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„Wie Kolibri’s um die Blumen der tropischen Pflanzen spielen, so spielen kleine, prachtvoll mit Gold, 

Silber, Purpur und Azur gefärbte, kaum einige Zoll grosse, nie grösser werdende Fische um die 

blumenartigen Korallenthiere, an denen schönfarbige, schalenlose, wundersam gestaltete Schnecken 

(Aeolidien) die blumenblattartigen Fangarme ebenso, wie die Raupen und Gartenschnecken an den 

Pflanzen die Blumenblätter abnagen.“ 

 

– Ehrenberg über die Korallenbänke 1832 
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Thesis Abstract 

Besides the main climate change consequences, ocean warming and acidification, 

local disturbances such as overfishing and eutrophication are major threats to coral reefs 

worldwide. Despite its relatively healthy coral reefs that are increasingly faced with 

growing coastal development, the Red Sea is highly under-investigated, particularly 

outside the Gulf of Aqaba.  

This thesis therefore aims to contribute to the understanding of eutrophication 

and overfishing effects on Red Sea coral reefs by answering the following three key 

questions: (1) How do different grazer groups contribute to herbivory, and is herbivory 

therefore susceptible to overfishing? (2) What are the individual and combined effects of 

eutrophication and overfishing on the development of important reef organisms?  

(3) What are the potential consequences for reef functioning when local threats increase?  

The thesis consists of five chapters that are framed between a general 

introduction and synoptic discussion. At the beginning, a review summarizes the current 

state of knowledge on marine eutrophication (Chapter 1), an important anthropogenic 

threat for coral reefs that are highly adapted to very oligotrophic conditions. Further, a 

series of in situ experiments with settling tiles and coral fragments in the Egyptian and 

Saudi Arabian Red Sea were used to investigate not only the contribution and influence 

of herbivory on benthic macroalgae development (Chapters 2 and 3), but also the 

individual and combined effects of simulated eutrophication and overfishing on 

settlement of benthic macroalgae (Chapter 3), sessile invertebrates (Chapter 4), and a 

coral with its associated bacterial community (Chapter 5).  

Findings revealed that:  

(a) among the two dominating grazer groups, herbivorous fish were fivefold 

more effective in reducing algal biomass than sea urchins.  

(b) the simulation of eutrophication did not affect algal biomass, but decreased 

coral settlement and caused specific Alphaproteo-, Sphingo-, and 

Epsilonproteobacteria to emerge in the coral holobiont.  

(c) the simulation of overfishing exhibited stronger effects than that of 

eutrophication. It caused algal cover shifting from communities dominated 

by encrusting algae with low biomass and oxygen consumption in controls to 

communities containing less calcifying algae, with high-biomass and oxygen 
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consumption. The brown algae Padina sp. and Hydroclathrus clathrathus, along 

with filamentous algae, benefitted most from this treatment. Coral settlement 

was absent, while that of polychaetes increased, and specific 

Deltaproteobacteria were found within the coral holobiont.  

(d) the combined treatment produced stronger and longer lasting effects on 

algae than overfishing alone. Settlement of bryozoans and bivalves increased 

and specific Alphaproteobacteria emerged.  

In summary, this study underlines the ecological importance of herbivorous 

fishes, the high susceptibility of herbivory to overfishing, and it provides - for the first 

time - comprehensive information on how Red Sea coral reefs respond to eutrophication 

and overfishing. Findings recommend that both stressors, but particularly overfishing, 

should be prevented in pristine reefs and reduced in already affected reefs to avoid 

potential phase-shifts from dominance by hard corals to that by brown and filamentous 

algae, or other invertebrates such as polychaetes, bryozoans, and bivalves. The 

appearance and composition of algae and invertebrates may be used as bioindicators for 

local reef monitoring and management measures. 

 



  

Zusammenfassung 

Neben Meereserwärmung und Ozeanversauerung als Hauptkonsequenzen des 

Klimawandels, stellen vor allem Eutrophierung und Überfischung als lokale 

Stressfaktoren weltweit die größten Gefahren für Korallenriffe dar. Trotz der 

zunehmenden Bedrohung der Riffe durch Küstenentwicklung ist das Rote Meer, 

besonders außerhalb des Golfes von Aqaba, vergleichsweise wenig untersucht.  

Diese Doktorarbeit soll zum Verstehen der Auswirkungen von Eutrophierung 

und Überfischung auf Korallenriffe im Roten Meer beitragen. Folgende Schlüsselfragen 

sollen dabei beantwortet werden: (1) Wie tragen unterschiedliche Algenfresser-Gruppen 

zu Herbivorie bei und ist Herbivorie daher anfällig für Überfischung? (2) Welchen 

Einfluss haben Eutrophierung und Überfischung, getrennt und zusammen, auf die 

Entwicklung wichtiger Rifforganismen? (3) Welche potentiellen Konsequenzen für Riff-

Abläufe kann es geben, wenn lokale Bedrohungen ansteigen?  

Eingerahmt in eine generelle Einleitung und Diskussion, ist die Arbeit in fünf 

Kapitel eingeteilt. Zunächst wird in einer Übersicht der aktuelle Wissensstand bezüglich 

mariner Eutrophierung zusammengefasst (Kapitel 1), da dieser an Bedeutung gewinnende 

Stressfaktor insbesondere Korallenriffökosysteme bedroht, die an oligotrophe 

Bedingungen angepasst sind. Darüber hinaus wurden über vier Monate eine Reihe von in 

situ Experimenten mit Siedlungsfliesen und Korallenfragmenten im ägyptischen und 

saudi-arabischen Roten Meer durchgeführt, um zum einen die Beteiligung an, und den 

Einfluss von Herbivorie auf die Entwicklung benthischer Makroalgen zu untersuchen 

(Kapitel 2 und 3), und zum anderen die getrennten und kombinierten Auswirkungen von 

simulierter Eutrophierung und Überfischung auf Besiedlung benthischer Makroalgen 

(Kapitel 3), sessiler Invertebraten (Kapitel 4) und einer verbreiteten Hartkoralle sowie die 

mit ihr assoziierte bakterielle Gemeinschaft zu analysieren (Kapitel 5).  

Ergebnisse zeigen, dass:  

(a) von den vorherrschenden Algenfresser-Gruppen, herbivore Fische beim 

Reduzieren von Algen-Biomasse 5-fach effektiver waren als Seeigel.  

(b) die Simulierung von Eutrophierung nicht die Algen-Biomasse beeinflusste, jedoch 

die Ansiedlung von Korallen reduzierte und das Aufkommen von spezifischen 

Alphaproteo-, Sphingo-, and Epsilonproteobacteria im Korallen-Holobiont 

verursachte.  
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(c) die Simulierung von Überfischung im Vergleich zu Eutrophierung eine 

ausgeprägtere Wirkung zeigte. Algenbedeckungen wechselten von geringer 

Biomasse mit wenig Sauerstoffverbrauch und dominierenden Krusten bildenden 

Algen in den Kontrollen zu Bedeckungen mit viel Biomasse, viel 

Sauerstoffverbrauch und weniger kalzifizierenden Algen. Die Braunalgen Padina 

sp. und Hydroclathrus clathrathus, zusammen mit filamentösen Algen profitierten 

am meisten, während die Ansiedlung von Korallenjuvenilen auf 

Besiedlungsfliesen ausblieb, sich die von Polychaeten erhöhte und spezifische 

Deltaproteobacteria im Korallen-Holobiont auftraten.  

(d) die Kombination der simulierten Stressfaktoren stärkere und länger anhaltende 

Auswirkungen auf Algen erzielte, als Überfischung alleine. Zudem stieg die 

Besiedlung von Bryozoen und Bivalven an und spezifische Alphaproteobacteria 

traten im Korallen-Holobionten auf.  

Zusammenfassend konnte diese Arbeit die ökologische Bedeutung herbivorer 

Fische, sowie die Anfälligkeit von Herbivorie gegenüber Überfischung aufzeigen und 

erstmalig umfassende Informationen über die Auswirkungen von Eutrophierung und 

Überfischung auf intakte Korallenriffe des Roten Meeres darlegen. Um potentiellen 

Übergängen (phase-shifts) von vorherrschenden Hartkorallen zu Braun- und 

filamentösen Algen oder anderen Invertebraten wie Polychaeten, Bryozoen, und Bivalven 

entgegenzuwirken, legen die Ergebnisse nahe, beide lokalen Stressfaktoren, jedoch 

insbesondere Überfischung in gesunden Riffen zu vermeiden und in betroffenen Riffen 

zu reduzieren. Das Auftreten und die Zusammensetzung von Algen und Invertebraten 

können hierbei als Bioindikatoren für lokale Riffkontrollen und Management-

Maßnahmen benutzt werden. 

 



  

Introduction 

Coral Reefs 

Coral reefs occur circumtropically, usually between 20° N and 20° S, in clear and 

warm water with temperatures between 16 and 34°C (averaging between 25 - 30°C) and 

at salinities between 23 - 42 ‰ (Kleypas et al. 1999). Although coral reefs comprise less 

than 0.1 % (250,000 km2) of the ocean surface (Burke et al. 2011), they are considered to 

be the most biodiverse marine ecosystem, and are therefore called rainforests of the sea. 

Studies estimate that coral reefs are home to up to 9 million species (Knowlton et al. 

2010).  

Despite the low nutrient concentrations of the surrounding oceans, coral reefs are 

among the most productive marine ecosystems (Odum and Odum 1955). Around 850 

million people live within 100 km of coral reefs and many of them are dependent on their 

resources. Besides providing fisherman with fish and invertebrates, coral reefs are 

important for coastal protection, generate income from tourism, and are a valuable 

source of antibiotic and anticancer bioactive compounds for the development of new 

pharmaceuticals. Studies suggest that the economic value of coral reef resources and 

services ranges between 172 to 375 billion USD per year (Veron et al. 2009).  

Scleractinian corals are the major reef builders or constituents in tropical coral 

reefs. They are the so-called ecosystem engineers that provide habitat for many other 

species by creating complex 3-dimensional structures. Furthermore, they play an 

important role in recycling organic matter, and therefore keep valuable nutrients in the 

ecosystem (Wild et al. 2011).  

Scleractinian corals are characterized by symbiosis with zooxanthellae (unicellular 

algae) (Stat et al. 2006), additional associations with bacteria (Rohwer et al. 2001; Rohwer 

et al. 2002; Wegley et al. 2007), archaea (Beman et al. 2007; Wegley et al. 2007), fungi 

(Wegley et al. 2007), and viruses (Wegley et al. 2007; Marhaver et al. 2008). The coral 

together with its associated symbionts is called the coral holobiont (Rosenberg et al. 

2007). The microbes fulfill important functions within the ammonia, nitrate, sulfur, and 

carbon metabolism, as well as providing antibiotic properties (Shashar et al. 1993; Wegley 

et al. 2007; Dinsdale and Rohwer 2011), whereas, zooxanthellae are particularly important 
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because they can provide >90 % of the energy for the coral holobiont via photosynthesis 

(Falkowski et al. 1984). 

Red Sea 

The coral reefs of the Red Sea are highly diverse and harbor numerous endemic 

species that occur nowhere else (Head 1987). Compared to coral reef regions in the 

Caribbean or Indo-Pacific, Red Sea coral reefs are confronted with high water 

temperatures (regularly exceeding 30°C in the summer months) and salinity ranges (larger 

than 40 ‰ in the northern parts) (Edwards 1987). These specific conditions are the result 

of the isolated geographic location of the Red Sea, which has little to no freshwater input, 

as well as the very low precipitation caused by the arid climate (Edwards 1987) (Figure 1). 

Consequently, the Red Sea has recently been highlighted as a suitable area to investigate 

coral reef functioning under predicted warming conditions of the future (Berumen et al. 

2013).  

 
Figure 1. NASA Satellite image of the Red Sea area. Visible are the elongated ocean between Africa 
and the Arabian Peninsula, the lack of river inflow, the desert to both sides, the small connection to the 
Indian Ocean in the South (“Baab El Mandeb”), the Gulf of Suez in the upper left area, and the Gulf of 
Aqaba, also known as the Gulf of Eilat, in the upper right area of the Red Sea. Source: 
“commons.wikipedia.org”. 
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Until today, the coral reefs of the Red Sea are surprisingly under-investigated, 

with only one-sixth and one-eighth of the number of studies published for the Great 

Barrier Reef and the Caribbean, respectively (Berumen et al. 2013). Additionally, more 

than 50 % of Red Sea studies originate from the Gulf of Aqaba, a rather small 

geographical area that experiences strong seasonal changes that cannot be seen as 

representative for the Red Sea in general.  

Threats to Coral Reefs 

Despite their ecological and economic importance, many coral reefs are under 

high pressure from local and global threats. Estimates suggest that 20 % of the original 

area of coral reefs have already been lost (Wilkinson 2008) and of the remaining reefs, 75 

% are rated as under threat (Burke et al. 2011). Global threats include climate change 

induced ocean warming and acidification, that can induce coral bleaching and ocean 

acidification that reduces the seawater alkalinity, making it harder for corals (and other 

calcareous organisms) to accrete their skeletons (Hoegh-Guldberg et al. 2007). While 

global threats are yet emerging, local anthropogenic pressures are present the greatest risk 

to many reefs. Besides pollution and coastal development, eutrophication and overfishing 

are the most important hazards (Burke et al. 2011).  

Eutrophication 

Eutrophication, the over-enrichment of an ecosystem with nutrients, can be 

caused by a variety of sources, either natural, e.g., during upwelling events, or from 

anthropogenic activities such as agriculture runoff, human sewage, urban waste, industrial 

effluents, and fossil fuel combustion (Selman et al. 2008). This process can damage coral 

reefs directly and indirectly. Direct effects including reduced growth (Koop et al. 2001; 

Fabricius et al. 2013) and calcification rates (Kinsey and Davies 1979; Ferrier-Pagès et al. 

2000), impaired reproduction (Koop et al. 2001; Loya et al. 2004), lowered bleaching 

resistance (Wiedenmann et al. 2013), and the promotion of coral diseases (Voss and 

Richardson 2006). Indirect effects via enhanced algal growth are discussed below. 

Overfishing 

Overfishing is occurring worldwide, particularly in coastal regions with high 

human populations, and has been listed as the single most prevalent local threat to coral 
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reefs (Burke et al. 2011). The reduction of herbivorous fish can have dramatic influence 

on coral reefs by releasing benthic macroalgae from their top-down control, with the 

result that algal communities become permanently established on the reef (Done 1992; 

Hughes 1994; Mumby et al. 2006; Hughes et al. 2007). In a healthy reef, herbivorous 

fishes and sea urchins are the most dominant herbivores (Hutchings 1986; Jennings and 

Polunin 1996). Therefore, a reduction in herbivorous fishes by overfishing may not 

immediately lead to increased algal abundance since sea urchins and other herbivores can 

compensate the loss of fish, particularly since sea urchins can benefit from overfishing 

when their predators are removed (McClanahan 1994). Accordingly, the highest sea 

urchin abundances were found in disturbed reefs, and lowest in healthy reefs (Tribollet 

and Golubic 2011).  

Eutrophication and overfishing are therefore both able to increase algal growth, 

which, in turn, negatively influences coral reefs by reducing coral recruitment (Birrell et 

al. 2005; Box and Mumby 2007; Birrell et al. 2008; Arnold et al. 2010; Paul et al. 2011) 

and coral fecundity (Tanner 1995; Hughes et al. 2007), impairing photosynthesis (Quan-

Young and Espinoza-Avalos 2006; Titlyanov et al. 2007; Rasher et al. 2011) and coral 

growth (Lirman 2001; River and Edmunds 2001; Titlyanov et al. 2007), inducing tissue 

hypoxia (Smith et al. 2006; Barott et al. 2009; Barott and Rohwer 2012; Haas et al. 2013), 

and increasing the number of pathogenic microbes & virulence genes (Smith et al. 2006; 

Barott and Rohwer 2012). Ultimately, these negative effets can lead to bleaching and 

coral die-offs (Lirman 2001; Titlyanov et al. 2007; Rasher and Hay 2010; Rasher et al. 

2011). 

Phase Shifts in Coral Reefs 

Although phase shifts can involve the dominance of other organisms such as 

non-coral invertebrates (Norström et al. 2009), the shift from coral to macroalgae-

dominated areas appears to be the most common, and has occurred in the Caribbean as 

well as in the Indo-Pacific (Done 1992; Hughes 1994), with only a handful of examples 

where these phase shifts could be reversed back to coral dominance (Hughes et al. 2010). 

Littler and Littler (1984) proposed the Relative Dominance Model (RDM), a simple 

model that predicts the benthic community structure development in response to 

overfishing (grazer reduction), elevated nutrients, and/or a combination thereof, and 

provides a useful theoretical basis to test and compare both stressors (Figure 2). The 

model states that a high cover of crustose coralline algae (CCA) over turf and frondose 
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macroalgae is generally found in reef environments with elevated nutrient levels, and an 

intact herbivorous community. Higher relative abundances of turf algae may indicate low 

nutrient and low grazing levels, while abundant frondose macroalgae represent the worst 

scenario; a combination of high nutrient and low herbivory levels. 

Apart from the Red Sea, numerous studies in many tropical areas have compared 

the individual and combined effects of herbivore exclusion and nutrient enrichment 

(Australia: Hatcher & Larkum 1983, Jompa & McCook 2002, Diaz-Pulido & McCook 

2003 / Caribbean: Miller et al. 1999, McClanahan et al. 2003, Littler et al. 2006, Burkepile 

& Hay 2009, Sotka & Hay 2009 / Hawaii: Smith et al. 2001, 2010 / Guam: Belliveau & 

Paul 2002, Rasher et al. 2012). Despite this breadth of work only limited support exists 

for this model, and it remains debated whether the removal of fish (top-down control) or 

the increase of nutrients (bottom-up control) is the major factor behind these phase shifts 

(Lapointe et al. 2004; Burkepile and Hay 2006; Littler et al. 2006; Heck and Valentine 

2007; Houk et al. 2010; Smith et al. 2010). 

  
Figure 2. The Relative Dominance Model (RDM) according to Littler & 
Littler (1984). The competition-based model shows the group that will most 
often dominate under these conditions. All of the functional indicator groups 
occur under the conditions of every compartment in the model.  
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Bioindicators 

Bioindicators are biological responses, species, or communities, and can be useful 

tools for researchers and ecosystem managers to evaluate the health conditions of the 

environment (Holt and Miller 2011). Ideally, bioindicators should (a) have a high 

specificity to the disturbance of interest, (b) respond at a magnitude that reflects the 

intensity of the disturbance, (c) exhibit a low background variability, (d) be practical (i.e., 

cost effective, easy to measure, non-destructive, and observer independent), and (e) be 

ecologically relevant and important in public perception to assist communication (Cooper 

et al. 2009). The most comprehensive information on the condition of a system is 

received by using a number of specific measures that vary in their effect ranges and 

response times to changing target factors such as water quality, or herbivore biomass 

(Cooper et al. 2009). 

The use of bioindicators to assess the health condition of an ecosystem is a low 

cost method requiring little training, and allows easy interpretation, which can have many 

advantages over direct measurements of target parameters. This is especially true in 

complex ecosystems such as coral reefs, where many measurements need specific and 

often expensive equipment, or where no adequate facilities exist to analyze samples. For 

coral reefs, among others, benthic algae have been suggested as useful bioindicators of 

water quality and reef degradation due to their fast growth and turnover rates (Littler et 

al. 2007, Cooper et al. 2009). 

Objectives 

The main goal of this thesis is to understand the influence of the individual and 

combined bottom-up and top-down factors, eutrophication, and overfishing, on 

important reef organisms in the Red Sea. In this region, this topic has received little to no 

attention, despite the fact that relatively healthy reefs face intense coastal development.  

Additionally, this thesis aims to contribute to the understanding of marine 

eutrophication in general, to provide information as to how different herbivore groups 

contribute to algal grazing and to suggest different organisms as bioindicators for local 

management. 



Introduction 7 

The objectives are: 

1) to examine the current state of knowledge regarding sources of marine 

eutrophication and its influence at the organism and ecosystem level; 

2) to assess the status of the investigated Red Sea coral reefs; 

3) to compare the influence of different herbivore groups on benthic algal 

removal; 

4) to investigate the individual and combined effects of simulated eutrophication 

and overfishing on important reef organisms in the Red Sea; 

5) to predict how persistent stressors of eutrophication and overfishing change 

Red Sea coral reefs; 

6) and to suggest bioindicators for the detection of eutrophication and 

overfishing in the Red Sea.  

  

Publication Outline 

This thesis includes five chapters. These chapters contain one book chapter that 

has been submitted for review, and four journal articles, whereof three have been 

published in international peer-reviewed journals, and one has been submitted.  

The first chapter reviews the current knowledge of sources and effects of 

eutrophication. Then, by using in situ manipulation, the second chapter compares 

contributions of main herbivore groups and how their exclosure (i.e., simulated 

overfishing) influences the development of benthic algal communities. Chapter 3 

combines the preceding chapters by directly comparing individual and interactive effects 

of eutrophication and overfishing on benthic algal communities. A parallel study in 

Chapter 4 builds upon the results of Chapter 3, and examines how treatments and 

resulting algal communities influence invertebrate settlement. Chapter 5 complements the 

research approach by investigating how a common hard coral and its associated microbial 

community respond to the simulated disturbances. 
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Publication 1) 

Jessen C., Bednarz V., Rix L., Teichberg M., Wild C. 

Marine Eutrophication - Overview of indicators 

This chapter has been initiated by C. Wild. The outline and structure have been designed by C. Jessen and 
C. Wild. Writing of the manuscript was conducted by C. Jessen, V. Bednarz, L. Rix, M. Teichberg, and C. 
Wild. This article is under review to contribute to the Springer book titled Environmental Indicators edited by 
R. Armon. 

 

Publication 2) 

Jessen C., Wild C. 

Herbivory Effects on Benthic Algal Composition and Growth on a Coral Reef Flat in the 
Egyptian Red Sea  

The concept for this study was developed by C. Jessen with support of C. Wild. C. Jessen carried out the 
study in the field. Data analyses and writing of the manuscript were conducted by C. Jessen with support of 
C. Wild. This article has been published in Marine Ecology Progress Series 476 (2013): 9-21. 

 

Publication 3) 

Jessen C., Roder C., Villa Lizcano J. V., Voolstra C. R., Wild C. 

In-Situ Effects of Simulated Overfishing and Eutrophication on Benthic Coral Reef Algae 
Growth, Succession, and Composition in the Central Red Sea 

The collaboration with the King Abdullah University of Science and Technology was initiated by C. Wild 
and C. Voolstra. The particular idea of this study was development by C. Jessen, C. Wild, C. Voolstra, and 
C. Roder. Data sampling was conducted by C. Jessen, C. Roder, and J. F. Villa Lizcano. Data analyses and 
writing of the manuscript were conducted by C. Jessen with improvements by C. Wild, C. R. Voolstra, and 
C. Roder. This article has been published in PLOS ONE 8(6): e66992. 

 

Publication 4) 

Jessen C., Voolstra C. R., Wild C. 
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1.1 Abstract 

Eutrophication is one of the key local stressors for coastal marine ecosystems, 

particularly in those locations with many estuaries, intense coastal development or 

agriculture, and a lack of coastal forests or mangroves. The land-derived import of not 

only inorganic nutrients, such as nitrate and phosphate, but also particulate and dissolved 

organic matter (POM and DOM) affects the physiology and growth of marine organisms 

with ensuing effects on pelagic and benthic community structures as well as cascading 

effects on ecosystem functioning. Indicators for marine eutrophication therefore are not 

only key water quality parameters (inorganic and organic nutrient concentrations, oxygen 

and chlorophyll availability, and biological oxygen demand), but also benthic status and 

process parameters such as relative cover and growth rates of indicator algae, invertebrate 

recruitment, sedimentary oxygen demand, and interactions between indicator organisms. 

The primary future challenge lies in understanding the interaction between marine 

eutrophication and the two main marine consequences of climate change, ocean warming 

and acidification. Management action should focus on increasing the efficiency of 

nutrient usage in industry and agriculture, while at the same time minimizing the input of 

nutrients into marine ecosystems in order to mitigate the negative effects of 

eutrophication on the marine realm. 

1.2 Preface 

Environmental indicators can predict and assess processes and changes at 

different levels. In order to address the different levels of indicators we use three 

different classes of indicators: (a) early (warning) indicators, (b) indicators of direct 

impact, and (c) indicators of long-term changes induced by eutrophication.  
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Early (warning) indicators can be species or parameters that are highly susceptible 

to environmental changes and are able to display an emerging change before that change 

influences the system on a broader scale. For instance, phytoplankton species and their 

respective toxins in water samples can be used as early (warning) indicator for algae 

blooms (see 1.6.1.1).  

Indicators of direct impact are used to detect events or processes that have 

already occurred or started, but in contrast to long-term indicators, they have not been 

active for a long time period, or their phenomena do not last long. Fast nutrient induced 

shifts in planktonic communities, such as diatoms to cyanobacteria and dinoflagellates is 

an example of indicators of direct impacts (see 1.6.1). 

Lastly, indicators for long-term changes display differences where an event or 

process has already had an effect for a certain time period. Examples for this can be 

(slower) changes in benthic coral reef community composition, such as seaweeds that 

take over formerly hard coral dominated reefs (see 1.6.1.2). 

When listing indicators in this chapter we will state which level they belong to, 

though overlapping may occur. It is important to be aware that an indicator can be a 

direct impact indicator for one event or process, but for another, it will be an early 

warning indicator. 

We start this chapter with the definition and thresholds of eutrophication. We 

will discuss which molecules are involved and where the thresholds for eutrophication 

are. The second section deals with the different sources (anthropogenic & natural) of 

eutrophication, and lists their estimated input on a global scale. The fourth and fifth 

sections explain the effects of increased nutrients on the organism and the ecosystem 

level. We provide information on how marine organisms are affected on the physiological 

and community level. Lastly, we present an outlook on future scenarios by describing 

upcoming trends in nutrient input to the sea and how emerging climate change will likely 

influence these fluxes and their impacts. 

1.3 Definitions & thresholds 

1.3.1 Definition 

Over the past few decades, eutrophication has increasingly been recognized as a 

major threat to marine ecosystems worldwide (e.g. Nixon 1995; GESAMP 2001). 
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Eutrophication typically refers to the enrichment of a given aquatic environment by 

inorganic or organic nutrients, particularly forms of nitrogen and phosphorous, leading to 

a change in its nutritional state (Richardson and Jørgensen 1996; Andersen et al. 2006). 

However, it should be emphasized that eutrophication is a process rather than a state 

parameter, and our concern over excess nutrient input is typically due to its impact on 

organic carbon supply rather than nutrient levels themselves. Thus, eutrophication can be 

defined as the increase in the rate of organic matter supply to an ecosystem (Nixon 1995, 

2009). This definition emphasizes eutrophication as a process and separates it from its 

causes, such as increased nutrients, and its consequences. However, such a broad 

definition is problematic from a management perspective as it is difficult to apply 

(Andersen et al. 2006). For this reason the definition used for monitoring and 

management purposes remains focused on an increase in nutrient availability and the 

resulting negative consequences for the ecosystem of interest (e.g. OSPAR 2003). While 

the most immediate effect of eutrophication is increased primary production via 

phytoplankton or macrophytes (Richardson and Jørgensen 1996), eutrophication can lead 

to changes in the energy flow of aquatic food webs and can have wide-reaching 

ecosystem effects (Carpenter et al. 1998; Smith et al. 2006; Worm and Lotze 2006) (see 

1.6). 

