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ABSTRACT 

 

Consequences of coral-algal phase shifts for tropical reef ecosystem functioning 

Florian Roth 

 

Tropical coral reefs provide important ecosystem goods and services that are supported 

by one or more ecosystem functions (e.g., recruitment, primary production, calcification, 

and nutrient recycling). Scleractinian corals drive most of these functions, but a 

combination of global and local anthropogenic stressors has caused persistent shifts from 

coral- to algae-dominated benthic reef communities globally. Such phase shifts likely have 

major consequences for ecosystem functions; yet, related knowledge is scarce in general, 

but particularly at the community level, under ‘in situ’ conditions, and under the influence 

of changing environmental variables. Thus, we conducted a series of interconnected in situ 

experiments in coral- and algae-dominated reef communities in the central Red Sea, 

combining traditional community ecology approaches with novel metabolic and 

biogeochemical assessments from December 2016 to January 2018. Specifically, we (i) 

examined the influence of coral-algal phase shifts on recruitment and succession patterns, 

(ii) assessed the role of benthic pioneer communities in reef carbon and nitrogen dynamics, 

(iii) developed a novel approach to measure functions of structurally complex reef 

communities in situ, and (iv) quantified biogeochemical functions of mature coral- and 

algae-dominated reef communities. The findings suggest that coral-algal phase shifts 

fundamentally modify critical reef functions at different levels of biological organization, 

namely from pioneer to mature reef communities. For example, community shifts, through 
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a lower habitat complexity and grazing pressure, decreased the number of coral recruits by 

>50 %, thereby inhibiting the replenishment of adult coral populations. At the same time, 

a 30 % higher productivity (annual mean) and increased organic carbon retention in algae-

dominated communities supported a fast biomass accumulation and community growth, 

altering the habitat-specific community metabolism and reef biogeochemistry. Seasonal 

warming amplified these functional differences between coral- and algae-dominated 

communities, likely promoting a positive feedback loop of reef degradation under 

predicted ocean warming. Overall, this dissertation provides quantitative data on critical 

functions of classical and phase shifted novel reef communities, on tipping points for the 

collapse of community functions, and potential future winners and losers. The knowledge 

gained with this thesis helps, thereby, to understand how phase-shifted reef ecosystems 

function and which services will be generated in comparison to coral-dominated reefs 

under near-future stress scenarios. 
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1 | General introduction 

 

 

1.1 Importance of tropical coral reefs 

Tropical coral reefs are among the most productive and diverse ecosystems on earth 

(Odum and Odum 1955). Their primary ecosystem engineers, the scleractinian corals, build 

up the main framework to provide a biologically rich environment that contributes a variety 

of economic and ecological goods and services (Moberg and Folke 1999, Wild et al. 2011). 

Among these services are biotic, biogeochemical and physical services, such as the 

maintenance of complex habitats, biodiversity, productivity, but also socio-economic ones, 

such as coastal protection and fisheries (reviewed in Moberg and Folke 1999). Each of 

these ecosystem services is sustained by one or more key metabolic or biogeochemical 

functions: The photosynthetic fixation of carbon dioxide (CO2), reef accretion through 

calcification, dinitrogen (N2) fixation and nutrient recycling, along with fluxes of 

particulate (POM) and dissolved organic matter (DOM). Scleractinian corals form the 

foundation of these processes by efficiently re-utilizing nutrients on all levels of biological 

organization, ranging from microbial interactions within the holobiont to ecosystem-scale 

processes (Duarte and Cebrián 1996, Wild et al. 2004a, De Goeij et al. 2013, Gove et al. 

2015, Rädecker et al. 2015). A low net productivity (biomass yield) despite high gross 

primary productivity and an efficient transfer of organic matter and nutrients via a tight 

coupling of benthic and pelagic processes sustain an inverted trophic biomass pyramid on 
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corals reefs, with greater biomass of consumers (invertebrates and fishes) than primary 

producers (Stevenson et al. 2007, Allgeier et al. 2014, Birkeland 2015). Together, the value 

of annual production of coral reefs in goods and services mediated by these processes is 

estimated to about $352,000 ha-1 year-1, supporting the livelihood of millions of people 

living in the coastal tropics (reviewed in Birkeland 2015). 

 

1.2 Coral reefs in the Anthropocene  

Throughout their geological history, coral reefs have always been exposed to a high 

frequency of natural disturbances such as tropical storms, bleaching events, and crown-of-

thorns starfish outbreaks (Hughes and Connell 1999). Organisms living in these 

ecosystems have adapted to the dynamic set of impacts (Buddemeier and Smith 1999) and, 

at an intermediate level, those disruptions can facilitate high species diversity and 

complexity (Connell 1978, Glynn 1993). However, during the past decades, the nature and 

frequency of disturbances have changed. The scale of human intervention is increasing 

through a growing population and the globalization of markets, which promotes 

developments in agriculture, industries, fisheries, and international commerce (Vitousek et 

al. 1997). Because these activities also became significant biological and geological forces, 

the current geological epoch was termed “Anthropocene” (Crutzen 2006).  

Coral reefs are not excepted from having entered the Anthropocene. Currently, tropical 

coral reefs are affected by two main sets of anthropogenic stressors: (1) global threats, such 

as ocean acidification and global warming; and (2) local stressors, such as habitat 

destruction, sedimentation, overfishing, and eutrophication (Hughes et al. 2003, Burke et 

al. 2011). The combination of both global and local stressors has led to a devastating 
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decline in live coral cover, estimating that 30 % of the coral reefs are already critically 

damaged, and up to 60 % may be lost by 2030 (Wilkinson 2000, Carpenter et al. 

2008). Climate stressors, such as anomalies in elevated sea-surface temperature, extended 

the footprint of disruption to even the most remote regions of the world (Bruno and 

Valdivia 2016).  

 

1.2.1 Ecosystem resilience and phase shifts  

A ‘resilient’ coral reef can absorb recurrent disturbances from climate change and 

human activities without fundamentally switching to an alternative stable state (Nyström 

et al. 2008, Hughes et al. 2010, Roff and Mumby 2012). However, in the light of anticipated 

intensifying threats, the resilience of coral reefs has been eroded to the extent that they are 

unable to recover after recurrent disturbances. The combination of anthropogenic stressors 

and various competitive mechanisms among major space occupiers then causes persistent 

shifts from complex coral-dominated communities to simpler communities with a 

predominance of other benthic organisms (Bryant et al. 2017). This phenomenon – if a reef 

has lost the capacity to remain in or return to a coral-dominated state – is commonly 

referred to as ‘phase shift’, ‘regime shift’, or ‘movement between alternate states’ (Done 

1992, Bellwood et al. 2004, Hughes et al. 2007, 2010, 2018b, Graham et al. 2015). While 

this thesis specifically focuses on the shift from coral- to algal-dominance, long-lasting 

shifts from corals to assemblages other than benthic algae (e.g., sponges, tunicates, 

zooanthids) have also been widely reported (reviewed in Norström et al. 2009).  
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1.3 Coral-algal phase shifts: interactions at early stages of reef 

development 

In healthy coral reef environments, coral cover is high and algal communities consist 

mainly of low biomass assemblages of short algal turfs, crustose coralline algae (CCA, 

calcareous red algae of the order Corallinales) and some non-coralline calcified forms 

(Steneck and Dethier 1994, Carpenter 1997, Hixon 1997, Fong and Paul 2011). Macroalgae 

and thick mats of algal turfs are limited and usually found in the back reef or refuges from 

herbivorous species only (Szmant 2002). On a global scale, however, coral reefs are 

experiencing fundamental changes in their community structure, predominantly as a result 

of persistent natural and anthropogenic perturbations (Pandolfi et al. 2003, Hughes et al. 

2017), inflicting a widespread and rapid loss of live coral cover (Connell et al. 1997, 

Hoegh-Guldberg et al. 2007, Graham et al. 2015). Large-scale coral mortality significantly 

increases the surface area of bare hard-bottom substrates, i.e., the carbonate structures and 

skeletons from dead corals that are available for (re)-colonization. These substrates are 

quickly covered with biofilms and colonized by diverse benthic organisms, including 

heterogeneous assemblages of algae, CCA but also sessile invertebrates and coral larvae 

(reviewed in Norström et al. 2009). The recruitment and succession patterns of the so-

called ‘pioneer communities’ determine the trajectories of reef recovery (or shifts to 

alternate states) (e.g., Burt et al. 2009, Jessen et al. 2014, Humanes and Bastidas 2015, 

Roth et al. 2015, Stuhldreier et al. 2015). In recent years, concurrent to the decline in live 

coral cover, the abundance of fleshy and filamentous benthic algae has increased 

remarkably after disturbance events (Hughes 1994, McCook et al. 2001, Pandolfi et al. 

2003, Hughes et al. 2007). One of the main factors for a sustained algal proliferation is the 
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competition during the early stages of reef development, where the limitation in space 

reduces the settlement and survival of coral larvae (Birrell et al. 2008, Gómez-Lemos et al. 

2018). After disturbance events (e.g., mass bleaching events and tropical storms) have 

exposed large areas of bare reef substratum, algae and other opportunistic organisms can 

colonize substratum through rapid recruitment (Hughes et al. 2007, Roth et al. 2015), 

further increasing the interactions between corals and algae in the fight for essential 

resources, such as light and space (McCook et al. 2001, Box and Mumby 2007). 

Mechanisms for such interactions are diverse and may include shading, increased 

sedimentation (Nugues and Roberts 2003), changes on the macro-habitat (Mumby and 

Steneck 2011), chemical promoted mortality (Titlyanov et al. 2007), and alterations in the 

microbial community caused by algal exudates (Nugues et al. 2004). In general, adult 

corals can prevent algal overgrowth on their live tissues (Diaz-Pulido and McCook 2004); 

however, juveniles and recruits are more susceptible to algal overgrowth due to their small 

size and vulnerability to physiological changes (McCook et al. 2001). Globally, the 

elevated coral mortality and recruitment failure have caused persistent shifts from the 

original dominance by corals to a preponderance of benthic algae (Fig. 1.1).  

The combination of natural and human-induced disturbances has, therefore, lead to a 

degradation where healthy reef structures have significantly reduced their elemental utility 

and value (Wilkinson 1999, 2000). The different benthic primary producers (i.e., 

scleractinian corals and benthic algae) affect reef communities in several and distinct ways, 

namely by controlling the availability of different inorganic and organic resources and 

altering the complex structure of the benthos (Done 1992, Wild et al. 2011). Therefore, 

shifts in the benthic community are expected to have significant implications for the 
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dynamics and general functioning of tropical reef ecosystems, since scleractinian corals 

are the primary reef ecosystem engineers. 

 

 

Figure 1.1 | Typical examples of coral- and algae-dominated reef communities in the central 

Red Sea. Left panel photograph was taken at Shaab Reef (22°12'16.11"N, 39°0'3.39"E), and right 

panel photograph was taken at Inner Fasar (22°13'58.44"N, 39°1'45.60"E), Thuwal, Saudi Arabia. 

The distance between the two sites is 4.5 km.  

 

1.4 The consequences of coral-algal phase shifts for reef ecosystem 

functioning 

Scleractinian corals have dominated the benthic community composition of coral reefs 

for millions of years (Jackson 1992). In the Anthropocene, however, the direct and indirect 

consequences of unprecedented stressors caused both a reorganization of the community 

structure and the functioning of these ecosystems. Once established, mature communities 

dominated either by corals or algae shape their environment and fulfill certain ecosystem 

functions; however, in very different ways (Fig. 1.2).  

Scleractinian corals are particularly important reef ecosystem engineers. By accretion 

of inorganic carbonate frameworks (autogenic engineering), they provide stable substrates 
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and complex biogenic matrices for associated organisms (Graham and Nash 2013, Rogers 

et al. 2014, Harris et al. 2018). Co-occurring CCA reinforce the skeletal structure of coral 

substrates by infilling cracks in the framework (Scoffin 1992, Perry 1999), but they also 

facilitate coral settlement and recruitment (Heyward and Negri 1999, Belliveau and Paul 

2002). A prominent characteristic of coral-dominated reef systems is, thereby, the balance 

between production and losses of organic carbon (gross primary productivity and 

respiration) and the relationship between the production of inorganic and organic carbon 

(calcification and productivity) (Langdon et al. 2003). The low net community production 

despite high gross productivity implies that biomass of primary producers accumulates 

slowly (Gattuso et al. 1998), while high rates of net community calcification indicate the 

accretion of carbonate structures typical for tropical coral reefs (Gattuso et al., 1998; 

Gattuso et al., 1999). At the same time, scleractinian corals exert major control over the 

energy and nutrient fluxes on coral reefs, by releasing and utilizing organic materials 

(allogenic engineering). In particular, the net release of organic matter (OM) by 

scleractinian corals, where exudate accumulation outpaces consumption (Nelson et al. 

2013, Quinlan et al. 2018), plays a significant role in the functioning of reef ecosystems. 

Exudates by corals can retain valuable resources in oligotrophic coral reef environments, 

trapping particles from the water column, which are then remineralized by benthic 

microbial communities in reef sands (Wild et al. 2004a, 2004b).  

Alternative organisms that progressively replace scleractinian corals in the context of 

phase shifts, such as benthic algae, are metabolically very distinct from corals and 

fundamental changes in reef ecosystem functioning can be expected. In particular, turf 

algae and most macroalgae are not involved in calcification processes. Therefore, when 
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algae replace calcifying corals and CCA, calcification rates of up to 10 kg CaCO3 m-2y-1 

can be significantly reduced, or even reach negative values, causing a dissolution of the 

reef’s calcium carbonate framework (Gattuso et al. 1998). Typical for reef algae is also a 

generally higher net primary production compared to corals (Fong and Paul 2011, Rix et 

al. 2015, Cardini et al. 2016), causing an unbalance in the rates of organic to inorganic 

carbon production (Gattuso et al., 1998). The excess organic carbon from photosynthesis 

by non-calcifying primary producers, and in particular turf algae, can result in an enhanced 

release of organic matter. Such exudates, mainly in the form of dissolved organic carbon 

(DOC), can initiate changes in the carbonate chemistry (McMahon et al. 2013, Bernstein 

et al. 2016), disrupted trophic structures (Johnson et al. 1995, Hempson et al. 2018), and 

stimulate rapid growth of microbial communities (Nelson et al. 2013, Haas et al. 2016). 

Excess DOC concentrations can also induce an increased microbial activity in corals and 

stimulate the N2 fixation activity that triggers a cascade of reactions, lowering the bleaching 

threshold of corals (Rädecker et al. 2015, Pogoreutz et al. 2017). Moreover, the combined 

effects of changes in the microbial community towards more pathogens, an increased 

abundance of heterotrophs, and the resulting oxygen depletion may further lead to a 

decreased coral resilience, especially at the interface of coral-algal interactions (Smith et 

al. 2006, Wangpraseurt et al. 2012). Turf and macroalgae also restrain coral settlement and 

recruitment by competing for space with CCA and corals (Ceccarelli et al. 2005, Jorissen 

et al. 2016) or by actively releasing chemical bioactive substances upon contact that 

inhibits the coral's growth via allelopathy (Dixson et al. 2014).  
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Figure 1.2 | Visualization of the major ecosystem functions that will be analyzed in this thesis. 

The ‘processes’ and ‘organisms’ involved in these processes are just exemplary and do not 

represent the full extent. The compartments can exist in homeostasis, but given their 

interdependence, a change to any of the compartments may result in changes of the other. A typical 

example is that of a coral-algal phase shift. In this example, the increase in algae (and with it the 

biological production) lowers the abundance of reef-building corals (maintenance of biodiversity). 

