequate supply of 

larvae from sources coming from the narrow entrance in the Strait of Hormuz, the 

only link with the Indian Ocean (Coles, 2003; Wabnitz et al., 2018). Despite this study 

results showing that reef communities able to withstand extreme environments, such 
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as the Gulf, might reorganize into novel, heat-tolerant reef assemblages, they might 

not be able to accompany the accelerating rate of disturbances in the foreseeable 

future. 
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