1.3.2 Nutrient limitation and critical molecules 

Eutrophication occurs when a limiting factor on the rate of growth and 

production of primary producers is released, most frequently via an input of inorganic or 

organic nutrients (Smith 1984; Howarth 1988). There are a variety of essential micro- and 

macronutrients required for plant growth. The macronutrients, nitrogen (N), 

phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) are 

required in larger quantities while micronutrients, including iron (Fe), boron (B), chlorine 

(Cl), manganese (Mn), zinc (Zn), copper (Cu), nickel (Ni), and molybdenum (Mo) are 

only required in trace amounts (Raven et al. 2005). The two primary nutrients most 

limiting to growth in both aquatic and terrestrial primary producers are N and P (Hecky 

and Kilham 1988; Howarth 1988), as these are needed in large amounts and are typically 

short in supply. However, other molecules, such as iron and zinc, can also play an 

important role in limiting primary production as can factors such as light, hydrology, and 

grazing (Smith et al. 2006). Historically, P has been considered to be the principal 

molecule limiting primary production in freshwater lakes (Schindler 1977; Hecky and 



16 Chapter 1 

Kilham 1988), while N is generally believed to be limiting in most marine ecosystems 

(Vitousek and Howarth 1991; Howarth and Marino 2006). A recent meta-analysis, 

however, found strong widespread evidence for the co-limitation of P and N in all 

marine, freshwater and terrestrial ecosystems examined (Elser et al. 2007), indicating that 

both nutrients play an interactive role in nutrient limitation. Which nutrient is most 

limiting in a given marine habitat is ecosystem- dependent with N limitation dominating 

in most coastal, nutrient-polluted and temperate systems, while P limitation may 

dominate in pelagic, unpolluted, and tropical systems or when nutrient inputs have high 

N:P ratios (Downing et al. 1999; Smith et al. 2006).  

The most common reactive forms of N and P considered by eutrophication 

studies are dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorous 

(DIP). The forms of DIN found in marine waters are nitrate (NO3), nitrite (NO2), and 

ammonium (NH4), while DIP is found as phosphate (PO4). These are typically the most 

abundant molecules containing N and P in marine waters and are also the most 

bioavailable to marine primary producers. However, in many systems NO3 and PO4 are 

typically found at concentrations that limit plant growth. In addition to these dissolved 

inorganic forms, there are significant amounts of N and P found in dissolved organic 

matter (DOM) as dissolved organic N and P (DON and DOP), though typically in 

smaller amounts than DIN and DIP (Bronk 2002; Karl and Björkman 2002; Davidson et 

al. 2012). The general importance of the nutrients in DOM to phytoplankton nutrition 

remains mostly unknown, as much DOM is refractory and therefore unavailable to 

marine organisms (Fabricius 2011; Davidson et al. 2012). However, there is evidence that 

DOM can be utilized by some phytoplankton organisms, including harmful algal bloom 

(HAB) species and therefore has the potential to be an important factor in eutrophication 

(Lomas et al. 2001; Glibert et al. 2006; Davidson et al. 2007). The particulate organic 

matter (POM) pool is small and is dominated by plankton and detritus. While this 

material is likely not directly usable by most plankton and macroalgae, the 

remineralization of this particulate material is an additional source of inorganic nutrients 

(Fabricius 2011; Davidson et al. 2012). 

1.3.3 Thresholds and indicators  

As eutrophication has become an increasing global concern, there is growing 

need to identify nutrient thresholds and accurate indicators of eutrophication for 

monitoring and management purposes. However, due to high variation in natural 
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conditions and the interaction of multiple factors that often results in non-linear 

responses to nutrient enrichment, it is difficult to make widely applicable thresholds at 

which eutrophication produces undesirable changes in community structure and function 

(Howarth and Marino 2006; Duarte 2009; Nixon 2009). Despite this, attempts have been 

made to define nutrient thresholds for eutrophication for some marine ecosystems. 

However, dissolved inorganic nutrients alone may also be poor indicators of 

eutrophication as they do not represent the entire pool of bioavailable nutrients, are often 

taken up so quickly that it can be difficult to detect increases in DIN and DIP, and 

cannot increase primary production at concentrations in excess of nutrient limitation 

(McCook 1999; Fabricius 2011). Measurements of total N (TN) or total P (TP) may be 

better indicators than DIN and DIP as all forms of N and P are taken into account, and 

these measurements are widely employed in monitoring programs. Chlorophyll a (Chl a), 

a proxy for phytoplankton biomass, is another widely used indicator of eutrophication as 

phytoplankton biomass rapidly responds to changes in nutrient concentrations (Reynolds 

and Maberly 2002). However, the use of Chl a as an indicator has its own drawbacks as 

there can be no increase in Chl a after nutrient concentrations exceeded a threshold that 

they are no longer limiting. Additionally, Chl a only measures changes in the abundance 

of primary producers and cannot indicate any changes in community composition that 

may occur simultaneously (Devlin et al. 2007; Lugoli et al. 2012). 

A global critical limit for TN of 0.5-1.5 mg L-1 may prevent eutrophication and 

harmful toxicological effects by inorganic N pollution in many aquatic systems, however, 

this data is based more on freshwater than marine systems (Camargo and Alonso 2006; 

Durand et al. 2011; Sutton et al. 2013). In nutrient poor (oligotrophic) tropical coral reef 

ecosystems, lower nutrient threshold concentrations of 1.0 μM DIN and 0.1-0.2 μM DIP, 

as well as a Chl a threshold of 0.5 μg L-1 may indicate the onset of eutrophication (Bell 

1992; Lapointe 1997). However, the mean nutrient concentrations for over 1000 reefs 

worldwide are above these values (Kleypas et al. 1999), and nutrient enrichment does not 

always result in increased algal biomass, probably due to compensatory feeding by 

herbivores (Belliveau and Paul 2002; Burkepile and Hay 2009). In addition, solely 

considering bottom-up thresholds does not take into account the impact of top-down 

controls, such as herbivore grazing, on the control of benthic communities (McCook 

1999; Szmant 2002; McClanahan et al. 2004; Jessen et al. 2013a). The interaction of these 

two effects and their relative roles in structuring coral reef benthic community also 

depends on a variety of other factors, such that a robust threshold for eutrophication in 
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coral reefs and other benthic ecosystems may require a suite of multi-index indicators 

that provide information on a variety of biological responses rather than just nutrient 

concentrations and phytoplankton production rates. Macrobenthic assemblages have 

been used as an indicator for eutrophication for coral reefs (Littler and Littler 1984, 2007) 

and other coastal and estuarine benthic ecosystems (e.g. Rakocinksi 2012; Verissimo et al. 

2012). Other successful indicators include tissue C:N:P ratios and nitrogen stable isotopes 

(�15N) in macroalgae, gastropods (rather long-term responding) and epilithic biofilms 

(rather short-term responding) (Vermeulen et al. 2011; Carballeira et al. 2012).  

For benthic ecosystems the sediment-water interface is sensitive to eutrophication 

due to the settling and decomposition of the increased biomass of primary producers in 

the water column. Lehtoranta et al. (2009) have proposed eutrophication thresholds for 

this organic carbon input to coastal ecosystems resulting in a shift in microbial 

sedimentary processes in marine ecosystems leading to anoxic conditions and a shift from 

iron reduction to sulfate reduction, increasing the efflux of P from the sediment. This 

alters the biogeochemical cycling of P and may have wider ecological implications 

(Lehtoranta et al. 2009). For example, Hyland et al. (2005) found that total organic 

carbon (TOC) concentrations in coastal sediments in a range of temperate coastal 

ecosystems, was a good indicator for benthic health based on benthic species richness. 

The authors found that sediment TOC concentrations of less than 10 mg g-1 sediment 

corresponded with a low risk of decreased species richness, while concentrations greater 

than 35 mg g-1 corresponded to a high risk of decreased species richness, suggesting that 

TOC may be a good preliminary nutrient indicator of benthic health. 

1.4 Causes and distribution 

Sources of marine eutrophication can be divided into natural and anthropogenic 

sources, though disentangling their relative contributions is sometimes challenging. If not 

specified, N in this text always refers to the reactive form (= all N species except N2). 

Most scientific studies only covered inorganic N forms, whereas information on 

dissolved organic N (DON) is very limited. However, DON is rather uniformly 

distributed in the water column, but increases substantially towards coastal areas (Voss et 

al. 2013). While most anthropogenic pollution occurs primarily with inorganic nutrients, 

the input of organic forms occurs as well and can be potentially more important by 

comprising between 18 and 85 % of total nitrogen (TN) (Davidson et al. 2012; Voss et al. 

2013).  
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The main natural sources comprise atmospheric deposition, upwelling, river 

runoff, and submarine groundwater seepage, while main anthropogenic contributors are 

fertilizers, sewage, and industrial runoffs. There are signs of increased nutrient discharges 

to the marine environment everywhere in the world where data are available, particularly 

in coastal areas adjacent to human settlements (GESAMP 2001).  

Though, not considered as eutrophication, internal sources can deliver a major 

portion of new or recycled N to marine ecosystems. Biogenic fixation of N2 for example 

provides the largest single source of new N via diazotrophs (Voss et al. 2013) (Table 1). 

However, Burkepile et al. (2013) showed for a Caribbean coral reef that carnivorous fish 

excretions largely exceeded other biological and abiotic sources of N. 

In the following, we list the main eutrophication sources, their composition, and 

tracers used for their detection. Table 1 displays global sources of marine nutrient 

enrichment. 

1.4.1 Atmospheric deposition 

Atmospheric deposition can mainly provide N, P, and Fe to the coastal and open 

ocean (Duce et al. 2008; Mahowald et al. 2009; Krishnamurthy et al. 2010). Studies have 

shown that 10 - 70 % of fixed N input to many coastal regions is delivered via the 

atmosphere, sometimes from sources more than 1000 km away (Paerl and Whitall 1999; 

GESAMP 2001; Duce et al. 2008). Despite an increase by 50 - 200 % over the last 50 

years (Paerl 1995), total atmospheric fixed N has barely been considered in attempts to 

mitigate eutrophication events (GESAMP 2001). 

The transport of atmospheric TP (total phosphate = organic and inorganic 

forms) is different to that of N, as P does not have a stable gaseous phase nor can it be 

fixed from the atmosphere (Mahowald et al. 2008). TP is mainly restricted to aerosols 

(e.g. Graham and Duce 1979). As a result, perturbations to atmospheric TP are less than 

to atmospheric C or fixed N (Schlesinger 1997). Nonetheless, atmospheric TP is being 

altered: 5 and 15 %, respectively, of atmospheric P and PO4 that enter the oceans, are 

estimated to be anthropogenic (Mahowald et al. 2008). On a global averaged basis, TP 

export by rivers to the coastal oceans (8.6 Tg yr-1) largely exceeds atmospheric inputs (0.5 

Tg yr-1) (Table 1). However, the riverine inputs may be trapped in coastal zones, making 

atmospheric P source more important in the open ocean (Krishnamurthy et al. 2010). 

Primary sources of atmospheric N and P are not always clear, however, studies suggest an 
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important fraction is anthropogenic (Jickells 2006; Duce et al. 2008; Mahowald et al. 

2008) produced from fossil fuel combustion by industries and vehicles as well as from 

livestock farming (GESAMP 2001; Graham et al. 2003; Baker et al. 2006).  

1.4.2 Upwelling 

Upwelling describes the rising of cold water masses from the deep that are 

enriched with nutrients, including NO3 and Si(OH)4 (Wilkerson and Dugdale 2008) that 

originate from OM rematerialized by bacteria on the seafloor. In contrast, NH4 is not 

enriched in the deeper waters and therefore, not transported by upwelling, but rather 

originates from zooplankton and nekton in surface waters (Wilkerson and Dugdale 2008). 

To reconstruct the intensity of upwelling events, 18O isotopes in planktonic organisms of 

deep-sea sediments are used (Prell and Curry 1981). 

There are no studies available that estimated global nutrient contributions of 

upwelling. However, approximations based on estimates of upwelling-driven new C 

production and the Red-field ratio (Table 1), suggest enormous local and regional 

nutrient contributions that outnumber by far all other sources. Regional studies confirm 

this (e.g. Szmant and Forrester 1996), though, not for all regions (e.g. Lamb-Wozniak 

2008). Besides upwelling, other oceanographic processes like winter mixing or eddies may 

transport large amounts of nutrients to ocean surface water. The Atlantic Ocean for 

example receives about 30 % of the total N flux by eddy transport (Voss et al. 2013).  

1.4.3 River runoff  

Originally, this term described discharged freshwater that became nutrient-

enriched by flowing through mineral loaded rocks. Today this natural effect is often 

enhanced by anthropogenic sources like industrial runoff, sewage, and agricultural 

fertilizer discharge and is further facilitated by the loss of riparian wetlands that can 

greatly reduce the nutrient loading in rivers (Mitsch et al. 2001; EPA Science Advisory 

Board 2007).  

According to estimates by Billen et al. (2013), around 70 % of the N that 

originally enters a river is denitrified on the way to, or in the estuary. Nevertheless, 

anthropogenic nutrient fluxes in rivers may be at least equal to, and probably greater than 

the natural fluxes (GESAMP 2001).  
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1.4.4 Submarine Groundwater Discharge (SGD) 

Within the last few decades, recognition has emerged that SGD into the sea may 

be both volumetrically and chemically important (Johannes 1980; Moore 1999; Charette 

and Sholkovitz 2002). SGD is patchy, diffuse, temporally variable, and can occur 

wherever coastal aquifers are interconnected to the ocean (Burnett et al. 2006). However, 

nutrient fluxes of SGD can rival inputs via rivers (Krest et al. 2000; Charette et al. 2001; 

Paytan et al. 2006). Accordingly, insufficient consideration of this source can result in 

serious misinterpretations of coastal pollution (Johannes 1980).  

Besides nutrients (e.g. N, P, Si), metals and organic compounds can be introduced 

into the sea (Corbett et al. 1999; Burnett et al. 2001; Ji et al. 2013). Several isotopes such 

as boron, oxygen, hydrogen, radon, and radium are used as tracers for SGD (Cable et al. 

1996; Burnett and Dulaiova 2006; Burnett et al. 2008; Ben Moussa et al. 2010; Ben 

Hamouda et al. 2011; Dimova et al. 2013). 

 

The importance of nutrient sources varies widely between regions. Agricultural 

products are the main contributors to eutrophication in North America and the EU, with 

sewage and industrial run-off as secondary sources since they usually receive some 

treatment before being discharged. However, in other parts of the world like Asia, Africa, 

and Latin America where sewage and industrial wastewater is typically not treated, these 

sources exceed agriculture waste as the main anthropogenic source of eutrophication. 

1.4.5 Fertilization and agriculture activities 

Synthetic fertilizer application is the largest anthropogenic nutrient source (Table 

1). High agricultural nutrient consumption is caused by growing populations and because 

usage is typically much higher than the uptake by the plants. On average, over 80 % of N 

and 25 - 75 % of P applied as fertilizer are lost to the environment (Fowler et al. 2013; 

Sutton et al. 2013). Particularly, NO3 but also NH4 and PO4, are flushed into rivers and 

groundwater by irrigation systems, rain, or floodings, so that high amounts of these 

inorganic nutrients finally reach the sea. Since the 1960s, global human use of synthetic 

fertilizers has increased drastically: N 9-fold (from 12 to 105 Tg) and P 3-fold (from 12 to 

38 Tg) (FAO 2012).  

Isotopic analysis is used for the detection of fertilizer input. Due to their 

atmospheric origin, synthetically produced fertilizers typically have �15N values of 
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around 0 ‰ (Heaton 1986), and can therefore be distinguished from animal waste that 

exhibit characteristic �15N values of 10 to 20 ‰ (Kendall et al. 2007). 

1.4.6 Sewage & industrial runoff  

Estimates show that in North America and Europe 90 and 66 %, respectively, of 

urban wastewater is treated, while this is much less in Asia (35 %), Latin America 

including the Caribbean (14 %), and in Africa, where waste water is usually not treated at 

all (Martinelli 2003). Nonetheless, sewage treatment seldomly includes reduction of 

inorganic nutrients. Even in North America, the primary aim of sewage treatment is to 

reduce OM components that can contribute to biological oxygen demand, but this 

procedure is not very effective in removing N (mostly in the form of NH4) and PO4 

(Chopra et al. 2005). Consequently, global sewage emissions of N and P are predicted to 

double by 2050 (Van Drecht et al. 2009).  

Generally, studies found that sewage emissions led to an elevation in the �15N 

signals in the sediment and tissue of a variety of organisms like seagrasses, macroalgae, 

fish, oysters, corals, and other invertebrates (Costanzo et al. 2001; Savage and Elmgren 

2004; Piola et al. 2006; Carlier et al. 2007; Risk et al. 2009). Other tracers that have been 

used to detect sewage emissions comprise boron, carbon, carbamazepine, and 

coprostanol (Bachtiar et al. 1996; Piola et al. 2006; Cary et al. 2013). 

Table 1. Overview of the most important sources of marine nutrient input. If not stated otherwise, 
numbers are in Tg year-1. 

 Source N P  

 Atmospheric deposition 46 - 67 (Voss et al. 2013) 0.5 (Krishnamurthy et al. 2010)  

 River export 40 - 66 (Voss et al. 2013)  
40 % DIN 
40 % PN 
20 % DON  

8.6 (Seitzinger et al. 2010) 
1.4 DIP 
6.6 PP 
0.6 DOP 

 

 Sewagea 6 (Billen et al. 2013) 1.3 - 3 (Van Drecht et al. 2009;  
Van Vuuren et al. 2010) 

 

 Agricultural surplus  138 (Billen et al. 2013) ?  

 Total anthropogenic  210 (Voss et al. 2013) ?  

 SGD 4 (Voss et al. 2013) ?  

 Upwellingb 330 - 390 (Messié et al. 2009) 21 - 25 (Messié et al. 2009)  

 N fixation by oceans 140 (Voss et al. 2013) -  
     

adischarge into rivers  
bin the tropical and southern open ocean; based on estimation of new C production using the Redfield ratio 
of 106:16:1 for C:N:P. 
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1.5 Impacts on marine organisms 

1.5.1 Algae  

Eutrophication in marine coastal systems directly affects benthic and pelagic 

marine algae. Some of the early signs of eutrophication include excessive growth of 

bloom-forming macroalgae and phytoplankton (Duarte 1995; Valiela et al. 1997; Cloern 

2001). The range of eutrophication effects on these primary producers depends partly on 

their morphology, physiology, and nutrient requirements. Because eutrophication is 

stimulated by inorganic and organic nutrient inputs, the algae that often benefit are those 

with high nutrient requirements and rapid nutrient uptake rates (Peckol and Rivers 1995; 

Pedersen and Borum 1997; Valiela et al. 1997). For example, benthic green macroalgae of 

the genus Ulva are by far the most commonly cited bloom-forming species under 

eutrophic conditions worldwide (Sfriso et al. 1992; Rafaelli et al. 1998; Morand and 

Merceron 2005; Teichberg et al. 2010). These macroalgae are known for their high 

nutrient uptake and growth rates under high nutrient supply (Pedersen and Borum 1997; 

Naldi and Viaroli 2002) and can also take up forms of DON, such as urea and amino 

acids (Tyler et al. 2005).  

The growth and photosynthetic responses of different species of macroalgae and 

phytoplankton depend not only on light availability, but also on the supply of the limiting 

nutrient in a particular environment (see 1.3.2). Nutrient contents, including % N and P, 

of macroalgae are often used as indicators of nutrient supply, and C:N:P ratios may reveal 

the limiting nutrient of a particular environment (Lapointe et al. 1992; Lapointe et al. 

2005). But in addition, these ratios also indicate the species-specific nutrient uptake, 

assimilation, and storage capacity of macroalgae, and can be used to determine which 

species may benefit under certain nutrient conditions (Fujita 1985; Pedersen and Borum 

1997).  

N isotopic signatures of macroalgae have also been used to access eutrophication 

and trace the source of nutrient pollution (McClelland and Valiela 1998; Lapointe et al. 

2005) (see 1.4.6). Although there is some degree of isotopic fractionation from the 

nutrient source, macroalgae generally do exhibit little but more constant fractionation 

(Deutsch and Voss 2006) compared to the variable and large range in fractionation in 

phytoplankton (Needoba et al. 2003). Macroalgae therefore are more reliable indicators 

of N sources. The �15N signature of faster-growing species, such as Ulva sp., can indicate 

changes in their environment or nutrient supply relatively quickly, in a matter of days 
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(Teichberg et al. 2007; Teichberg et al. 2008), while slower growing species such as Fucus 

sp. are better long-term indicators for nutrient supply (Savage and Elmgren 2004). 

Therefore, taxon-specific differences in rates of N uptake, turnover, and growth may 

mediate how quickly the �15N signatures of macroalgae change in the presence of new N 

supply (Deutsch and Voss 2006).  

1.5.2 Seagrasses 

Seagrasses are usually more severely impacted by eutrophication among the 

macrophytes. Nutrient enrichment itself is not the main problem and can either be 

positive, negative, or have no direct effects on their growth and physiology (Burkholder 

et al. 2007). While low levels of nutrient enrichment may stimulate seagrasses through 

increased photosynthesis and production, high nutrient enrichment generally leads to 

negative effects (Burkholder et al. 2007). Excessive ammonium may be toxic (Van 

Katwijk et al. 1997; Cabaço et al. 2008), while nitrate may inhibit growth due to carbon 

limitation in some seagrass species (Burkholder et al. 1994).  

Although nutrient stress is not highly detrimental to seagrasses, reduction of light 

due to algal overgrowth is considered one of the most detrimental indirect effects of 

eutrophication on seagrasses (Duarte 1995; Burkholder et al. 2007). Therefore, most 

studies examining eutrophication impacts on seagrasses focus on light availability and 

competition among seagrasses, epiphytes, and drifting macroalgae (Hauxwell et al. 2001; 

Armitage et al. 2005; Hauxwell et al. 2006). For seagrasses that have high light 

requirements (Dennison et al. 1993), lower light levels result in a negative carbon balance 

due to decreased photosynthetic rates and increased respiration rates, which then 

influences growth rates, shoot density, and below-ground biomass (Sand-Jensen 1977; 

Hauxwell et al. 2006; Burkholder et al. 2007) and can control depth distribution (Ralph et 

al. 2007). 

1.5.3 Corals 

Corals can also be highly susceptible to eutrophication (Fabricius 2005), but some 

results of scientific studies contradict each other (Wiedenmann et al. 2013; Fabricius et al. 

2013). Increases in zooxanthellae density, chlorophyll content, and photosynthesis with 

increasing nitrate (Marubini and Davies 1996) and ammonium (Snidvongs and Kinzie 

1994) availabilities have been observed. However, increases in zooxanthellae may lead to 

decreases in calcification (Marubini and Davies 1996), possibly due to increased CO2 use 
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by zooxanthellae for photosynthesis and, therefore, less CO2 availability for calcification 

of the coral host. A recent review and study discussed mixed outcomes for nutrient stress 

on corals, in which increased nutrients may either increase the nutritional status of corals, 

which in turn protects the coral from thermal stress and onset of bleaching, or may lead 

to higher bleaching due to higher endosymbiont division rates, production of more 

harmful oxygen radicals, and photoinhibition, which then increases the susceptibility of 

corals to heat stress (Fabricius et al. 2013). Increased turbidity due to phytoplankton or 

macroalgal overgrowth in combination with increased sedimentation can also reduce 

photosynthetic and growth rates in corals (Rogers 1979), and has been linked to high 

losses in coral cover and mortality rates (Fabricius 2005). However, some studies suggest 

that corals may continue to grow even under high nutrient conditions, despite net reef 

erosion (Edinger et al. 2000).  

1.5.4 Microbes  

In addition to increases in dissolved inorganic nutrients associated with 

eutrophication, increases in organic nutrients may stimulate bacterial production and 

activity that can be harmful to corals and other marine organisms (Kline et al. 2006) and 

lead to the spread of disease-associated bacteria, such as those found in black band 

disease BBD (Voss and Richardson 2006). High nutrient supply can also lead to changes 

in associated microbial communities. For example coral-associated microbe abundances 

increase under eutrophic conditions (Sawall et al. 2012), and favor those that benefit 

under nutrient rich waters (Jessen et al. 2013b). In the Red Sea coral Acropora hemprichii, 

microbes of the genus Nautella and Defluvibacter, particularly benefitted from inorganic 

nutrient enrichment (Jessen et al. 2013b). 

To detect eutrophication, changes in microbial activity using simple 

measurements of biological oxygen demand can be used. In addition, eutrophication 

often leads to changes in microbial processes in the water column and sediment, such as 

denitrification and nitrification, N2 fixation, and sulphate reduction. An increase or 

decrease in these processes may also be used as indicator of eutrophication. Furthermore, 

a variety of molecular techniques, such as microarrays and quantitative PCR, to measure 

microbial diversity and productivity in coastal waters have made the use of microbes as 

early warning indicators of eutrophication more promising (Paerl et al. 2003; Glaubitz et 

al. 2013).  
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1.5.5 Invertebrates and fish 

The effects of eutrophication on invertebrates and fish can either be direct 

through toxicity via high concentrations of inorganic nitrogenous compounds, such as 

ammonia and nitrite, or indirect from changes in composition and abundance of primary 

producers leading to decreases in water quality and shifts in food availability (Camargo 

and Alonso 2006). Toxicity from high ammonia concentrations can cause asphyxiation, 

stimulation of glycolysis, inhibition of ATP production, and disruption of blood vessels 

and osmoregulation in marine animals, particularly fish, which can then lead to reduced 

feeding activity and fecundity along with increased mortality (Camargo and Alonso 2006). 

Loss of seagrasses and declining coral cover may include severe consequences for 

many invertebrate and fish species that live and feed in these habitats (Baden et al. 1990; 

Valiela et al. 1992; Chabanet et al. 1995; Halford et al. 2004; Feary et al. 2009). Shifts to 

other habitats such as macroalgae, may not offer the same food quality or habitat 

complexity, and large algal blooms may lead to hypoxic or anoxic conditions that are 

especially harmful to sessile organisms or smaller invertebrates that cannot escape so 

easily (Diaz and Rosenberg 1995; Cheung et al. 2008; Fox et al. 2009). Fish, although 

more mobile, can also be affected by low oxygen concentrations (Chang et al. 2012). 

Harmful algal blooms, often stimulated by nutrients, can lead to extensive fish kills 

(Glibert et al. 2002). 

Some frequently observed impacts of eutrophication on consumer communities 

are decreases in organism abundance, loss in species richness, and shifts in benthic 

community structure as well as important functional groups (Valiela et al. 1992; 

Tagliapietra et al. 1998; Cardoso et al. 2004). Often, more sensitive species, such as the 

polychaetes Alkmaria romijni and Capitella capitata and the bivalve Scrobicularia plana, are 

used as indicator species, in which their loss from a system indicates deteriorating 

eutrophic conditions, and their recovery indicates improvement (Verdelhos et al. 2005; 

Cardoso et al. 2007). However, many of the changes in fauna species composition are 

due to hypoxia, an indirect effect of eutrophication which causes increased respiration, 

reduced growth, feeding, and overall fitness of many marine animals (Wu 2002). 

Eutrophication impacts on marine animals can also be seen in their growth rates, 

reproduction, and metabolism, although impacts may differ depending on the organism. 

Many suspension feeders, such as bivalves, may benefit from higher primary productivity 

and organic-rich material, and have faster growth rates, as they have more food 
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availability (Weiss et al. 2002; Kirby and Miller 2005). Small crustaceans, such as 

amphipods and shrimp, and many herbivorous fish can benefit from shifts in macroalgal 

food choice, increasing abundance, growth rates, or fecundity with higher nutrient quality 

food (Kraufvelin et al. 2006; Martinetto et al. 2010). But these benefits are generally 

limited to conditions of high oxygen concentrations, as these organisms are all sensitive 

to hypoxia (Wu 2002; Carmichael et al. 2004; Fox et al. 2009). Despite some positive 

effects of eutrophication on consumer communities, the majority of studies show 

detrimental effects with significant losses in species diversity and changes in community 

structure. 

1.6 Consequences for marine ecosystems 

Coastal eutrophication has become a major threat to the structure and 

functioning of marine ecosystems. The stimulation of increased primary production 

provides an increased food supply and subsequently, it can increase biomass at higher 

trophic levels (Jørgensen and Richardson 1996). However, where nutrient enrichment 

exceeds the capacity of primary consumers (e.g. grazers) to absorb the enhanced primary 

production, marine ecosystems can be significantly impacted and destabilized through the 

loss of habitat, species diversity and changes in community structure (Rabalais et al. 

2002). The occurrence of algal blooms and the generation of hypoxia (O2 concentrations 

in the water lower than 2 ml O2 L-1) in the water belong to the most severe impacts and 

their distribution and intensity has grown dramatically over the last several decades in 

areas with increased nutrient input. Therefore, these events can provide strong indicators 

for direct eutrophication impacts on marine ecosystems (Anderson et al. 2002; Tett et al. 

2007). 