This inhibits calcification (reef accretion). Moreover, the release of DOC-rich exudates by algae 

may affect the carbon and nitrogen cycling (biogeochemical cycling) with consequences for the 

microbial and heterotroph metabolism (organic decomposition; maintenance of biodiversity). 

Adapted from Plass-Johnson (2015).  

 

Another critical difference between coral- and algae-dominated reef communities is the 

ability to cope with environmental stressors. Different responses to changing 

environmental conditions may reinforce unique ecosystem functions of corals and algae. 

Particularly ocean warming and recurrent heatwaves, which are increasing in frequency 

and magnitude (Oliver et al. 2018), have detrimental effects on tropical reef taxa (Hughes 

et al. 2018a, Lough et al. 2018). In corals, heat stress can compromise primary production 
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and calcification (Reynaud et al. 2003, Anthony et al. 2008), and alter the release of organic 

and inorganic products (Niggl et al. 2009, Piggot et al. 2009). Contrary, benthic algae are 

less sensitive to heat (Koch et al. 2013) and may benefit from warming by increasing 

productivity and growth (Bender et al. 2014), which may ultimately intensify the 

competition between corals and algae on tropical coral reefs (Vermeij et al. 2010).  

Ultimately, scleractinian corals and fleshy and filamentous benthic algae can be 

considered as antagonistic ecosystem engineers. A shift from coral- to algae-dominated 

communities will, therefore, have significant implications for the dynamics and overall 

functioning of coral reefs. Moreover, given that reef organisms respond differently to 

anthropogenic stressors, phase shifts will not only alter the trajectory of these newly-

established ecosystems in response to disturbances but will do so in unpredictable ways. 

Therefore, it is a major challenge of current research to understand better the key functions 

of classical coral-, and phase shifted algae-dominated reef communities under natural 

conditions.  
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1.5 Knowledge gaps 

An increasing number of studies describe coral-algal phase shifts globally, but our 

understanding of the consequences in general, and the responses under environmental 

change, in particular, remains poor. Based on the current state of research, we identified 

four major knowledge gaps that will be addressed in this thesis: 1) In situ measurements. 

Reflecting the logistical challenges of accurately quantifying the functioning of benthic 

taxa in their natural environment, there is little empirical research testing the effects of 

coral-algal phase shifts in situ. Currently, metabolic rates and element cycling processes of 

various benthic taxa are mainly derived from experimental studies conducted in aquaria or 

mesocosm systems. These traditional methods, however, are seldom capable of 

accommodating the complexity and variability of natural systems (Riebesell et al. 2010). 

Also, substrates and individual organisms must be actively removed and incubated ex situ, 

making this process destructive and prone to experimental artifacts. 2) Assessing functions 

at the community level. In addition, most research studying coral-algal phase shifts or 

coral-algal interactions are limited to approaches with individual reef taxa, single specimen 

or arranged reef assemblages in aquaria or mesocosm setups (but see Haas et al., 2011 for 

an in situ community-level approach). Although these studies provide valuable insights, 

their applicability is limited, as they do not take into account the complexity of whole 

communities, namely the potential synergistic and antagonistic effects of biological 

interactions. 3) Long-term time-series data and seasonality. While some studies 

highlight the value of in situ community-measurements on coral reefs (e.g., Haas et al. 

2011, van Heuven et al. 2018), most studies currently remain a snapshot in time with 

limited replication. Specifically, critical long-term time-series data describing community 
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functions in response to natural environmental changes (e.g., seasonality) relevant to the 

studied ecological process (Damgaard 2019) have not been performed yet. 4) Parallel 

assessment of multiple community functions. Lastly, previous research focused mainly 

on a few ecosystem functions at a time, for example, recruitment and succession patterns 

to predict the trajectories of recovery (Burt et al. 2009, Jessen et al. 2014, Humanes and 

Bastidas 2015, Roth et al. 2015), the organic carbon (e.g., Haas et al. 2011) or inorganic 

carbon (Albright et al. 2013, e.g., 2015) metabolism, or nitrogen pathways (e.g., Haan 

2015, van Heuven et al. 2018) of different reef taxa or communities. To the best of our 

knowledge, however, a holistic approach assessing all major ecosystem functions of coral 

reef communities in parallel (and in situ) have not yet been applied.  

 

1.6 Research questions, hypothesis, and objectives  

1.6.1 Research questions and hypothesis of this thesis 

Considering the knowledge gaps in understanding the consequences of coral-algal phase 

shifts on tropical coral reefs, the following main research question is posed as a basis of 

this thesis:  

 

How do shifts from coral- to algal-dominance alter critical ecosystem functions of 

tropical coral reef communities in their natural environment?  
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More specific research questions that will be addressed in this thesis are:  

 

1) How do coral-algal phase shifts affect the trajectories of re-colonization by benthic 

pioneer communities between pulse disturbance events?  

2) What is the role of benthic pioneer communities in critical carbon and nitrogen cycles 

of coral reefs?  

3) What are the consequences of coral-algal phase shifts for important metabolic and 

biogeochemical functions (e.g., primary productivity, calcification, and nutrient 

cycles) of mature reef communities?  

4) How do the directions and magnitudes of functions of coral- and algae-dominated 

communities respond to natural environmental changes induced by seasonality?  

 

We hypothesize that coral-algal phase shifts alter essential ecosystem functions at all 

levels of biological organization – ranging from recruitment and succession patterns of 

pioneer communities to important metabolic and biogeochemical processes of mature reef 

communities. Combining traditional and novel approaches can help to characterize these 

ecosystem functions and to resolve functional differences across benthic habitats and 

environmental conditions. 
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1.6.2 Objectives 

In order to answer the research questions mentioned above, the thesis addresses the 

following general objective:  

 

“To combine technical and interdisciplinary scientific tools required to understand in 

situ community functions of classical coral- and phase shifted algae-dominated reef 

communities, and to assess their response to changing environmental conditions.” 

 

The general research objective has been subdivided in a series of operational objectives 

that are shown below and are addressed in the different chapters of this thesis:  

 

1. To evaluate how surrounding communities dominated by either corals or algae 

influence the trajectories of re-colonization by benthic pioneer communities between 

pulse disturbance events. The following sub-objectives were defined:  

a. To determine the influence of nearby reef habitats of different community 

compositions and structures on recruitment and succession of benthic pioneer 

communities. 

b. To identify differences in recruitment and succession patterns in light-exposed 

and shaded habitats.  

c. To assess the effects of succession patterns of benthic pioneer communities on 

the accumulation of inorganic carbon as a measure of reef cementation. 
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2. To determine the functional role of benthic pioneer communities in community-wide 

carbon and nitrogen cycles. The following sub-objectives were defined: 

a. To quantify rates of primary production and N2 fixation of benthic pioneer 

communities on tropical coral reefs.  

b. To investigate the effects of temporal variability of key environmental variables 

on carbon and nitrogen cycles of benthic pioneer communities. 

c. To gain insights into element acquisition (storage in biomass) and regeneration 

(export or supply to the environment) of carbon and nitrogen by pioneer 

communities in coral reefs after disturbance. 

 

3. To develop a protocol to build and use non-invasive, cost-effective, and easy to handle 

in situ incubation chambers that provide reproducible measurements of biogeochemical 

processes in simple and structurally complex benthic shallow-water communities. The 

following sub-objectives were defined: 

a. To develop a reliable, versatile, and widely reproducible method for assessing 

the metabolic and biogeochemical functioning of structurally complex benthic 

communities.  

b. To test this new approach across a wide range of benthic shallow-water habitats, 

from simple (e.g., sediments) to complex (e.g., corals or rocky beds). 

c. To compare results to data from a commonly applied protocol of estimating 

community budgets from incubations of single organisms. 
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d. To discuss how the method may be implemented in a variety of marine and 

aquatic ecological studies that include standard and manipulative experimental 

approaches. 

 

4. To directly compare the magnitudes and directions of key functions of classical coral-

dominated, and phase-shifted algae-dominated reef communities in their natural 

environment. The following sub-objectives were defined: 

a.  To quantify essential ecosystem functions, such as productivity and 

calcification, along with organic matter and nutrient cycles in coral- and algae-

dominated communities.  

b. To derive the functional response of coral- and algae-dominated communities 

to natural environmental changes induced by seasonality. 

c. To describe the thermal sensitivity of ecosystem functions by coral- and algae-

dominated communities along a natural temperature gradient.  
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1.7 Approach and thesis outline 

1.7.1 Approach 

The thesis combines technical and interdisciplinary scientific tools required to 

understand in situ community functions and responses of coral reef habitats to changing 

environmental conditions. Novel in situ enclosure experiments paired with traditional 

settlement plates were used to assess metabolic rates, biogeochemical fluxes, and the 

succession of benthic organisms in coral- and algae-dominated reef communities under 

natural conditions (Fig. 1.3).  

 

1.7.2 Thesis outline  

This thesis includes four chapters that, along with a general introduction and a general 

discussion, provide a holistic view of how coral-algal phase shifts impact essential 

ecosystem functions in the central Red Sea. 

 

In the first study (Chapter 1), we examined how classical (coral-dominated) and phase-

shifted (algae-dominated) reef areas influence the recruitment and succession patterns of 

benthic pioneer communities on bare substrates. Consequently, in the second study 

(Chapter 2), we quantified rates of carbon and dinitrogen fixation by these pioneer 

communities monthly over one year. Coupled with elemental and stable isotope analysis, 

these measurements provide insights into element acquisition, export, and the influence of 

seasonality on important ecosystem functions mediated by pioneer communities.  
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Figure 1.3 | Experimental setup used for this thesis to study community functions of pioneer 

and mature reef communities dominated by corals or algae. Recruitment and succession 

patterns of pioneer communities were assessed with artificial bare substrates (i.e., carbonate 

settlement tiles) deployed in coral- and algae-dominated communities (upper panels). Metabolic 

and biogeochemical functions of mature reef communities were quantified using a novel in situ 

incubation approach with benthic chambers (lower panels).  

 

All experiments were carried out in situ on a typical mid-shore reef of the central Red 

Sea, Saudi Arabia, from December 2016 until January 2018. Due to a combination of local 

and regional processes, as well as historical effects, the reef is characterized by the co-

occurrence of distinct coral- (> 40 % hard coral cover) and algae-dominated (< 15 % coral 

cover, >40 % turf algae cover) reef communities within a small spatial range, serving as a 
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natural laboratory of pre and post phase shift reefs (discussed in more detail in section 

2.5.1).  

To go beyond the assessment of community metabolism on artificial substrates, we 

describe a protocol to build and use non-invasive, cost-effective and easy to handle in situ 

incubation chambers that provide reproducible measurements of biogeochemical processes 

in simple and structurally complex benthic shallow-water communities (Chapter 3). The 

tool provides a standardized approach to compare community functions across a wide 

range of benthic habitats. In the last manuscript of this thesis (Chapter 4), the benthic 

chamber specifically developed for this project were used to directly compare the 

magnitudes and directions of key metabolic and biogeochemical functions of classical 

coral-dominated and phase-shifted algae-dominated reef communities. The time series data 

also allowed to derive functional responses to natural environmental changes induced by 

seasonality and to describe the thermal sensitivity along a natural temperature gradient of 

coral- and algae-dominated reef communities.  
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2.1 Abstract 

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

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

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

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

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

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

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

promoting the accumulation of inorganic carbon. In contrast, substrates in the degraded 

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

carbon by 178 %. While coral larvae settlement similarly occurred in both habitats, 

degraded areas showed 50 % fewer recruits. Our findings suggest that in degraded reefs, 

the replenishment of adult coral populations is reduced due to recruitment inhibition 

through limited habitat complexity and grazing pressure, thereby restraining reef recovery.  

 

2.2 Introduction  

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

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

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

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

coral reefs undergo transient successional phases that can help to rebuild a system that 

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

however, regime shifts to new benthic assemblages, such as turf and macroalgae, are also 
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likely (Hughes 1994, Belliveau and Paul 2002, Graham et al. 2006, 2015, Bahartan et al. 

2010).  

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

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

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

where the top-down control through grazing by herbivores limits algal growth (Gilmour et 

al. 2013, Holbrook et al. 2018). Grazers such as surgeon- and parrotfish remove algae, 

thereby opening available space that promotes the settlement of coral larvae (Ceccarelli et 

al. 2005). Turf and macroalgae, on the other hand, restrain coral settlement and recruitment 

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

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

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

CCA contain chemical cues that facilitate coral settlement and recruitment (Heyward and 

Negri 1999, Belliveau and Paul 2002).  

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

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

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

structural complexity of the habitat shapes the reef fish community, hence the abundance 

of grazers and predators exerting top-down control (Graham et al. 2007, Chong-Seng et al. 

2012, Coker et al. 2014). On a scale of microhabitats (settling space for pioneer 

communities), calcareous encrusting organisms, such as CCA, bryozoans or serpulid 

worms can fulfill a number of functional roles: As they grow, they accumulate calcium 

carbonate to the reef framework, reinforce the underlying skeletal structure of coral 
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substrates and infill cracks in the framework (Scoffin 1992, Perry 1999). In addition, the 

accumulation of inorganic carbon creates biogenic structures that can influence the 

community via niche partitioning and the provision of refuges from physical stressors and 

competitive and predator-prey interactions (Walters and Wethey 1986, Scharf et al. 2006, 

Mallela 2018). Likewise, the structural complexity in microhabitats may influence small 

scale physical conditions (e.g., hydrodynamics, surface orientation, and irradiance) that can 

affect the community development by either facilitating or inhibiting the growth of species, 

depending on their respective tolerance thresholds (Hurlbut 1991, Field et al. 2007, Moura 

et al. 2008, Mallela et al. 2017). 

Identifying and understanding what influences the recovery of communities from 

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

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

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

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

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

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

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

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

complexity, were investigated within a coral and turf algal-dominated reef area in the 

central Red Sea over a one-year cycle. To mimic substrates of different surface orientation, 

light-exposed and shaded settlement tiles were deployed within each area to address the 

following research questions: i) how do nearby reef habitats influence the recruitment and 

succession of benthic pioneer communities, ii) how does the succession of benthic pioneer 
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communities affect the accumulation of inorganic carbon, and iii) are recruitment and 

succession patterns consistent on light-exposed and shaded habitats?  

 

2.3 Material and methods  

2.3.1 Study site and habitat characterization 

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

the west coast of Saudi Arabia (22°18'16.3''N; 39°02'57.7''E) (Fig. 2.1A). Within the reef, 

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

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

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

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

environmental conditions (e.g., temperature, salinity, insolation, and hydrodynamics).  

The benthic reef cover in the experimental areas was analyzed at the beginning and the 

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

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

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

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

Excel extension (CPCe) 4.1 (Kohler and Gill 2006) using 48 randomly overlaid points for 

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

directly under every point was identified to the lowest possible taxon. The functional 

groups investigated were: hard and soft corals, macroalgae, turf algae, biogenic coral rock, 

coral rubble, carbonate sediments, and the giant clam Tridacna sp. The hard and soft corals 

were identified to the genus or family level. Turf algal communities (termed ‘turf algae’ 
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hereafter) consisted of a heterogeneous assemblage of filamentous algae and 

cyanobacteria. Areas of bare biogenic coral rock (termed ‘biogenic rock’ hereafter) were 

not covered by one of the functional groups but were associated with endolithic algae and 

crustose coralline algae (Bahartan et al. 2010). Coral rubble consisted of lose fragments of 

dead corals overgrown by heterogeneous assemblages of turf algae.  