1.6.1 Algal Blooms 

Algal blooms are characterized by the proliferation and dominance of specific 

phytoplankton or macroalgal species. As a consequence of marine eutrophication, 

phytoplankton communities can shift from diatoms towards dinoflagellates or 

cyanobacteria species, and macroalgae communities can shift from slow-growing 

perennial towards fast-growing opportunistic species (Anderson et al. 2002; Conley et al. 

2009). Changes in the primary producer composition, which represent the basis of 

marine food webs, will subsequently affect the diet and community composition of 
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primary and secondary consumers and, therefore, the entire trophic structure and energy 

transfer of an ecosystem (Conley et al. 1993; Riegman 1995; Turner et al. 1998). 

1.6.1.1 Phytoplankton blooms 

Marine phytoplankton blooms are a natural phenomenon in marine systems. 

However, human-induced nutrient enrichment in coastal areas strongly increased their 

intensity and frequency (Anderson et al. 2002). Subsequently, such blooms can cause 

severe environmental problems either directly, through toxin production, or indirectly, 

through their high biomass (Purdie 1996).  

Toxic algal blooms occur in relatively low densities, but can cause mortality of 

wild fishes, sea birds, marine mammals and humans when their toxins become 

accumulated in filter-feeders (e.g. shellfish) and transported up to higher trophic levels in 

the food chain (Anderson 2009; Davidson et al. 2011). Shellfish-poisoning induces sub-

lethal responses in humans such as diarrhea, eye/skin irritation or breathing difficulties. 

Approximately 300 people die annually as a result of consumption of contaminated 

shellfish (Richardson 1997). Non-toxic phytoplankton blooms are events which produce 

large amounts of biomass and are visibly detectable through the formation of foam along 

shorelines and the coloration of the seawater, commonly known as red tides. High 

phytoplankton biomass in the water column significantly reduces light and oxygen 

availability in bottom waters with a subsequent reduction in the depth distribution or 

elimination of the benthic vegetation. This can have dramatic impacts on coastal 

ecosystems due to habitat destruction and mass mortality of benthic and pelagic 

organisms (Glibert et al. 2005). In 1998, a red tide event in Hong Kong killed around 90 

% of fish farm stocks, causing economic damage of 40 million USD and red tides in US 

coastal waters created around 500 million USD damage between 1987 and 1992 

(Anderson et al. 2000; Selman et al. 2008). Today, according to estimates, these blooms 

cause global damages of billions of dollars each year (Smith and Schindler 2009).  

Changes in phytoplankton biomass (i.e. Chl a) or the occurrence of harmful 

phytoplankton species and their respective toxins in water samples can be used as early 

warning indicators for such blooms (Sellner et al. 2003).  

1.6.1.2 Macroalgal blooms 

Fast-growing opportunistic macroalgae (seaweeds) species can reach high 

abundance in nutrient-enriched, near-shore areas in situations where grazing pressure is 
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low and phytoplankton growth is suppressed (e.g. due to short water residence time). 

Macroalgal blooms typically last longer than phytoplankton blooms and they can have 

profound effects on the marine ecosystems by overgrowing and outcompeting slow-

growing perennial species (e.g. seagrasses, corals, brown and red algae; Valiela et al. 1997). 

Compared to perennial species, seaweeds fix carbon in excess and subsequently release 

large amounts of dissolved organic matter into surrounding water (Velimirov 1986; Haas 

et al. 2010b). This organic matter quickly enters the microbial food web thereby 

stimulating microbial activity, increasing biological oxygen demand of bottom waters, and 

creating the occurrence of hypoxic conditions (Haas et al. 2010a; Haas et al. 2010b; Niggl 

et al. 2010) (see 1.6.2). Hypoxia and changes in primary producer species composition are 

in turn responsible for the major fauna community shifts that accompany macroalgal 

blooms in eutrophic areas. It can be particularly harmful to seagrass and tropical coral 

reef ecosystems as they are highly adapted to low nutrient waters, support a high 

biodiversity and are important nurseries for many juveniles fish species (Grall and 

Chauvaud 2002; Fabricius 2005). In contrast, marine ecosystems which lie within 

estuaries or upwelling areas likely react less sensitive, since they regularly experience 

elevated nutrient concentrations. 

 
Figure 1. Global eutrophication map. Shown are known eutrophic, hypoxic and improved areas 
(modified after http://www.wri.org/project/eutrophication/map). 
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1.6.2 Hypoxia 

1.6.2.1 Causes and distribution 

Die-off, sedimentation and subsequent microbial decomposition of the high algal 

biomass considerably enhances oxygen consumption in bottom water, subsequently, 

leading to hypoxic (oxygen depleted) or even anoxic (no oxygen) conditions near the 

sediment-water interface (Diaz and Rosenberg 1995; Glibert et al. 2005). Hypoxia is 

described as the most serious effect of excess eutrophication, because it causes major 

geochemical and biological shifts within marine ecosystems. Selman et al. (2008) 

identified 415 eutrophic coastal systems worldwide, whereof 169 are documented as 

hypoxic, 233 are areas of concern, and 13 areas are in recovery (Figure 1). Marine coastal 

environments that are near nutrient-rich rivers (e.g. Mississippi River and the Gulf of 

Mexico; Susquehanna River and the Chesapeake Bay) or, located in geographically 

constrained areas with low water exchange and high stratification of the water column 

(e.g. Baltic Sea, Black Sea), can be highly affected and subsequently, represent the largest 

hypoxic areas worldwide (Rabalais 2002). The impact on marine life and ecosystem 

functioning also depends on the system’s time of exposure to hypoxic events (e.g. 

seasonal exposure in upwelling areas, permanent exposure in the Baltic Sea, Gulf of 

Mexico).  

1.6.2.2 Consequences on marine ecosystems 

With decreasing oxygen availability, the redox potential (the tendency of chemical 

species to either acquire or lose electrons) in the sediment changes, thereby increasing 

fluxes of ammonium, silicate and particularly phosphate from the sediment into 

overlaying waters. This increased nutrient supply further fuels phytoplankton production 

and accelerates hypoxia and the effects of eutrophication (Howarth et al. 2011). Oxygen 

respiration can be completely replaced by bacterial sulfate respiration leading to the 

generation of hydrogen sulfide, which is toxic to most of the benthic macrofauna 

including functionally important species such as bioturbators. The loss of bioturbation 

reduces the downward transport of oxygen into the sediment and makes the sediment 

less cohesive and more susceptible to resuspension. Consequently, water turbidity 

increases and the potential growth of the oxygen producing phytobenthic community is 

reduced (Rabalais et al. 2010). This implies a dramatic change in ecosystem functioning 

by reducing the buffer capacity against benthic hypoxia and making the system more 

vulnerable to the development and persistence of hypoxic events. 



Chapter 1 31 

Furthermore, in hypoxic areas microbial pathways can quickly dominate the food 

web, thereby reducing the energy transfer towards higher trophic levels (Diaz and 

Rosenberg 2008). This leads to an overall decline of biomass, changes in species 

composition, and loss of habitat and biodiversity (Selman et al. 2008). Large, long-lived, 

less tolerant organisms (e.g. demersal fish, macrobenthos and suspension feeders) are 

eliminated first, then benthic community will shift toward higher abundances of small, 

short-lived, tolerant organisms (pelagic fish, meiobenthos and deposit feeders) in 

successive stages depending on the extent of hypoxia (Grall and Chauvaud 2002). 

Successive changes in the benthic community structure and changes in the ratio of 

pelagic to benthic and demersal fish biomass represent useful long-term indicators for 

hypoxia-stressed areas (Rabalais 2002; Wu 2002; Hondorp et al. 2010) where community 

structure can provide insight to the level of hypoxia-driven degradation. Under prolonged 

hypoxia, the total loss of benthic and pelagic fauna can occur creating so called dead 

zones, which have grown dramatically in size and distribution over the last decades. 

Globally, the observed number of dead zones increased from 9 in the 1960s to 540 

nowadays, still with growing tendency (Galloway et al. 2013). These areas can have 

detrimental effect on commercially important species thereby effecting local economies 

and markets which rely on these natural resources (Grall and Chauvaud 2002; Diaz and 

Rosenberg 2008; Rabalais et al. 2009). Therefore, regularly monitoring of dissolved 

oxygen concentrations in the water provides an important direct indicator to measure the 

actual state of oxygenation and therefore the health of marine ecosystems. Recently, 

specific sulfur-oxidizing bacteria (SUP05) have been found worldwide in oxygen depleted 

marine environments, hence their presence can serve as early warning indicator to detect 

the development of dead zones (Glaubitz et al. 2013). 

1.7 Outlook 

In the future, the world’s marine ecosystems will likely be simultaneously affected 

by a range of global (ocean acidification and warming) and local factors, particularly 

marine eutrophication (e.g. Voss et al. 2013). This particularly applies to tropical coastal 

areas of developing countries, because here coastal ecosystems that are already at their 

upper temperature threshold often meet coastal regions with high population pressure so 

that marine ecosystems are likely affected by both warming and eutrophication. Ocean 

warming will also very likely enhance the above mentioned eutrophication-induced 

oxygen depletion that is particularly critical in tropical areas with already high water 
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temperatures. The upper limit of low oxygen water has already moved up to three 

hundred feet closer to the surface off North America's west coast (Stramma et al. 2008). 

Almost no information is available about the potential interaction of ocean acidification 

and eutrophication, but there is some indication that acidification may affect 

bioavailability of essential nutrients in the marine realm (Shi et al. 2010). In turn, marine 

eutrophication may stimulate ocean acidification by facilitation of CO2 uptake by 

phytoplankton. Furthermore, certain N species, particularly NO2 contribute to the 

greenhouse effect, in contrast to the fertilization effects of N that cause additional CO2 

uptake from the atmosphere. The net effect of N on is probably cooling, but this is 

highly uncertain (Galloway et al. 2013). 

Knowledge on the interaction between such global and local factors and their 

consequences for ecosystem functioning is obviously scarce, but a few existing related 

studies indicate cumulative aggravating effects (e.g. Lloret et al. 2008). Good science-

based management of marine coastal ecosystems and their resources should include these 

aspects and particularly consider biogeochemical cycles of C, N and P.  

The ability to define nutrient threshold concentrations is crucial to the 

management and monitoring of marine ecosystems. However, our current understanding 

of nutrient enrichment and specific nutrient thresholds cannot be determined without 

reference to a biological response. Ecological monitoring and management decisions 

should not be based on nutrient concentrations and Chl a measurements alone (Devlin et 

al. 2007; Nixon 2009). Rather, more comprehensive ecosystem level indicators, which 

take into account the interaction of nutrients, primary production, and evidence of 

biological disturbance, are required to provide the information necessary to successfully 

manage marine ecosystems. 

Generally, it becomes clear that all measures (e.g. more efficient use of fertilizers 

in coastal agriculture, reduction in atmospheric emissions, conservation of coastal forests 

and mangrove area, establishment and improvement of waste water treatments; please see 

Sutton et al. 2013) that reduce both inorganic and organic nutrient input into coastal 

waters will likely benefit the functioning of coastal marine ecosystems. The challenge for 

the current century is indeed to optimize the use of nutrients such as N, but at the same 

time to minimize their negative effects (Galloway et al. 2013). 
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Abstract 

One of the major threats facing coral reefs is intense benthic algal growth that can 

result in overgrowth and mass mortality of corals if not controlled by herbivore grazing. 

Unlike the well-studied coastlines of the Caribbean, there is currently a lack of knowledge 

regarding the effects of herbivory on benthic communities in the Red Sea. This is 

particularly relevant today as the local impacts in the Red Sea are increasing due to 

growing population and tourism. Over 4 mo, this study investigated the impact of 

herbivory as a potential key factor controlling algal growth on a reef flat in the Egyptian 

northern Red Sea. The main experiment consisted of in situ deployment of exclosure 

cages in combination with quantification of sea urchins and herbivorous fish. When all 

herbivores were excluded, our findings showed a significant 17-fold increase of algal dry 

mass within 4 mo. Although herbivorous fish occurred in much lower abundance (0.6 ± 

0.1 ind. m-2; mean ± SE) compared to sea urchins (3.4 ± 0.2 ind. m-2), they were 5-fold 

more efficient in reducing algal dry mass and 22-fold more efficient in reducing 

autotrophic production of nitrogen. A significant shift from benthic turf to macroalgae 

(mostly Padina sp. and Hydroclathrus clathrathus) was observed when grazers were excluded. 

These algae may serve as early warning indicators for overfishing. Findings suggest that 

herbivorous fish act as an important top-down factor controlling both benthic algal 

biomass and composition at the study location. Results also indicate the potential of rapid 

benthic community change at the study site if herbivory is impeded. 

Introduction 

Coral reefs belong to the most complex and diverse marine ecosystems in the 

world. The main reef ecosystem engineers are scleractinian corals which provide habitats 
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for associated organisms and generate and transform inorganic and organic materials 

(Wild et al. 2011). Scleractinian corals stand in direct competition with algae for space and 

light. Algal development and occurrence in healthy coral reefs is usually impeded by low 

nutrient concentrations and the activity of herbivores (Burkepile and Hay 2006) that are 

beneficial to corals by controlling algae or promoting coral recruitment (Hughes et al. 

2010).  

In an intact reef, fish and echinoids are usually the most abundant herbivores 

(Jennings and Polunin 1996). The most important herbivorous fish groups in Red Sea 

coral reefs contain Siganidae (rabbit fish), Chaetodontidae (butterfly fish), Balistidae 

(trigger fish), Acanthuridae (surgeon fish), and Scaridae (parrot fish) (Vine 1974). The 

majority of sea urchins are omnivores, with algae as their preferred food source (Ruppert 

and Barnes 1994). Prolonged low levels of herbivory caused by overfishing, together with 

natural disturbances, may result in phase shifts from coral-dominated reefs to a new state 

dominated by fleshy macroalgae (Hughes et al. 2010). High abundances of macroalgae do 

not only reduce suitable living space for herbivores (e.g. Underwood and Jernakoff 1981), 

but can also overwhelm grazing abilities of herbivorous fish when coral cover is low 

(Williams et al. 2001) or result in decreased grazing, since herbivorous fish avoid high 

abundances of macroalgae (Hoey and Bellwood 2011). This may lead to positive feedback 

loops that can further promote macroalgae-dominated reefs. Even though a recent study 

by Bruno et al. (2009) showed that the number of coral reefs that have been affected by 

phase shifts is smaller and rather restricted to the Caribbean, there are a few examples of 

reversed phase shifts (Hughes et al. 2010), and a key overall goal of reef management is 

to prevent these undesirable phase shifts (Mumby and Steneck 2011). 

Actual scientific information on the effect of herbivory in the Red Sea is scarce, 

although the reduction of herbivores by means of overfishing is among the most 

dangerous of threats for coral reefs in the region (Wilkinson 2008). A recent study 

(Korzen et al. 2011) compared grazing effects of sea urchins and herbivorous fish, and 2 

older studies examined the effect of herbivory on algal biomass (Vine 1974) and on algal 

species composition (Mastaller 1979). However, no studies exist focusing on reef flats 

that include a main areal of fringing reefs in the Red Sea and which act as a key habitat 

for a variety of species. Reef flats are particularly subject to anthropogenic impacts (e.g. 

fishing, watershed-based pollution and coastal development) due to proximity of the 

shore and easy accessibility.  
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The present study combines descriptive and experimental approaches to elucidate 

how the quantity (in terms of biomass development) and composition of benthic algae 

are affected by sea urchins and herbivorous fish of a typical reef flat in the Red Sea. We 

hypothesize that both herbivorous groups are key factors controlling benthic algal 

composition and biomass on this exemplary reef flat. We used fish and benthic 

invertebrate surveys to assess the abundance of herbivores and combined these 

observational data with experimental manipulations of herbivore access using exclosure 

cages. 

 
Figure 1. Schematic drawing of study site location. Arabic numbers depict the 8 exclosure cage 
deployment sites and roman letters show the 4 deployment sites of the transect lines. 

Materials & Methods 

Study site 

This study was carried out from October 2009 to February 2010 on the reef flat 

of the fringing reef close to the town of Al Qusayr in the northern Red Sea (26° 08’ 

58’’N, 34° 15’ 24’’E; Figure 1). Fringing reefs are very common in the Red Sea; the reef 

flat at the study site has a width of around 130 m, which is typical for the Red Sea (Head 

1987). The study site was located adjacent to a hotel area, northwest and southeast of a 

swimming zone. Whereas swimming was not allowed outside the swimming zone, fishing 

was prohibited along the entire coastline of the hotel area (about 500 m in length). 

Outside this area, small-scale artisanal fishing occurred. The water depth on the reef flat 
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where the cages were deployed ranged between 1.2 m at high tide and 0.7 m at low tide. 

The maximum tidal range was 0.6 m. All work was carried out by snorkeling.  

Background parameters 

Water temperature was measured with a dive computer (Gekko by Suunto®; 

accuracy: ±1°C) placed on the ground for a few minutes before temperature was 

recorded. A hand refractometer (Aqua Medic®) was used to quantify salinity (accuracy: 

±1 unit). Water movement at each cage site was estimated using the plaster ball method 

described by Komatsu and Kawai (1992) during a complete tidal period (replication n = 4 

site-1; attached 30 cm above the seafloor using polyethylene ropes). Parallel to the 

coastline, 4 transect lines (20 m each) were placed on the reef flat at 0.5 to 1.0 m water 

depth, 2 on each side of the swimming zone (see roman numerals in Figure 1). Along 

these transects, reef rugosity was recorded using the chain-and-tape method as described 

by Risk (1972). 

Benthic reef community composition 

Along the 4 transects (20 m each), substrate cover was assessed using the linear 

point intercept (LPI) method described by Nadon and Stirling (2006), with 0.5 m 

intervals (40 points transect-1). Categories were taken from the Reef Check manual 

(Hodgson et al. 2006) and included hard corals, soft corals, recently killed corals, nutrient 

indicator algae (all algae except coralline, calcareous [such as Halimeda sp.], and turf), 

sponges, rock, rubble, sand, silt/clay, and others.  

Enumeration of herbivores 

Along the same 4 transects, a visual fish survey was carried out after English et al. 

(1997), with slight modifications. For this study, we surveyed a total area of 60 m2 (20 m 

length and 3 m width) at a water depth between 0.5 and 1.0 m. All observations were 

carried out at high tide (±90 min). To increase the accuracy of the survey, each transect 

was divided into four 5 m sections that were observed one after another for 2 min each, 

with the first minute spent observing the roving species and the next minute noting more 

stationary fishes while swimming slowly over the section. Preprinted data sheets were 

used to count and identify the fishes of all families, with the exception of camouflaged 

and hidden forms (‘cryptic species’). Enumeration of fish abundance on each transect 

took place during 3 periods of the day: morning (06:00 to 08:00 h), midday (11:00 to 
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13:00 h), and afternoon (15:00 to 17:00 h), with 10 to 11 replicates at each time (making a 

total of 121 transects) between December 2009 until February 2010. Species 

identification followed Randall (1983), Debelius (2007) and Lieske and Myers (2009). 

Classifying fish into herbivorous and non-herbivorous groups was based on Randall 

(1983), Khalaf and Disi (1997), Lieske and Myers (2009), and our own observations 

(Appendix 1). We classified herbivores according to their ability to remove plant material 

from the reef (this also included facultative herbivores) and not on the ability for actual 

consumption or digestion of plant material (Choat et al. 2004). 

The 4 transects described above were also used to quantify the abundance of sea 

urchins in the period from December 2009 to January 2010, but for these observations 

the transect width was reduced to 1 m (resulting observation area = 20 m2). A single 

snorkeler identified and counted all sea urchins within the length of a 1 m plastic 

(polyethylene) bar over 4 periods of the day: morning (06:00 to 09:00 h), midday (11:30 

to 14:30 h), afternoon (15:30 to 18:30 h), and evening (18:30 to 21:30 h). Replication was 

n = 4 for morning and evening and n = 3 for midday and afternoon (making a total of 

56, with 4 sites, 4 periods of the day, and 3 to 4 replicates). Other herbivorous 

invertebrates (e.g. gastropods, crustaceans, and polychaetes) were not considered in this 

study, since they were rarely encountered on the investigated reef flat (C. Jessen pers. obs. 

from day and night surveys), and because herbivorous fish and sea urchins consume a 

great part of the algal production (Hatcher 1981, Carpenter 1986, 1988, Foster 1987), 

while microherbivores may be physically limited in their grazing abilities to certain algal 

species (Fauchald and Jumars 1979, Zimmerman et al. 1979, Howard 1982). 

Deployment of exclosure cages 

To simulate an overfished reef, we deployed 3 different cage treatments: closed 

cages, open-top cages, and controls (n = 8; Figure 1). These cylindrical cages were 

constructed using metal-free plastic ‘chicken wire’ with a diameter of 40 cm, 30 cm 

height, and a mesh size of 2.5 cm. Closed cages were used to exclude large herbivores 

(e.g. fishes and sea urchins), while allowing access to smaller herbivorous fish and smaller 

predatory fish to prevent cages from being used as refuges for mesograzers (Lewis 1986). 

Open-top cages only allowed grazing by fishes, but prevented echinoids from entering 

(C. Jessen pers. obs.). Nearby locations (distance to cages <1 m) without any cage 

treatment served as controls. Further cage controls were not used, since previous studies 

have shown that a mesh size of 2.5 cm has little impact on algal community development, 
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sedimentation rates, or water movement (Miller et al. 1999, Smith et al. 2001, Burkepile 

and Hay 2007). At each of the 8 sites, all 3 treatments were present, randomly distributed, 

and located within 1 m from each other. To assess the impact of herbivores on settling 

succession of benthic algae, 4 square terracotta tiles (each 256 cm2) were installed 

horizontally in each cage and at control sites using cable ties. Cages were fixed to 

appropriate reef structures using plastic (polyethylene) ropes. Similar light levels between 

the treatments were assured by cleaning the cages from fouling organisms (mostly algae) 

every couple of days. To avoid excessive sedimentation, all cages and the controls were 

elevated by ca. 7 cm using installation of bricks underneath. The tiles were still accessible 

to echinoderms (C. Jessen pers. obs.).  

Prior to the experiments, all tiles were preconditioned on the reef flat for 4 to 6 

wk prior to the experiment to remove any interfering compounds that could have 

accumulated during tile production process. Before deployment, tiles were thoroughly 

wire-brushed to remove already settled turf algae, invertebrate recruits, and other 

organisms. Every 4 wk (on 28 November 2009, 26 December 2009, 24 January 2010, and 

20 February 2010), 1 tile of each treatment was randomly removed to identify the 

functional groups of settled algae and to quantify algal biomass and sediment mass on the 

tiles. To minimize border effects, only the central area (92.2 cm2) of each plate was used 

to determine algal mass and functional algal groups. To identify possible effects of 

temporal variations, a second timeshifted series of tile experiments was conducted in 

parallel by replacing every removed tile with a new (preconditioned) one, such that every 

treatment was always equipped with 4 settling tiles. The timeshifted series is marked in 

the text and graphs with an asterisk (e.g. 4 wk*). In total, 168 tiles were deployed and 

collected.  

Immediately after the washing process, the algae were carefully scraped off with a 

spatula, and their wet mass was measured using a balance (accuracy: 0.01 g). Dry mass 

was obtained after air-drying the samples of algae for a few days until constant weight. 

For the N measurements, pooled algal material from each treatment (n = 8) from week 

16 were dried in the sun until constant weight, prior to analyzing the dry samples with a 

Thermo Flash EA 1112 elemental analyzer. To estimate the relative influence of sea 

urchins and herbivorous fish on benthic algal growth, we used the following equations: 
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Overall herbivore reduction =  [algal growth]closed cage - [algal growth]control   (1) 

Herbivorous fish reduction =  [algal growth]closed cage - [algal growth]open top   (2)  

Sea urchin reduction =   [algal growth]open top - [algal growth]control   (3) 

 

Accumulated sediment from the tiles was separately collected underwater into 

sealable plastic bags and subsequently washed from the tiles using a fine water jet. The 

sediment dry mass was quantified using a balance (accuracy: 0.01 g) after removing salts 

by washing with fresh water and drying the sediment for 3 to 5 d in the sun until constant 

weight.  

To quantify the proportional composition of functional algal groups, 100 points 

were randomly overlaid on the digital picture of the central area of each tile using the 

software Coral Point Count with Excel extensions (CPCe) 4.1 (Kohler and Gill 2006). 

The following categories were applied: filamentous algae, crustose coralline algae (CCA; 

calcareous encrusting forms), macroalgae (non-filamentous fleshy algae >1 cm), and ‘no 

biotic cover’. 

Statistical data analysis 

All statistical tests were performed using STATISTICA v.9.0 (StatSoft). 

Temperature data were analyzed using the Wilcoxon matched pairs test; water movement 

using Kruskal-Wallis; and sedimentation data with a 1-way ANOVA for sites and each 

sampling time (for the 8 wk data set a square transformation was applied to meet 

parametric assumptions). Herbivorous fish and sea urchin abundances, as well as diversity 

(Shannon index), were analyzed using repeated-measures ANOVA (in the case of 

herbivorous fish, the data was log transformed to meet assumptions of sphericity that 

were tested with Mauchly’s test). Algal dry and wet mass was analyzed with a 1-way 

ANOVA, though the latter data were log transformed to meet parametric assumptions. 

Comparison of algal differences between temporal stages was carried out with a t-test, 

and the data of algal N content was first log transformed to fulfill parametric 

requirements before analyzing with 1-way ANOVA and the Tukey HSD post hoc test. 
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Results 

Background parameters 

Water temperature ranged between 23 and 27°C; the highest values were 

recorded during November and the lowest values at the end of January. No significant 

differences could be detected between the left and right sides of the swimming area 

(Wilcoxon matched pairs test: Z = 0.28, n = 16, p = 0.78). Salinity remained constant at 

40.4 ± 0.2 (mean ± SE). Exposure to water movement (mass loss of plaster balls ranged 

between 16.3 ± 0.2 % at Site 5 and 18.1 ± 0.4 % at Site 3; mean ± SE) showed no 

significant differences between treatments or between the left and right side of the study 

area (Kruskal-Wallis tests-treatments: H2,38 = 3.49, p = 0.17; sites: H1,38 = 0.49, p = 0.48). 

Sedimentation (dry mass) on the settling plates did not differ between sites (1-way 

ANOVA: F7,88 = 1.360, p = 0.233) or between the treatments after 4, 8, 12, or 16 wk 

(Table 1). Reef rugosity values ranged between 1.12 and 1.36 for all transects. 

Benthic reef community composition 

Benthic cover was primarily rock (78.1 ± 4.4 %; mean ± SE), followed by rubble 

(11.9 ± 2.6 %), and hard corals (5.6 ± 3.3 %). Sand, nutrient-indicator algae, and other 

substrates occurred only in small proportions (2.5 ± 1.8, 1.3 ± 0.7, and 0.6 ± 0.6 %, 

respectively), while other categories were not present. 

Enumeration of herbivores 

During the fish surveys, 5446 individuals were observed, representing 66 different 

species (19 herbivores). Herbivorous fish abundance (0.6 ± 0.1 ind. m-2; mean ± SE; 

Appendix 1) accounted for 79 % of all observed fish (total abundance: 0.8 ± 0.1 ind. m-2), 

but only 29 % of the species were classified as herbivorous. From the view of fish 

families, Siganidae (primarily Siganus rivulatus) represented 55 % the total individuals 

observed, followed by Pomacentridae (12 %) and Chaetodontidae (9 %). Fish diversity 

(Shannon index) ranged from 0.8 (Transect I) to 2.7 (Transect IV) and was highly 

correlated with rugosity (Pearson correlation: r = 0.82; p > 0.05).  
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Figure 2. Exemplary succession of algal growth on settling tiles in control (top row), open-top 
cage (middle), and closed cage treatments (bottom). 

Significantly higher abundance of herbivorous fish was observed in the morning 

with 0.9 ± 0.1 ind. m-2, compared to 0.4 ± 0.1 for midday and afternoon (repeated-

measures ANOVA: F2,81 = 11.65, p = 0.003; post hoc test Tukey HSD - morning vs. 

midday: p = 0.009, morning vs. afternoon: p = 0.005, midday vs. afternoon: p = 0.89).  

During the sea urchin survey, 3596 individuals from 4 different species 

(Heterocentrotus mammilatus, Diadema setosum, Tripneustes gratilla, and Echinometra mathaei) were 

observed (3.4 ± 0.2 ind. m-2); E. mathaei had the greatest abundance in most transects (2.0 

± 0.2 ind. m-2). Whereas no significant differences were observed among sea urchin 

abundance in relation to diel patterns (repeated-measures ANOVA: F3,18 = 0.06, p = 

0.98), there were large differences in abundance (repeated-measures ANOVA: F3,18 = 

12.05, p = 0.002) and diversity (repeated-measures ANOVA: F3,18 = 9.24, p = 0.004) 

between the different transects. Abundance ranged from 1.7 ± 0.2 to 4.9 ± 0.4 ind. m-2, 

and diversity (Shannon index) ranged from 0.5 to 1.1. Diversity was strongly linked to 

reef rugosity (Pearson correlation: r = 0.90; p < 0.05), whereas abundance was not (r = -

0.21; p < 0.05). 
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Algal parameters 

The analysis of functional algal groups on the tiles revealed a shift from mainly no 

biotic cover in the control treatments to filamentous algae in the open-top cages and 

macroalgae in the closed cage treatment (Figure 2). In the control setup, ‘no biotic cover’ 

was the predominant functional group and applied to around 90 % of the tile coverage 

(Figure 2). The only algal group was filamentous algae, with a proportion of around 10 

%. In contrast, the ‘no biotic cover’ category evenly decreased from 94 % (after 4 wk) to 

<50 % (after 16 wk) in the open-top cages (Figure 2). Filamentous algae were the first 

algae to colonize the tiles in the open-top cages, but after 16 wk, an average of 6 % of the 

tiles was also covered by macroalgae. However, the highest increase of macroalgae was 

observed in the closed cage treatment, where they reached their highest abundance on the 

tiles after 16 wk, with 60 % coverage. Contrary to the macroalgae, turf algae were the 

fastest settlers in the same treatment and proliferated after 4 wk, with a coverage of 8 %. 

At the end of the study, relative cover of filamentous algae decreased again in favor of 

macroalgae.  

The time-shifted series showed generally similar patterns, but the open-top and 

closed cage treatments exhibited increased proportions of filamentous algae after 4 and 8 

wk. CCA coverage was not observed in any treatment during the entire study period 

(Figure 2 and 3).  

Table 1. Sedimentation dry mass (mg cm-2) between treatments and sampling times. Shown 
are means ± SE and results of One-way ANOVA for df, F, and P - values.  

  Sampling Times  

Treatment 4 weeks 8 weeks 12 weeks 16 weeks  

Control 3.53 ± 0.24 2.19 ± 0.22 2.40 ± 0.24 2.12 ± 0.32  

Open-top 
cage 

3.94 ± 0.20 2.60 ± 0.17 3.18 ± 0.29 2.60 ± 0.29  

Closed cage 3.92 ± 0.13 2.76 ± 0.15 2.98 ± 0.37 2.42 ± 0.33  
      

df 2 2 2 2  

F 1.358 2.569 1.790 0.610  

P 0.279 0.100 0.192 0.553  
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Figure 3. Succession of functional algal groups in each treatment. Shown is the mean 
percentage cover of the three functional groups “no biotic cover”, “filamentous algae”, and 
“macroalgae” in the three treatments control, open-top and cage over the study time of 16 
weeks. Sample times marked with an asterisk are the time-shifted 2nd series of experiments 
(see material and methods section). Error bars depict standard errors. N = 8 for each 
treatment at each sampling time. 
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Exclusion of herbivores over 16 wk resulted in a significant 17-fold increase in algal dry 

mass (24-fold increase in wet mass) in the closed cages compared to control treatments 

(1-way ANOVA - algal dry mass: F2,21 = 9.02, p = 0.001; algal wet mass: F2,20 = 20.55 p < 

0.001; Figure 4). Algal wet mass in closed cage treatments almost doubled every 4 wk 

(Figure 4). The time-shifted series of experiments supported the trend of increasing 

biomass (Figure 4). It also showed that in the second half of the study period (8 wk* 

experiment series: Weeks 9 to 16) the closed cage treatments had significantly more algal 

wet mass than in the first half (Weeks 1 to 8) (t-test: t14 = -2.23, p = 0.04). Over all 

sampling times, no significant differences between sites were found for algal wet mass (1-

way ANOVA: F7,83 = 1.81, p = 0.10).  

The N content of algae on the tiles was lowest in the controls (8.1 ± 2.6 �g cm-2; 

mean ± SE) and increased 6- and 27-fold, respectively, in the open-top cages (50.4 ± 14.0 

�g cm-2) and closed cages (216.1 ± 60.7 �g cm-2). The closed cage treatment differed 

significantly from the other 2 treatments (1-way ANOVA: F2,20 = 20.66, p < 0.001; post 

hoc Tukey HSD - closed cages vs. control: p < 0.001, closed cages vs. open-top: p = 

0.009).  

Therefore, herbivorous fish removed algal biomass from the settling tiles 5 times 

more efficiently, in terms of dry mass, and 22 times more efficiently, in terms of N, than 

the benthic herbivores. 
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Figure 4. Development of algal biomass (wet mass) of the three treatments control, open top and 
closed cage over the study time of 16 weeks. Sample times marked with an asterisk are the time-shifted 
2nd series of experiments (see material and methods section). Error bars depict standard errors. N=8 for 
each treatment at each sampling time.  
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Discussion 

This study characterizes herbivorous fish and sea urchin abundance and their 

effects on benthic algal development on a coral reef flat in the Red Sea. Exclusion of 

herbivores led to intensive growth and elevated biomass of macroalgae (closed cages) and 

filamentous algae (open-top cages) compared to controls. Furthermore, herbivorous fish 

were clearly more efficient than sea urchins in controlling algal biomass. 

Distribution of fish and sea urchin 

The number of fish species on the reef flat in our study was low compared to that 

in studies conducted at greater water depths and in larger study areas of the Red Sea 

(Table 2), however studies from similar water depths observed even lower species 

numbers (Table 2). This indicates that larger study areas and greater water depths, with 

potentially more feeding and refuge places, possibly influenced the observed differences. 

Previous observations from non-quantitative comparisons, without transects, between 

the reef flat (84 species counted) and the fore-reef wall (136 species) support this view (C. 

Jessen unpubl. data). Particularly larger herbivores from the families Acanthuridae and 

Scaridae were only present in the deeper part of the reef (data not shown).  

Herbivorous fish abundance in the Red Sea is highly understudied, with previous 

studies revealing a lower abundance than that found in the present study, even at greater 

water depths (Table 2). Notably, herbivorous fish were 2 times more abundant in the 

morning than at other times of the day. Likely the fish exploited food sources early in the 

day and escaped increasingly unfavorable conditions (increased temperature, salinity, 

predation, or UV radiation) during the course of the day.  

The high variations in abundance found in the present study are similar to results 

in older studies from the Gulf of Aqaba (Benayahu and Loya 1977, Mastaller 1979). Sea 

urchin diversity was strongly linked to reef rugosity (values here were relatively low, see 

Alvarez-Filip et al. 2009). However, it was not linked to fish predator abundance 

(Balistidae and Tetraodontidae; data not shown) which is generally considered one of the 

major factors (besides competition, see Hay and Taylor 1985) determining sea urchin 

abundance (e.g. McClanahan and Shafir 1990, Harborne et al. 2009). However, Young 

and Bellwood (2011) recently proposed that only a few individuals of specific predator 

species may control sea urchin abundance. 
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Effects of herbivory on algal biomass and composition 

The exclusion of sea urchins alone (open-top cages) and, even more, the 

combined exclusion of sea urchins and herbivorous fish (closed cages) resulted in 

significantly more algal growth than in the controls. This indicates that herbivorous fish 

removed significantly more algal biomass than did sea urchins.  

In addition to the increased abundance of algal biomass, the absence of 

herbivores also affected algal composition. The most apparent change in algal 

composition on the settling tiles was the growth of filamentous algae and macroalgae in 

both caged treatments (open-top and closed cages) compared to the controls (Figure 3). 

Both algal groups increased in cover on the settling tiles in the absence of herbivores. 

The high proportion of empty substrate in the controls demonstrates 2 important roles 

of herbivores: they (1) generate space, e.g. for settling coral larvae, and (2) prevent algal 

settlement, which otherwise may negatively impact coral recruitment (Kuffner et al. 2006, 

Birrell et al. 2008, Rasher and Hay 2010). However, none of the herbivores were able to 

completely prevent filamentous algae from growing, since these algae still accounted for 

~10 % coverage in the control treatments. This may represent natural levels and may be 

due to the fast growth rates of this algal group (Airoldi 1998) rather than be an indication 

that the reef is overfished, since (low) algal biomass in the controls did not accumulate in 

the course of the study. Similar experiments from the Saudi Arabian Red Sea by Jessen et 

al. (2013) confirm these growth patterns.  

Fishes with access to the open-top cages successfully prevented macroalgae from 

growing on tiles for almost the entire study period, although filamentous algae developed 

in these treatments. This indicates a number of possible scenarios: e.g. either grazing by 

herbivorous fish alone was not sufficient to keep algae cover at low levels, or secondary 

metabolites of the algae deterred grazing fish (Paul et al. 2007, Hay 2009, Fong and Paul 

2011) or fishes did not graze as much in the open-top cages as in the controls.  

Macroalgal cover increased when all herbivores were excluded, but was mostly 

absent in the other treatments where herbivorous fish had access. This clearly 

demonstrates the role of herbivorous fishes in keeping the tiles clear of macroalgae. 

These results correspond with studies from other reefs (reviewed by Hay 1991, Burkepile 

and Hay 2006), and with the study by Mastaller (1979) from the Red Sea, who also 

observed an increase in macroalgal cover (e.g. Hydroclathrus clathrathus and Padina sp.) in 



58 Chapter 2 

response to exclusion of all kinds of herbivores, but did not distinguish between grazing 

by herbivorous fish and sea urchins.  

We also observed the macroalgae Hydroclathrus clathrathus and Padina sp. 

exclusively inside the caged treatments (open-top and closed cage) during our study 

period. This suggests that this H. clathrathus can be used as an early warning indicator for 

reduced herbivory possibly triggered by overfishing, as proposed by Littler and Littler 

(2007), who suggested fleshy algae as early warning indicators of reef degradation, 

because of their fast growth and turnover rates. While other studies did not report the 

appearance of H. clathrathus in the Red Sea under natural conditions before March 

(Fishelson 1973, Benayahu and Loya 1977, Mastaller 1979), we found it as early as 

January. The exact reasons that trigger the appearance of macroalgae are not yet known, 

but the biomass of some species of macroalgae seems to be controlled by seawater 

temperature (Ateweberhan et al. 2006, Ferrari et al. 2012). However, the Gulf of Aqaba, 

the study site used by Fishelson (1973), Benayahu and Loya (1977), and Mastaller (1979), 

undergoes strong seasonal changes in temperature and inorganic nutrient concentrations 

(Wolf-Vecht et al. 1992, Genin et al. 1995) that may differ from the values at our study 

site. More research is needed to unravel the parameters that trigger growth and the 

occurrence of H. clathrathus, Padina sp., and other macroalgae in the Red Sea.  

Since CCA serves as an important settling substrate for coral recruits (Harrington 

et al. 2004, Arnold et al. 2010), it is interesting that CCA coverage was never detected on 

the settling plates throughout the entire study period, regardless of the treatment. This 

stands in contrast to other studies in which CCAs appeared no later than 4 (Smith et al. 

2010) and 8 wk after the herbivores were excluded (Belliveau and Paul 2002). The lack of 

CCA coverage in the present study may be explained in 2 ways: either sedimentation rates 

were too high, creating anoxic conditions, and thereby reducing CCA survival and 

recruitment (Fabricius and De’ath 2001, Figueiredo and Steneck 2001, Steneck 1997) or 

CCA was outcompeted by filamentous algae. Our own observations in the Saudi Arabian 

Red Sea (Jessen et al. 2013) showed that CCA were absent on light-exposed tiles with and 

without dense filamentous algae cover. Instead, non-coralline crusts partially covered the 

light-exposed tiles, while CCA started to grow on light shaded tiles after 4 wk, where 

filamentous algae were lacking. 
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Importance of sea urchins and herbivorous fish grazing 

Our results are in line with previous studies (e.g. Vine 1974, Wanders 1977, Hay 

1981a,b, Tribble 1981, Hay et al. 1983, Morrison 1988) which determined that 

herbivorous fish play a major role in structuring communities of algae. We could show by 

direct comparisons that, on the individual level, herbivorous fish were 22-fold more 

efficient than sea urchins in reducing autotrophic production of N and 5-fold more 

efficient in reducing algal dry mass on the reef flat. This points out the high ecological 

importance of herbivorous fish and indicates that this group deserves special 

consideration in management plans. Experiments by Korzen et al. (2011) at a water depth 

of 5 m in the Gulf of Aqaba support our findings. Korzen et al. (2011) carried out algal 

assays over 3 d using remotely deployed video cameras to evaluate herbivorous fish 

(observed mostly at daytime) and sea urchin (mostly at nighttime) grazing and found that 

fish were mainly responsible for removing algae. In contrast, a previous study in the same 

area by Benayahu and Loya (1977) suggested that sea urchins (i.e. Diadema setosum) largely 

regulated the cover of turf algae. Some early studies from the Caribbean also found sea 

urchins, especially D. setosum, to be a very important herbivore (Ogden et al. 1973, 

Sammarco et al. 1974, Sammarco 1980), though Hay (1984) related these findings to 

overfished reefs, while herbivorous fish were comparatively more important on reefs 

with little fishing pressure. The same patterns seem to be valid for the Red Sea.  

The importance of (obligate) herbivorous fish in our study is likely 

underestimated, since facultative herbivores were also included in the herbivorous fish 

group. Open-top cages can alter grazing by herbivorous fish (e.g. McClanahan et al. 

2002), therefore making our estimates of the relative role of fish grazing conservative. 

Furthermore, it has to be taken into account that fish in the open-top cages did not 

compete against sea urchins (Hay and Taylor 1985), and may have grazed relatively more 

than in the controls where echinoids were also able to graze. This may have resulted in 

some overestimation of the importance of herbivorous fish, adversely to the 

underestimation suggested before.  

Conclusions 

In times of global warming, ocean acidification, increased coral bleaching and 

pollution, overfishing poses an additional threat to coral reefs. The present study clearly 

demonstrated the high potential of benthic macroalgal growth when grazing by 

herbivores is reduced. This underlines herbivory as an important top-down factor at the 



60 Chapter 2 

study site. In comparison to sea urchins, herbivorous fish showed a much higher 

efficiency in removing algal biomass and N generated by algae. In particular, in the 

absence of fish, the macroalgae Hydroclathrus clathrathus appeared and prospered. Hence, 

our findings suggest that H. clathrathus could serve as indicator alga for overfishing in the 

Red Sea. 
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Appendix 1 

Table S1. List of counted herbivorous fishes and their proportion on the total 
herbivorous fish count. 

Family Species 
Percentage of total 

herbivorous fish 

Acanthuridae Acanthurus nigrofuscus 2.5 

 Acanthurus sohal 0.3 

 Zebrasoma desjardinii 2.9 
   

 

Chaetodontidae Chaetodon auriga 4.9 

 Chaetodon fasciatus 5.9 

 Chaetodon paucifasciatus 0.4 

 Chaetodon semilarvatus <0.1 
   

 

Kyphosidae Kyphosus bigibbus 0.1 
   

 

Pomacanthidae Pomacanthus imperator 0.1 
   

 

Pomacentridae Abudefduf sordidus 2.2 

 Plectroglyphidodon leucozonus 4.7 

 Stegastes nigricans 5.2 
   

 

Scaridae all species <0.1 
   

 

Siganidae Siganus luridus 0.8 

 Siganus rivulatus 69.4 

 Siganus argenteus 0.1 
   

Tetraodontidae Arothron hispidus 0.3 
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Abstract 

Overfishing and land-derived eutrophication are major local threats to coral reefs 

and may affect benthic communities, moving them from coral dominated reefs to algal 

dominated ones. The Central Red Sea is a highly under-investigated area, where healthy 

coral reefs are contending against intense coastal development. This in situ study 

investigated both the independent and combined effects of manipulated inorganic 

nutrient enrichment (simulation of eutrophication) and herbivore exclosure (simulation 

of overfishing) on benthic algae development. Light-exposed and shaded terracotta tiles 

were positioned at an offshore patch reef close to Thuwal, Saudi Arabia and sampled 

over a period of 4 months. Findings revealed that nutrient enrichment alone affected 

neither algal dry mass nor algae-derived C or N production. In contrast, herbivore 

exclusion significantly increased algal dry mass up to 300-fold, and in conjunction with 

nutrient enrichment, this total increased to 500-fold. Though the increase in dry mass led 

to a 7 and 8-fold increase in organic C and N content, respectively, the algal C/N ratio 

(18 ± 1) was significantly lowered in the combined treatment relative to controls (26 ± 2). 

Furthermore, exclusion of herbivores significantly increased the relative abundance of 

filamentous algae on the light-exposed tiles and reduced crustose coralline algae and non-

coralline red crusts on the shaded tiles. The combination of the herbivore exclusion and 

nutrient enrichment treatments pronounced these effects. The results of our study 

suggest that herbivore reduction, particularly when coupled with nutrient enrichment, 
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favors non-calcifying, filamentous algae growth with high biomass production, which 

thoroughly outcompete the encrusting (calcifying) algae that dominates in undisturbed 

conditions. These results suggest that the healthy reefs of the Central Red Sea may 

experience rapid shifts in benthic community composition with ensuing effects for 

biogeochemical cycles if anthropogenic impacts, particularly overfishing, are not 

controlled. 

Introduction 

Both global stressors, such as emerging climate change resulting in ocean 

warming and acidification, and local factors are critically threatening coral reefs. Two of 

the most significant local stressors are eutrophication and overfishing (Burke et al. 2011). 

Eutrophication stems from the over-enrichment of nutrients in water bodies. 

Sources of eutrophication in coastal marine environments are often anthropogenic in 

nature and include agriculture runoff, human sewage, urban waste, industrial effluent, and 

fossil fuel combustion (Selman et al. 2008). Scleractinian corals, the primary reef 

ecosystem engineers (Wild et al. 2011), are mostly negatively impacted by eutrophication. 

The effects of eutrophication vary from reducing growth (Koop et al. 2001; Fabricius et 

al. 2013) and calcification rates, (Kinsey and Davies 1979; Ferrier-Pagès et al. 2000) to 

impairing reproduction (Koop et al. 2001; Loya et al. 2004), lowering bleaching resistance 

(Wiedenmann et al. 2013), and advancing coral disease (Voss and Richardson 2006). 

Algae are also affected by increased nutrient levels. Among those affected can be crustose 

coralline algae (CCA) (Belliveau and Paul 2002; Burkepile and Hay 2009; Smith et al. 

2010), an important settlement substrates for corals (Harrington et al. 2004), as well as 

turf and macroalgae (Miller and Hay 1996; Lapointe 1997; McClanahan et al. 2002; 

McClanahan et al. 2004).  

Overfishing is the second local stressor simulated in this study. It has caused 

more than 90% worldwide decline of predators (Jackson et al. 2001), and this lack of 

predators in an ecosystem has dramatic cascading effects. For example, in kelp forests, 

sea urchin populations exploded and led to immense deforestation following the removal 

of apex predators by fishing (Jackson et al. 2001; Steneck et al. 2002). In coral reefs, 

protection from overfishing can mitigate starfish outbreaks (Sweatman 2008) and healthy 

herbivorous fish communities support higher resilience since they limit growth and 

establishment of algal communities (Hughes et al. 2007). Herbivore grazing in coral reefs 

helps maintain low algal turf growths, reduces the number and duration of coral-algal 
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interactions, and increases space for coral settling by promoting encrusting coralline algae 

growth over macroalgae (Mumby 2009).  

The pressures of eutrophication, overfishing and a combination thereof can cause 

benthic algae proliferation (Burkepile and Hay 2006). Once macroalgae are well 

established in a reef, herbivorous fish recruitment can be impeded by their natural 

avoidance of reef patches with high densities of macroalgae (Hoey and Bellwood 2011). 

Macroalgae also compete for space with encrusting coralline algae, resulting in diminished 

coral larvae recruitment (Schaffelke et al. 2005; Birrell et al. 2008), and the frequency and 

intensity of interactions between corals and algae can also increase (Done 1992). As a 

consequence, excessive algal growth can lead to a reduction in coral recruitment (Arnold 

et al. 2010) and can directly impact corals via allelochemicals (Rasher and Hay 2010; Paul 

et al. 2011; Rasher et al. 2011; Barott and Rohwer 2012) or decrease O2 availability in the 

direct vicinity (Smith et al. 2006; Barott et al. 2009; Wild et al. 2010). In addition to a 

reduction in habitat complexity (Mumby and Steneck 2011), the change in benthic 

community composition towards algal dominance also leads to an increase in algae-

derived dissolved organic carbon (DOC) (Wild et al. 2009; Haas et al. 2011). Higher 

concentrations of DOC are known to stimulate microbial growth and metabolism (Wild 

et al. 2009; Haas et al. 2010; Haas et al. 2011) which in turn can negatively affect corals, 

presumably by unbalancing the coral-associated microbial community whose growth 

concomitantly generates hypoxic reef conditions (Kuntz et al. 2005; Kline et al. 2006; 

Smith et al. 2006; Barott et al. 2009; Wild et al. 2010).  

Benthic algae can be useful bioindicators due to their fast growth and turnover 

rates (Littler and Littler 2007; Cooper et al. 2009). The predictions of the Relative 

Dominance Model (RDM) by Littler and Littler (1984), state that a high cover of CCA 

over turf and frondose macroalgae is generally found in reef environments with elevated 

nutrient levels and an intact herbivorous community. Higher relative abundances of turf 

algae may indicate low nutrient and low grazing levels, while abundant frondose 

macroalgae represent the worst scenario, a combination of high nutrient and low 

herbivory levels. Until today, only limited support exists for this model. Though 

numerous studies compared the individual and combined effects of herbivory and 

nutrient availability on benthic algal community composition (Miller et al. 1999; Thacker 

et al. 2001; Belliveau and Paul 2002; McClanahan et al. 2003; Burkepile and Hay 2006; 

Littler et al. 2006a; Burkepile and Hay 2009; Sotka and Hay 2009; Smith et al. 2010; 

Rasher et al. 2012), many of these studies were of limited duration. While the RDM is still 
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under debate (McClanahan et al. 2004; Burkepile and Hay 2006; Littler et al. 2006a; Smith 

et al. 2010; Rasher et al. 2012), no comparative studies exist for the Red Sea, and the 

individual effects of nutrient enrichment and herbivory exclusion have received little 

attention in this area (bottom-up: Fishelson 1973; Genin et al. 1995 / top-down: Vine 

1974; Korzen et al. 2011; Jessen and Wild 2013). Meanwhile, emerging coastal 

development together with overfishing and land-derived nutrient run-off are threatening 

many healthy Red Sea coral reefs, particularly around the fast developing and wealthy 

Jeddah region (Wilkinson 2008; Burke et al. 2011).  

The study presented was designed to answer the following questions: (1) What 

influence, if any, do increased nutrient availability (bottom-up factor) and herbivore 

exclusion (top-down factor) have on benthic algae development, in terms of dry mass, 

organic carbon (C) and nitrogen (N) production, O2 consumption, and community 

composition? (2) Which factor, bottom-up or top-down, demonstrates a larger effect in 

this context? (3) Does the availability of light compound the benthic algae development? 

To answer these questions, we conducted an in situ experiment in an offshore reef in the 

Central Red Sea over 4 months, simulating the individual and combined effects of 

eutrophication and overfishing. 

Materials and Methods 

Ethics Statement 

The study site of Al Fahal reef does not fall under any legislative protection or 

special designation as a marine/environmental protected area. No special permit is 

required for the inshore coastal, reef, and intertidal areas around Thuwal. The Saudi 

Coast Guard Authority under the auspices of KAUST University issued sailing permits to 

the site, which included sample (algae) collection. 

Study Site 

The study was carried out from June to September 2011 over a period of 16 wks 

at the patch reef Al Fahal about 13 km off the Saudi Arabian coast in the Central Red Sea 

(N22.18.333, E38.57.768; Figure S1). Al Fahal is located >80 km to urban areas (next 

large city is Jeddah, >3 Mio inhabitants), with only a small village (Thuwal) located on 

shore. Neither are river deltas located in this region nor is any land of the surrounding 

region allocated for agriculture. This reef was chosen in particular, due to its relatively 
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large distance from shore and minimal impacts from land-based nutrient import and 

large-scale fishing. 

Benthic Cover 

Benthic reef community composition was assessed using the linear point intercept 

(LPI) method (Nadon and Stirling 2006). Benthic coverage was classified every 0.5 m 

along a 70 m transect that ran along the investigated reef site into the following 

categories: hard coral, soft coral, coral rubble (<20 cm), rock (bare substrate and rubble 

>20 cm), CCA, macroalgae (erected non-filamentous algae, e.g. Padina, Halimeda, 

Turbinaria, Ulva), filamentous algae (>2 mm), and other. 

Cage Setups 

Sixteen polyvinyl chloride (PVC) frames (50x75 cm) were deployed in the reef at  

5 - 6 m water depths along a 70 m transect with 2 - 5 m distance in between. Each frame 

was equipped with 12 terracotta tiles, each with 100 cm2 surface area. Prior to the start of 

the experiment, the tiles were autoclaved to remove any interfering compounds that 

could have accumulated during tile production and transported to the study site in a 

sealed plastic bag to avoid contamination. Tiles were installed pairwise on top of each 

other with the unglazed sides facing outside, resulting in an upper (light-exposed) and 

lower (shaded) tile. To avoid excessive sedimentation, tiles were installed at an angle of 45 

degrees approximately 10 cm above the reef substrate using stainless steel screws, nuts, 

and washers. Four different treatments were applied to the frames (each with a 

replication of n = 4): (1) control (only the equipped frame), (2) fertilizer tubes (see 

nutrient enrichment section), (3) cage (hemispherical zinc galvanized cages with a mesh 

size of 4 cm and a diameter of 100 cm), and (4) a combination of cage and fertilizer 

tubes. The cages served to exclude larger herbivores; smaller fish (e.g. small parrotfish, 

wrasses, and surgeonfish) were still able to gain access to the tiles. High numbers of 

mobile grazing invertebrates (e.g. crustaceans, polychaetes, or gastropods) were not 

observed in any of the cages. Cage controls were not used, since studies showed that 

similar cages even with a lower mesh size did not affect water movement, light 

availability, and sedimentation rates (Miller et al. 1999; Smith et al. 2001; Burkepile and 

Hay 2007). 

Nutrient enrichment was simulated by deploying 4 fertilizer tubes around the 

frame, consisting of perforated PVC tubes filled with Osmocote fertilizer (Scotts; 15 % 
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total nitrogen as nitrate and ammonium, 9 % phosphate as phosphoric pentoxide, and 12 

% potassium oxide) embedded in 3 % agarose. Fertilizer dry mass was 580 g per frame. 

Fertilizer was deployed once without replenishments, but regular monitoring of inorganic 

nutrient concentrations assured continuous enrichment levels (actual values will be 

presented in the results section). 

On each of the 5 sampling events one pair of tiles (light-exposed and shaded) was 

collected per frame, after 1, 2, 4, 8, and 16 wk(s) using SCUBA. All tiles were pre-scored 

and first divided in half (each 50 cm2; an area which had been chosen from the asymptote 

of species-area curves by Hixon and Brostoff 1996) and then wrapped separately in 

ziplock bags. They were brought on board within 30 min where half of them were 

immediately flash frozen in liquid nitrogen for subsequent microbial analyses (results 

reported elsewhere), while the other half was handled as described below. 

Incubations 

O2 consumption rates were measured after a modified method by Wild et al. 

(2010). Tiles were stored without air bubble inclusions in 1 L airtight incubation glass 

jars, that were kept in 4 large (70 L volume), opaque polyethylene (PE) containers filled 

with reef water to keep samples at constant ambient temperatures during incubations 

(monitored with Onset HOBO pendant temperature loggers in each container). 

Incubations were run in closed and dark containers. Temperature differences between in 

situ temperatures (measured at PVC frames) and incubation jars ranged from 0.5 to 

1.6°C). Net O2 consumption rates were calculated for each incubation jar by dividing the 

difference between initial and end O2 concentrations by the incubation duration (1.5 - 1.7 

h) and corrected by subtracting mean O2 consumption rate of 4 seawater controls 

without tiles. During incubations, the boxes were carefully moved by hand every 5 

minutes on one side to mix the water inside the jars. O2 measurements were carried out 

using a Hach O2 probe (Hach HQ40d) that was placed a few cm above each tile in the 

incubation jars. All samples were stored on ice until further processing. 