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

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

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

calculated as the ratio of the reef surface contour distance (measured with a transect tape) 

to the linear distance (actual length of the chain; 5.47 m). This procedure was repeated five 

times in each experimental area.  

 

2.3.2 Fish community  

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

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

modified stationary point count (SPC) method. Due to the small size of the experimental 

areas, a single survey was conducted on each reef with a radius of 3 m. All fishes within 

the cylinder were counted, identified to species level and the total length (TL) estimated to 

5 cm size-class bins. All species were later placed into trophic groups (i.e., carnivore, 

detritivore, herbivore, omnivore, planktivore) and fine level for herbivores (i.e., browser, 

excavator, grazer, scraper). The biomass (g) was calculated for each species using length 

to weight conversion parameters from available sources (Froese and Pauly 2013, Kattan et 
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al. 2017). The biomass for each species across size bins was summed for each trophic group 

and habitat. 

 

2.3.3 Water quality variables  

Key environmental variables were monitored at the sampling site. Water temperature 

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

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

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

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

Loggers were oriented so that the detector was always faced upward and as level as 

possible. Light readings in lux were converted to photosynthetically active radiation (PAR; 

μmol quanta m−2 s−1; 400 to 700 nm wavelengths) using the following approximation: 1 

μmol quanta m−2 s−1 = 51.8 lux. This conversion factor was obtained by inter-calibrating 

the lux readings with data obtained from a parallel deployment of a PAR sensor (LI-COR 

LI-1500 quantum sensor) and the Onset HOBO Pendant during 4 hours of daylight. Both 

readings correlated (r2 = 0.91), and the obtained conversion factor of 51.8 was similar to 

52.0 reported (Valiela 1984). Salinity was measured each day of sampling with a 

conductivity measuring cell (TetraCon®, 925, WTW, accuracy: ± 0.5 % of value, internal 

conversion to salinity).  

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

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

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

filtered immediately through syringe filters (IsoporeTM membrane filters, 0.2 μm GTTP) 
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into acid washed 15 mL centrifuge tubes and stored dark and cool for transportation to the 

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

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

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

added. Dissolved inorganic nutrient concentrations were determined using a continuous 

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

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

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

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

fluorimetrically within 8 h after sampling (Trilogy® Laboratory Fluorometer, Turner 

Designs Inc., San Jose, USA) and following > 4 h incubation with OPA in the dark (LOD 

= 0.023 μmol L-1). 

 

2.3.4 Settlement tiles: experimental design  

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

the reef (Fig. 2.1B). The frames were secured to the substrate with weights, spacing the 

frames 1.5 to 2.5 m apart. Four frames were randomly placed within each of the 

experimental areas (coral- vs. algae-dominated). Each of the structures was equipped with 

24 rough, untreated, carbonate tiles of about 8 x 8 cm (surface area: 64 ± 0.8 cm2). Rough 

carbonate tiles were used, as their surface mimics coral rock and enhances natural species 

richness and biomass compared to other artificial substrates (e.g., Kennedy et al. 2017). 

Tiles were installed at a 45-degree angle relative to the substrate on a tough plastic net 

fixed between the vertical poles to reduce excess sedimentation (Fig. 2.1C). Settlement 

tiles were positioned pairwise on top of each other with plastic bolts and nuts, resulting in 
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12 light-exposed tiles (mimicking upwards facing, well-lit substrates) and 12 tiles facing 

downwards (mimicking cryptic, shaded substrates) per frame (Fig. 2.1C). The lost surface 

area due to drill holes and nuts was considered in calculations. Monthly, starting in January 

2017, a random pair of settlement tiles were collected from each frame for further analysis. 

This procedure resulted in a dataset where the establishment of organisms on tiles could be 

observed over the whole 52-week study period with a monthly resolution. In total, 192 

settlement tiles were analyzed for this study. Additionally, from September until December 

2017, three identical frames with settlement tiles were deployed directly onto a sand area 

in a distance of 20 m to the original experimental plots (results presented in the 

supplementary material Table S1.1). Results are not further discussed, as the succession 

patterns reflected a mixture of coral- and algae-dominated areas (i.e., more bare substrates, 

and fewer turf algae as compared to tiles in algae-dominated areas, however, fewer 

calcifying organisms as compared to the coral-dominated habitat).  

 

2.3.5 Settlement tiles: collection and processing 

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

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

mobile invertebrates, sediments, and salt. Each tile was photographed for later assessment 

of the community composition and relative tile cover. Photos were analyzed with the 

software Coral Point Count with Excel extension (CPCe) 4.1 (Kohler and Gill 2006) using 

48 randomly overlaid points which were then assigned to one of the following abiotic or 

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

Fleshy macroalgae: brown macroalgae; green macroalgae; red macroalgae; (4) 
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Scleractinian corals; (5) Sessile calcifying invertebrates other than corals: barnacles; 

bryozoans; polychaetes; molluscs; (6) Cyanobacteria; (7) Crustose Coralline Algae (CCA); 

(8) Crustose algae other than CCA; (9) Sponges; and (10) Tunicates. Additionally, the total 

number of coral spat and coral recruits was counted on each tile. Coral spats were defined 

as individuals that successfully settled and developed the first polyp by the time of 

sampling. Coral recruits were defined as individuals with multiple visible polyps that have 

survived post-settlement mortality with a chance to integrate into the population (Martinez 

and Abelson 2013).  

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

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

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

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

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

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

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

were measured using an elemental analyzer (Thermo Flash EA 1112). Standard deviations 

for repeated measurements of lab standard material (peptone) was < 0.15 ‰ carbon. 

Standard deviations of concentration measurements of replicates of the lab standard were 

< 3 % of the concentration analyzed. The inorganic carbon (Cinorg) content was calculated 

as the difference between C and Corg. 
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Figure 2.1 | Maps of the study site (A) and illustrations of the experimental setup (B and C). 

The maps (A) indicate the location of the study site at the Saudi Arabian coast in the central Red 

Sea. The red inlet magnifies the location of the study site, Abu Shosha reef. Experimental structures 

with carbonate settlement tiles were deployed directly onto the reef (B). The picture shows the 

coral-dominated area. Graphical visualization of the experimental frames with carbonate settlement 

tiles (C). Insert shows the side view of settlement tiles that were attached to the frames in a 45-

degree angle relative to the substrate on a tough plastic net fixed between the vertical poles. Photo 

by H. Anlauf. Maps by U. Langner and graphical visualization by J. Cúrdia.  

 

2.3.6 Data analysis  

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

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

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

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

variables on settlement tiles (i.e., abiotic and biotic functional groups on settlement tiles, 
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the accumulation of Cinorg, and the number of coral spats and recruits) were explored using 

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

fixed. The factor ‘time’ (month 1 – 12) was analyzed using a repeated-measures structure. 

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

Regressive (1) heterogeneous, Compound Symmetric (CS)) were run, and the model of 

best fit selected by comparing several goodness-of-fit statistics (e.g., -2 restricted log 

likelihood, Akaike’s information criteria [AIC] and Bayesian information criterion [BIC]). 

Data of the LMMs were checked for normality and homoscedasticity using standardized 

residual and Q–Q plots and, if required, data were either ln, ln(x+1) or square root 

transformed. If significant differences were found, estimated marginal means (post-hoc 

comparisons of least-squares means) were used to determine which means differed for the 

significant, highest-order terms. Holm-Sidak multiple comparisons were made for the 

relevant factors. The modeling of ‘time’ effects was limited to detecting differences 

between treatments in each month; temporal trends between treatments were assessed 

visually from Fig. 2.3, 2.4, and 2.5. Significant results from the post-hoc comparisons are 

presented in Table S1.2. 

 

2.4 Results  

2.4.1 Benthic habitat characterization  

Distinct benthic communities characterized the two contrasting reef habitats (Fig. 2.2A). 

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

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

dominated areas (13.96 ± 2.33 % and 1.25 ± 0.71 %, respectively) (p |t| = 0.003; and p |t| < 
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0.001, respectively). Algae-dominated areas showed a two-fold higher prevalence of turf 

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

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

and 0.52 ± 0.27 %, respectively) (p |t| = 0.001). The bivalve Tridacna sp. was observed in 

the coral-dominated area only (1.34 ± 0.82 %).  

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

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

 

2.4.2 Fish community composition 

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

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

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

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

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

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

(Fig. 2.2B). Of great significance was the absence of omnivores and the pronounced lower 

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

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

nearly six times higher on the coral-dominated area. This difference was mainly driven by 

the presence of Scarus niger on the coral-dominated reef (details for fine level finding 

groups within herbivores can be found in Table S1.3). 
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2.4.3 Environmental variables: temporal variability over the study period 

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

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

August. Daily light intensity at 5 m water depth increased from 65 ± 3 µmol photons m-2s-

1 in December to 587 ± 26 µmol photons m-2 s-1 in August, then decreased again towards 

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

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

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

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

all environmental variables are presented in Table S1.4. 

 

2.4.4 Development of benthic foundation communities on light-exposed settlement 

tiles  

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

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

factors (Fig. 2.3A, Table 2.1). On average, 48 % more bare substrate was available on tiles 

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

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

halved within the first months and then stabilized (Fig. 2.3A). The LMM did not reveal a 

significant interaction, indicating that the availability of bare substrate on tiles followed a 

similar pattern over time for the two treatments. 
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Figure 2.2 | Relative benthic cover and fish biomass in coral- and algae-dominated reef areas. 

Displayed are (A) mean proportional cover of major benthic functional groups assessed by photo 

quadrats (n = 10), and (B) fish biomass calculated from abundances and mid-length of size classes 

of all fishes in a visually estimated cylinder (⌀ 3 m).  

 

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

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

by the significant interaction ‘treatment x time’ (Fig. 2.3B - E, Table 2.1). Tiles from 

degraded areas showed a nearly twofold greater mean cover of turf algae in comparison to 
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tiles from coral-dominated areas (69.3 ± 2.6 % and 38.2 ± 3.0 %, respectively). Between 

May and July, the mean proportional cover of turf algae converged in both treatments (Fig. 

2.3B), as indicated by a significant interaction of ‘treatment x time’ in the LMM from May 

through August (Table S1.2). On average, there were three times more CCA on tiles from 

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

from June to August (Fig. 2.3C). Other crustose brown and green algae occupied twice as 

much space on tiles from coral-dominated, compared to tiles from algae-dominated areas 

(14.7 ± 1.5 % and 6.6 ± 0.9 %, respectively) (Fig. 2.3D). Calcifying invertebrates were 

only observed as minor functional groups in both treatments (< 1 %) (Fig. 2.3E). 

 

2.4.5 Development of benthic foundation communities on shaded settlement tiles  

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

change consistently over time (significant interaction ‘treatment x time’ in the LMM) (Fig. 

2.3F, Table 2.1). During the first six months (i.e., from January to June), the availability of 

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

faster on tiles within the degraded area. Afterward, the extent of bare substrate oscillated 

(range: 2.1 – 21.9 %) with no apparent patterns in both treatments. 

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

time (Table 2.1). The percentage cover was significantly lower on tiles from coral-

dominated areas (24.1 ± 2.4 %) than on tiles from degraded areas (41.4 ± 3.0 %). There 

was a steady increase of CCA cover on shaded tiles from both treatments, with significantly 

higher values on tiles deployed within the healthy reef area. The maximum cover was 

observed in November for both treatments (coral-dominated area: 50.5 ± 3.0 %; algae-

dominated area: 29.7 ± 4.3 %). Simultaneously, crustose brown and green algae cover 
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increased quickly (up to 25 % mean cover) during the first months but rapidly dropped to 

< 10 % after August (Fig. 2.3I). Overall, the magnitude of the difference between 

treatments was variable, and no consistent patterns were observed, which was reflected in 

the significant interaction of the tested factors (‘treatment’ and time’ interaction) (Table 

2.1). Up to 30 % of the available substrate on tiles was occupied by calcifying invertebrates, 

such as molluscs, polychaetes, and bryozoans, with significantly higher values on tiles from 

coral-dominated areas in April, June to July, September, and November (Fig. 2.3J, Table 

S1.2). There was a 2-fold lower prevalence of calcifying invertebrates after August in both 

treatments (Fig. 2.3J).  
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Figure 2.3 | Proportional cover of abiotic and biotic functional groups on (A - E) light-exposed 

and (F - J) shaded settlement tiles from coral- and algae-dominated reef areas. Shown is the 

proportional cover of different functional groups over the study period of 12 months in the two 

treatments (coral- vs. algae-dominated). Values presented are means ± SE. Dashed lines connect 

the data points through time.  
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Table 2.1 | Summary of results for the LMMs comparing the relative cover of abiotic 

and biotic functional groups on light-exposed and shaded settlement tiles between 

treatments over the study period of 12 months.  

 

Ln, natural logarithm; Sqrt, square root; AR(1), autoregressive; CS, compound symmetric; AIC, 

Akaike’s information criterion; BIC, Bayesian information criterion; df, degrees of freedom. p 

values in bold are statistically significant (p < 0.05). For all sources of variation between 

‘treatments’: numerator df = 1. For all sources of variation between ‘time’ and ‘treatment x time’: 

numerator df = 11. 

 

2.4.6 Coral spat and recruits on settlement tiles 

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

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

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

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

through July, in January through February and in December (Fig. 2.4A, Table 2.2). In 

contrast, coral recruits were significantly more abundant on tiles from coral-dominated 

areas and increased steadily until reaching a peak in August and September (Fig. 2.4B, 

Table 2.2).  

Variable Bare 

substrate 

Turf 

algae 

Crustose 

coralline algae 

Crustose brown & 

green algae 

Calcifying 

invertebrates 

Light tiles      

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

Covariance 

structure 

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

Source of 

variation 

p p p p p 

Treatment 0.0021 0.0034 <0.0001 0.0013 0.0014 

Time 0.0061 0.2196 0.0583 0.0483 0.0584 

Treatment x time  0.0634 0.0489 0.0190 0.9798 0.9798 

      

 

Shaded tiles 

     

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

Covariance 

structure 

CS CS CS AR(1) CS 

Source of 

variation 

p p p p p 

Treatment 0.0399 0.0001 0.0005 0.0491 0.1582 

Time <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Treatment x time  0.0382 0.1198 0.8742 0.0004 0.0404 
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Figure 2.4 | Abundance of coral (A) spats and (B) recruits on shaded settlement tiles from 

coral- and algae-dominated reef areas. Boxplots showing the median (line across a box), 

quartiles (upper and lower bounds of each box) and extremes (upper and lower whisker). The ends 

of the whisker are set at 1.5*IQR above the third quartile (Q3) and 1.5*IQR below the first quartile 

(Q1). If the minimum or maximum values are outside of this range, then they are shown as outliers 

(represented as stars). 
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2.4.6 Accumulation of inorganic carbon on settlement tiles  

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

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

0.27 mg Cinorg cm-2 and 1.20 ± 0.30 mg Cinorg cm-2, respectively) (Fig. 2.5A, Table 2.3). In 

both treatments, there was a slight yet significant, increase of accumulated inorganic 

carbon over time (Fig. 2.5A, Table 2.3). Shaded tiles from coral-dominated areas 

accumulated over 178 % more inorganic carbon compared to tiles from algae-dominated 

areas (250. ± 0.57 mg C cm-2 and 0.90 ± 0.18 mg C cm-2, respectively) (Fig. 2.5B, Table 

2.3). A significant interaction in the LMM (‘treatment x time’) was expressed by relatively 

low but stable Cinorg values in algae-dominated areas (range: 0.83 – 1.35 mg Cinorg cm-2). 