Response Variables on the Tiles 

Light-exposed and shaded tiles were rinsed with fresh water to remove salt, 

attached sediment, and mobile invertebrates, resulting in light-exposed tiles that were 

almost exclusively covered with algal material with very rare invertebrate cover. Tiles 

were then photographed with a digital camera, before algal cover was carefully removed 
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by using spatula and scalpel (only light-exposed tiles). The removed algae cover was dried 

in an oven at 37°C to constant weight, and dry mass (non-decalcified) was measured with 

a precision balance (Mettler Toledo XS205, accuracy: 0.01 mg). Until further processing, 

samples were kept dry at 37°C. 

To quantify the proportional coverage of functional groups on the light-exposed 

and shaded tiles, 100 points were randomly overlaid on the digital picture of each tile 

using the software Coral Point Count with Excel extensions (CPCe) 4.1 (Kohler and Gill 

2006). Applied categories were: open space (non biotic cover or bare terracotta surface), 

filamentous algae (�2 mm), crustose coralline algae (CCA), green crusts (non-coralline 

light green crusts), red crusts (non-coralline red crusts, e.g. Peyssonnelia spp.), brownish 

crusts (non-coralline dark-green and brownish crusts, e.g. filamentous algae <2 mm), 

cyanobacteria (whitish & mucilaginous), red macroalgae (fleshy upright red algae), and 

invertebrates (sessile forms). 

For the elemental analyses of algae tissue, samples were homogenized using 

mortar and pestle and subsequently either acidified (organic C) or directly measured (N) 

with a EuroVector elemental analyzer (EURO EA 3000). Carbon and nitrogen contents 

were derived from calculation using elemental standards (apple leaf standard; Hekatech: 

HE34010100; analytical precision �0.1 % (N) and �0.6 % (C) of the standard value). 

Isotopic analysis of �15N signatures of dried algal material relative to atmospheric 

nitrogen was run with an isotope ratio mass spectrometer (Finnigan Corp., San Jose, CA). 

One of the 4 cage barriers deployed in the combined treatment seemed to have 

been breached by large herbivores, as evidenced by tile appearance and cage warping; the 

data (i.e. algal dry mass, organic C, N, O2 consumption, and functional group 

assemblages) from said replicate were removed from the subsequent analysis after 

application of Grubb’s outlier tests. 

Water Parameters 

Directly before sampling of the tiles, samples of ~5 L seawater (in total n = 80; 

40 enriched and 40 non-enriched) were collected with large ziplock bags directly from 

above each frame. From this stock, 1000 mL were filtered on untreated Whatman-GF/F 

filters [Chlorophyll a (Chl a)] and 1000 - 2500 mL on pre-combusted and pre-weighted 

filters for particulate organic matter (POM). Due to laboratory mishap there were no 

samples for wk 1 for particulate organic nitrogen (PON) and only 1 sample from 1 



72 Chapter 3 

treatment for particulate organic carbon (POC). Elemental analyses of N and organic C 

of POM were performed using an EuroVector elemental analyzer (EURO EA 3000). The 

remaining filtrate was further used for nutrient (50 mL) and dissolved organic matter 

(DOM) measurements (40 mL). Analyses of dissolved inorganic nitrogen (DIN = NH4
+ 

+ NO3
� + NO2

�) and soluble reactive phosphorous (SRP = PO4
3�) were performed 

using a continuous flow analyzer (FlowSys Alliance Instruments). Dissolved organic 

matter (DOM) measurements were carried out with the Teledyne Tekm-ar Apollo 9000 

Combustion TOC/TN Analyzer. Chl a filters were stored at -20°C prior to acetone-

extraction (90 %) and measured fluorometrically according to the method described in 

Environmental Protection Agency (EPA) 445.0 (Arar et al. 1997). 

Over the study period, temperature data were continuously measured (at 5 

minutes intervals) at all PVC frames using HOBO pendant and Pro v2 loggers (Onset 

Computer Corporation, Pocasset, MA). 

Herbivore Biomass 

Visual surveys of herbivorous fish and sea urchins were carried out along the 70 

m long transect of the frames in 5 m water depth with 4 replicates from June to July 

2011. The fish surveys were conducted at noon between 11:15 am and 12:15 pm, 2.5 m 

left and 2.5 m right from the 70 m transect line, surveying a total area of 350 m2. All 

herbivorous species �5 cm were counted, their size estimated, and grouped in one of 4 

size classes (5 - 10 cm, 10 - 20 cm, 20 - 30 cm, and 30 - 40 cm). Species identification 

followed Randall (1983), Debelius (2007), and Lieske and Myers (2009). Classifying fish 

into herbivorous and non-herbivorous groups was based on Randall (1983), Khalaf and 

Disi (1997), Lieske and Myers (2009), and own observations of grazing species (Table 

S1). Classification of herbivores took place according to their ability to remove algal 

material from the reef and not on their physiological ability to digest algal material (Choat 

et al. 2004). Biomass of herbivorous fish was calculated on basis of the average length of 

the size class following length-weight ratios of the species or when not available of their 

family published by Green and Bellwood (2009) and in FishBase (Froese and Pauly 

2012). 

No sea urchin species were observed during the 4 daytime surveys, so the sea 

urchin survey was conducted after the sun had fully set at 8 pm. The survey area was 

reduced to 1 m in width, resulting in a total surveyed area of 70 m2. All sea urchins 

encountered along a 1 m polyethylene (PE) bar were counted and their test diameters 
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were measured with a caliper to the nearest cm. Biomass was calculated on the basis of 

published length-weight relationships (Ebert 1975; Muthiga and McClanahan 1987; 

Dotan 1990). 

Statistical Data Analysis 

Data from nutrient concentrations were analyzed using 2-sided t-tests. Water 

parameter data of Chl a, PON, POC, DON, DOC, as well as algal dry mass, organic C, N 

content, Corg/N ratio, �15N signatures of exposed tile cover, and O2 consumption rates 

(log transformation of values from light-exposed tiles) were analyzed using a 3-factorial 

ANOVA with backward stepwise deletion of variables, containing cage (present/absent), 

fertilizer (present/absent), time (5 sampling times), and their interactions as fixed factors. 

Functional algal group compositions were analyzed using a 3-factorial generalized linear 

model (GLM) with quasibinomial distribution and logit function. ANOVA and GLM 

analyses were carried out with the R statistical software version 2.15.2 (RDC 2012). To 

meet test assumptions of normal distribution and homoscedasticity, data of algal dry 

mass were log(x+1) transformed. 

Results 

Reef Background Parameters 

Linear point intercept surveys revealed coral as dominating benthic feature (49 %; 

with 32 % hard coral and 17 % soft coral), followed by rock (27 %), coral rubble (13 %), 

CCA (7 %), filamentous algae (2 %), and other (2 %). Macroalgae were not observed. 

During 4 transect surveys, 532 herbivorous fish were counted. Sixteen different 

species from 8 families with a total abundance of 0.4 ± 0.1 ind. m-2 (mean±SE) and 

biomass of 22.4 ± 8.0 g m-2 were found. Scaridae (8.9 g m-2) and Acanthuridae (9.8 g m-2) 

had the largest biomass (Table S1). During the sea urchin survey, 120 individuals of 4 

species (Echinometra mathaei, Echinothrix calamaris, Eucidaris metularia, and Heterocentrotus 

mammillatus) were counted. Sea urchins exhibited a mean total abundance of 1.71 ind. m-2 

and a biomass of 37.5 g m-2 (Table S2). 

Experimental Background Parameters 

The fertilizer and combined treatment led to an increase in DIN concentrations 

in the water column above the frames with significant differences for wk 1 and 4 in 
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comparison to the non-enriched treatments. DIN concentrations changed over time with 

a peak after 4 wks (Figure 1A). In contrast, SRP concentrations remained rather constant, 

but enriched and non-enriched treatments significantly differed over all sampling times 

(Figure 1A). 

Only Chl a (Figure 1B), but not POM (Figure 2A and 2B, Table S3) and DOM 

(Figure 2C and 2D, Table S3) concentrations in the water column directly above the 

setup were influenced by the treatments. Chl a values above the caged treatments were 

significantly higher than those of the non caged treatments (Figure 1B). Chl a together 

with PON and POC concentrations were significantly influenced by time. Chl a levels 

peaked after 4 wks and increased again after 16 wks following a drop at wk 8, while PON 

and POC concentrations declined and DON and DOC concentrations remained 

constant. 

 

Figure 1. Inorganic nutrient (A) and Chlorophyll a (B) concentrations. A: Inorganic nutrient 
concentrations (μmol L-1; means ± SE) in the nutrient enrichment treatments (fertilizer and 
combined) and the non-enriched treatments (control and cage). Small letters (a for SRP; b for DIN) 
indicate statistical significant differences between enriched and non-enriched plots of p<0.05 (t-test). 
DIN: dissolved inorganic nitrogen; SRP: soluble reactive phosphate. B: Chlorophyll a concentrations  
(μg L-1, means ± SE) from water samples taken directly above the tile setups at all 5 sampling times. 
P-values were calculated from 3-factorial ANOVA and originate from analysis across the whole 
study period (see Table S3 for full results). P-values were tagged as n.s. (= not significant), when the 
model reduction step excluded the corresponding factor(s). 
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Figure 2. Concentrations of particulate and dissolved organic matter. Particulate (mg cm-2, 
means ± SE) and dissolved organic matter concentrations (μmol L-1, means ± SE) in water samples 
taken directly above the installations. A: particulate organic nitrogen (PON), B: particulate organic 
carbon (POC), C: dissolved organic nitrogen (DON), and D: dissolved organic carbon (DOC). 
Shown are data of all treatments for all 5 sampling times. P-values were calculated from 3-factorial 
ANOVA and originate from analysis across the whole study period (see Table S3 for full results). 
Abbreviations: C=Cage, F=Fertilizer, T=Time. Missing values of 1wk for PON and POC resulted 
from insufficient algal dry mass for analysis. Shown P-values originate from analysis across the 
whole study period. P-values were tagged as n.s. (= not significant), when the model reduction step 
excluded the corresponding factor(s). 

Effects on Tile Cover 

Nutrient enrichment effects 

Nutrient enrichment had no effect on algal dry mass, organic C, and N on the 

light-exposed tiles compared to controls when applied individually (Figure 3, Table S4). 

This result is contrasted with the �15N values, which were significantly decreased in the 

enriched treatments compared to controls (Figure S3; Table S5). Additionally, benthic 

cover was not significantly altered by nutrient enrichment except for decreasing 

cyanobacteria cover on the light-exposed tiles (Figure 4G, Table S6) and green crusts on 

the shaded tiles (Figure 4D, Table S7) compared to controls. Furthermore, O2 respiration 

rates of the light-exposed and shaded tiles did not significantly differ between controls 

and nutrient addition (Figure 5). 
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Figure 3. Development of algal dry mass (A), organic carbon (B), nitrogen content (C), and 
organic C / N ratio (D) on light-exposed tiles. Shown are means ±SE of all treatments in mg 
cm-2 over the 5 sampling points after 1, 2, 4, 8 and 16 wk(s). P-values were calculated from a 3-
factorial ANOVA and originate from analysis across the whole study period (see Table S4 for full 
results). P-values were tagged as n.s. (= not significant), when the model reduction step excluded 
the corresponding factor(s). Missing connections between data points are due to insufficient algal 
material for analysis. Abbreviations: C=Cage, F=Fertilizer, T=Time. 

Herbivore exclusion effects 

In contrast, herbivore exclusion significantly increased algal dry mass, organic C, 

and N content and decreased the organic C/N ratio on the light-exposed tiles at all 

sampling times compared to the control treatment (Figure 3, Table S4). Furthermore, on 

the light-exposed tiles, filamentous algae grew exclusively in the caged treatments, while 

the cover of green (40 % decrease compared to controls) and brownish crusts (50 % 

decrease) and cyanobacteria (7 % decrease) were significantly decreased (Figure 4B, 4D, 

4F and 4G; Table S6). Shaded tiles revealed a very different picture; herbivore exclusion 

significantly enhanced cover of green crusts (20 % increase compared to controls) (Figure 

4D, Table S7) and invertebrates (7 % increase), while red crusts (15 % decrease) (Figure 

4C, Table S7) and CCA (20 % decrease) (Figure 4E, Table S7) were suppressed. Together 

with algal dry mass, O2 consumption rates increased when herbivores were excluded on 

the light-exposed tiles (Pearson correlation, r = 0.65, p<0.05), but no treatment effect 

was detectable for the shaded tiles (Table S8). 
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Figure 4. Percent cover of functional groups on light-exposed (orange) and shaded tiles (blue). 
Shown is the proportional cover (means ± SE) over the study period of 4 months of functional groups 
in the 4 treatments: control, fertilizer, cage, and combined. See Tables S6 and S7 for statistical results. 
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Combined effects 

The interaction of herbivore exclusion and nutrient enrichment was significant on 

the light-exposed tiles and further increased algal biomass in terms of algal dry mass, 

organic C, N, and O2 consumption rates compared to the cage treatment (Figure 3 and 

5). Filamentous algae cover was increased by a further 50 %, compared to cage 

treatments (Figure 4B, Table S6) and cyanobacteria decreased a further 5 %. (Figure 4G, 

Table S6). Red crusts on the shaded tiles had their percent cover further reduced by 9 % 

in the combined treatments compared to the cage treatments (Figure 4E, Table S7). 

Temporal changes 

The temporal patterns in the development of algal biomass in terms of dry mass, 

organic C, N, and O2 consumption rates on the light-exposed tiles were similar: while the 

non-caged treatments had no significant effects, the herbivore exclusion treatments 

exhibited a gradual increase of these data markers over the course of the first 4 wks of 

the study. Compared to the control, 300-fold, 7-fold, 8-fold, and 5-fold increases were 

observed in algal dry mass, organic C and N, and O2 consumption rates, respectively 

(Figures 3 and 5). This peak at wk 4 was followed by a drop to lower values in wks 8 and 

16. The algal dry mass in the cage treatment decreased rapidly down to wk 2 levels, unlike 

the combined treatment, where the peak after wk 4 was even higher (500 times in algal 

dry mass, 9 times in organic C, 11 times in N, and 6 times in O2 consumption rates 

compared to the controls) and the decline was much less pronounced (Figures 3 and 5) 

 

Figure 5. O2 consumption rates. O2 consumption rates of A: light-exposed tiles and B: shaded 
tiles in μg cm-2 h-1 (means ± SE). P-values are calculated from 3-factorial ANOVA and originate 
from analysis across the whole study period (see Table S8 for full test results). Significant p-values 
(p<0.05) are indicated by asterisks. Abbreviations: C=Cage, F=Fertilizer, T=Time. 
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Discussion 

Status of the Reef 

High coral cover and lack of macroalgae at Al Fahal reef suggest a healthy reef 

(Cooper et al. 2009) that ranks highly compared to Indo-Pacific reefs (Roff and Mumby 

2012) and more closely to the pristine reefs from the Northern Line Islands (Sandin et al. 

2008). The rock and rubble proportion of the benthic cover of the reef may have 

originated from a recent bleaching event in the region (Furby et al. 2013). Our 

measurements of herbivorous fish biomass (22 g m-2) were below the pristine reefs of 

Kingman (32 g m-2) (Sandin et al. 2008), the average Indo-Pacific values (29 g m-2) (Roff 

and Mumby 2012), and data from recent studies in the Red Sea (63 g m-2 in 5 m water 

depth by Brokovich et al. 2010 and 27 g m-2 by Khalil et al. 2013). However, other studies 

suggest that the measured biomass values of our study correspond to unfished reefs (e.g. 

McClanahan et al. 1999; Williams and Polunin 2001). This is supported by the sea urchin 

biomass at our study site (38 g m-2), typical for unfished reefs (McClanahan 1997; O'Leary 

et al. 2012). Ambient concentrations of SRP ranged under the thresholds of increased 

macroalgae growth of 1.0 μmol L-1 for DIN and 0.1 μmol L-1 for SRP proposed by Bell 

(1992) and Lapointe (1997), though these values are under discussion (McClanahan et al. 

2004; Bell et al. 2007) and many field studies have not found data supporting these 

thresholds (Hatcher and Larkum 1983; Larkum and Koop 1997; Szmant 1997; Miller et 

al. 1999; Thacker et al. 2001; McClanahan et al. 2002; Diaz-Pulido and McCook 2003; 

McClanahan et al. 2003). In contrast, DIN ambient concentrations exceeded the 

threshold after the 1st wk. However, the low DOC and Chl a values (DOC: Kline et al. 

2006; Dinsdale and Rohwer 2011, Chl a: Bell 1992) suggest that the reef is little impacted 

by eutrophication. 

Effects of Treatments 

Nutrient concentrations in the enriched treatments constantly exceeded ambient 

conditions and ranged above the suggested thresholds of Bell (1992) and Lapointe (1997), 

showing the successful enrichment. However, nutrient concentrations of the enriched 

treatments in this study are less enhanced than in similar experiments (e.g. Burkepile and 

Hay 2009; Smith et al. 2010). We assume that the large water sampling volumes and the 

concomitant dilution of samples prevented the detection of higher nutrient levels in the 

enrichment treatments. This view is supported by the Chl a, POM, and DOM 
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concentrations in the water column just above the treatments that were not significantly 

influenced by fertilizer addition or other treatments. 

Algal Biomass 

Nutrient enrichment altered algal biomass on the light-exposed tiles only in 

interaction with herbivore exclusion in terms of algal dry mass, organic C, and N. 

However, it is likely that a larger effect of nutrient enrichment was masked by 

compensatory feeding by herbivores (Burkepile and Hay 2009). In contrast to the 

nutrient treatment, herbivore exclusion had an immediate and direct influence on most 

measured algal parameters, which was further extended by the combined treatment. 

C and N removal rates are strongly connected to algal wet and dry mass. 

However, C and N data analyses provide a more neutral method than other biomass 

measures because values are independent of algal species and their calcified structures, if 

any, and permit greater comparability between studies, albeit data available are scarce. 

Only one recent study from the Egyptian Red Sea (Jessen and Wild 2013) showed N 

removal rates and their maxima were similar to the results found here. The consistently 

lower organic C/N ratio in the caged treatments indicates that herbivore preferentially 

graze on N rich algae (Boyer et al. 2004; Goecker et al. 2005; Furman and Heck 2008), 

which did not accumulate outside the cages. Furthermore, C/N ratio data suggest that 

extra N provided by the fertilizer was directly used for growth and not stored in the algal 

tissue as previously reported for depleted but not for enriched algal tissue (Fong et al. 

2003). The uptake of extra N from the fertilizer could therefore not be proven by the 

C/N ratio, but by the isotope analysis. The �15N ratio of the fertilizer was close to 0, and 

the incorporation of the fertilizer therefore should reduce the �15N ratio of the algal 

material. This reduction could be shown in the enriched frames over the non-enriched 

frames (Figure S3; Table S5). 

If not controlled, algal biomass can increase to huge quantities, in our experiment 

up to 19 mg cm-2 wk-1. This would be 190 t wk-1 if extrapolated to a reef of 1 km2. 

Our findings from the Red Sea demonstrated that decreased herbivory has a 

stronger influence on algal biomass than increased nutrients, corresponding to the 

majority of comparative studies from reefs around the world that compared herbivory 

versus nutrient enrichment on algal growth (Australia: Hatcher and Larkum 1983; Diaz-

Pulido and McCook 2003 / Caribbean: Miller et al. 1999; McClanahan et al. 2003; 

Burkepile and Hay 2009; Sotka and Hay 2009 / Hawaii: Smith et al. 2001; Smith et al. 
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2010 / Guam: Thacker et al. 2001; Belliveau and Paul 2002). Yet, other studies collected 

evidence that nutrient enrichment can also have larger and delayed influence on algal 

development and the ability of algae to overgrow corals (Littler et al. 2006b; Smith et al. 

2010; Vermeij et al. 2010). 

Our data clearly show that nutrient enrichment alone was not able to increase 

algal biomass, even when the proposed threshold concentrations of 1.0 μmol L-1 of DIN 

and 0.1 μmol L-1 of SRP (Bell 1992; Lapointe 1997) were exceeded for most of the study 

time. One may argue, that the ambient nutrient levels already saturated the nutrient needs 

of most algae and field and laboratory studies revealed maximum growth rates for some 

algae at DIN concentrations of about 0.5 - 0.8 μmol L-1 (DeBoer et al. 1978; Lapointe 

and Tenore 1981). However, the interactive effects of nutrient enrichment and herbivore 

exclusion on biomass (algal dry mass, organic C, N), and community composition on the 

light-exposed tiles showed the potential of nutrient enrichment on algal growth and 

composition. 

Since microbial activity is enhanced by algal derived DOC (Wild et al. 2009; Haas 

et al. 2011), we expected DOC concentrations in the water column to rise with increasing 

algal biomass. Surprisingly, no correlation patterns between DOC and biomass were 

detectable, possible due to a dilution effect. Nevertheless, a parallel study (Jessen et al. 

2013), conducted under the same conditions, resulted in treatment specific responses of 

coral associated bacterial communities. 

Algae community structure 

Filamentous algae benefited directly from herbivore exclusion since they are a 

main feeding substratum for many herbivores (Wilson et al. 2003; Ferreira and Gonçalves 

2006; Fox and Bellwood 2007; Bonaldo and Bellwood 2008). Concordant with a study by 

McClanahan et al. (2003), filamentous algae on the light-exposed tiles grew best under the 

combined treatment with herbivore exclusion and elevated nutrient concentrations. The 

rapid response of the algae and the clearly distinguishable differences between the caged 

and non-caged treatments, together with a low abundance outside the frames (CJ pers. 

obs.) strongly suggest filamentous algae to be an indicator for herbivore overfishing in 

the investigated area (Littler and Littler 2007; Cooper et al. 2009).  

In contrast to a recent study by Jessen and Wild (2013) in the Egyptian Red Sea, 

who found frondose brown algae within 4 wks after the start of a similar experiment, this 

algal group was not observed during the present study. Other studies from other oceans 
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found frondose brown algae also within 4 months on their tiles (Thacker et al. 2001; 

Belliveau and Paul 2002; Diaz-Pulido and McCook 2003; Burkepile and Hay 2009; Sotka 

and Hay 2009; Smith et al. 2010), though some of the examined substrates were likely 

affected by preconditioning. The absence of certain genera is likely due to a combination 

of seasonality and predation preferences (Benayahu and Loya 1977; Lotze et al. 2000). 

Concordant with Jessen and Wild (2013) from the Red Sea, but contrary to other 

studies (Belliveau and Paul 2002; Burkepile and Hay 2009; Smith et al. 2010; Rasher et al. 

2012), CCA cover was not found on the light-exposed tiles. Though Belliveau and Paul 

(2002) and Smith et al. (2010) preconditioned their tiles for 2 months, CCA appeared no 

later than 1 and 2 months respectively, indicating that settling and growth of CCA on the 

light-exposed tiles was inhibited in this study. The lack of CCA can be due to sediment 

trapping that can result in anoxic conditions coupled with decreased survivorship and 

recruitment of CCA (Steneck 1997; Fabricius and De'ath 2001; Figueiredo and Steneck 

2002). The findings in the present study support this hypothesis: CCA grew on the 

shaded tiles where no filamentous algae dominated. The lower light conditions on the 

shaded tiles did not prevent CCA from growing, presumably due to their slow growing 

speed (Littler 1972; Littler and Littler 2011).  

Littler and Littler (1984) proposed the Relative Dominance Model (RDM) that 

predicts benthic community structure in response to anthropogenic threats of overfishing 

(grazer reduction), elevated nutrients, and a combination thereof. Although, the present 

study was conducted in a limited time frame of 4 months, the results for this time period 

can neither confirm that CCA dominated in the high nutrient, high grazing treatment 

(shown by Burkepile and Hay 2009; Smith et al. 2010; but not by Rasher et al. 2012), nor 

the domination of frondose macroalgae under the combined treatments (shown by Littler 

et al. 2006a; Smith et al. 2010; but not by McClanahan et al. 2003; Burkepile and Hay 

2009; Rasher et al. 2012). However, following the model, filamentous algae predominated 

under low grazing levels (shown by Littler et al. 2006a; Burkepile and Hay 2009; Smith et 

al. 2010). Though, in contrast to the model, best conditions for filamentous algae in 

terms of biomass and cover were found in the combined treatment (shown by 

McClanahan et al. 2003, but not by Smith et al. 2010; Rasher et al. 2012). 

Differences between light-exposed and shaded tiles 

This is the first study that compared the individual and combined effects of 

manipulated herbivory exclusion and nutrient enrichment on the reef algae community 
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composition on light-exposed versus light-shaded tiles in coral reefs. The open space data 

(Figure 4A, Table S6 and S7) showed that the tile surface colonization occurred faster on 

the light-exposed tiles than on the shaded tiles. Higher light availability, easier access for 

grazers, and the putative higher supply of recruits from the water column on the light-

exposed tiles may be responsible for this difference.  

CCA and non-coralline red crusts were found almost exclusively and were 

predominant on the shaded tiles, which have been fount to either enhance (Tanner 1995; 

Morse et al. 1996; Heyward and Negri 1999; Baird and Morse 2004; Harrington et al. 

2004) or impair coral recruitment (Golbuu and Richmond 2007; Diaz-Pulido et al. 2010; 

Suzuki and Hayashibara 2011). The light-exposed tiles featured neither CCA nor 

invertebrate cover and only slight amounts of red crusts and red macroalgae. The lack of 

these algal groups on the light-exposed tiles could be due to out-competition by 

filamentous algae (Carpenter 1990). In contrast, (mucilaginous) cyanobacteria were the 

only group that grew exclusively on the light-exposed tiles and not on the shaded tiles 

(Figure 4G, Table S6 and S7).  

Our results corroborate the observation by Burkepile and Hay (2009) that studies 

from deeper reefs (6-18 m, except Smith et al. 2001) showed minimal effects of nutrient 

enrichment on overall algal abundance and moderate effects on community structures. 

They supposed that these differences may resulted from high light conditions in shallow 

areas allowing macrophytes to take full advantage of nutrient enrichment and enable 

them to grow rapidly. However, if it is assumed that the lower light conditions on the 

shaded tiles simulate reduced water depths, the lower influence of nutrient enrichment 

there suggests an important role of water depth and light availability on the effect of 

nutrient enrichment (MacIsaac and Dugdale 1972; Duhamel et al. 2012). 

Seasonality 

It remains unclear whether the algal community was still in the succession process 

or already at a final stage. In contrast to other successional studies that compared the 

effects of herbivore exclusion and nutrient enrichment (e.g. (Burkepile and Hay 2009; 

Smith et al. 2010)), filamentous algae on the light-exposed tiles declined after wk 4. 

Temperature is an important controlling factor for algae (Ateweberhan et al. 2006; Ferrari 

et al. 2012) and the Central Red Sea is subject to strong seasonal temperature fluctuations 

(Davis et al. 2011). However, ambient condition data from temperature loggers in this 

study (Figure S2) did not reveal correlating patterns of temperature and biomass, nor did 



84 Chapter 3 

CTD data of several parameters (turbidity, O2 saturation and Chl a along the transect) 

(data not shown). DIN concentrations in ambient and enriched treatments that peaked 

after wk 4 and declined afterwards may be an important factor. 

Consequences & conclusions 

Cascading negative effects have been reported when reef ecosystems were 

continuously exposed to overfishing of herbivores and increased nutrient concentrations. 

Algae can gain dominance over corals (Hughes et al. 2007), resulting in less settling 

substrate for coral spat (Schaffelke et al. 2005; Birrell et al. 2008), decreased herbivore 

grazing rates (Hoey and Bellwood 2011), and changes in C and N fluxes (Davey et al. 

2008; Wild et al. 2010). Predicted climate change effects of ocean warming and 

acidification may further exacerbate these processes (Anthony et al. 2011; Diaz-Pulido et 

al. 2011). 

The study underlines the importance of herbivory for the Red Sea, especially in 

the light of the relatively low herbivore biomass compared to other Indo-Pacific reefs and 

the high algal growth potential when herbivory was impeded. Surprisingly, macroalgal 

(here particularly filamentous algae) growth rates in the first 4 wks of this study greatly 

exceeded average patterns of the Indo-Pacific and even those of the Caribbean (Roff and 

Mumby 2012). However, after 4 wks, coverage declined and resembled the average 

Caribbean cover (at 8 wk) and the lower Indo-Pacific values (at 16 wk). Our data suggest 

that the surveyed reef is not resistant against herbivore overfishing or a combination 

together with increased nutrient concentrations that has been simulated in this study. 

However, the potential compensatory feeding and the present herbivore biomass suggest 

that the benthic community is resistant against enhanced nutrient concentrations even 

when exceeding proposed thresholds. 
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Supporting Information 

 
Figure S1. Study site. Right panel shows position of the study area in the Red Sea. The circle on the 
left panel indicates the study site at the Northern tip of Al Fahal-reef, located about 13 km off the 
Saudi-Arabian coast. 

 

Figure S2. Temperature development at Al Fahal reef. Daily average temperatures (± max / min) of 
the 16 experimental frames at 5 m water depths at Al Fahal reef over the study period from June to 
September 2011. Sampling times are indicated by vertical lines. 
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Figure S3. �15N isotopic signatures of homogenized cover of 
light-exposed tiles. �15N values (mean ± SE) are shown for each 
treatment over 5 sampling times. Missing values of wk 1 and wk 4 
resulted from insufficient algal material for analysis. P-values are 
calculated from 3-factorial ANOVA and originate from analysis across 
the whole study period (see Table S5 for full test results). 
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Table S1. List of counted herbivorous fish.  

Family Species Abundance  Biomass 

Acanthuridae all species 2.70 9.77 

 Acanthurus nigrofuscus 0.049 0.57 

 Ctenochaetus striatus 0.086 1.54 

 Naso brevirostris 0.002 0.15 

 Naso elegans 0.021 5.12 

 Naso unicornis 0.005 0.86 

 Zebrasoma desjardinii 0.004 0.31 

 Zebrasoma xanthurum 0.026 1.22 

     

Ballistidae Balistapus undulates 0.009 0.69 

     

Chaetodontidae Chaetodon auriga 0.008 0.56 

 Chaetodon paucifasciatus 0.001 0.01 

     

Ostraciidae Ostracion cubicus 0.001 0.71 

     

Pomacanthidae Centropyge multispinis 0.011 0.14 

     

Pomacentridae Abudefduf sexfasciatus 0.076 0.54 

 Abudefduf vaigiensis 0.007 0.05 

     

Scaridae all species 0.071 8.89 

     

Siganidae Siganus stellatus 0.004 1.06 

    

Total  0.380 22.42 

Listed are families, species names, abundance (normalized to ind. m-2), and biomass (normalized to g m-2). 
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Table S2. List of counted sea urchins.  

Species Abundance Biomass 

Echinometra mathaei 0.64 9.98 

Echinothrix calamaris 0.03 19.72 

Eucidaris metularia 1.03 7.34 

Heterocentrotus mammillatus 0.01 0.45 

Total 1.71 37.49 

Listed are species names, abundance (ind. m-2), and biomass (g m-2). 

 

Table S3. Results of the 3-factorial ANOVA of the water parameters.  

 Chlorophyll a PON POC DON DOC 

 df F P df F P df F P df F P df F P 

C 1 4.17 0.046* - - - 1 2.56 0.116 - - - - - - 

F - - - - - - 1 0.20 0.657 1 2.42 0.124 - - - 

T 4 43.97 0.000* 4 5.10 0.001* 4 6.56 0.000* - - - - - - 

CxF - - - - - - - - - - - - - - - 

TxC 4 2.43 0.057 - - - - - - - - - - - - 

TxF - - - - - - 3 3.63 0.019* - - - - - - 

TxCxF - - - - - - - - - - - - - - - 

Response variables (1st row) are chlorophyll a, particulate organic nitrogen (PON), particulate organic 
carbon (POC), dissolved organic nitrogen (DON), dissolved organic carbon (DOC). Independent factors 
(1st column) are Cage (C), Fertilizer (F), and Time (T). Significant results are indicated by asterisks. P-values 
of 0.000 symbolize values <0.001. Dashes represent factors that have been excluded by the model 
reduction.  
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Table S4. Results of the 3-factorial ANOVA of the algal parameters. 

 Algal dry mass Algal C organic Algal N Corg/N 

 df F P df F P df F P df F P 

C 1 253.83 0.000* 1 30.49 0.000* 1 37.13 0.000* 1 13.38 0.000*

F 1 15.42 0.000* 1 11.87 0.000* 1 12.10 0.001* 1 0.02 0.900 

T 4 26.63 0.000* 3 32.41 0.000* 4 33.24 0.000* - - - 

CxF 1 15.44 0.000* 1 9.50 0.000* 1 7.51 0.009* 1 2.83 0.101 

TxC 4 28.71 0.000* 2 2.36 0.000* 2 0.97 0.387 - - - 

TxF 4 2.75 0.037* 3 2.94 0.037* 4 2.81 0.039* - - - 

TxCxF 4 4.46 0.003* 2 4.08 0.003* 2 3.10 0.057 - - - 

Response variables (1st row) are algal dry mass, algal organic C, algal N of the exposed tiles. 
Independent factors (1st column) are Cage (C), Fertilizer (F), and Time (T). Algal dry mass data were log 
(x+1) transformed to meet parametric assumptions. Significant results are indicated by asterisks. P-
values of 0.000 symbolize values <0.001. Dashes represent factors that have been excluded by the 
model reduction. 

Table S5. Results of the 3-factorial ANOVA of 
d15N isotopic signatures of cover from light 
exposed tiles. 

 df F P 

C 1 11.05 0.002* 

F 1 9.80 0.003* 

T 4 4.53 0.004* 

C x F 1 0.04 0.850 

Significant results are indicated by asterisks. 
Abbreviations: C=Cage, F=Fertilizer, T=Time. 
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Table S6. Results of 3-factorial generalized linear model (GLM; binomial 
distribution and logit function) of functional algal groups of light-exposed tiles.  

 Open space Filamentous algae CCA  

 df F P df F P df F P  

C 1 210.20 0.000* 1 693.74 0.000* x x x  

F 1 9.77 0.002* 1 30.99 0.000* x x x  

T 4 44.04 0.000* 4 31.55 0.000* x x x  

C x F 1 6.07 0.017* - - - x x x  

T x C 4 27.34 0.000* - - - x x x  

T x F 4 0.50 0.739 4 4.45 0.003* x x x  

T x C x F 4 4.83 0.002* - - - x x x  
           

           

 Green crusts Red crusts Brownish crusts  

 df F P df F P df F P  

C 1 192.46 0.000* 1 23.29 0.000* 1 250.90 0.000*  

F 1 0.19 0.667 1 2.04 0.159 1 0.44 0.512  

T 4 96.84 0.000* 4 14.44 0.000* 4 16.82 0.000*  

C x F 1 30.13 0.000* - - - 1 14.21 0.000*  

T x C 4 7.97 0.000* - - - 4 23.10 0.000*  

T x F 4 0.49 0.746 - - - 4 1.04 0.394  

T x C x F 4 0.12 0.973 - - - 4 0.11 0.978  

           

           

 Cyanobacteria Red algae Invertebrates  

 df F P df F P df F P  

C 1 13.08 0.000* 1 24.91 0.000* x x x  

F 1 8.93 0.004* 1 20.12 0.000* x x x  

T 4 51.75 0.000* 4 14.00 0.000* x x x  

C x F 1 0.17 0.677 - - - x x x  

T x C 4 1.73 0.157 - - - x x x  

T x F 4 0.11 0.980 - - - x x x  

T x C x F 4 0.43 0.789 - - - x x x  
           

Response variables are shown in the 1st row and in the first column the independent 
factors: Cage (C), Fertilizer (F), and Time (T). Significant results are indicated by 
asterisks. P-values of 0.000 symbolize values <0.001. Dashes represent factors that 
have been excluded by the model reduction and 'x' stands for insufficient data for 
analysis. 
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Table S7. Results of 3-factorial generalized linear model (GLM; binomial 
distribution and logit function) of functional algal groups of light shaded tiles. 

 Open space Filamentous algae CCA  

 df F P df F P df F P  

C 1 39.64 0.000* 1 2.19 0.144 1 60.94 0.000*  

F 1 0.88 0.354 1 2.90 0.094 1 0.01 0.909  

T 4 225.73 0.000* 4 11.39 0.000* 4 150.47 0.000*  

C x F 1 0.01 0.919 1 26.21 0.000* 1 2.60 0.113  

T x C 4 0.39 0.816 4 0.35 0.844 4 2.90 0.030*  

T x F 4 1.05 0.391 4 0.45 0.768 4 1.23 0.309  

T x C x F 4 0.67 0.618 4 0.16 0.999 - - -  
           

           

 Green crusts Red crusts Brownish crusts  

 df F P df F P df F P  

C 1 40.47 0.000* 1 38.78 0.000* 1 9.53 0.003*  

F 1 4.38 0.041* 1 2.84 0.098 1 0.43 0.512  

T 4 66.75 0.000* 4 132.64 0.000* 4 15.76 0.000*  

C x F 1 2.13 0.150 1 8.20 0.006* 1 0.07 0.797  

T x C 4 3.18 0.020* 4 0.02 0.999 4 2.03 0.103  

T x F 4 0.17 0.952 4 0.28 0.889 4 0.55 0.702  

T x C x F 4 0.13 0.971 4 0.01 0.999 4 0.43 0.787  

           

           

 Cyanobacteria Red algae Invertebrates  

 df F P df F P df F P  

C x x x 1 18.62 0.000* 1 14.16 0.000*  

F x x x 1 7.65 0.007* 1 0.13 0.721  

T x x x 4 21.06 0.000* 1 12.94 0.000*  

C x F x x x 1 2.32 0.133 2 0.71 0.403  

T x C x x x - - - 2 2.22 0.078  

T x F x x x - - - 2 0.87 0.488  

T x C x F x x x - - - 2 0.09 0.984  
           

Response variables are shown in the 1st row and in the first column the independent 
factors: Cage (C), Fertilizer (F), and Time (T). Significant results are indicated by 
asterisks. P-values of 0.000 symbolize values <0.001. Dashes represent factors that 
have been excluded by the model reduction and 'x' stands for insufficient data for 
analysis. 
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Table S8. Results of the 3-factorial ANOVA of O2 consumption of exposed 
and shaded tiles. 

 Exposed Tiles Shaded Tiles  

 df F P df F P  

C 1 35.15 0.000* 1 3.70 0.056 

F 1 3.87 0.054 1 1.92 0.170 

T 4 18.27 0.000* 4 39.84 0.000* 

C x F 1 3.68 0.060 - - - 

T x C 4 10.10 0.000* - - - 

T x F 4 1.68 0.006* - - - 

T x C x F 4 5.79 0.000* - - - 

Response variables are shown in the 1st row. In the 1st column are the 
independent factors: Cage (C), Fertilizer (F), and Time (T). Significant results are 
indicated by asterisks. P-values of 0.000 symbolize values <0.001 and dashes 
represent factors that have been excluded by the model reduction. n.s. = not 
significant. 
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Abstract 

In the Central Red Sea, relatively pristine coral reefs meet intense coastal 

development, but data on the effects of related stressors for reef functioning are lacking. 

This in situ study therefore investigated the independent and combined effects of 

simulated overfishing and eutrophication on settlement of reef associated invertebrates 

on light-exposed and -shaded tiles over 4 months. Findings revealed that at the end of 

the study period invertebrates had almost exclusively colonized shaded tiles, indicating 

that algae were superior competitors on light-exposed tiles. On the shaded tiles, simulated 

overfishing prevented settlement of hard corals, but significantly increased settlement of 

polychaetes, while simulated eutrophication only significantly decreased hard coral 

settlement relative to controls. The combined treatment significantly increased settlement 

of bryozoans and bivalves compared to controls and individual manipulations, but 

significantly decreased polychaetes compared to simulated overfishing. These results 

suggest settlement of polychaetes and hard corals as potential bioindicators for 

overfishing and eutrophication, respectively, and settlement of bivalves and bryozoans 

for a combination of both. Therefore, if investigated stressors are not controlled, phase 

shifts from dominance by hard corals to that by other invertebrates may occur at shaded 

reef locations in the Central Red Sea. 
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Introduction 

Overfishing and eutrophication are among the most serious local stressors for 

coral reefs, worldwide and in the Red Sea (Burke et al. 2011). These threats can strongly 

affect invertebrate settlement. Settlement (i.e. the permanent attachment to the substrate) 

of sessile invertebrate larvae is an irreversible process and is thus of critical importance 

for reproduction, feeding, and survival of invertebrates (Harrison and Wallace 1990). 

Invertebrate settlement can be influenced by numerous factors such as water flow 

(Mullineaux and Garland 1993), abundance and composition of microbial biofilms 

(Hadfield 2011, Tran and Hadfield 2011, Sawall et al. 2012), benthic algae (Arnold et al. 

2010), resident adult invertebrates (Osman and Whitlatch 1995), predators and grazers 

(Glynn 1990, Connell and Anderson 1999, Lewis and Anderson 2012), or changing 

environmental conditions that provide competitive advantages to certain species (Hallock 

and Schlager 1986). 

Nutrient availability is one of the major factors that influence biofilm diversity 

and composition (Webster et al. 2004, Kriwy and Uthicke 2011, Witt et al. 2012a, Witt et 

al. 2012b). Benthic macroalgae such as filamentous algae can benefit from reduced 

herbivory at nutrient-enriched conditions (Jessen et al. 2013a) and overtake suitable 

settlement substrate. In contrast, other algae such as crustose coralline algae (CCA) can 

trigger settlement of corals (Heyward and Negri 1999, Harrington et al. 2004), though 

they can be suppressed through reduced grazing (Jessen et al. 2013a). Additionally, the 

increase of certain filter feeders was linked to eutrophication and concomitant increase in 

organic matter in the water column that made them able to outcompete and prevent 

settlement of adjacent organisms (Hallock and Schlager 1986, Chadwick and Morrow 

2011). 

Overfishing, on the other side, can reduce the number of herbivores and 

invertebrate predators and therefore free macroalgae and certain invertebrates of their 

top-down control (Vine 1974, Birkeland 1977, Osman and Whitlatch 1995, Birrell et al. 

2005, Diaz-Pulido et al. 2010).  

Similarly, a lack of predators, that control invertebrate feeders, can release 

feeders, e.g. sea urchins, from their top-down control (Hay 1984, McClanahan and Shafir 

1990). As a consequence, the amount of invertebrate settlement can be strongly reduced 

(Myers et al. 2007), sometimes even down to almost zero (Vine and Bailey-Brock 1984). 
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Overfishing can even lead to increased bioerosion rates (Tribollet and Golubic 2011) that 

reduce suitable settlement habitat for new invertebrate settlement. 

Although the top-down and bottom-up effects of overfishing and eutrophication 

have been intensively studied for benthic reef algal growth and development (e.g. 

Burkepile and Hay 2006, Smith et al. 2010, Jessen et al. 2013a), there are no studies 

available that investigated the individual or combined impact on tropical sessile 

invertebrate settlement in this context. Only Tomascik (1991) and Hunte and Wittenberg 

(1992) looked at coral settlement patterns along an eutrophication gradient, although it is 

not clear if the observed influence was due to altered larval supply. Additionally, our 

understanding of the ecology of coral reefs in the Red Sea is largely focused on studies 

conducted in the Gulf of Aqaba, but not in the remaining Red Sea (Berumen et al. 2013). 

This study therefore simulated overfishing and eutrophication over 4 months in 

an offshore reef in the Central Red Sea to answer the questions (i) how do settlement 

patterns differ between upward (light-exposed) and downward (light-shaded) facing tiles 

and (ii) which influence do the individual and combined effects of overfishing and 

eutrophication have on settlement of main sessile invertebrate groups. 

Material and Methods 

Study site 

The study was carried out over 16 weeks from June to September 2011 at the 

patch reef Al-Fahal that lies about 13 km off the Saudi Arabian coast in the Central Red 

Sea (N22.18.333, E38.57.768; see Jessen et al. 2012 for a map of the location). We 

selected this reef because of its relatively large distance from shore and presumably low 

impacts from potential fishing and land-derived nutrient import. 

Experimental setup 

Ten terracotta tiles each 10 x 10 cm (100 cm2) were mounted on stainless steel 

screws at an angle of 45 degrees on each of 16 polyvinyl chloride (PVC) frames (50 x 75 

cm) approximately 10 cm above the reef substrate at 5 - 6 m water depths. PVC frames 

were separated by 2 - 5 m. Prior to the start of the experiment, tiles were autoclaved to 

remove any interfering compounds that could have accumulated during tile production. 

Tiles were installed pairwise on top of each other with unglazed sides facing outside, 

resulting in an upper (light exposed) and lower (shaded) tile. We applied four different 
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treatments to the frames (each with n = 4): (1) control (only the equipped frame), (2) 

fertilizer (see nutrient enrichment section), (3) cage (hemispherical zinc galvanized cages 

with a mesh size of 4 cm and a diameter of 100 cm), and (4) a combination of cage and 

fertilizer tubes.  

The cages served to exclude larger predators and herbivores, but smaller fish 

(small damselfish, parrotfish, wrasses and surgeonfish) were able to access the insides of 

the cages. Cage controls were not used, since studies showed that similar cages even with 

a lower mesh size did not affect water movement, light availability, and sedimentation 

rates (Miller et al. 1999, Smith et al. 2001, Burkepile and Hay 2007). 

Eutrophication was simulated by deploying four fertilizer tubes around the frame, 

consisting of perforated PVC tubes filled with approximately 580 g Osmocote fertilizer 

(Scotts, 15 % total nitrogen (in form of nitrate and ammonium), 9 % phosphate 

(phosphoric pentoxide), and 12 % potassium oxide) embedded in 3 % agarose. Fertilizer 

was deployed once without replenishments, but regular monitoring of nutrient 

concentrations assured continuous release rates.  

One pair of tiles (light-exposed and shaded) per frame was collected after 1, 2, 4, 

8, and 16 wk(s) using SCUBA. Tiles were pre-scored and upon sampling divided in half 

(each 50 cm2; an area which had been chosen from the asymptote of species-area curves 

by Hixon and Brostoff (1996)) and then wrapped separately in ziplock bags. They were 

brought on board within 30 min where half of them were immediately flash frozen in 

liquid nitrogen for subsequent microbial analyses (results reported elsewhere), while the 

other half was handled as described below.  

To test the success of fertilization, water samples were taken directly before 

collecting tiles at each time point. Five L seawater samples were collected with large 

ziplock bags directly from above each frame (in total n=40 for nutrient enriched samples 

as well as non-enriched). From this stock 50 mL were filtered on pre-combusted 

Whatman-GF/F filters and used for inorganic nutrient measurements. The analyses of 

dissolved inorganic nitrogen (DIN = NH4
+ + NO3

- + NO2
-) and soluble reactive 

phosphorous (SRP = PO4
3-) were performed using continuous flow analyzer (FlowSys 

Alliance Instruments).  
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Invertebrate identification and enumeration 

To remove attached sediment, precipitates, and mobile invertebrates, light-

exposed and shaded tiles were rinsed with fresh water. Invertebrate classification was 

conducted with a dissection microscope (Zeiss Stemi 2000; 7.7-fold magnification). 

Briefly, all sessile invertebrates visible under the dissection microscope were identified 

with the help of Vine (1986) and grouped to the following easily distinguishable 

categories: Scleractinia (Cnidaria), Bivalvia (Mollusca), Bryozoa, Polychaeta (Annelidae). 

We counted single animals (scleractinia, bivalvia, polychaetes like Spirorbis sp. or 

Pomatoceros sp.) or colonies (bryozoa, other polychaetes like Filograna sp.) on each tile to 

assess the number of individual settlement events. Algal composition of light-exposed 

and shaded tiles and algal biomass (only light-exposed tiles) was determined after 

invertebrate counting (for results see Jessen et al. 2013a). 

Data of 1 of 16 frames (No. 4, combined treatment) was removed from the 

dataset, as cage pictures and tile appearance indicated access of large predators and 

herbivores to this setup. 

Statistical data analysis 

T-tests were used for analyzing inorganic nutrient concentrations at each 

sampling point. To meet assumptions of normal distribution DIN-data were inverse 

square root (1/sqrt(x)) transformed. All invertebrate groups were tested for the individual 

and interactive effects of cage, fertilizer, and time with a 3-factorial generalized linear 

model (GLM) in R (RDC 2012). As data showed over- and underdispersion, either quasi-

GLM models (hard corals, polychaetes) or negative binomial model (bivalvia, bryozoa) 

were used for correction, depending which model fitted the data better based on pseudo-

R2 scores (Zuur et al. 2009). For comparison of the different treatments, we used Tukey 

post hoc tests (‘glht’ function) of the ‘multcomp’ package. 

For the multivariate analysis, we first transformed count data of week 4 to 16 (4th 

root) to decrease influence of more abundant groups, before a principal coordinates 

analysis (PCO) was run on the resemblance matrix of Bray-Curtis similarities in 

PERMANOVA (Anderson et al. 2008). 
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Results 

The simulation of eutrophication constantly and significantly increased SRP 

concentrations compared to the controls (Figure S1). DIN concentrations were also 

constantly increased, but did not always significantly differ from the controls (Figure S1). 

Both, ambient and enriched treatments, experienced a peak in DIN concentrations after 

4 weeks. 
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Figure 1. Invertebrate settlement numbers (depicted per cm-2; mean ± SE) on shaded tiles. 
Left column shows total settlement numbers per treatment and right column shows temporal 
development of counted recruits of all 4 treatments. P-values were calculated from a 3-factorial 
GLM and originate from analysis across the whole study period (see Table S1 for full results). 
Dashes represent factors that have been excluded by the model reduction. Abbreviations: C=Cage, 
F=Fertilizer, T=Time. Treatments with same small letters are not significantly different (p>0.05) 
in post hoc pairwise comparisons.  
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Over the sampling period of 16 weeks, 99.9 % of all observed sessile 

invertebrates settled on the shaded tiles, with the exception of 1 hard coral recruit 

(control 2 wks), 5 polychaetes (1x control 2 wks; 3x fertilizer 4 wks; 1x combined 8 wks), 

and 2 bryozoan colonies (cage 16 wks).  

Therefore, the following results stem exclusively from invertebrate observations 

of the shaded tiles (total 6,862 counts, and an average of 91 counts per shaded tile).  

On a temporal scale, polychaetes occurred first after 1 week, bryozoans after 2 

weeks, hard corals after 4 weeks, and bivalves after 8 weeks, however, there was no 

treatment-specific pattern when first settlement occurred (Figure 1B, D, F, H). Other 

potential sessile invertebrate groups such as sponges, soft corals, crustaceans, and 

ascidians were not observed on the analyzed tiles, however the latter group appeared 

once on a spare tile after 16 weeks. 

In the controls, all 4 observed invertebrate groups were present at their lowest 

abundance compared to the other treatments, but hard coral settlement was highest in 

this treatment. (Figure 1A).  

Control Simulated Eutrophication 

  

Simulated Overfishing Combined Treatment 

Figure 2. Representative photographs of light-shaded tiles after 16 weeks of deployment in the reef. 
White bars in the central upper right area of each picture are reflections caused by a camera flash. Hemi-
circle holes at the central lower edge were used for screws to attach tiles. 
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Simulated overfishing reduced hard coral numbers to zero relative to controls 

(Figure 1A), significantly increased settlement of polychaetes (Figure 1G), but did not 

show any significant effects on settlement of bryozoans and bivalves (Figure 1C and E).  

Under simulated eutrophication, hard coral settlement was significantly decreased 

by 11-fold relative to controls (Figure 1A), while bryozoans, bivalves, and polychaetes 

were not significantly affected by this treatment (Figure 1C-H). 

The combination of manipulated eutrophication and overfishing significantly 

increased settlement of bryozoans and bivalves 7 and 11-fold relative to controls (Figure 

1C and E). Relative to simulated overfishing, the combined treatment significantly 

increased settlement of bryozoans 4-fold and that of bivalves 11-fold, but decreased 

settlement of polychaetes 2-fold, while settlement of hard corals was not affected. 

Relative to simulated eutrophication, the combined treatment significantly increased 

settlement of bryozoans 3-fold and bivalves 7-fold, while settlement of hard corals and 

polychaetes was not affected.  

Except for bryozoans, all other groups showed significant interaction effects, i.e. 

their response to one manipulated factor depended on the level of the other factor 

(Figure 1, Table S1). 

The principal coordinates analysis (PCO), that groups similar communities closer 

together on a two dimensional scale, revealed that the invertebrate assemblages stabilized 

over time as shown by the grouping of the single time points (particularly along PCO axis 

1), and starting from 8 weeks also by treatment (Figure 3). From this time point onwards, 

the controls and combined treatments, but also overfishing and eutrophication 

treatments, grouped together. 

 
Figure 3. Principal coordinates analysis (PCO) of sessile invertebrate communities 
on shaded terracotta tiles. Data were analyzed starting from wk 4 to 16 wks since no 
community response was observed before (except polychaetes). Contours group 
treatments from 8 and 16 weeks. 
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Discussion 

In this study, sessile invertebrates settled almost exclusively on shaded, compared 

to light-exposed tiles. This light exposure-specific pattern has been confirmed for corals 

by studies from other reefs (Birkeland 1977, Harrison and Wallace 1990, Sawall et al. 

2013), and contrasts the presence of algae biomass and abundance of filamentous algae 

that was highest on light-exposed tiles during the present study (Jessen et al. 2013a). 

While these filamentous algae can prevent invertebrate settlement (Glasby and Connell 

2001, Virgilio et al. 2006, Arnold et al. 2010), encrusting algae, i.e. CCAs, often facilitate 

and induce invertebrate settlement (Morse et al. 1996, Heyward and Negri 1999, Negri et 

al. 2001, Arnold et al. 2010, Whalan et al. 2012). Correspondingly, encrusting algae were 

not observed on the light-exposed tiles, but were abundant on the shaded tiles, 

particularly in non-caged treatments (Jessen et al. 2013a). Nevertheless, invertebrates 

were obviously present on light-exposed substrate in natural reefs. It seems that adequate 

settlement substrates such as CCA exhibit delayed growth on light-exposed substrates 

(Smith et al. 2010), suggesting the need for studies over longer time spans to study 

invertebrate settlement on light-exposed underground. Opposingly, the study time of 4 

months was sufficient for invertebrate communities to develop on shaded tiles and to 

exhibit significant invertebrate community responses to the treatments that stabilized 

over time as shown by the PCO. The absence of other invertebrate groups typically 

associated with coral reefs including sponges, soft corals, crustaceans, and ascidians can 

be either explained by the absence of reproduction events during the study period or 

delayed settlement on artificial substrate as suggested by the observation of ascidians on a 

spare tile. 

Simulated overfishing prevented all hard coral settlement. Responsible for this 

could have been the presence of more competitive invertebrates (Birkeland 1977, Sawall 

et al. 2013), filamentous algae (Birrell et al. 2005, Kuffner et al. 2006, Arnold et al. 2010), 

as well as the lower abundance of coralline algae (O'Leary et al. 2012), as these factors 

were significantly influenced by simulated overfishing on the same tiles (Jessen et al. 

2013a). 

Furthermore, simulated overfishing increased settlement of polychaetes 

compared to controls. These observations are concordant with Vine (1974), who 

observed increased spirorbid settlement in caged treatments. Interestingly, the positive 

effect of simulated overfishing on settlement of polychaetes was not visible in the 
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combined treatment with increased nutrient availability and can therefore not be 

explained by predator exclosure. A possible explanation could be the presence of resident 

adult invertebrates that can suppress settlement in their vicinity (Osman and Whitlatch 

1995). This is confirmed by the fact that the different polychaete settlement responses 

between simulated overfishing and combined treatments were not visible before the 

occurrence of bryozoans and bivalves started after 8 weeks.  

Simulated eutrophication alone only caused decrease of hard coral settlement, 

while all other invertebrates were neither positively nor negatively affected by this 

treatment. This finding is confirmed by the studies of Tomascik (1991) and Hunte and 

Wittenberg (1992), who also observed less hard coral settlement in eutrophic reefs and 

suggest that eutrophic conditions may alter the complex set of physical, chemical and/or 

biological signals that trigger settlement of coral larvae. However, it is not clear if such 

differences were caused by negative settlement behavior or by reduced larval supply (i.e. 

reduced coral fecundity) as observed by Loya et al. (2004) as a response to 

eutrophication. Large differences in functional algal cover between simulated 

eutrophication and control treatments did not exist (Jessen et al. 2013a). However, algae 

species were not identified on the species level, but potential differences on that level 

therefore may have occurred and influenced the settlement as shown for coralline algae 

by Harrington et al. (2004). Furthermore, as shown for adjacent adult corals (Jessen et al. 