On tiles from the coral-dominated area, Cinorg values were stable until April, then rapidly 

increased from 1.07 to 2.56 mg Cinorg cm-2 in just two months, and remained high after that 

(Fig. 2.5B, Table 2.3).   

 

 

Figure 2.5 | Accumulation of inorganic carbon on (A) light-exposed and (B) shaded settlement 

tiles from coral- and algae-dominated reef areas. Data points present means ± SE. Dashed lines 

connect the data points through time. 
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Table 2.2 | Summary of results for the LMMs comparing the number of coral spats 

and recruits on shaded settlement tiles between treatments over the study period of 

12 months.  

 

 

 

 

 

 
 

Sqrt, square root; AR(1), autoregressive; CS, compound symmetric; AIC, Akaike’s information 

criterion; BIC, Bayesian information criterion; df, degrees of freedom. p values in bold are 

statistically significant (p < 0.05). For all sources of variation between ‘treatments’: numerator df 

= 1. For all sources of variation between ‘time’ and ‘treatment x time’: numerator df = 11. 

 

Table 2.3 | Summary of results for the LMMs comparing the accumulation of 

inorganic carbon on light-exposed and shaded settlement tiles between treatments 

over the study period of 12 months.  

 

 

 

 

 

 
 

Ln, natural logarithm; AR(1), autoregressive; CS, compound symmetric; AIC, Akaike’s 

information criterion; BIC, Bayesian information criterion; df, degrees of freedom. p values in bold 

are statistically significant (p < 0.05). For all sources of variation between ‘treatments’: numerator 

df = 1. For all sources of variation between ‘time’ and ‘treatment x time’: numerator df = 11. 

 

2.5 Discussion 

The present study demonstrates that organisms settling only 30 m apart may experience 

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

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

vicinity. Bare substrates in algae-dominated (post phase-shift) areas were predominantly 

and rapidly occupied by turf algae, limiting the space for CCA and the survival of coral 

settlers. At the same time, the competitive advantage of these turfs over other benthic taxa, 

Variable Coral spats Coral recruits 

Transformation Sqrt(x) Sqrt(x) 

Covariance structure AR(1) CS 

Source of variation p p 

Treatment 0.2601 0.0430 

Time 0.0065 <0.0001 

Treatment x time  0.1551 0.0396 

Variable Light-exposed Shaded 

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

Covariance structure CS AR(1) 

Source of variation p P 

Treatment 0.0219 0.0001 

Time <0.0001 <0.0001 

Treatment x time  0.0582 0.0198 
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including important reef calcifiers, caused a significant reduction in the accumulation of 

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

complexity (Manzello et al. 2008).  

 

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

coral reef  

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

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

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

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

due to a combination of local and regional processes, as well as historical effects, such as 

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

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

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

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

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

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

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

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

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

corallivorous fish species that directly depend on corals for food (Munday 2004, Pratchett 

et al. 2008) or protection from predators (Coker et al. 2014). In the present study, the lower 

abundance of corals was complemented by fewer branching and plating coral morphologies 
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in the algae-dominated area (personal observation). The resulting low reef complexity 

(rugosity) may constitute less suitable habitats for many species of reef fish, which has 

been previously observed in the Red Sea (Brokovich et al. 2006). Despite the lower 

availability of food sources, even herbivorous fishes were more abundant in the coral-

dominated area, indicating that the habitat complexity may play a stronger role overall in 

structuring fish communities than the benthic composition (Graham et al. 2007). Chemical 

defense mechanisms of some algal species can also repel grazing fishes from algae-

dominated areas (e.g., Steneck et al. 2017). Overall, the lack of habitat structure and 

molecular defense mechanisms in degraded areas may lead to a positive feedback of algal 

dominance following phase shifts in benthic assemblages.  

  

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

algae-dominated areas  

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

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

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

many algal species (Williams and Carpenter 1990).  

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

which is commonly observed after large-scale coral mortality (McClanahan et al. 2001, 

Adjeroud et al. 2009, Mellin et al. 2016). Colonization can either result from the settlement 

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

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

established significantly faster on tiles from algae-dominated areas, which may indicate a 
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higher supply of propagules from the direct surrounding (Diaz-Pulido and McCook 2004) 

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

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

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

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

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

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

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

organisms and promote the accumulation of allelochemicals, labile dissolved organic 

matter and harmful metabolites (Haas et al. 2010, Wangpraseurt et al. 2012, Jorissen et al. 

2016). Filamentous turf algae were also growing on shaded tiles from both treatments. The 

lower prevalence than on light-exposed tiles may be explained by limited light availability 

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

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

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

previously reported results from the Red Sea (Jessen et al. 2014). However, their 

contribution to the colonization on shaded surfaces was more substantial within the coral-

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

observed previously (Burkepile and Hay 2009, Smith et al. 2010, Chadwick and Morrow 

2011). Particularly Scarus niger on the coral-dominated area likely removes algae and 

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

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

or resulted in a passive aid via the control over turf algae is not possible to deduce from the 
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current experimental design. Nonetheless, tiles showing lower CCA prevalence were high 

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

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

produce less motile spores and often lack flagella, limiting recruitment from farther source 

populations (Maggs and Callow 2006). Moreover, they are sensitive to anoxic conditions 

that may result from sediment trapping by filamentous algae (Fabricius and De’Ath 2001). 

The presence of herbivorous fish may remove competing epiphytes, stimulating the 

productivity of CCA (Wai and Williams 2005).  

Calcifying invertebrates were observed almost exclusively on shaded tiles. Reduced 

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

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

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

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

enhanced the food availability (Rodríguez-Martínez et al. 2012, Muñoz et al. 2015, Roth 

et al. 2017), contributing to a significant increase of cover in the summer. The sudden 

decrease of calcifying invertebrates after August cannot be attributed to changes in nutrient 

availability but might be related to thermal thresholds as temperatures rose above 32 ℃. 

Other groups, less sensitive to this natural stressor, could still flourish and replace 

(overgrow) calcifying invertebrates (Greenstein and Pandolfi 2008). 

 

2.5.3 Coral settlement and recruitment  

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

disturbance events (Connell et al. 1997) and is influenced both by the initial settlement 
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success and the post-settlement survival (Gil et al. 2016). Here, we could not identify an 

evident influence of nearby habitats on coral larvae settlement (coral spat on tiles), 

suggesting that source populations of corals existed within the range for larval dispersal by 

currents. In general, the time required for coral planulae to become competent to settle 

ranges from one to four days (Babcock and Heyward 1986), but can reach up to 100 days 

(Harii et al. 2002). These competency periods enable considerable long-distance dispersal 

throughout reefs, although small-scale currents may also play a key role in settlement 

(Koehl 2007).  

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

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

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

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

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

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

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

reported that only Porites monticulosa was reproductively active outside the main 

spawning season, being at the stage of maturity of gametes in November. This concurs 

with the smaller peaks observed that could be a result of Porites species spawning out of 

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

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

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

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

algae, as indicated by our results. Therefore, the lack of coral spat or recruits on light-
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exposed surfaces is not surprising. Turf algae may directly compete for space with coral 

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

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

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

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

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

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

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

recruitment (Heyward and Negri 1999). The presence of CCA can increase the settlement 

of coral larvae by 1600 % as compared to control tiles (Dixson et al. 2014). Another 

potential explanation for the absence of coral spat or recruits on light-exposed surfaces may 

be the higher intensity of grazing activity on upper surfaces, as many fishes easily reach 

them (Doropoulos et al. 2016). Grazing and scraping scars were, indeed, mainly observed 

on light-exposed experimental substrates during our experiment, supporting the higher 

likelihood of survivorship of coral settlers on shaded tiles.  

Contrary to the settlement, the survival of coral spat differed between treatments, 

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

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

degraded area, which may be explained by a combination of competition at the scale of the 

plates and the structure of the nearby fish community. Particularly, altering effects of fish 

presence vs. absence may play a crucial role in the survivorship of coral settlers. In the 

present study, fish abundance was significantly reduced in the algae-dominated area. The 

initial direct benefits of predator removal on early post-settlement growth and survival 
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(Doropoulos et al. 2016) are, however, eventually outweighed by the adverse indirect 

effects of reduced herbivory (McCauley et al. 2010). In the absence of fish, substantial 

algae cover and biomass accumulation can negatively affect coral growth and survival via 

allelopathic and physical effects (McCook et al. 2001, Rasher and Hay 2010). Lastly, on 

bare substrates, the loss of CCA is reflected by limited hard substrate structures that can 

lead to the fewer coral recruits in degraded areas. The formation of these micro-crevice 

structures (also on settlement tiles) by carbonate surfaces from CCA and other reef 

calcifiers enhances refuges for small coral spats protecting them from physical disturbance 

by feeding activities of grazers, and improves their survivorship (Nozawa 2008, 

Doropoulos et al. 2016, Bracewell et al. 2018, Mallela 2018). Together, these results 

highlight the critical role of post-settlement process/factors in coral reef recovery.  

 

2.5.4 Consequences for the functioning and ecosystem services delivery by benthic 

foundation communities 

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

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

calcification and cementation by reef calcifiers enhances the structural complexity and 

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

settlement and recruitment of invertebrate taxa, supporting the replenishment of corals 

(Harrington et al. 2004). The decreased predominance of CCA and other calcifying 

invertebrates on tiles from algae-dominated areas resulted in a decreased accumulation of 

calcium carbonate in comparison to tiles deployed within coral-dominated areas. A shift in 

the community composition on settlement tiles that led to a lower accumulation of 
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inorganic carbon has been previously reported (Roth et al. 2017). The loss of CCA may 

thereby reduce reef cementation (i.e., the filling of cracks and the reinforcement of the 

skeletal structures of dead corals), decreasing the topographic complexity, and increasing 

reef erosion (Adey 1978). In contrast, we observed a lower structural complexity and more 

coral rubble in the algae-dominated area of the reef. As well as stabilizing the reef 

framework, coralline algae make significant carbonate (sediment) contributions, 

transferring carbon from the biological to the geological cycle by calcification (Steneck 

1986).  

 

2.5.5 Conclusion 

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

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

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

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

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

complexity and fish biomass) will negatively impact coral recruitment after disturbance 

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

accumulation of calcium carbonate impair reef cementation, thereby impeding habitat 

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

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

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

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

filamentous turf and macroalgae and the absence of important reef fish. Benthic algae can 
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have detrimental effects on foundation species, including CCA and corals. Monitoring and 

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

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

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

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

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

resilience. 
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3.1 Abstract  

After mass mortality events in tropical reefs, pioneer communities dominated by 

filamentous- and crustose algae inhabit substrates previously occupied by scleractinian 

corals. This phenomenon is more frequently observed due to increasing anthropogenic 

perturbations and may lead to alterations of critical ecosystem functions driven by corals, 

such as the efficient cycling of carbon I and nitrogen (N) within the reef. While pioneer 

communities play an important role for the biological succession and reorganization, their 

significance for C and N cycles following coral mortality remains uncertain. Thus, we used 

96 carbonate tiles to simulate the occurrence of bare substrates after disturbance in a coral 

reef of the central Red Sea. We measured rates of C and dinitrogen (N2) fixation of pioneer 

communities on these tiles monthly over an entire year. Coupled with elemental and stable 

isotope analysis, these measurements provide insights into element acquisition, export, and 

the influence of seasonality on such processes. Pioneer communities exhibited high rates 

of C and N2 fixation within 4 – 8 weeks after the introduction of experimental bare 

substrates. Ranging from 13 to 25 μmol C cm−2 d−1 and 8 to 54 nmol N cm−2 d−1, 

respectively, these rates were similar to reported values for established Red Sea coral reef 

communities. This indicates that pioneer communities could quickly compensate for the 

loss of benthic productivity by corals. Between 40 and 85 % of this fixed organic C was 

exported into the environment, constituting a vital source of organic carbon for higher 

trophic levels. These findings suggest that benthic pioneer communities may play a crucial, 

yet overlooked, role on the C and N dynamics in coral reefs by contributing to the input of 

new C and N into the oligotrophic system following coral mortality. While not substituting 

other critical ecosystem functions provided by corals (e.g., structural habitat complexity 
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and coastal protection), the accumulation of biomass and the import of nutrients by pioneer 

communities likely maintain this functional role in the face of coral loss.  

 

3.2 Introduction  

Coral reefs display some of the highest rates of gross primary production (GPP) in the 

marine environment, despite a low ambient nutrient availability and little sustained 

exogenous nutrient inputs (Hatcher 1990). The high rates of productivity are primarily 

attributed to the efficient retention and recycling of energy and nutrients by coral reef 

communities (Odum and Odum 1955, Muscatine and Porter 1977, Wild et al. 2004, De 

Goeij et al. 2013). In addition, diazotrophy, the metabolic ability to fix atmospheric N2 into 

a biologically useful form (i.e., ammonia), plays an essential role in replenishing the N 

pool, sustaining net ecosystem production and growth (O’Neil and Capone 2008, Cardini 

et al. 2014).  

In healthy coral reefs, scleractinian corals comprise a major component of the benthic 

‘nutrient capacity’, regulating the fluxes of matter and nutrients between benthic and 

pelagic compartments of the ecosystem (Wild et al. 2004, 2011, Allgeier et al. 2017). In 

fact, corals contribute 41 – 76 % to benthic GPP budgets, and 10 – 14 % to benthic N inputs 

by N2 fixation during nutrient depleted conditions, suggesting a strong biogeochemical 

coupling between diazotrophy and the reef carbon cycle (Cardini et al. 2016). In addition, 

corals facilitate the transfer of energy and nutrients via the production, release, and 

subsequent remineralization of coral mucus to other reef organisms and trophic levels 

(Coffroth 1990, Wild et al. 2004, 2005).  
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On a global scale, coral reefs are experiencing fundamental changes in their community 

structure, often as a result of persistent natural and anthropogenic perturbations (Pandolfi 

et al. 2003, Hughes et al. 2017). Particularly, recurrent bleaching, as a recent phenomenon 

mainly triggered by global warming, can inflict a widespread and rapid loss of live coral 

cover (Connell et al. 1997, Hoegh-Guldberg et al. 2007, Graham et al. 2015). This sudden 

change in the benthic community structure implies the loss of critical ecosystem functions 

conveyed by corals, such as nutrient provisioning and regeneration (Holmes and Johnstone 

2010, Wild et al. 2011, Morillo-Velarde et al. 2018). Hence, if not mitigated by other 

organisms within the ecosystem, the loss of living corals may have direct effects on the 

productivity and trophodynamics of the reef during the recovery phase.  