2013b), increased nutrient concentrations may have altered the microbial community 

structure of biofilms, thereby changing chemical and structural cues that influence 

settlement.  

The combination of manipulated overfishing and eutrophication resulted in the 

highest settlement numbers of bivalves and bryozoans, that were both significantly 

increased compared to manipulated overfishing and eutrophication treatments and 

therefore potentially responsible for PCO separation between both single treatments and 

the combined treatment. Comparable studies that targeted the same invertebrate groups 

are lacking. However, algal cover, as important settlement cue, did not substantially vary 

between combined and simulated overfishing treatments (Jessen et al. 2013a), therefore 

we speculate that indirect interaction effects of predator/herbivore exclusion together 

with effects of microalgae that can benefit from increased nutrients (Posey et al. 2002) 

and differences in bacterial and diatom biofilm composition (Dahms et al. 2004, Yang et 

al. 2013) were causing the observed differences.  
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The findings of the present study for the first time suggest settlement of coral 

reef associated sessile invertebrates as specific bioindicator for overfishing and a 

combination of it with eutrophication, thereby complementing the list of bioindicators 

for anthropogenic coral reef stressors presented by Cooper et al. (2009). For overfishing, 

this may be an increase in polychaete and hard coral settlement, for eutrophication the 

sole decrease of hard coral settlement, and for a combination of both stressors this may 

be an increase in bryozoan and bivalve settlement. Advantages of this approach would be 

the cost-effective and relative easy measurement together with low systematic knowledge 

that is needed to identify the taxonomic groups.  

The high herbivore fish and sea urchin biomass, low concentrations of inorganic 

and organic nutrients, along with relatively high live coral cover measured for the same 

reef in Jessen et al. (2013a) indicate relatively pristine conditions at the study area in the 

Central Red Sea. However, if simulated threats are not controlled in the study area, non-

coral invertebrates such as polychaetes (under overfishing) or bivalves and bryozoans 

(combination with eutrophication) may rival hard coral dominance at shaded reef 

locations, thereby leading to potential alternative stable states as described for other 

invertebrates in (Norström et al. 2009). 
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Figure S1. Inorganic nutrient concentrations. Dissolved inorganic nitrogen 
(DIN) and soluble reactive phosphate (SRP) concentrations (μmol L-1; means 
± SE) in the nutrient enrichment treatments (fertilizer and combined) and the 
non-enriched treatments (control and cage). Small letters (a - SRP; b - DIN) 
indicate statistical significant differences of p<0.05 (t-test).  

Table S1. Results of the 3-factorial GLM of invertebrate groups. Abbreviations: Cage 
(C), Fertilizer (F), and Time (T). Significant results are indicated in bold by asterisks. P-values 
of 0.000 represent values <0.001. Dashes represent factors that have been excluded by the 
model reduction. 

  Scleractinia Bryozoa Bivalvia Polychaetes  

 df F p F p F p F p  
C 1 6.47 0.013* 1.94 0.169 6.02 0.000* 17.21 0.000* 
F 1 3.80 0.055 8.80 0.004* 8.42 0.000* 2.43 0.000* 
T 4 5.84 0.000* 22.29 0.000* 33.16 0.000* 90.24 0.000* 
C x F 1 14.88 0.000* - - 2.17 0.019* 6.05 0.000* 
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Abstract 

Coral reefs of the Central Red Sea display a high degree of endemism, and are 

increasingly threatened by anthropogenic effects due to intense local coastal development 

measures. Overfishing and eutrophication are among the most significant local pressures 

on these reefs, but there is no information available about their potential effects on the 

associated microbial community. Therefore, we compared holobiont physiology and 16S-

based bacterial communities of tissue and mucus of the hard coral Acropora hemprichii after 

1 and 16 weeks of in situ inorganic nutrient enrichment (via fertilizer diffusion) and/or 

herbivore exclusion (via caging) in an offshore reef of the Central Red Sea. Simulated 

eutrophication and/or overfishing treatments did not affect coral physiology with respect 

to coral respiration rates, chlorophyll a content, zooxanthellae abundance, or � 15N 

isotopic signatures. The bacterial community of A. hemprichii was rich and uneven, and 

diversity increased over time in all treatments. While distinct bacterial species were 

identified as a consequence of eutrophication, overfishing, or both, two bacterial species 

that could be classified to the genus Endozoicomonas were consistently abundant and 

constituted two thirds of bacteria in the coral. Several nitrogen-fixing and denitrifying 

bacteria were found in the coral specimens that were exposed to experimentally increased 

nutrients. However, no particular bacterial species was consistently associated with the 

coral under a given treatment and the single effects of manipulated eutrophication and 

overfishing could not predict the combined effect. Our data underlines the importance of 
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conducting field studies in a holobiont framework, taking both, physiological and 

molecular measures into account. 

Introduction 

Coral reefs are threatened by global (e.g. ocean acidification, ocean warming) and 

local (e.g. coral disease outbreaks, overfishing, eutrophication) anthropogenic stressors 

(Hughes et al. 2003; Pandolfi et al. 2003; Hoegh-Guldberg et al. 2007; Hughes et al. 

2007), whereby eutrophication and overfishing are among the two most important local 

factors affecting coral reef health (Hughes et al. 2007). On a macro-ecological scale, 

overfishing can reduce resilience of hard corals and the reefs that they are engineering 

(Wild et al. 2011) in numerous ways. Reduced herbivore stocks can lead to prolonged 

recovery times of corals after disturbances (Mumby and Harborne 2010), increase crown-

of-thorns starfish outbreaks (Sweatman 2008), and release macroalgae from their top-

down control (Hughes et al. 2007). Eutrophication, and more specifically nutrient 

enrichment, can have severe direct effects on scleractinian corals by hampering coral 

reproduction (Loya et al. 2004), reducing calcification (Kinsey and Davies 1979; Ferrier-

Pagès et al. 2000), reducing the threshold of heat- and light stress mediated bleaching 

(Wiedenmann et al. 2013), advancing coral disease (Voss and Richardson 2006), and 

shifting microbial communities towards bacteria associated with diseased corals (Vega 

Thurber et al. 2009). On the other hand, eutrophication affects scleractinian corals also 

indirectly by increasing turf and macroalgae (Miller and Hay 1996; Lapointe 1997; 

McClanahan et al. 2002; McClanahan et al. 2004), inhibit coral recruitment (Schaffelke et 

al. 2005; Birrell et al. 2008), or directly outcompete corals via allelochemicals (Rasher and 

Hay 2010; Paul et al. 2011; Rasher et al. 2011). Furthermore, turf and macroalgae increase 

microbial activity and trigger changes in the microbial community associated with corals 

(Smith et al. 2006; Wild et al. 2009; Haas et al. 2011; Vega Thurber et al. 2012) by 

dissolved organic carbon (DOC) release that can accelerate microbial growth and create a 

positive feedback loop when corals die and free space for more algae (Kline et al. 2006; 

Barott and Rohwer 2012). 

The basic functional unit of coral reefs is the coral holobiont (Rosenberg et al. 

2007) that consists of a complex symbiotic interaction between the coral animal, its 

intracellular photosynthetic algae, and a wide spectrum of extra- and intracellular bacteria, 

archaea, fungi, eukaryotes, and viruses (Rohwer et al. 2002; Knowlton and Rohwer 2003; 

Rosenberg et al. 2007; Mouchka et al. 2010). In contrast to the long history of studying 
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the coral-algal relationship, understanding the importance of the bacterial assemblage in 

corals has only been recently targeted. Initial studies showed that the microbial 

community of corals is diverse, complex, and uneven (Rohwer et al. 2002; Mouchka et al. 

2010; Sunagawa et al. 2010). Furthermore, bacterial communities are species-specific 

(Mouchka et al. 2010; Sunagawa et al. 2010) and differ on a spatial (Rohwer et al. 2002; 

Bourne and Munn 2005), as well as a temporal scale (Ceh et al. 2010). Unlike most 

zooxanthellae, bacteria seem to be both stochastically and horizontally transmitted to the 

coral (Apprill et al. 2009; Mouchka et al. 2010). Their establishment, however, may 

depend on the variables associated with the environment and their genetic capability to 

colonize the coral niche under those specific conditions (Burke et al. 2011a). It becomes 

clear that corals are meta-organisms and their phenotypic responses are a result of the 

complex interplays between all member species. Hence, in order to comprehensively 

understand coral physiology, it is important to look at the interactions between host and 

symbionts and the prevailing environmental conditions. 

A number of previous studies investigated the bacterial diversity in coral reef 

organisms via 16S amplicon sequencing (Rohwer et al. 2001; Rohwer et al. 2002; Pantos 

et al. 2003; Bourne and Munn 2005; Wegley et al. 2007; Ceh et al. 2010). However, many 

of these studies analyzed a single point in time and space with limited indications towards 

the variance and stability of the microbial assemblage of the coral holobiont. Given the 

rate of decline of coral reef cover worldwide (Wilkinson 2008), it is becoming increasingly 

important to understand coral reef and coral holobiont functioning by combining 

physiological and molecular measures. Despite the fact that coral reefs in the Red Sea are 

of relative pristine condition, they are, too, challenged by the effects of coastal 

development and overfishing (Burke et al. 2011b). Hence, we set out to analyze coral 

physiology and associated changes of the microbial community of Acropora hemprichii in 

the Central Red Sea after 1 and 16 weeks of in situ artificial nutrient enrichment (using a 

fertilizer with 15 % nitrogen, 9 % phosphate, 12 % potassium oxide, and trace metals), in 

situ herbivore exclusion (using cages with a mesh size of 4 cm to exclude larger 

herbivores), and a combined treatment to simulate effects of eutrophication and 

overfishing. While the latter two processes generally refer to ecosystem scale effects, we 

were investigating effects on the scale of the holobiont in this study. To our knowledge, 

this is the first study from the Red Sea that evaluates top-down (i.e. herbivory) and 

bottom-up (i.e. nutrient availability) factors on coral holobiont functioning and provides 
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first insights into the effects on coral physiology and associated bacterial community 

changes. 

Material and Methods 

Study Site and Organism 

The herbivore exclusion and nutrient enrichment experiments were carried out at 

Al-Fahal reef about 13 km off the Saudi Arabian coast in the Central Red Sea 

(N22°18�19.98	, E38°57�46.08	; Figure S1) over a period of 16 weeks from June to 

September 2011. Acropora hemprichii is a common reef building coral present in the Red 

Sea and the Western Indian Ocean (Veron 2000), which inhabits upper reef slopes at this 

study site in the Red Sea. Al Fahal reef does not fall under any legislative protection or 

special designation as a marine/environmental protected area. No special permit is 

required for the inshore coastal, reef, and intertidal areas around Thuwal. The Saudi 

Coastguard Authority under the auspices of KAUST University issued sailing permits to 

the site that includes coral collection. Acropora hemprichii is listed as vulnerable on the 

ICUN Red List (http://www.iucnredlist.org/details/132981/0). 

Experimental Design and Sampling 

The experimental setup included nine polyvinyl chloride (PVC) frames equipped 

with temperature loggers and stainless steel screws for coral finger attachment. Frames 

were deployed at 5 - 6 m water depth along a 40 m transect on a slightly sloped reef wall. 

Treatments were arranged in alternating order and separated from each other 

approximately by 2 - 5 m. Treatments were: (1) caging (CA), with a cage mesh size of 4 

cm to simulate overfishing of larger herbivores; (2) fertilizer (FE), perforated PVC tubes 

filled with Osmocote fertilizer standard 15+9+12 (Scotts, Marysville, OH) embedded in 

3 % agarose to simulate nutrient enrichment; (3) a combination of caging and fertilizer 

(CF) (Figure S2). The fertilizer is composed of 15 % nitrogen (in form of 7 % nitrate and 

8 % ammonium), 9 % phosphate (phosphorus pentoxide), and 12 % potassium oxide. 

Furthermore, it contains magnesium oxide (2.5 %), iron (0.45 %), manganese (0.06 %), 

copper (0.056 %), zinc (0.020 %), boron (0.020 %), and molybdenum (0.025 %). 

Fertilizer was deployed once without replenishments, but regular monitoring of inorganic 

nutrient concentrations assured continuous enrichment levels (Figure 1). Experimental 

treatments were conducted in triplicates, i.e. three A. hemprichii colonies (A, B, C) were 
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collected from the same water depth in the area where the experiment was conducted. A 

total of nine frames were deployed (3 frames CA, 3 frames FE, 3 frames CF) each 

holding four coral fingers (for collection after 1 and 16 weeks) from each of the three 

mother colonies (A, B, C) yielding a total of 18 samples for physiological as well as for 

microbial analyses (3 treatments × 3 coral colonies × 2 time points). Experimental 

treatments started after attachment of coral fingers to the PVC frames via cable ties on 

stainless steel screws. After one and sixteen weeks, respectively, coral fingers were 

collected in sterile plastic bags and brought to the surface, where half of them were rinsed 

with filtered seawater (FSW) and subsequently shock-frozen in liquid nitrogen for 

microbial analyses and stored at -80°C until further processing. The other half of the 

coral fragments was used for incubations (see coral physiology section below). Water 

samples for microbial and nutrient analyses were collected with large ziplock bags directly 

above each frame prior to coral fragment collection during both sampling time points. 

These samples were transported on ice and 500 mL were subsequently filtered on 0.22 

μm Millipore Durapore membrane filters for microbial analysis. Filters were stored at  

-80°C. Additionally, 50 mL seawater were filtered using 0.7 μm fiberglass filters 

(Whatman-GF/F) and stored at -20°C until inorganic nutrient analysis was carried out. 

The inorganic nutrients were photometrically analyzed by segmented debubbled 

continuous flow analysis (FlowSys - Alliance Instruments) according to Grasshoff et al. 

(1999) and for Ammonium according to Aminot et al. (2001). Quality control was 

performed with a seawater certified reference material for nutrients (MOOS2 from NRC-

CNRC). 

Coral Physiology 

Incubation measurements were performed as follows: coral fingers were 

transferred to 1 L incubation glass jars in three opaque polyethylene (PE)-boxes filled 

with reef water (~ 70 L) to keep samples at constant ambient temperatures during 

incubations. One jar per PE-box, filled only with reef water, served as a control. All PE-

boxes were placed in the shade to avoid warming of the water. Dark incubation started 

after acclimatizing the samples for 1 - 2 hours in the dark PE-boxes. Initial O2 

concentrations were measured with an O2 probe (HQ40d, Hach, Loveland, CO) inside 

each box after evenly distributing the water, with open incubation jars. The jars were then 

sealed and incubated over a period of 90-100 min before O2 concentrations in each jar 

were measured as described above. During incubations the boxes were carefully moved 
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every 5 minutes to cause stirring of water inside the jars. Onset HOBO temperature 

loggers (Onset Computer Corporation, Pocasset, MA) in each box assured that water 

temperature during incubation remained constant (temperature differences between 

incubation jars and in situ temperatures measured at PVC frames ranged between 0.5 and 

1.6°C). All samples were subsequently stored on ice until further processing. Net O2 

consumption was calculated subtracting end concentrations from the start 

concentrations. Normalization of data to μg O2 cm-2 h-1 was carried out by measuring the 

coral finger surface area using a cylinder as approximation according to the “simple 

geometry” model described by Naumann et al. (2009) and by taking into account the 

exact incubation times. To investigate zooxanthellae abundance, chlorophyll a 

concentration, and �15N isotopic signatures, tissue of each coral finger was washed with 

filtered sea water (FSW) before tissue was removed from the skeleton by air-blasting, 

collected in FSW, and homogenized using an Ultra-Turrax (T 18 basic, IKA, Staufen, 

Germany; 30 s at 3,500 rpm). Zooxanthellae abundance was counted using an Improved 

Neubauer hemocytometer (Hausser Scientific, Horsham, PA). Cell numbers were 

counted in 6 grid squares à 4 μm3 with 6 counts per sample (average count: 29 cells per 

grid square). To determine isotopic signatures of coral tissue and zooxanthellae, a 

modified version of (Muscatine and Kaplan 1994) was used. The homogenate of coral 

tissue and zooxanthellae was centrifuged for 5 min in a tabletop centrifuge at 1,500 rpm 

to separate coral tissue and zooxanthellae. Recorded data were normalized to 

zooxanthellae cm-2 with surface area (see method described above). Homogenized coral 

tissue was first filtered on a GF/F filter and washed with MilliQ water to remove 

remaining salt. Subsequently, the filters were dried for 2 - 4 d at 40°C until constant 

weight and �15N signatures were determined relative to atmospheric nitrogen in an 

isotope ratio mass spectrometer (Finnigan Corp., San Jose, CA). Isolated zooxanthellae 

were freeze-dried and directly measured with the mass spectrometer. For Symbiodinium-

typing, DNA was extracted using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions. The ITS2 rDNA region was amplified with 

the primer pair ITSintfor2 and ITS2CLAMP (LaJeunesse and Trench 2000) using PCR 

conditions described in (LaJeunesse et al. 2003). Amplified fragments were separated on 

8 % polyacrylamide gels, following (Sampayo et al. 2009), and using a CIPHER DGGE 

KIT (CBS Scientific Company, Del Mar, CA). Gels were run at 150 V for 15 h and 

stained for 20 min with 1x SYBR Green (Invitrogen, Carlsbad, CA) and visualized on a 

Dark Reader Transilluminator (Clare Chemical Research, Dolores, CO). Symbiodinium 
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types were determined by DGGE fingerprint profiles and sequencing. For sequencing, 

prominent band(s) were excised from the DGGE gel and re-amplified as described in 

(LaJeunesse 2002). Re-amplified products were purified following manufacturer’s 

instructions for Illustra ExoStar (GE Life Sciences, Piscataway, NJ). Samples were sent 

for bi-directional Sanger sequencing to the KAUST BioScience Core Laboratory 

(Thuwal, Saudi Arabia). Sequences were trimmed for quality in CodonCode Aligner 

(CodonCode Corporation, Centerville, MA). Forward and reverse sequences were 

assembled into contigs and aligned using ClustalW. Each contig was BLASTed against a 

local database of Symbiodinium ITS2 sequences. Coral respiration rates, chlorophyll a, 

zooxanthellae abundance, and �15N isotopic signatures of corals and zooxanthellae were 

analyzed with Sigmaplot 12 (Systat Software, Point Richmond, CA) by two-way 

ANOVA. To meet parametric assumptions, �15N coral data for colony-time factorial 

analysis were exponential transformed, and chlorophyll a and respiration data for 

genotype-time factorial analysis were square transformed. 

Coral Bacterial Community 

DNA from flash frozen coral fragments and water filters was extracted using the 

Qiagen DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s instruction. Coral tissue was separated from skeleton using high-pressure 

air and extraction buffer, while filters were bead-beaten with extraction buffer for 1 

minute. For water samples, DNA of all filters from week 1 and of all filters from week 16 

were pooled resulting in two water samples that represent a comprehensive reef water 

microbial composition from week 1 and week 16. For PCR amplification of the 16S 

rRNA gene, we used the primers 784F and 1061R that amplify E. coli position 781 to 

1,060 (Andersson et al. 2008). The primer sequences were 

5�CTATGCGCCTTGCCAGCCCGCTCAGtaAGGATTAGATACCCTGGTA3� (784F) 

and 5�CGTATCGCCTCCCTCGCGCCATCAG(N)8ctCRRCACGAGCTGACGAC3� 

(1061R). Primers include 454 LibA library adapters (underlined), a barcode (shown as N) 

(Hamady et al. 2008), and a two base pair linker sequence to avoid barcode influence on 

the amplification (lowercase). PCRs were run in 30 μL triplicates per sample with Qiagen 

Multiplex PCR Kit (Qiagen, Hilden, Germany) and 30 ng/μL of input DNA using the 

following protocol: 15 min at 95°C, followed by 27 cycles of 95°C for 40 s, 55°C for 40 s, 

72°C for 40 s, and a final extension cycle of 10 min at 72°C. PCR products were run on 

an 1 % agarose gel to visualize successful amplification. Sample triplicates were pooled 
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and then purified using PALL multi-well filter plates (Pall Corporation, Port Washington, 

NY) and a Millipore multiscreen HTS vacuum manifold (Millipore Corporation, Billerica, 

MA). DNA concentrations were measured using a Qubit 2.0 (Invitrogen, Carlsbad, USA) 

and adjusted to 30 ng/μL before subsequent pooling. The pooled sample ran on a 1 % 

agarose gel to remove excess primers. DNA was subsequently isolated from the gel using 

the Qiagen MinElute Gel Extraction Kit (Qiagen, Hilden, Germany) according to 

manufacturer’s instructions. PCR products were sequenced using Titanium FLX 

chemistry on a quarter of a picotiter plate. Raw pyrosequencing reads were processed 

using the open source software mothur v.1.28.0 (Schloss et al. 2009) for error correction, 

taxonomical classification using the greengenes database (McDonald et al. 2012), and 

calculation of alpha-diversity and beta-diversity indices. More specifically, sequencing 

resulted in a total of 166,741 reads with a median length of 303 bp. The reads were split 

according to barcodes, error corrected, and quality trimmed using PyroNoise (Quince et 

al. 2011) as implemented in mothur, and subsequently aligned to the SILVA database 

alignment v102 (Pruesse et al. 2007). We removed any sequences that did not cover 

positions 26,988 to 34,113 (variable regions 5 and 6 of the 16S rRNA gene). To reduce 

sequencing noise, a pre-clustering step as implemented in mothur (maximal two base 

pairs difference) was performed (Huse et al. 2010). Further reads were removed after a 

check for chimeric sequences using UCHIME as implemented in mothur (Edgar et al. 

2011) and/or their identification as chloroplast or mitochondrial contamination. The 

resulting dataset of 112,414 sequence reads was used for all analyses. The mothur 

“classify.seqs” function was used to classify all sequences against the 2011 greengenes 

database (McDonald et al. 2012) as provided on the mothur webpage. For classification a 

bootstrap cutoff of 60% was used. For the UniFrac (Lozupone and Knight 2005) 

analysis, the sequences were subsampled to the lowest number of sequences in any group 

(3,283 sequences, week 1, sample C, treatment CA). The Principal Coordinate (PCoA) 

and ANOSIM analysis were also performed in mothur, the plot was generated using the 

ggplot2 package (Wickham 2009) in R (RDC 2012). All sequences are available in the 

NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) under accession 

number SRA062645. To determine distinct Operational Taxonomic Units (OTUs) that 

were significantly associated with A. hemprichii under treatments of overfishing, 

eutrophication, or both, we used the statistical package indicspecies (De Cáceres and 

Legendre 2009). We chose a conservative approach considering only OTUs that were 

highly significantly (P<0.01) associated with one or several sample groups. 
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Results 

Environmental Parameters and Coral Physiology 

Nutrient enrichment led to significant increases in dissolved inorganic nitrogen 

(DIN) and in soluble reactive phosphate (SRP) (Figure 1). A parallel study showed 

intensive algae growth (specifically filamentous algae) in caged and combined treatments 

on terracotta tiles that were installed on PVC frames identical to the ones used in this 

study (Jessen et al. 2012). As opposed to the tiles, the corals that were analyzed in this 

study were all free of algal overgrowth (with the exception of the sample from week 16, 

colony A, CF that died) during the study time, and we did not find significant differences 

between treatments, time, or a combination thereof for any of the investigated 

physiological coral parameters (Table 1, Figure S3). However, we did find significant 

differences between the coral colonies independent of in situ treatments and those 

represented biological variance (Table 1, Figure S3). More specifically, coral samples from 

colony B differed from C in regard to respiration rates, colony A and B differed 

significantly from colony C in the chlorophyll a measurements and colony B differed 

from C in zooxanthellae abundance after week 16 (Figure S3). All coral specimens were 

associated with the same Symbiodinium clade over the duration of the experiment (clade 

C41), banding profile designation and sequence analyses were congruent (Figure S4). 

Hence, the differences observed cannot be attributed to differences of Symbiodinium 

type performance and origin of coral colony was more important than treatment effect. 

Microbial Community of Corals and Reef Water 

We sequenced a total of 166,741 reads, of which 112,414 were left after error 

correcting, chimera detection, and undesirable mitochondrial and chloroplast sequence 

removal. We retrieved the highest number of reads from the water sample from week 1 

(21,155 sequence reads), and the lowest number of reads from coral colony C, week 1, 

cage treatment (3,283 sequence reads). One coral fragment was dead after 16 weeks and 

left out from the remainder of the analyses (colony A, cage and fertilizer treatment). 
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Figure 1. Inorganic nutrient concentrations. Shown are concentrations for ambient and enriched 
treatments of week 1 and week 16 directly above analyzed frames. Panel A depicts concentrations of 
dissolved inorganic nitrogen (DIN) and panel B the concentrations of soluble reactive phosphate (SRP). 
Asterisks indicate significance (P<0.05) of single t-tests. 

Good’s estimator of coverage (Good 1953) showed that the majority of bacterial 

diversity was captured in the sequence data with values ranging from 0.86 to 0.99 (Table 

2). The number of bacterial operational taxonomic units (OTUs) in corals varied from 

104 (coral C, week 1, cage and fertilizer treatment) to 908 (coral B, week 16, treatment 

FE) spanning almost an order of magnitude difference in diversity between samples. We 

found a significantly higher number of OTUs in all coral samples from week 16 in 

comparison to week 1, irrespective of treatment and despite a higher average number of 

reads in samples from week 1 (MWU, P = 0.011, median number of OTUs week 1 = 

120, median number of OTUs week 16 = 432, all specimens were subsampled to 3,283 

reads). This observation is also supported when counting the number of distinct OTUs 

that we detected. We identified a total of 4,442 distinct OTUs of which 3,290 were found 

in corals and 1,432 in water. After week 1 we found 818 OTUs in all coral samples, after 

week 16 we identified 2,780 OTUs in all coral samples. Accordingly, bacterial diversity of 

corals increased over time. The Inverse Simpson Index for diversity varied from 2.14 

(coral C, week 1, cage and fertilizer treatment) to 16.41 (coral A, week 16, fertilizer 

treatment). Overall, bacterial diversity between corals was highly variable but lower than 

in the water column. However, Simpson Evenness estimates ranged from 0.01 to 0.04 

indicating few dominant bacterial taxa. 
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Figure 2. Bacterial taxonomy stack plot on the phylogenetic level of family. Each color represents 
each of the 15 most abundant families in all samples. All other taxa are grouped under category others. Bars 
are plotted according to 1) time (W1 = week 1, W16 = week 16), 2) coral mother colony (A, B, C) or water 
(W), and 3) treatment (CA = cage, FE = fertilizer, CF = cage and fertilizer). Sample W16.A.CF died and 
was left out of the analysis. 

We classified all sequences to the family level in order to look into the 

composition of the sample-specific microbial assemblages (Figure 2). Water samples were 

markedly different from coral samples, but similar to each other. Bacteria of the family 

Endozoicimonaceae in the order Oceanospirillales of the class Gammaproteobacteria 

dominated the coral microbial community. Depending on the coral sample, bacteria of 

the family Endozoicimonaceae made up between 27 % and 95 % of the microbial 

community of A. hemprichii, irrespective of time point or treatment. Most interestingly, 

only two OTUs made up >99 % of all Endozoicomonas bacteria (these OTUs could not be 

classified to the species level). In total, seven OTUs (OTU0001, OTU0002, OTU0003, 

OTU0011, OTU0029, OTU0055, OTU0085) were consistently found across all coral 

samples and on average accounted for >72 % of the total number of bacteria (Table S1). 

Of these seven OTUs, the first two were classified as Endozoicomonas sp. and made up 69 

% of all reads. The remaining five OTUs consisted of three Proteobacteria (families 

Rhodobacteraceae, Burkholderiaceae, Hyphomonadaceae) and two bacteria in the phylum 

Bacteroidetes (family Flavobacteriaceae) that made up 3 % of all reads. Hence, in contrast to 
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the substantial microbial richness identified in A. hemprichii (Table 2), the majority of 

bacteria in the coral samples were covered by only few bacterial species. 

To further analyze differences in bacterial community composition between 

colonies, treatments, and time points (beta diversity), we summarized unweighted 

UniFrac distances between samples with principal coordinate analysis (PCoA) (Lozupone 

and Knight 2005) (Figure 3). This analysis clustered the microbial communities according 

to time (ANOSIM P<0.001), and also, but not significantly, according to coral colony 

and/or treatment (e.g. colony A, week 1). Interestingly, specimens from week 1 separated 

mainly along axis 2, whereas specimens from week 16 separated mainly along axis 1, 

indicating that the factor(s) driving community composition were different for both time 

points. 

 

Figure 3. Principal Coordinate Analysis (PCoA) of unweighted UniFrac distances between coral 
samples. White symbols represent samples from week 1. Black symbols are samples from week 16. Coral 
colonies are depicted by the letter preceding the symbol (A, B, C). Circles denote cage, triangles denote 
fertilizer, and squares denote cage and fertilizer treatments. Percentages given represent the amount of 
variance explained by the corresponding axis. 
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Bacterial Species Associated with Nutrient Enrichment and Herbivore Exclusion 

in Corals 

In addition to community level patterns, we analyzed the association of single 

OTUs to time points and experimental treatments. We identified ten OTUs that were 

significantly associated to one or more experimental treatments at a significance level of 

P<0.01 (Table 3). One OTU (genus Nautella, species unclassified) was significantly 

associated with the cage and fertilizer treatment in week 1, but was also present in the 

cage and fertilizer treatment in week 16 and the cage treatment in week 1. After week 16, 

we identified nine OTUs that were significantly associated with an experimental 

treatment or a combination thereof. Two OTUs were overrepresented upon cage and 

fertilizer treatments, but interestingly not in the combined cage and fertilizer treatment. 

Note that samples from only two colonies were analyzed for the combined treatment in 

week 16. The two OTUs belonged to the phylum Proteobacteria in the families 

Desulfovibrionaceae (Desulfovibrio capillatus) and NB1-i (not further classified) and were not 

identified in week 1. Seven OTUs were significantly enriched upon fertilizer exposure. Of 

these OTUs, a bacterium from the genus Defluvibacter showed a very strong increase in 

abundance in comparison to all other treatments and time points. Read counts ranged 

from 226 to 365 in all three coral specimens in week 16. In comparison, in all other 

treatments this OTU was either absent or present in low numbers (week 1, FE, 2 to 10 

reads). The remaining six OTUs were exclusively identified after week 16 and belonged 

to the families Balneolaceae, Marinilabiaceae, and Saprospiraceae (phylum Bacteroidetes) and 

Phyllobacteriaceae, Rhodobacteraceae, Campylobacteraceae (phylum Proteobacteria). 
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Table 3. Bacterial OTUs and non-subsampled read counts significantly associated with 
experimental groupings. 

 Week 1 Week 16 

 Cage Fertilizer Cage & 
Fertilizer Cage Fertilizer Cage & 

Fertilizer 

  A B C A B C A B C A B C A B C A B C 

                          

OTU0203 1 1 0 0 0 0 3 3 2 0 0 0 0 0 0 - 1 0 

OTU0223 0 0 0 0 0 0 0 0 0 5 5 1 4 4 8 - 0 2 

OTU0785 0 0 0 0 0 0 0 0 0 1 2 1 1 2 1 - 0 0 

OTU0019 0 0 0 2 10 2 0 0 0 0 0 0 365 226 254 - 0 0 

OTU0130 0 0 0 0 0 0 0 0 0 0 1 0 9 14 7 - 1 0 

OTU0515 0 0 0 0 0 0 0 0 0 0 1 0 2 7 3 - 0 0 

OTU0835 0 0 0 0 0 0 0 0 0 1 0 0 1 2 1 - 0 0 

OTU1390 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 - 0 0 

OTU0672 0 0 0 0 0 0 0 0 0 1 1 0 2 2 3 - 0 0 

OTU0706 0 0 0 0 0 0 0 0 0 1 0 0 1 1 3 - 0 0 

                   

Taxonomic assignment of OTU (bootstrap value)�� �� �� �� �� �� �� �� �� �� �� ��

OTU0203 p__Proteobacteria(100);c__Alphaproteobacteria(100);o__Rhodobacterales(100);f__Rhodobacteraceae(100); 
g__Nautella(57);sp__unclassified(57); 

OTU0223 p__Proteobacteria(100);c__Deltaproteobacteria(100);o__Desulfovibrionales(100);f__Desulfovibrionaceae(77)
;g__Desulfovibrio(77);s__Desulfovibriocapillatu(77); 

OTU0785 p__Proteobacteria(100);c__Deltaproteobacteria(100);o__NB1-j(100);f__NB1-i(100); 
g__unclassified(100);s__unclassified(100); 

OTU0019 p__Proteobacteria(100);c__Alphaproteobacteria(100);o__Rhizobiales(100);f__Phyllobacteriaceae(100); 
g__Defluvibacter(100);s__unclassified(100); 

OTU0130 p__Bacteroidetes(100);c__Sphingobacteria(100);o__Sphingobacteriales(100);f__Balneolaceae(100); 
g__Balneola(100);s__Balneolaalkaliphil(100); 

OTU0515 p__Bacteroidetes(100);c__Bacteroidia(100);o__Bacteroidales(100);f__Marinilabiaceae(100); 
g__unclassified(100);s__unclassified(100); 

OTU0835 p__Proteobacteria(100);c__Alphaproteobacteria(100);o__Rhizobiales(100);f__Phyllobacteriaceae(100); 
g__unclassified(100);s__unclassified(100); 

OTU1390 p__Bacteroidetes(100);c__Sphingobacteria(100);o__Sphingobacteriales(100);f__Saprospiraceae(100); 
g__unclassified(75);s__unclassified(75); 

OTU0672 p__Proteobacteria(100);c__Alphaproteobacteria(100);o__Rhodobacterales(90);f__Rhodobacteraceae(90); 
g__Rhodobaca(90);s__unclassified(90); 

OTU0706 p__Proteobacteria(100);c__Epsilonproteobacteria(100);o__Campylobacterales(100); 
f__Campylobacteraceae(100);g__Sulfurospirillum(67);s__unclassified(67); 

All identified OTUs were identified with a significance level of P<0.01. Bold numbers designate the time 
points and treatments of significant association. 
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Discussion 

Environmental Parameters 

With a complex experimental design that entails single and combined treatments, 

we were aiming at better separating the relative contribution of nutrient enrichment and 

overfishing to a combined manipulation. Interestingly, neither coral physiology data nor 

bacterial community data indicated that the combined treatment of cage and fertilizer is a 

mere combination of the effects of each treatment on its own. Rather, each treatment 

produced a distinct and complex response that was not necessarily identified in the 

simultaneous and combined treatment. Furthermore, as a consequence of conducting a 

time course study during the summer months, all samples were subject to an increase and 

subsequent decrease in water temperature over the course of the project. While the 

average water temperature of week 1 was 28.7°C (min: 28.1°C, max: 29.3°C), the average 

water temperature after 10 weeks was 31.8°C (min: 31.2, max: 32.3), and the average 

water temperature in week 16 was 30.2°C (min: 28.9°C, max: 30.9°C). We see that the 

microbial community increases over time in all coral samples and this could be 

attributable to the variable temperature regime all samples were exposed to. Secondly, the 

coral fingers where subjected to the experimental conditions after being harvested from 

the respective mother colony without a time of acclimation. However, coral holobiont 

performance did not show a dependence on time, as physiological measures were similar 

after week 1 and week 16. Rather, physiology had a strong association with the coral 

colony the samples were taken from. Furthermore, all coral fingers were sampled at the 

same time, so that differences between treatments did still reflect biological variation as a 

response to experimental treatment. 

Coral Physiology 

A study by (Vermeij et al. 2010) found that turf algae reduce the effective 

photochemical efficiency of neighboring corals. Data from an experiment that was 

conducted in parallel showed that algal biomass had significantly increased over time as a 

result of reduced herbivory and in the combined treatment of reduced herbivory and 

increased nutrients, but not as a result of nutrient enrichment alone (Jessen et al. 2012). 

Here, we did not find significant differences between the treatments in coral holobiont 

performance as measured by respiration rates, chlorophyll a levels, zooxanthellae 

abundance, or coral and algal isotopic nitrogen ratios. Hence, the consequences of 
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overfishing and eutrophication on coral holobiont physiology in this study may have been 

too subtle to affect measured parameters. At the same time, however, high nutrient loads 

do not necessarily have negative effects on holobiont performance (e.g. photosynthetic 

performance) as long as they are balanced (Wiedenmann et al. 2013). In this study, we 

used a commercially available fertilizer that was composed of a balanced nutrient 

composition. In the water column, however, we found a stronger relative increase in SRP 

concentrations between ambient and enriched treatments than for DIN (Figure 1). 

Alternatively and/or additionally, the coral Acropora hemprichii may have proven more 

resilient to our experimental treatments than other coral species that have not been 

investigated here. Last, our experiment lasted for a total of 16 weeks. Overfishing and 

nutrient enrichment are often anthropogenically induced processes that can last much 

longer than the here chosen time frame, so that we may also have to consider a temporal 

component. Nonetheless, we were able to detect differences in the microbial community 

structure upon treatments and this underlines the importance of conducting field studies 

in a holobiont framework, taking both physiological and molecular measures into 

account. 

Microbial Community of Corals and Reef Water 

While we did not see significant differences in holobiont physiology as a result of 

either of the treatments, we could clearly pinpoint differences in the microbial 

community after treatments and in both time points. Most notably, the majority of 

bacteria (>72 %) did not change over time or treatment and were comprised of only 

seven OTUs. Accordingly, microbial changes were proportionally small and overall 

holobiont function (as indicated by the physiological data) may have been ‘conserved’. 

Nonetheless, our data indicate that A. hemprichii harbors hundreds of different OTUs and 

our results are in accordance with previous estimates of coral microbial diversity 

(Mouchka et al. 2010; Sunagawa et al. 2010). In total, 4,442 distinct OTUs were detected 

in water and coral samples, 3,290 of which were associated with coral specimens. 

Although this number was highly variable in regard to time point, treatment, and even 

coral colony. However, we saw a general increase in bacterial diversity after 16 weeks in 

comparison to week 1. The latter indicates that the complexity of microbial assemblage is 

more a function of environment than mother colony. In contrast, bacterial diversity in 

water was stable over time. We conclude that the general increase of microbial 

complexity is specific to the coral and does not come from an increase in diversity over 
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time in the surrounding water column. Several other studies (Rohwer et al. 2002; Littman 

et al. 2009) found a stable microbial community over time, however, coral-associated 

bacterial communities analyzed by Ceh et al. (2010) were not stable and grouped 

according to sampling time. 

Endozoicomonas have now been identified in a number of studies and seem to be 

present in many marine invertebrates (Bourne et al. 2007; Kurahashi and Yokota 2007; 

Thiel et al. 2007; Zielinski et al. 2009; Jensen et al. 2010; Sunagawa et al. 2010; Speck and 

Donachie 2012; Bayer et al. 2013). While we report on samples from a limited geographic 

range, we assume that Endozoicomonas is predominant in A. hemprichii across its range, 

given its strong presence irrespective of time or treatment in our study. Furthermore, it is 

interesting to note that only two OTUs made up >99 % of all Endozoicomonas bacteria. 

This indicates that the association of Endozoicomonas to A. hemprichii is very specific. 

Different members of the Oceanospirillales order (to which Endozoicomonas belong) 

include obligatory heterotrophic rod-like bacteria known for biofilm production that 

allows other bacteria to colonize surfaces (Speck and Donachie 2012). It is tempting to 

speculate on such a function for Endozoicomonas suggesting that they may play a key 

symbiotic role as an “architect microbe” that structure and contribute to microbial 

community function. 

UniFrac distance significantly separated samples according to time. However, it 

seems that the factors driving sample separation were not the same between both time 

points as samples from week 1 show little differentiation on axis 1 but high 

differentiation on axis 2. In contrast, and to a lesser degree, samples from week 16 did 

separate along axis 1 and showed less variance on axis 2. In line with a longer treatment 

exposure we would expect a stronger separation by treatment after week 16, but the 

phenotypic reaction may be complex and the clustering of samples from week 16 a result 

of origin, treatment effect, and time. The results from our microbial species analysis 

however do support a stronger treatment effect with time. 

Bacterial Species Associated with Nutrient Enrichment and Herbivore Exclusion 

in Corals 

In the analysis of bacterial OTUs specifically associated with treatments, we 

found more OTUs in single treatments after week 16 (nine OTUs vs. one OTU after 

week 1), and we also found a higher abundance of significantly associated OTUs after 

week 16. The finding that coral associated microbial communities respond to treatments 
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supports previous findings that show that bacterial assemblages vary under different 

conditions such as increased temperature, elevated nutrients, dissolved organic carbon 

loading, and reduced pH (Vega Thurber et al. 2009). Interestingly, the combined cage and 

fertilizer treatment did not show the largest effect size. At the same time, however, the 

sample for microbial community analysis from colony A of the combined cage and 

fertilizer treatment died in the process of the experiment. As a consequence, we had less 

statistical power to detect significant associations of OTUs to the treatment effect. 

Accordingly, the only significantly associated OTU we identified after week 1 was found 

in the combined cage and fertilizer treatment. This OTU belongs to the genus Nautella 

representing marine bacteria belonging to the Roseobacter lineage of the 

Alphaproteobacteria. Up to date little is known about this type of bacteria but one 

member, Nautella sp. R11, has been shown to cause bleaching in the temperate-marine 

macroalga Delisea pulchra while switching from an opportunistic to a pathogenic lifestyle 

(Fernandes et al. 2011). Overall, fertilizer treatment resulted in more associated OTUs 

than caging, and the two OTUs that were identified in caging after week 16 were also 

found in the fertilizer treatment after week 16 (Table 3). These two OTUs belonged to 

the phylum Proteobacteria, families Desulfovibrionaceae and NB1-i. While there is 

insufficient data available on bacterial species belonging to NB1-i, some members of the 

family Desulfovibrionaceae are sulfate-reducing (Devereux et al. 1990). We identified seven 

OTUs enriched in the fertilizer treatment after week 16 that were not enriched in any 

other treatment or time point. This notion points towards specific selection regimes 

under eutrophication, rather than a ‘common’ microbial community response as a result 

of general environmental disturbance. A bacterium from the genus Defluvibacter was highly 

abundant. Defluvibacter are aerobic denitrifiers, and members of this family are found in 

activated sludge from wastewater treatment plants (Fritsche et al. 1999; Xiao et al. 2012). 

This indicates again that distinct bacterial species may gain a selection advantage and 

increase in abundance as a consequence of a specific treatment, rather than non-selective 

growth of opportunistic bacteria regardless of the underlying treatment. Of the other 

bacteria significantly abundant after 16 weeks in the fertilizer treatment, we identified 

members of Marinilabiaceae and Saprospiraceae. Bacteria of these families are found in 

nutrient rich environments such as whale fall or domestic and industrial wastewater 

treatment plants (Kong et al. 2007; Xia et al. 2008; Goffredi and Orphan 2009). Last, we 

identified members of the Rhodobacteraceae that comprise a very diverse group with 

heterotrophic and phototrophic members (Garrity et al. 2004), so that any functional 
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implication is difficult. However, Rhodobacteraceae appear to do well under conditions of 

environmental change, i.e. many members seem to arise opportunistically (Chen et al. 

2010; Meron et al. 2010; Christie-Oleza et al. 2011). Taken together, we were only able to 

derive species level annotations for two of the ten OTUs significantly enriched as a 

function of experimental treatment. Nevertheless, the functional associations we derived 

from the phylogenetic assignments correspond to the anticipated environmental 

consequences of a given treatment. For instance, we found bacteria from the family of 

Phyllobacteriaceae that contains denitrifying and nitrogen fixing bacterial species in the 

nutrient-enriched fertilizer treatment regime. Some bacteria within this family may 

probably be benefitting from the provided nitrogen (denitrifyers), others may be utilizing 

the iron and molybdenum of the fertilizer, both latter are critical metal co-factors for 

nitrogenase (Howard and Rees 1996), the enzyme responsible for nitrogen fixation. 

Nitrogen fixation is an energetically costly process. Accordingly, we would not expect 

nitrogen fixing bacterial species to be enriched if other N-sources such as provided by the 

fertilizer were available. Experimental work, however, demonstrates that N2 fixation still 

occurs at high ambient concentrations of nitrate (Mulholland et al. 2001; Voss et al. 2004; 

Holl and Montoya 2005; Moisander et al. 2010; Sohm et al. 2011). Furthermore, N2 

fixation in eutrophic environments may be attributed to protecting the enzyme 

nitrogenase from inactivation (O’Neil and Capone 1989; Rao and Charette 2011). 

Conclusion 

This study analyzed the distinct and combined effects of nutrient enrichment and 

herbivore exclusion via in situ fertilizer diffusion, caging, and both over a period of 16 

weeks on a coral reef in the Central Red Sea. While the physiology of the coral holobiont 

did not show significant differences in regard to O2 consumption, zooxanthellae counts 

and identity, chlorophyll a, or nitrogen isotopic ratios in the coral tissue as a function of 

experimental treatment, the bacterial communities derived from the different treatments 

illustrate that the microbial assemblage of the coral holobiont is variable and a 

consequence of mother colony, environmental conditions, and time. This underlines the 

importance of conducting field studies in a holobiont framework, taking both, 

physiological and molecular measures into account. Secondly, the functional associations 

of overrepresented bacteria in the treatments corresponded well with the environmental 

footprints of a given treatment (e.g. we found nitrogen fixing and denitrifying bacterial 

species in the nutrient-enriched fertilizer treatment regime). However, they were not 
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stable over time indicating that the presence of potential indicator bacterial species may 

vary. Notably, the majority of bacterial cells of A. hemprichii were provided by a few 

OTUs of the genus Endozoicomonas that formed a stable association. 
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Supporting Information 

 
Figure S1. Study site. Right panel shows position of the study area in the Red Sea. The circle on the left 
panel indicates study site at the Northern tip of Al Fahal-reef about 13 km off the Saudi-Arabian coast. 

 
Figure S2. Treatment scheme. Coral fingers were attached to stainless steel screws on PVC frames with 
cable ties. A: cage treatment imitating overfishing pressures, frame with coral fragments underneath. B: 
fertilizer treatment imitating eutrophication pressures with slow releasing fertilizer diffusing out of the red 
bars. C: combined treatment of cage and fertilizer as in A and B. 
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Figure S3. Physiological parameters of corals and zooxanthellae. The left column shows the 
comparisons of treatments, and the right column the comparisons of coral colonies. Given P-values are 
from a 2-factorial ANOVA. See Table 1 for full results. Abbreviations used: Tr = Treatment, Ti = Time,  
G = Genotype. Asterisks indicate significant differences between two groups. 
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Figure S4. DGGE banding pattern of ITS2 from all coral samples. Please note that the coral samples 
are not depicted in a temporal order.  

 

Table S1. Overview over sequence counts, taxonomic classification, and 16S reference amplicon 
sequence for all OTUs identified. 

� Please see online Excel-sheet in “doi:10.1371/journal.pone.0062091.s005” 

 



  



  

Thesis Conclusion 

Coral reefs, adapted to the specific climate conditions and seasonal variations in the 

Red Sea, are now faced with increasing human populations and emerging coastal 

development. Information on how coral reefs respond to local stresses is scarce, and, as a 

result, management strategies are generally lacking scientific basis.  

The assessment of the health condition of our study sites revealed that both study 

sites of this thesis differed in regard to live coral cover and sea urchin abundance. The 

Egyptian reef appeared in a more degraded state with low coral cover and high sea urchin 

abundance, while the Saudi Arabian reef appeared relatively healthy with high coral cover, 

lower sea urchin abundances and low nutrient concentrations. However, low macroalgae 

abundances were characteristic of both study sites, indicating sufficient herbivore levels.  

Contribution to herbivory 

This thesis revealed that herbivorous fish were fivefold more effective in algal 

biomass removal than sea urchins and therefore have a stronger contribution to herbivory 

in the reef, pointing out the important ecological role of herbivorous fish. Furthermore, 

herbivorous fish, and therefore herbivory, are susceptible to overfishing, since herbivorous 

fishes were, unlike sea urchins, regularly targeted by local fishermen in reefs adjacent to the 

study sites (pers. obs.). Reduced grazing by herbivorous fish can be compensated by sea 

urchins at the expense of increased bioerosion (Tribollet and Golubic 2011). However, the 

decrease or removal of important functional groups reduces the resilience of a reef, 

therefore making it more vulnerable to disturbances. A good example are the overfished 

Caribbean reefs, where sea urchins controlled macroalgae until a disease killed most of 

them, leaving macroalgae without top-down control spreading over many reefs (Lessios 

1988). Whether grazing compensation by sea urchins works equally well in the Indo-

Pacific, including the Red Sea, remains doubtful, since many macroalgae may be less 

palatable because they contain high levels of secondary metabolites (Dinsdale and Rohwer 

2011).  

Effects of eutrophication & overfishing 

There is a long-lasting discussion among coral reef ecologists, whether nutrient 

supply (bottom-up factor), or herbivory (top-down factor), is more important in 
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controlling benthic coral reef communities (Burkepile and Hay 2006; Littler et al. 2006; Bell 

et al. 2007; Burkepile and Hay 2009; Smith et al. 2010). The majority of studies that directly 

compare both factors support the view that herbivory can strongly suppress macroalgal 

growth and abundance in the absence, but also in the presence of increased nutrient 

availability (Belliveau and Paul 2002; McClanahan et al. 2003; Burkepile and Hay 2006, 

2009; Sotka and Hay 2009; Rasher et al. 2012). On the other hand, some studies show that 

nutrient enrichment can also have larger and delayed influence on algal development, and 

their ability to overgrow corals compared to herbivory (Littler et al. 2006; Smith et al. 2010; 

Vermeij et al. 2010). 

The results of this study clearly show the stronger effect of herbivory on algal 

composition and biomass in terms of dry weight, organic carbon, and nitrogen content. On 

the other hand, except for reducing cyanobacteria cover, algal quantity and composition 

were not affected by increased nutrient concentrations alone. Instead only in combination 

with reduced herbivory did algal quantity and composition change, thereby revealing the 

potential effect of nutrient enrichment. This thesis, along with Burkepile and Hay (2009), 

suggest that compensatory feeding by herbivores may have masked the individual 

eutrophication effect. However, it is not clear whether herbivores would be able to 

compensate eutrophication-induced algae proliferation on larger spatial scales, whose 

occurrences have been documented previously (Smith et al. 2005; Fong et al. 2006). Other 

studies (see >20 studies listed in Bell et al. 2007) showed nutrient-induced shifts to 

macroalgae dominance, however it is often unclear if herbivore levels were already reduced 

before. By analyzing substrates subjected to two different light intensities, this thesis 

complements other studies with an important additional factor. Burkepile and Hay (2009) 

suggest that studies from shallower reefs generally show a stronger effect of increased 

nutrients compared to deeper reefs. By directly comparing light-exposed and shaded tiles, 

this thesis confirms this, thereby making the interpretation of so far contradictory results 

easier, while also underlining the necessity to include the factor of light intensity in future 

studies.  

Although the present studies ran over a limited time period, we were able to 

observe clear differences in algal community development in response to the stressors. 

However, results often differed from the Relative Dominance Model by Littler and Littler 

(1984) (Figure 1A), which does not discriminate between light-exposed and shaded 

surfaces. Based on the outcomes from this thesis for algae and invertebrate settlement, an 
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alternative model has been created that shows the trends regarding which organism groups 

will dominate after disturbances, when simulated stressors persist in the observed reef 

(Figure 1B). 

 
Figure 1. A - Relative Dominance Model (RDM) according to Littler & Littler (1984). B - Updated 
model based on results of this thesis. Shown are the most common algal and invertebrate groups present 
after 4 months on light-exposed (orange) and shaded tiles (blue). Distinct bacteria that emerged at different 
treatments are not shown, since their appearance was not consistent. It is very likely that groups don’t show 
final succession state but rather a trend, as studies started with empty tiles and cover curves don’t show 
saturated levels.  

Interestingly, while coral recruits responded very sensitively to the simulated 

stressors, coral physiology was not significantly affected, either because effects of 

eutrophication and overfishing were too subtle or the balanced supply of nutrients caused 

no negative effects on corals, as shown for coral photosynthetic performance 

(Wiedenmann et al. 2013). However, the parallel analysis of microbial community 

responses provided a more sensitive measure, and revealed the occurrence of distinct 

bacteria for the individual and combined treatments, thereby underlining the importance of 

conducting field studies in a holobiont framework, taking both, physiological and 

molecular measures into account.  

Ecological consequences 

As shown as a consequence of simulated overfishing, and the combination with 

simulated eutrophication, high algal biomass built up on light-exposed substrates, and non-

coral invertebrate numbers increased on shaded substrate, while coral settlement was 

reduced.  

BA 
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When algae are established, they can affect corals in many ways. Among the worst 

effects are coral bleaching, death, and a reduction of coral recruitment (Barrot and Rohwer 

2012). These processes provide, in turn, more space for algal settlement, thereby creating 

negative feedback loops that lead to alternative stable states of algae that prevent 

resettlement of corals and suppress herbivory (Hughes et al. 2010, Hoey & Bellwood 2011).  

Besides changes from corals to algae, long-lasting shifts to non-coral invertebrates 

such as sponges, corallimorpharians, and soft corals have also been observed (Norström et 

al. 2009). However, so far, no studies have been carried out that investigated the settlement 

response of reef invertebrates towards simulation of eutrophication and overfishing. The 

present studies clearly show the potential effect of these stressors; specifically, increased 

numbers of bryozoa, bivalvia, and polychaetes, but decreased quantities of corals. This can 

lead to two problems. First, coral recolonization is particularly necessary when live coral 

cover has been lost, e.g., after disturbances such as storms or diseases. However, when 

settlement is reduced, reefs can fail to recover. The second problem emerges when non-

coral invertebrates become established, and thereby reduce suitable substrate for coral 

settlement. Furthermore, high abundances of non-coral invertebrates may outcompete 

adjacent corals or influence their settlement via allelopathy, or overgrowth, as shown for 

sponges and soft corals (Maida et al. 1995; Maida et al. 2001, Wulff 2006). In turn, other 

species that depend on the habitat provided by coral may be affected as well.  

Recommendation of bioindicators 

This thesis can suggest two algae species, one algal group, and three invertebrate 

groups as appropriate bioindicators for local disturbances in the investigated Red Sea reefs. 

Although they emerged only in specific treatments, distinct bacterial groups appeared 

inconsistently over the study period, and are therefore of minor suitability compared to 

other investigated groups. More specifically, the appearance of the brown algae Padina sp. 

and Hydroclathrus clathrathus, and long filamentous algae, as well as a relative increase in 

sessile polychaete settlement, all appeared to be useful bioindicators for overfishing. 

Relative increases in filamentous algae, bryozoan, and bivalve settlement were indicative of 

the combined treatment of overfishing and eutrophication. In contrast, for eutrophied 

conditions alone, we did not observe any consistent indicator species.  

While the suitability of macroalgae as a bioindicator has been shown before (e.g. 

Littler et al. 2007), this thesis additionally suggests sessile invertebrates as bioindicators for 
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both local stressors, separated and combined, thus complementing thereby the list of 

potential indictors of anthropogenic stressors put forth by Cooper et al. (2009). The use of 

sessile invertebrate settlement patterns as a bioindicator would be both cost-effective, and 

relatively easy to measure, requiring only minor taxonomic knowledge, and lastly, could 

support established bioindicators such as macroalgae. 

Interestingly, the results of this thesis do not support the use of other common 

indicators for eutrophic conditions such as the C:N ratio and �15N signatures of 

macroalgae, or increased DOC and chlorophyll a concentrations (Littler and Littler 2007; 

Vermeulen et al. 2011). It is likely that high turnover rates of filamentous algae, or in situ 

dilution effects, prevented these parameters from emerging as effective bioindicators. 

In conclusion, by underlining the susceptibility and importance of herbivory for 

preventing potential phase-shifts from hard corals to either algae (light-exposed substrate) 

or non-coral invertebrates (light shaded substrate), this thesis provides important 

information regarding which factors control benthic community compositions in Red Sea 

coral reefs. Furthermore, specific algal species and assemblages of non-coral invertebrates 

are suggested as bioindicators to reveal the presence of emerging local disturbances. 
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