Large-scale coral mortality significantly increases the surface area of bare hard-bottom 

substrates, i.e., the carbonate structures and skeletons from dead corals that are available 

for (re)-colonization. These substrates are quickly covered with biofilms and colonized by 

diverse benthic organisms, including heterogeneous assemblages of filamentous algae, 

crustose coralline algae (CCA), but also sessile invertebrates and coral larvae (reviewed in 

Norström et al. 2009). The existing literature mainly focuses on recruitment and succession 

patterns of the so-called ‘pioneer communities’ to predict trajectories of recovery (or shifts 

to alternate states) (e.g., Burt et al. 2009, Jessen et al. 2014, Humanes and Bastidas 2015, 

Roth et al. 2015, Stuhldreier et al. 2015). Yet, Davey et al. (2008) showed that skeletons 

of artificially bleached corals were active sites of N2 fixation. While these laboratory 

experiments indicate an important role of diazotrophs on apparently ‘bare’ substrates after 

coral mortality, in-depth investigations targeting the significance of pioneer communities 

in their natural environment on the C and N dynamics of a reef are still lacking. 
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Here, we investigate carbon and nutrient dynamics during the succession of pioneer 

communities in a coral reef in the central Red Sea. For this, rough carbonate tiles were 

deployed to simulate the occurrence of bare substrates after disturbance events. Primary 

productivity and N2 fixation of the colonizer communities were measured monthly over 

one year. C and N elemental, as well as stable isotope analyses complemented community-

wide flux measurements to (1) quantify rates of primary production and N2 fixation of 

benthic pioneer communities, (2) investigate the effects of temporal variability of key 

environmental variables, and (3) gain insights into element acquisition (storage in biomass) 

and regeneration (export or supply to the environment) of pioneer communities in coral 

reefs after disturbance. 

 

3.3 Material and methods  

3.3.1 Study site and environmental conditions  

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

the west coast of Saudi Arabia (22°18’16.3’’N; 39°02’57.7’’E). The area is characterized 

by a strong seasonality reflected in the variability of environmental key parameters 

throughout the year. All experiments described below were repeated monthly from January 

2017 until December 2017 (duration = 52 weeks).  

Key environmental variables were monitored at the sampling site. Seawater temperature 

(T) was measured continuously (logging interval = 30 min) for one year with data loggers 

(Onset HOBO Water Temperature Pro v2 Data Logger – U22-001; accuracy: ± 0.21 °C). 

Light availability was measured continuously (logging interval = 1 minute) on three full 

days per month with a data logger (Onset HOBO Pendant UA- 002-64; spectral detection 
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range 150–1200 nm). Light readings in lux were converted to photosynthetically active 

radiation (PAR; μmol quanta m−2 s−1; 400 to 700 nm wavelengths) using the following 

approximation: 1 μmol quanta m−2 s−1 = 51.8 lux. This conversion factor was obtained by 

inter-calibrating the lux readings with data obtained from a parallel deployment of a PAR 

sensor (LI-COR LI- 192S quantum sensor) for 4 h of daylight. Both readings correlated (r2 

= 0.92), and the obtained conversion factor of 51.8 was similar to 52.0 reported by Valiela 

(1984). Salinity was measured each day of sampling with a conductivity measuring cell 

(TetraCon®, 925, WTW, accuracy: ± 0.5 % of value).  

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

-), 

and phosphate (PO4
3-) were taken in triplicates each month from 1 m above the reef 

substrate with 60 mL syringes. On the boat, samples were filtered immediately through 

syringe filters (IsoporeTM membrane filters, 0.2 μm GTTP) into acid washed 15 mL 

centrifuge tubes and stored dark and cool for transportation. In the laboratory, samples 

were stored frozen at −50 °C until analysis. From the remaining water in the syringes, 5 

mL subsamples for ammonium (NH4
+) were filtered separately into acid washed 15 mL 

centrifuge tubes, and 1.2 mL orthophthaldialdehyde-solution (OPA) was added (Holmes et 

al. 1999). NH4
+ was determined fluorimetrically within 8 h after sampling (Trilogy® 

Laboratory Fluorometer) after > 4 h incubation with OPA in the dark (limit of 

quantification (LOQ) = 0.094 μmol L-1). NO3
-, NO2

-, and PO4
3-concentrations were 

determined using a continuous flow analyzer (AA3 HR, SEAL) following the designated 

colorimetric methods (Wangersky 1978) (LOQ = 0.084 μmol L-1, 0.011 μmol L-1, and 

0.043 μmol L-1 respectively). NH4
+, NO3

-, and NO2
- are collectively termed ‘dissolved 

inorganic nitrogen’ (DIN) hereafter. 
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3.3.2 Experimental design  

Eight anodized aluminum frames (50 x 50 cm) were haphazardly deployed onto the reef 

at a depth of 5 m (Fig. 3.1A). The frames were secured to the substrate with weights, 

keeping a distance of 1.5 to 2.5 m between frames.  

 

 

Figure 3.1 | Experimental setup at Abu Shosha reef (A) and exemplary pictures of the 

settlement tiles 1, 4, 8, and 12 months after deployment (B). Aluminum frames with settlement 

tiles were haphazardly deployed directly onto the reef at 5 m water depth. Communities developing 

on settlement tiles showed a gradual development from filamentous turf algae towards more 

encrusting algae and sessile invertebrates. Abbreviations: mo = months. Scalebar = 0.5 cm. Picture 

in A adapted from Roth et al. (2018).  
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Each of the frames was equipped with 12 rough, untreated, carbonate tiles. Each tile 

was about 8 x 8 cm and had a mean (± SE) surface area of 64 ± 0.8 cm2. Rough carbonate 

tiles were used, as their surface mimics coral rock and enhances natural species richness 

and biomass compared to other artificial substrates (Kennedy et al. 2017, Mallela et al. 

2017). Tiles were installed in a 45-degree angle relative to the substrate on a tough plastic 

net fixed between the vertical poles to reduce excess sedimentation. Monthly, a random 

settlement tile was collected from each frame for further analysis. In total, 96 settlement 

tiles were analyzed for this study. 

 

3.3.3 Quantification of primary production and N2 fixation 

Every month, eight settlement tiles were incubated with surrounding seawater to 

quantify rates of NPP, dark respiration (R), and N2 fixation under natural water and light 

conditions. Incubations for NPP and R took place immediately after collection inside 

separate 1000 mL gas-tight glass jars that were placed on the seafloor in the direct vicinity 

to the sampling location. Incubations always started at 10:30 a.m. One additional 

incubation jar containing only seawater served as a control for planktonic background 

activity. Another jar was closed with the others and immediately brought to the surface to 

measure the initial concentration of dissolved oxygen (DO) using an optical DO probe 

(FDO®, 925, WTW, temperature and salinity corrected; accuracy: ± 0.5 % of value). The 

incubation jars for R were covered with thick aluminum foil to measure O2 fluxes in the 

absence of photosynthesis. After 60 – 70 min incubation time, all glass chambers were 

transported to the boat, and the concentration of DO was measured in the incubation 

medium of each chamber. Readings were recorded after gently stirring the seawater to 
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ensure homogeneous DO distribution. After DO measurements, tiles were left in the jars 

and transported to the laboratory, where they were kept in an incubator at in situ 

temperature and light conditions until the beginning of the acetylene (C2H2) reduction 

assay (ARA) starting in the evening of the same day.  

ARA was used to measure the activity of the unspecific N-fixing enzyme nitrogenase 

(Stewart et al. 1967) to approximate N2 fixation rates (Capone et al. 1977, Shashar et al. 

1994b). For the assay, the eight settlement tiles (i.e., originating from the NPP and R 

incubations in the field) were transferred to 1 L gas-tight glass chambers for subsequent 

incubations. In addition, duplicate seawater control chambers were incubated to correct for 

planktonic N2 fixation. Each chamber contained 720 mL of seawater collected from the 

field on the same day and 80 ml of C2H2-enriched seawater. Of the 200 ml air headspace, 

10 % was replaced with C2H2 gas. 2.5 mL gas samples were collected at the beginning 

from the gas headspace with a glass syringe and injected into vacuum glass tubes 

(COVIDEN, Monoject Blood collection tubes). Subsequently, glass chambers were placed 

on inductive drive stirrers (500 rpm) in laboratory incubators set to in situ temperature and 

light conditions. Conditions in the incubators followed a 12 h light/dark cycle. Additional 

gas samples were taken after 12 h to quantify ethylene (C2H4) production during nighttime 

and after 24 h, for the full 24 h period, respectively. C2H4 concentrations in the gas samples 

were determined using a gas chromatograph with flame ionization detector (Agilent 

Technologies 7890A) and a GS-GasPro column (Agilent J&W GC Columns, length 30 m, 

diam. 0.320 mm, Agilent Technologies) with a LOQ = 7.41 ppm. 

 



Chapter 2 

 

97 

 

3.3.4 C and N elemental and stable isotope analysis  

After the incubation experiments, all tiles were rinsed with freshwater to remove mobile 

invertebrates, sediments, and salt. All sessile organisms were scraped off with razor blades 

and collected in pre-combusted, pre-weighted tinfoil. Tinfoil packages with content were 

dried at 40 °C for 48 h. Dried samples were homogenized with an agate mortar and 

pestle. Subsamples were weighed and transferred into tin capsules for bulk C and N isotope 

analysis. For 13Corg analysis, dried subsamples were weighed into silver capsules and 

decalcified by dripping hydrochloric acid (2N HCl) directly onto the sample. After 

completion of the decalcification process, samples were re-dried at 40 °C for 24 h. Isotopic 

ratios for 13Corg/12Corg and 15N/14N signatures, and total Corg and N contents were measured 

using an elemental analyzer (Thermo Flash EA 1112) coupled to a stable isotope mass 

spectrometer (IRMS, DELTA V Advantage). C and N stable isotope ratios were expressed 

by the delta (δ) notation in units per mil ( ‰) and calculated as: δ13C or δ15N = (Rsample / 

Rref − 1) × 1000, where Rsample is the ratio of 13C/12C or 15N/14N in the sample, and Rref is 

the heavy/light isotope ratio of the reference material (C/Rref = 0.01118, Vienna Pee Dee 

Belemnite; N/Rref = 0.00368, atmospheric N2 (Mariotti 1983). The standard deviation for 

repeated measurements of lab standard material (peptone) was < 0.15 ‰ for N and C, 

respectively. Standard deviations of concentration measurements of replicates of the lab 

standard were < 3 % of the concentration analyzed. 
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3.3.5 Data analysis  

Daytime averages were calculated for seawater temperature and light availability from 

continuous measurements. NPP and R for each incubated tile were derived from DO 

concentration differences in the incubation medium calculated by subtracting the start from 

the end concentration. Results were corrected for DO concentration differences measured 

in controls and normalized to incubation water volume, incubation time, and 2D surface 

area of the settlement tile. GPP was calculated by adding positive R rates to their 

corresponding NPP rates (GPP = NPP + |R|). The biological C fixation was calculated by 

the amount of oxygen released/taken up during photosynthesis/respiration as a proportion 

of the volume of CO2 used in that process with a photosynthetic quotient of 1.04 and 

respiratory quotient of 0.96, as previously established for turf algae and coral rock 

(Carpenter and Williams 2007). Hourly rates from each incubation were extrapolated to 

daily rates (12 h for NPP, 24 h for R, and GPP = NPP + |R|), resulting in daily NPP, R and 

GPP rates given in µmol C cm-2 d-1. N2 fixation rates were calculated based on C2H4 

concentration differences in the headspace between the start and endpoint of the incubation. 

The amount of C2H4 absorbed in the incubation water was accounted for by Bunsen gas 

solubility coefficients of 0.072 – 0.082 of ethylene, depending on the temperature and 

salinity during the incubations (Breitbarth et al. 2004). To convert C2H4 evolution rates to 

N2 fixation rates, a conservative theoretical ratio of 4:1 (C2H4:N2) was used, which assumes 

that 4 mol of C2H4 are reduced per 1 mol of N2 (Stal 1988, Mulholland et al. 2004). All N2 

fixation rates were corrected for the respective seawater controls and normalized to 

incubation time and 2D surface area of the settlement tile, and are expressed as nmol N cm-

2 d-1. To calculate the contribution of fixed N to the N demand for primary production, it 
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was assumed that organisms on settlement tiles assimilated biomass with Corg/N ratios 

based on the C and N elemental analyses of the scraped off material derived from 

settlement tiles. As seasonal variations resulted in corresponding variations in Corg/N ratios, 

the N demand for primary production was calculated for each month and tile individually. 

The export of Corg from the settlement tiles was calculated by subtracting the actual Corg 

acquisition rates (i.e., the differences between Corg contents of tiles between two 

consecutive months) from the maximum amount of C that could have been accumulated 

by primary production in the respective timeframe. We accounted for the losses of C by 

respiration using only daytime NPP rates and subtracting nighttime R. Non-linear 

relationships between environmental variables (i.e., T, and DIN) and physiological 

parameters (i.e., GPP and N2 fixation) were assessed by polynomial regression models. 

Model assumptions of normally distributed and homogenous residuals were tested with Q-

Q- and scatter-plots of residuals against fitted values. All statistical analyses were 

conducted in R v3.2.2 (R Development Core Team 2015) and JMP© Pro14 (SAS Institute) 

statistic software.  

 

3.4 Results 

3.4.1 Environmental conditions  

All monitored environmental variables exhibited a strong temporal variability (details 

in Table S1.1). Mean monthly water temperature ranged from 24.6 ± 0.1 ℃ in February to 

a maximum of 32.2 ± 0.1 ℃ in August. DIN was lowest in April (0.29 ± 0.01 μmol N L-1) 

and highest in September (1.35 ± 0.12 μmol N L-1), while PO4
3- was lowest in January and 

highest in July (0.02 ± 0.01 and 0.18 ± 0.02 μmol P L-1, respectively).  



Chapter 2 

 

100 

 

3.4.2 Succession of benthic pioneer communities on settlement tiles  

Bare tiles were gradually inhabited by various benthic organisms (Fig. S2.1). Within 

four weeks, over 50 % of the surfaces of the tiles were covered by filamentous turf algae 

(29 %), green and brown crustose algae (18 %), as well as CCA (7 %). Filamentous turf 

algae proliferated for the following two to four months, covering more than 50 % of each 

tile, while other biotic functional groups did not increase in their occurrence. After four to 

six months from the beginning of the experiment, the availability of bare space on the 

settlement tiles halved and remained at 20 %, while crustose algae and CCA progressively 

replaced filamentous turf algae. In addition, calcifying invertebrates (1 – 5 %), such as 

barnacles, polychaetes, but also coral spats and recruits were observed more frequently. 

Exemplary pictures of the settlement tiles one, four, eight and twelve months after 

deployment are presented in Fig. 3.1B.  

 

3.4.3 Biomass accumulation of C and N 

Total Corg and N accumulated gradually on settlement tiles, plateauing after six to eight 

months (Fig. 3.2A and B). Total Corg increased by 32 % monthly, reaching a maximum of 

52.4 ± 8.1 μmol C cm-2 in September. Likewise, total N increased by 30 % per month, until 

reaching a maximum of 4.0 ± 0.7 μmol N cm-2 in August. The concomitant increase in 

elemental Corg and N resulted in stable Corg/N ratios of biomass (11.6 ± 0.4) throughout the 

study period. A slight but significant drop of the Corg/N ratio to 7.7 ± 0.5 was observed in 

June (Fig. 3.2C).  
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3.4.4 Primary production and N2 fixation activity 

Within four to eight weeks after deployment, benthic pioneer communities exhibited 

high rates of C and N2 fixation, with strong temporal variations (Fig. 3.3A and C). GPP 

averaged 17.6 ± 0.5 μmol C cm−2 d−1, with highest rates in June and lowest rates in February 

(24.7 ± 0.9 and 12.9 ± 2.1 μmol C cm−2 d−1, respectively). Stepwise regression identified 

temperature as the best explanatory variable for GPP, and their relationship was described 

by a 4th-degree polynomial fit (Fig. 3.4A, r2 = 0.527, p = 0.015). The optimum temperature 

for GPP was derived by calculating the local maxima, where GPP was highest at 30.4 °C. 

Overall, productivity was driven by NPP; daily community R contributed 20 – 30 % to 

GPP only, resulting in a stable GPP/R ratio of 3.9 ± 0.2 throughout the study period. N2 

fixation rates were highly variable, ranging from 8 to 54 nmol N cm−2 d−1 (Fig. 3.3C). 

Environmental DIN availability had a strong effect on rates of N2 fixation (Fig. 3.4B, r2 = 

0.707, p < 0.0001), with highest rates during nutrient depleted conditions, and lowest N2 

fixation rates during conditions with high DIN concentrations. 

Carbon (δ13C) and nitrogen (δ15N) stable isotope signatures of biomass on settlement 

tiles followed the seasonal patterns of GPP and N2 fixation, respectively (Fig. 3.3B and D). 

δ13C ranged from -14.08 ± 0.37 ‰ to -9.04 ± 0.36 ‰, being significantly enriched during 

summer. Linear regression indicated a positive relationship between δ13C and GPP (r2 = 

0.22, p = 0.008). δ15N of biomass ranged from -0.13 ± 0.09 ‰ to 3.14 ± 0.23 ‰ and 

correlated significantly both with DIN (r2 = 0.23, p < 0.001) and N2 fixation (r2 = 0.34, p < 

0.001). δ15N was significantly depleted (-0.12 ± 0.11 ‰) in April and May, when DIN 

concentrations were lowest, and N2 fixation was highest.  
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Figure 3.2 | Accumulation of organic carbon (A), total nitrogen (B), and the respective Corg/N 

ratio of biomass by benthic pioneer communities over the study period of 12 months. Boxplots 

show the median (line across a box), quartiles (upper and lower bounds of each box) and extremes 

(upper and lower whisker). The ends of the whisker are set at 1.5*IQR (IQR = interquartile range) 

above the third quartile (Q3) and 1.5*IQR below the first quartile (Q1).  
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Figure 3.3 | Monthly rates of gross primary production (A) and dinitrogen fixation (C) of 

benthic pioneer communities, along with their respective carbon (B) and nitrogen (D) stable 

isotope signature of biomass. Gross primary production (GPP) is divided into net primary 

production (NPP) and respiration (R), where NPP + |R| = GPP. Dinitrogen (N2) fixation rates were 

indirectly derived from acetylene reduction assays. As the most significant explanatory variables 

for temporal variations, temperature and DIN concentrations (black dots and black lines) are shown 

for comparison in A and C, respectively. Bar charts show the mean ± standard error. Boxplots in B 

and D show the median (line across a box), quartiles (upper and lower bounds of each box) and 

extremes (upper and lower whisker). The ends of the whisker are set at 1.5*IQR above the third 

quartile (Q3) and 1.5*IQR below the first quartile (Q1). Shaded areas in transparent colors in B 

and D represent the 95 % confidence intervals around the lines of the mean estimates. N/A = No 

data available on these dates.  
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Figure 3.4 | Polynomial regressions of the nonlinear relationships of gross primary 

production (A) and dinitrogen fixation (B) with environmental variables (i.e., temperature 

and dissolved inorganic nitrogen, respectively). Shaded areas in transparent colors represent the 

95 % confidence intervals around the lines of the estimates. 

 

3.4.5 Estimating regeneration rates of carbon from benthic pioneer communities  

The export of Corg (Corg produced, but not consumed or incorporated by the community 

itself) from the settlement tiles was derived by subtracting the Corg acquisition rates 

(elemental analysis) by the C fixation rates (incubations) by primary production. On 

average, 10.2 ± 0.5 μmol C cm−2 d−1, comprising almost 60 % of the photosynthetically 

fixed C, was not consumed or incorporated into the communities, implying it was released 

into the seawater or consumed by higher trophic levels. While rates fluctuated significantly 

between months (Fig. 3.5), four weeks after deployment, 57 % (8.0 ± 0.9 μmol C cm−2 d−1) 

of the fixed carbon was already exported into the environment. 
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Figure 3.5 | Export of Corg from pioneer communities. The export was calculated by subtracting 

the Corg acquisition rates (i.e., the differences between Corg contents between two consecutive 

months) from the maximum amount of C that could have been accumulated by primary production 

in the respective time frame. Losses of C by respiration were accounted for by using daytime net 

primary production rates only and subtracting nighttime respiration. Bar charts show the mean ± 

standard error. 

 

3.5 Discussion  

Understanding how benthic pioneer communities contribute to fundamental carbon and 

nitrogen pathways following the collapse of coral communities may provide important 

links between the nutrient dynamics of a reef and the trajectories of its recovery. The data 

presented here demonstrate that organisms establishing on bare substrates can produce 

considerable quantities of Corg and N even weeks after the initial settlement. While the 

biomass of pioneer communities is limited, the export of organic material to the ecosystem 

is substantial and consistent over time, despite significant variations in the rates of 

assimilation that are influenced by environmental conditions. Ultimately, pioneer 
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communities may serve as an alternative source of carbon and nutrients through which the 

wider coral reef ecosystem may be able to acquire limiting elements that are essential for 

ecosystem reorganization and recovery after disturbance events.  

 

3.5.1 High rates of primary productivity and N2 fixation in benthic pioneer 

communities  

Pioneering functional groups on settlement tiles were, as commonly observed, mainly 

short (< 2 mm) filamentous turf algae, crustose algae, and CCA (e.g., Adjeroud et al. 2009, 

Jessen et al. 2014, Mellin et al. 2016). Already four weeks after the introduction of bare 

substrates, these epilithic autotrophs displayed high rates of GPP. Commonly, consortia of 

epibenthic algae belong to the most productive functional groups on coral reefs (Hatcher 

1988). Accordingly, rates of GPP by pioneer communities were slightly higher than that of 

common coral reef framework substrates, such as ‘biogenic coral rock’ (van Hoytema et 

al. 2016) and CCA (Anthony et al. 2008), but were lower than GPP rates reported for dense 

turf algae (e.g., Adey and Goertemiller 1987, Rix et al. 2015), demonstrating the taxonomic 

heterogeneity of pioneer communities. Importantly, however, primary productivity was in 

the same order of magnitude as in healthy and mature coral-dominated reef communities. 

Specifically, GPP of pioneer communities was similar to recently estimated, community-

wide budgets for coral reefs in the Northern Red Sea (i.e., 13 to 25 μmol C cm−2 d−1 in this 

study, compared to 22 – 26 μmol C cm−2 d−1 in Cardini et al. 2016, or 20 – 30 μmol C cm−2 

d−1 in van Hoytema et al. 2016) and elsewhere (e.g., Hatcher 1988, Eidens et al. 2014). 

Likewise, considerable N2 fixation occurred throughout the study period, which was 

comparable to those of turf algae and coral rock (Davey et al. 2008, den Haan et al. 2014, 
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Rix et al. 2015). Interestingly, N2 fixation rates presented in this study were quantitatively 

similar to those of living corals and coral-dominated communities (Shashar et al. 1994a, 

Cardini et al. 2016). Our study corroborates that diazotrophs are ubiquitous in benthic coral 

reef environments and essential for replenishing the pool of biologically available N 

(reviewed by Cardini et al. 2014). The relative variability in N2 fixation rates, however, 

may be attributable to differences in diazotroph community compositions across regions 

and/or local environmental conditions (O’Neil and Capone 2008). 

 

3.5.2 Temporal variability and contribution of N2 fixation to primary productivity 

 Both primary productivity and N2 fixation displayed a temporal variability depending on 

changing environmental conditions. 

Any observed fluctuations in primary production throughout the year were, primarily, 

attributed to temperature rather than the factor ‘time’ – as a function of the successional 

stage of the pioneer communities. As a temperature-sensitive process (Yamori et al. 2014), 

primary production followed a parabolic curve with a calculated optimum temperature at 

30.4 ℃. While primary production maxima are typically observed during summer in many 

reef locations worldwide, photosynthesis was highest in spring (i.e., May), indicating that 

summer temperatures can exceed the metabolic optima for some reef organisms in the 

central Red Sea (Sawall et al. 2015, Roik et al. 2016). Yet, high rates of photosynthesis 

were sustained throughout the study period, despite low inorganic nutrient availability 

during some months. This suggests that either primary production was not nutrient (DIN) 

limited or that additional nutrient sources contributed to supporting photosynthesis. 

Concomitant, N2 fixation rates were mainly influenced by seawater DIN concentrations, 
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and the relationship closely fitted a classic saturation curve model (corresponding to the 

Michaelis-Menten enzyme kinetics). Despite the higher energetic costs of N2 fixation 

compared to DIN assimilation (Gallon 2001), N2 fixation seemed to be a seasonally 

relevant process to fulfill N requirements when external nutrients were scarce. Likewise, 

we estimated that N2 fixation supplied up to 13 % of the N demand for NPP during nutrient-

depleted conditions, as was previously indicated by a positive relationship between the 

productivity and N2 fixation for both turf algae and coral rock (Rix et al. 2015) and other 

reef substrates (Bednarz et al. 2015, Cardini et al. 2015, Tilstra et al. 2017). At the same 

time, N2 fixation remained active at low rates even when DIN concentrations were high, 

suggesting that productivity remained N-limited throughout the year. The higher rates of 

N2 fixation were also reflected in a depleted δ15N isotopic signature of biomass that 

approximated atmospheric N2 (∼0 ‰) during periods of high N2 fixation activity 

(Robinson 2001). As an important source of N supply for photosynthesis, N2 fixation rates 

likely also supported the stable Corg/N ratios of biomass throughout the year.  

 

3.5.3 Accumulation and regeneration of C and N by pioneer communities  

Based on the processes outlined above, pioneer communities may have important 

characteristics that resemble those of mature, coral-dominated reef communities: 1) 

Following coral mortality, pioneer communities develop rapidly and colonize all available 

space previously occupied by corals; 2) the rates at which C and N are assimilated per 

surface area occur in the same order of magnitude observed in mature coral communities. 

Likewise, there is a strong coupling between the fixation of C and N, as indicated by the 

seasonal changes; and 3) pioneer communities acquire their resources within the 
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ecosystem. Thus, a proportion of the community-level organic carbon and nutrient supply 

represents recycled elements as opposed to ‘new’ inputs entering the system from external 

sources (Dugdale and Wilkerson 1992). 

However, while the rates of C and N assimilation by pioneer communities reflect those 

of mature communities within a few weeks, the ecosystem functioning is likely altered. For 

example, we observed low rates of biomass accumulation despite high rates of NPP and 

little community-wide R. The relative constancy of biomass (i.e., limited net accumulation) 

after the first succession of pioneer communities suggests a tight coupling between the 

production and losses on settlement tiles. Thereby, the regeneration (export or supply to 

the environment) of Corg from the settlement tiles comprised on average 60 % (> 80 % at 

times) of the photosynthetically fixed C that was not lost through metabolic activity by the 

community (R by algae, heterotrophs, and decomposers). Particularly grazing keeps 

epilithic algae in a cropped, early successional, and highly productive state in which they 

contribute most to the efficient transfer of organic carbon to higher trophic levels (Fong 

and Paul 2011). Concordantly, high biomass of herbivorous fish (> 150 g m-2) in the studied 

reef likely maintained substantial top-down control over organisms settling on bare 

substrates (Roth et al. 2018). In addition, C and N from benthic autotrophs are also released 

as dissolved organic matter exudates (Haas et al. 2010, Quinlan et al. 2018) or by the decay 

of biomass (Duarte and Cebrián 1996), constituting organic carbon and nutrient sources 

for other trophic levels.  
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3.5.4 Ecological implications 

While pioneer communities cannot substitute important ecosystem functions that 

characterize scleractinian corals as true ecosystem engineers (Wild et al. 2011), the high 

associated turnover of organic material from settler communities may temporarily serve as 

an alternative source of C and N to compensate for the loss of corals after mortality events. 

The data highlight that pioneer communities play an important role in the functioning of 

coral reef ecosystems via maintaining the nutrient provisioning and regeneration, which, 

in turn, may trigger a cascade of subsequent processes. First, by providing an alternative 

source of organic carbon and nutrients following coral mortality, pioneer communities can 

help in sustaining higher trophic levels and prevent the collapse of the food web. Particulate 

or dissolved organic compounds released from pioneer communities may be consumed 

directly by grazers (Crossman et al. 2001), plankton (Nakajima et al. 2017), or are quickly 

remineralized to inorganic forms via detrital and microbial pathways (Haas et al. 2013), 

helping to transfer organic carbon and nutrients through multiple trophic levels. Fish 

directly graze on pioneer communities, thereby transferring the acquired organic carbon 

efficiently to higher trophic levels. Second, a high grazing activity ensures the availability 

of suitable settlement substrates for pioneer communities, and the consumption of organic 

material promotes the remobilization of organic carbon and nutrients across the whole 

ecosystem via excretion and egestion (Burkepile et al. 2013, Allgeier et al. 2014, 2017). 

Lastly, the resulting increased availability of nutrients, as well as heterotrophic food 

sources, may further directly support the recovery of bleached corals and the recruitment 

of new coral colonies, as they enhance coral thermo-tolerance, growth, and calcification 

rates (Ferrier-Pagès et al. 2003, Cox 2007, Anthony et al. 2009, Fox et al. 2018). 
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The successional development of benthic pioneer communities, and their impact on the 

C and N dynamics herein, directly depends on the initial habitat characteristics (Roth et al. 

2018), rates of grazing (top-down control), and nutrient availability (bottom-up control) 

within the reef (e.g., Burkepile and Hay 2006, Smith et al. 2010). Under conditions of 

limited habitat complexity, low grazing pressure or nutrient pollution, pioneer communities 

may shift to a dominance of dense turf- and macroalgae that are less palatable, resistant to 

grazing, and allelopathic (Hixon & Brostoff 1996, Smith et al. 2010). Counterintuitively, 

these taller and denser algae are less productive and transfer less organic carbon through 

the food web, can trap more sediment (Miller and Barimo 2001), leak more labile dissolved 

organic carbon (Haas et al. 2013), and promote higher microbial loads (Haas et al. 2016) - 

all of which could negatively impact the trajectories of recovery within the reef system.  

Taken together, pioneer communities, through their efficient assimilation and supply of 

organic material, may constitute a critical source of limiting elements that may promote 

the recovery of coral reefs by providing new inputs of organic carbon and nutrients. The 

effect of the additional C and N supply by pioneer communities may, however, be context-

dependent and reinforce either a coral- or algae-dominated reef community depending on 

multiple biological and environmental factors acting on the ecosystem. Early pioneer 

communities may only assist in the recovery of coral reefs as long as healthy consumer 

structure is present and the water quality remains adequate (Barkley et al. 2018). 

Management and conservation efforts should, therefore, aim at preserving the structural 

integrity of a reef, reducing the fishing pressure on important functional groups (e.g., 

herbivores), and limiting anthropogenic nutrient inputs.  
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Ultimately, the biomass (and the incorporated nutrients) of pioneer communities may 

support the organic carbon demands of coral reef communities at their vulnerable stages of 

reorganization after disturbance events. Appropriate conservations measures may assist in 

sustaining the transfer of organic carbon and nutrients through multiple trophic levels that 

foster natural succession and the recovery of coral reefs.  
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4.1 Abstract 

The exchange of energy and nutrients are integral components of ecological functions 

of benthic shallow-water ecosystems and are directly dependent on in situ environmental 

conditions. Traditional laboratory experiments cannot account for the multidimensionality 

of interacting processes when assessing metabolic rates and biogeochemical fluxes of 

structurally complex benthic communities. Current in situ chamber systems are expensive, 

limited in their functionality, and the deployment is often restricted to planar habitats (e.g., 

sediments or seagrass meadows) only.  

To overcome these constraints, we describe a protocol to build and use non-invasive, 

cost-effective, and easy to handle in situ incubation chambers that provide reproducible 

measurements of biogeochemical processes in simple and structurally complex benthic 

shallow-water communities. Photogrammetry tools account for the structural complexity 

of benthic communities, enabling to calculate accurate community fluxes. We tested the 

performance of the system in laboratory assays and various benthic habitats (i.e., algae 

growing on rock, coral assemblages, sediments, and seagrass meadows). In addition, we 

estimated community budgets of photosynthesis and respiration by corals, rock with algae, 

and carbonate sediments, which were subsequently compared to budgets extrapolated from 

conventional ex situ single-organism incubations.  

The tests highlight the transparency (> 90 % light transmission) of the chambers and 

minimal water exchange with the surrounding medium on most substrates. Linear 

dissolved oxygen fluxes in dependence to incubation time showed sufficient mixing of the 

water by circulation pumps and no organismal stress response. The comparison to single-

organism incubations showed that ex situ measurements might overestimate community-
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wide net primary production and underestimate respiration and gross photosynthesis by 20 

– 90 %. 

The proposed protocol overcomes the paucity of observational and manipulative studies 

that can be performed in in situ native habitats, thus producing widely-applicable and 

realistic assessments on the community level. Importantly, the tool provides a standardized 

approach to compare community functions across a wide range of benthic habitats. We 

identify multiple experimental strategies, including the manipulation of stressors/factors, 

and discuss how the method may be implemented in a variety of aquatic studies.  

 

4.2 Introduction  

Anthropogenic environmental change is rapidly transforming the community 

composition, structure, and functioning of coastal and estuarine benthic shallow-water 

ecosystems on a global scale (Harley et al. 2006). Processes such as primary production, 

calcification, organic matter (OM) remineralization, and nutrient cycling are important 

indicators of ecosystem status, health, and alteration (Lotze et al. 2006, Halpern et al. 2008, 

Cloern et al. 2016). However, the complexity of interactions underlying these processes 

requires a holistic assessment with accurate measurements of community metabolism and 

biogeochemical fluxes (Griffiths et al. 2017). Consequently, community-wide and 

standardized measurements of biogeochemical properties of benthic communities are a 

prerequisite for ecosystem management (Brierley and Kingsford 2009). However, 

obtaining such data has proven challenging.  

Currently, metabolic rates and element cycling processes of various benthic 

communities are mainly derived from experimental studies conducted in aquaria or 
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mesocosm systems (Russell et al. 2009, Wagenhoff et al. 2013, Comeau et al. 2015, Althea 

and Duffy 2016, Bellworthy and Fine 2018). In such studies, benthic communities are 

reconstructed ex situ according to information gathered during benthic field surveys. 

Mesocosms (continuous flow or static) provide a unique way to measure biogeochemical 

exchange rates under controlled conditions. These traditional methods, however, are 

seldom capable of accommodating the complexity and variability of natural systems 

(Riebesell et al. 2010). Moreover, substrates and individual organisms must be actively 

removed and incubated ex situ, making this process destructive and prone to experimental 

artifacts. Additionally, community measurements in ex situ flumes and mesocosms are 

extremely costly, and few laboratories are capable of accommodating the complexities of 

natural systems.  

Most community-wide in situ measurements of metabolic and biogeochemical 

processes have generally quantified spatial geochemical changes in the water column using 

the Eulerian (e.g., Falter et al. 2008) or Lagrangian (e.g., Gattuso et al. 1996) flow 

respirometry technique. These methods involve measuring the upstream-downstream 

changes of the chemical properties in a parcel of water in a unidirectional flow field. This 

approach has difficulties to accurately tracking the movement of water parcels due to the 

complex topography of many habitats, resulting in a significant margin of error (e.g., Shaw 

et al. 2014). Moreover, water must have sufficient contact time with the substrate for its 

chemistry to be affected by processes of interest, limiting the resolution of geochemical 

measurements (Monsen et al. 2002).  

Enclosure experiments (ex situ or in situ) associated with benthic shallow-water systems 

have often utilized small (< 4 L volume, usually only 1 L) incubation chambers (Ferrier-
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Pagès et al. 2013, Sawall et al. 2014, Camp et al. 2015). These chambers effectively isolate 

a limited volume of water over individual organisms, enabling short-term incubation 

experiments. While providing valuable measurements of processes associated with 

individual organisms, community-wide responses cannot be achieved. Nonetheless, single-

organism incubations are the foremost approach to extrapolate responses of representative 

taxa of a known habitat to community-wide budgets (Naumann et al. 2013, Eidens et al. 

2014, Cardini et al. 2016). 

In recent years, larger in situ incubations chambers (5 – 120 L volume) have been used 

across different benthic shallow-water habitats (Tengberg et al. 1995, Hughes et al. 2000, 

L’Helguen et al. 2014). These chambers enclose both the underlying substrate and 

overlying water to assess areal rates of production and uptake by quantifying temporal 

changes in the overlying water chemistry. They provide a non-invasive technique that 

better reflects the ambient conditions, nevertheless, these studies have often been restricted 

to plain two-dimensional (2D) habitats, such as sediments (e.g., Tengberg et al. 1995, 

Rasheed et al. 2006, L’Helguen et al. 2014) or seagrass meadows (Silva et al. 2005). Here, 

fluxes could simply be related to the covered seafloor area and the known water volume of 

the chamber.  

The application of such systems has been notably absent for communities with 

structurally complex, three-dimensional (3D) structures (e.g., rocky beds, oyster banks, or 

coral reef habitats). Photosynthesis, calcification, and OM cycling, however, are all 

examples of processes affected by the volume and surface area of the organisms, yet no 

tools have been available to quantify these variables in situ non-intrusively. Previous 

studies that measured community processes on intertidal rocks (Tait and Schiel 2010) or 
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coral reefs (Yates and Halley 2003, Haas et al. 2013) considered the 2D area of the seafloor 

alone; hence, results may have a large margin of uncertainty.  

Given the above, a reliable, versatile, and widely reproducible method for assessing the 

biogeochemical functioning of benthic shallow-water communities in their natural 

environment is lacking. To address these challenges, we developed an end-to-end in situ 

incubation protocol that aims at measuring biogeochemical fluxes associated with whole 

benthic communities. The technique can be applied across a wide range of benthic shallow-

water habitats, from simple (e.g., sediments) to complex (e.g., corals or rocky beds). We 

inform on material selection and construction processes to build cost-effective and easy to 

handle in situ chambers made from ridged polymethyl methacrylate cylinders. Combined 

with recent advances in computer-assisted photogrammetry, this approach offers a new 

way for accurately measuring all biogeochemical fluxes in a non-intrusive manner. We 

present data from laboratory tests, field incubations, and, subsequently, compare our results 

to data from a commonly applied protocol of estimating community budgets from 

incubations of single organisms. Lastly, we discuss how the method may be implemented 

in a variety of marine and aquatic ecological studies that include standard and manipulative 

experimental approaches. 
 

4.3 Material and methods  

4.3.1 Construction of benthic incubation chambers 

Benthic chambers were constructed from 5 mm thick polymethyl 

methacrylate (PMMA) cylinders (diameter: 0.50 m, height: 0.39 m) with a removable, gas-

tight lid of the same material (0.40 m total height) (Fig. 4.1; additionally, see 
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supplementary material for a detailed overview of all parts required for the construction, 

prices, and vendors, as well as detailed design and assembly schematics in Fig. S3.1 – 

S3.3). The size was chosen to accommodate large communities with rigid features while 

still being easily handled by divers. The chambers are open at the bottom to be mounted 

over natural benthic communities. On soft-bottom substrates, the chambers are inserted 

into the ground down to 5 cm to seal off the incubation medium from the surrounding 

seawater. On hard-bottom substrates, where the chambers cannot be inserted into the 

ground, wide (20 cm) PVC skirts (Table S3.1) attached 5 cm above the base are used to 

minimize water intrusions. The lid-top can be fastened onto the chamber using M5 x 0.8 

mm wing-head PVC bolts (Table S3.1). A silicone O-ring (Table S3.1) sits in a gland to 

create a gas-tight seal between chamber and lid. Once mounted correctly, the chambers 

enclose a theoretical volume of 66.8 to 76.7 L of water (depending on the depth of insertion 

into the ground) and cover 0.2 m2 of the seafloor. 

Due to their flat surface, lids can be easily modified to accommodate measurement and 

sampling requirements for the desired experiment. In the setup presented here, all chambers 

were equipped with autonomous recording dissolved oxygen (DO) sensors (HOBO U26, 

Onset Computer Corporation, Cape Cod, USA; precision 0.02 mg L−1, accuracy ± 2 %, 

automatic temperature and pressure compensated and salinity corrected), and HOBO 

Pendant® light loggers (Onset Computer Corporation, Cape Cod, USA). Furthermore, the 

chambers were equipped with two sampling ports: 1) One one-way stopcock female to 

male luer-lock (Table S3.1); 2) one stopcock ¾ inch with barbed hose adapter (Table S3.1). 

Among others, these sampling ports offer the possibility for controlled sampling of many 

biological and chemical variables, such dissolved organic carbon (DOC), dissolved 
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inorganic nutrients, dissolved inorganic carbon (DIC), total alkalinity (TA), bacterial or 

viral samples.  

 

 

Figure 4.1 | Benthic incubation chamber deployed in situ over a natural coral reef community 

(A), and general layout of the chamber (B). (1) One one-way stopcock female to male luer-lock; 

(2) Six wing-head bolds to fasten lid; (3) Adjustable flow control circulation pump; (4) Main 

chamber body made from polymethyl methacrylate cylinders (50 cm diameter, 39 cm height); (5) 

Removable lid made from polymethyl methacrylate (0.5 cm thickness); (6) O-ring; (7) Stopcock ¾ 

inch with hose barb adapter; (8) Temperature and dissolved oxygen recorder (HOBO U26); (9) 

PVC skirt. Note: The circulation pump in A is behind the tubular oxygen sensor.  

 

All chambers were equipped with individual water circulation pumps to ensure that 

withdrawn water samples for later analysis are representative of the entire volume and to 

avoid the development of chemical gradients (Fig. S3.4). An adjustable flow control further 

allowed to mimic hydrodynamic conditions under ambient conditions. For this, 6 V DC 

motors (300 mA, 2 W) with a magnetic impeller (Table S3.1) were powered by four 1.5 V 

AA mignon cells (2600 mAh) (Table S3.1). A low voltage pulse-width modulation (PMW) 

speed controller (Table S3.1) enables step-less controllable flow rates of 0.2 – 2 L min-1. 
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All electronic parts were encapsulated in a PVC tube (40 mm inner diameter, 150 mm 

length) (Table S3.1) with the pump on one end, and with a screw cap and a silicone O-ring 

(Table S3.1) at the back. The screw cap allows easy access to the electronics to exchange 

batteries, switching on/off of pumps, and to conduct maintenance works. The pump at the 

front end was secured and sealed off with non-toxic marine grade epoxy resin (Table S3.1).  

 

4.3.2 General procedures: chamber deployment, water sampling, and cleaning  

Chamber deployment. The chambers can be deployed easily by two people, either 

snorkeling or SCUBA diving, depending on the study site. The chambers are first installed 

without their lids for easier maneuverability and to minimize pressure and wave-induced 

disturbance to the benthic substrate. The 39 cm-high chambers are carefully positioned 

over the benthic community of interest, and pushed into the sediment to a depth of 5 cm, 

thus enclosing a 34 cm high water column. The wide PVC skirts attached to the chambers 

are placed onto the substrate and weighed down by a heavy chain, rocks, or rubble to further 

prevent water exchange. If the substrate does not allow to insert the chamber fully, the PVC 

skirt will sufficiently isolate the chamber from the surrounding water (see results of leakage 

testing below). At least one hour time should be given to let sediments settle before 

proceeding. Subsequently, the lid, equipped with pumps and sensors, is fitted to the 

chamber and secured in place with six wing-head bolts. The incubations start by closing 

the chambers’ lid and sampling ports.  

 

Water sampling. Water samples for water chemistry parameters (e.g., DOC, DIC, DIN, 

TA, etc.) or other biological variables (e.g., eDNA) can be withdrawn from one of the two 
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sampling ports at any time of the incubation. Small water samples can be withdrawn with 

syringes from the luer-lock valve. Larger volumes of water can be withdrawn from the 

barbed stopcock. We recommend opening both sampling ports when withdrawing a water 

sample to avoid a reduced pressure inside the chamber and to replace the withdrawn 

volume of water by water from outside the chamber rather than by sediment pore water. 

Considering that 200 mL of water is sufficient for the simultaneous measurement of 

inorganic nutrients, TA, DIC, DOC, and fluorescent dissolved OM, a water exchange 

during sampling of 0.26 % is negligible. Further, the dilution of the water body inside the 

chambers with surrounding seawater can be easily corrected for mathematically. 

Additionally, the two sampling ports are positioned opposite of each other on the lid, 

reducing the risk of sampling water from the inlet valve given sufficient mixing by the 

pumps.  

 

Cleaning procedures. After field deployment, the incubation chambers can be rinsed 

with fresh water. Wing-head screws, valves, and other attached parts can be removed and 

cleaned separately. All materials of the presented set-up can be washed with 4 % HCl 

solution if necessary (e.g., for reliable DOC measurements). We recommend rinsing with 

deionized water before long-term storage.  

 

4.3.3 Considerations for calculating accurate community fluxes  

Surface area and volume quantification of structurally complex habitats. To evaluate 

physiological and biogeochemical processes of complex habitats, it is crucial to determine 

the volume and surface area of the enclosed benthic communities. Here, we quantified the 
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3D surface area and volume of a community in a chamber by photogrammetric techniques 

involving computer modeling discussed in Lavy et al. (2015) and Gutierrez-Heredia et al. 

(2016). The use of cloud computing and the availability of freeware make this tool widely 

accessible. Briefly, ~100 digital photographs are taken in situ from multiple angles of each 

community with a digital camera with underwater housing (Fig. 4.2A). Using the software 

ReCap® (Autodesk Inc.), raw pictures can be uploaded into a cloud-based interface for 

further processing, thereby reducing the computational requirements of the users’ machine. 

ReCap® automatically produces a digital 3D model from the photographs that can be 

downloaded within one hour and opened with the software interface. The colored model 

can be used for the determination of the community composition (Fig. 4.2B). From the 

mesh model (Fig. 4.2C), the 3D surface area and volume are calculated using internal tools 

of the same software.  

The exact water volume (V) in each chamber during an incubation is calculated by 

subtracting the measured community volume (VC) as well as the volume occupied by the 

sensors (VS) and the pump (VP) from the theoretical volume (VT) enclosed by the chamber 

above the sediment line:  

 

𝑉 = 𝑉𝑇 − 𝑉𝐶 − 𝑉𝑆 − 𝑉𝑃 
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Figure 4.2 | Simplified workflow to generate 3D models for the assessment of community 

structure, surface area and volume of structurally complex benthic communities. (A) Around 

100 photos are taken of the benthic community from different angels with a simple underwater 

digital camera (i.e., Canon PowerShot G12). (B) Pictures are uploaded for a cloud-based 3D model 

generation with the software ReCap® (Autodesk Inc.). Colored 3D models based on pictures are 

used for assessments of community structure and composition. (C) Software-integrated tools enable 

surface area and volume quantification.  

 

Calculating community fluxes from discrete water samples and continuous 

measurements. Community fluxes of water chemistry parameters can be calculated from 

discrete water samples or continuous measurements by sensors (e.g., dissolved oxygen 

loggers). All fluxes should be normalized to incubation water volume (V; in L), incubation 

duration (IT; in h), and the surface area (SA; in m2) of the enclosed benthic community. 

Community fluxes for water chemistry variable (Var) can be calculated from discrete start-

end point sampling as:  

 

Var (𝑡) =  [
(∆Var) ∙  V

𝐼𝑇  ∙  SA
] 

 

For variables that can be continuously measured (e.g., dissolved oxygen) community 

fluxes of monotonic metabolic processes (e.g., photosynthesis and respiration) can be 



Chapter 3 

 

133 

calculated from linear regressions. Here, the slope (m) of a linear regression is used to 

calculate flux-rates as:  

Var(𝑡) =  [
𝑚 ∙ V

SA
] 

 

As time series are often non-linear at times (e.g., the rate of O2 initially decelerates as 

the organisms equilibrate after handling), calculations using the full time series can result 

in underestimating metabolic rates. Truncating the data to exclude these non-linearities 

manually is subjective and difficult to reproduce. Therefore, we recommend using the 

“LoLinR” package for R (Olito et al. 2017), which provides a flexible toolkit to implement 

local linear regression techniques to estimate biological rates from linear and non-linear 

time series data. Local linear regressions enhance the accuracy by estimating the slope of 

a linear subset of the time series as defined by linearity metrics underpinning the function 

(details in Olito et al. 2017).  

 

4.3.4 Performance tests on various substrates under laboratory and in situ conditions  

Laboratory assays for leakage testing and light transmission. To ensure that a 

watertight seal can be created around benthic communities, chambers were secured on 

different substrates in 200 L holding tanks in the laboratory according to the protocol 

above. Six replicate chambers were placed on coarse reef sand (1 – 3 mm grain size) and 

six on coarse rock/rubble pieces (∼5 cm), respectively. After closing the chambers, red 

food color dye Allura Red (Red 40) was injected into the chambers via the luer-lock valve. 

All chambers were equipped with temperature-, light- and DO-loggers and the circulation 

pumps were switched on to simulate field deployment conditions. An initial 50 mL aliquot 
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of water was withdrawn from each chamber and the surrounding tank water (background 

control) using a syringe for initial concentrations. Each chamber was then left in the 

holding tank for 6 h before another water sample was collected from inside the chamber 

and the surrounding water. A Trilogy Laboratory Fluorometer with an absorbance module 

(Trilogy 7200-050) was used to measure the absorbance of light at 504 nm by each sample 

to determine if any dye had transferred from inside the chambers to the surrounding tank 

water. A series of volumetric dilutions made from a stock solution of known Allura Red 

concentrations (seven-point calibration) was used to determine the concentration of Allura 

Red in a sample.  

Light transmission through 0.5 mm thick polymethyl methacrylate cylinders was tested 

with a LAMBDA 1050 UV/Vis/NIR Spectrophotometer (PerkinElmer) at 1 nm interval 

from 250 nm – 750 nm wavelength. In addition, light transmission was assessed in situ by 

comparing the data from light loggers deployed inside and outside of the chambers (details 

are described in the supplementary material).  

 

Incubations of simple and structurally complex benthic substrates. To validate the 

versatility of the system on various substrates and conditions, incubations for DO 

production measurements were carried out on: a) hard-bottom communities: i.e., algae 

growing over a reef framework at 5 m water depth; b) hard-bottom communities on sand: 

i.e., assemblages of coral colonies on sand at 5 m water depth; c) carbonate sands at 5 m 

water depth in a reef lagoon; and d) mixed species seagrass meadows at 1.5 m water depth. 

In addition, to sensitize for the correct use of the chambers (i.e., activation of pumps, 

securing chambers with weights), we carried out incubations of coral colonies on sand with 
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and without an active circulation pump system, and incubations of mixed species seagrass 

meadows at 1.5 m water depth under high wave-conditions with and without additional 

weights to secure the incubation chambers on the substrate. All incubations were performed 

concurring to the protocol above. Incubations lasted for 90 – 120 minutes. Incubations of 

different communities were carried out during different seasons in 2017, and absolute 

values should, therefore, not be compared. As any stress response from the organisms, 

water intrusions from the surrounding medium, or non-sufficient mixing by the pumps 

results in non-linear DO production rates, the ‘quality’ of the incubations was assessed by 

evaluating the linearity of DO fluxes corrected for background seawater metabolism and 

normalized to community surface area. For this, the overall linearity in DO production of 

each incubation was tested by Pearson correlations of the full time series. In addition, we 

quantified the number of data points (given in % of the total number of data points of the 

full time series) that met the model assumptions for the local linear regressions. As 

recommended by the model developers, model assumptions are met if 20 % of the data 

points follow a strictly linear trend. Hence, selected model parameters were alpha = 0.2, 

with a linearity metric = L % (details of the model in Olito et al. 2017).  

 

4.3.5 Case study: Coral reef community budgets of primary production and 

comparison to ex situ single-organism incubations  

To illustrate the applicability over simple (i.e., sediments) and structurally complex (i.e., 

coral- and algae) communities, we conducted a case study at a coral reef in the Central Red 

Sea. Field tests were carried out at Abu Shosha reef located on the west coast of Saudi 

Arabia (22°18'16.3''N; 39°02'57.7''E) in July 2017. The reef is characterized by a 
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patchwork of coral- and algae-dominated communities that are distributed on an area of 

coarse carbonate reef sand at a water depth of 4 – 7 m. For the incubations, four coral-

dominated communities surrounded by sediment (> 40 % coral cover, but less than 10 % 

algal cover), four rocky communities overgrown by heterogeneous assemblages of algae 

surrounded by sediment (hereafter ‘algae-dominated’; > 40 % algae, but less than 10 % 

coral cover), and carbonate sediments (hereafter ‘sediments’) were selected haphazardly 

with a minimum distance of 3 m. All communities were incubated for measurements of net 

primary production (NPP) and respiration (R) according to the protocol above (detailed 

procedures for the case study can be found in the supplementary material). To estimate 

gross primary production (GPP), each R measurement was added to its corresponding NPP 

measurement (NPP + |R| = GPP), assuming that respiration rates in the light were equal to 

those derived from dark incubations (covered chambers) during the day (Bidwell 1977). 

O2 fluxes were converted into carbon (C) fluxes assuming a theoretical molar ratio of 

CO2:O2 = 1 (Clavier et al. 1994). For comparison with other benthic systems and methods, 

resulting contributions were expressed in mmol C m-2 h-1. 

Subsequently, in situ community measurements were compared to ex situ community 

budgets estimated from single-organism incubations – a commonly applied technique to 

measure community budgets of structurally complex habitats, such as coral reefs. 

Community budgets from single organism incubations were estimated by an adapted 

protocol from Cardini et al. (2016). The details for the ex situ incubations are described in 

the supplementary material. Briefly, organisms representing the dominant functional 

components from benthic chambers during in situ incubations were incubated individually 

for NPP, R and GPP rates in the laboratory. Afterward, ex situ fluxes of single-organism 
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incubations were extrapolated to the metabolism in in situ chambers, considering the 

specific 3D area covered by the respective functional groups from the chambers’ 

communities and the volume of seawater included in the chambers. 

 

4.4 Results  

Leakage testing. No significant difference between start (1.32 ± 0.05 𝜇mol L-1) and end 

(1.25 ± 0.04 𝜇mol L-1) concentration of Allura Red dye inside the incubation chambers was 

detected on coarse reef sands (mean concentrations reduced by 5.3 % within six hours; 

two-tailed t-test: p |t| = 0.2722) (Fig. 4.3). On rock/rubble, the concentration of Allura Red 

was significantly reduced by 12.4 % within six hours (from 1.37 ± 0.04 to 1.20 ± 0.03 𝜇mol 

L-1, respectively; two-tailed t-test: p |t| = 0.0057), indicating minimal water exchange under 

laboratory conditions (Fig. 4.3).  

 

Light. Spectral analysis showed a light transmission through the chamber material 

averaging 92 % within PAR (photosynthetic active radiation; 400-700 nm) (Fig. 4.4A), 

while light within the UV range was attenuated (16 % and 1 % transmission for UVA and 

UVB, respectively). During field deployment, on average 9.4 % reduced light availability 

within PAR was measured (90.6 % transmission) for incubation chambers compared to 

outside of the chambers at the same time and water depth (Fig. 4.4B).  
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Figure 4.3 | Leakage test of incubation chambers on different substrates. Six replicate 

chambers each were placed in large holding tanks on rock/rubble pieces (∼5 cm) and coarse reef 

sand (1 – 3 mm), and red food dye was injected into the chambers. The concentrations of Allura 

Red dye (determined by absorbance of light at 504 nm) was measured from samples in the chambers 

after adding the dye (referred to as ‘Before’) and after 6 hours of incubation (referred to as ‘After 

6h’). Boxplots showing the median (line across a box), quartiles (upper and lower bounds of each 

box) and extremes (upper and lower whisker). The ends of the whisker are set at 1.5*IQR above 

the third quartile (Q3) and 1.5*IQR below the first quartile (Q1). Scale bars are given in each 

picture. 

 

Incubations of hard-bottom and soft-bottom communities. Incubations of both 

structurally complex (i.e., ‘rocks with algae’ and ‘corals on sand’) and simple (i.e., 

‘carbonate reef sediments’ and ‘seagrasses’) habitats revealed a production of DO over 

time (Fig. 4.5A). Incubation chambers that were deployed on hard-bottom substrates (i.e., 

rocks with algae) had detectable water intrusions from outside the chamber, resulting in an 

average linearity of the DO production of r2 = 0.916 ± 0.032 (Pearson correlation; n = 4), 

where 20 – 48 % of the data points could be included in the local linear regressions by the 

LolinR function. Incubations that took place on sediments (i.e., corals on sand, carbonate 
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sediments, and seagrasses), showed a more linear DO production (r2 = 0.994 ± 0.002; 

Pearson correlation; n = 12), where 51 – 90 % of the data points could be included in the 

local linear regressions.  

 

 

Figure 4.4 | Spectral transparency of benthic incubation chambers. (A) Transmittance of the 

polymethyl methacrylate material (0.5 mm thickness) measured with a spectrophotometer (UV-

2450, Shimadzu Corporation) at a 1 nm wavelength interval. (B) Simultaneous measurements of 

light (photosynthetic active radiation spectra) inside and outside of one incubation chamber 

deployed at 5 m water depth in June 2017.  

 

Incubations of coral-dominated communities on sand with and without active 

circulation pumps highlighted the necessity of the pumps in mixing the water column 

within the chambers (Fig. 4.5B). The lack of active circulation pumps resulted in non-linear 

DO production (r2 = 0.721 ± 0.114; Pearson correlation; n = 3), where only 15 – 22 % of 

the data points could be included in the local linear regressions. In contrast, sufficient water 

circulation with active pumps resulted in a linear DO production (r2 = 0.997 ± 0.002; 

Pearson correlation; n = 4), where 58 – 88 % of the data points could be included in the 

local linear regressions.  
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In an intertidal habitat with high wave action, chambers without additional weights on 

the PVC skirts were shaken by the water movement, resulting in a non-linear DO 

production (r2 = 0.689 ± 0.211; Pearson correlation; n = 4; < 20 – 50 % of the data points 

included in local linear regressions) due to water intrusions (Fig. 4.5C). In contrast, 5 kg 

heavy chains on the PVC skirts secured the chambers sufficiently onto the substrates, 

resulting in linear DO production rates (r2 = 0.982 ± 0.009; Pearson correlation; n = 4; 41 

– 84 % of the data points included in local linear regressions).  

 

Community-wide budgets for photosynthesis and respiration in coral reef habitats. In 

situ incubations revealed a significant difference between benthic coral reef habitats (i.e., 

coral-dominated vs. algae-dominated vs. sediments) for NPP, R and GPP (Fig. 4.6A; 

detailed statistical test results in Table S3.3 of the supplementary material). Algae-

dominated communities exhibited 3- and 9-fold higher NPP rates (8.99 ± 1.18 mmol C m-

2 h-1) compared to coral-dominated communities and sediments, respectively (3.29 ± 0.23 

and 0.98 ± 0.41 mmol C m-2 h-1), while respiration rates were 90 % higher in algae-

dominated communities (-6.46 ± 0.32 mmol C m-2 h-1) compared to both coral-dominated 

communities and sediments (-3.37 ± 0.26 mmol C m-2 h-1, and -3.40 ± 0.31 mmol C m-2 h-

1, respectively). This resulted in 2.3-fold higher GPP values (15.45 ± 1.32 mmol C m-2 h-1) 

of algae-dominated communities, compared to communities dominated by corals (6.65 ± 

0.47 mmol C m-2 h-1) and 3.5-fold higher GPP values as compared to sediments (4.38 ± 

0.15 mmol C m-2 h-1).  
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Figure 4.5 | Dissolved oxygen production during incubations of various substrates (A), 

with/without active circulation pumps (B), and under high wave action in an intertidal zone 

with/without additional weights (C). Shown is the production of dissolved oxygen over time 

(incubation periods ranging from 90 to 120 minutes), corrected for seawater background 

metabolism and normalized to the surface area of the incubated substrate. Points of different colors 

represent independent replicate incubations of the respective substrate. Opaque points with lines 

(•, •, •, and •) represent data points of incubations that were included by the “LoLinR” package 

for R (Olito et al., 2017) in a local linear regression for dissolved oxygen calculations. The amount 

of points included in the local linear regression is given in percent in each plot. As recommended 

by Olito et al. (2017), an asterisk indicates that less than 20 % of the data points followed a linear 

trend; hence, model assumptions were not met. Transparent points (•, •, •, and •) represent all data 

point of the respective incubation that did not follow a linear trend.  
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We assessed the performance of in situ incubations by monitoring that the temporal 

patterns of DO concentrations remained linear during incubations. The average correlation 

coefficient from all light incubations was r2 = 0.996 ± 0.002 (Pearson correlation; n = 12; 

p < 0.0001 in all cases) and r2 = 0.991 ± 0.004 (Pearson correlation; n = 12; p < 0.0001 in 

all cases) for all dark incubations, with 73 – 90 % and 69 – 91 % of the data points included 

in the local linear regressions, respectively. In an exemplary chamber with a coral-

dominated community, DO increased from 5.12 to 7.84 mg L-1 during the light showing a 

highly linear relationship (Pearson correlation: r2 = 0.997, p < 0.0001) to the incubation 

time (Fig. 4.6B). Further, the water temperature inside the chamber increased slightly by 

0.4 °C during the incubation (from 32.0 to 32.4 °C. In contrast, during the 2 h dark 

incubation of the same community, DO decreased from 5.00 to 2.02 mg L-1 within 2 h 

(Pearson correlation: r2 = 0.993, p < 0.0001) (Fig. 4.6C). The water temperature remained 

stable (31.9 °C before and after the incubation).  

 

Comparison of in situ and ex situ estimates of community-wide oxygen fluxes. The 

comparison of community oxygen fluxes between in situ and ex situ incubations revealed 

significant differences between these methods (Fig 6, A; detailed statistical test results in 

Table S3.3 of the supplementary material). Community fluxes derived from ex situ 

incubations showed significantly lower R rates for each of the three habitats compared to 

in situ incubations (25, 62, and 92 % lower for coral, algae, and sediments, respectively). 

Further, ex situ incubations overestimated NPP by 35 % in the case of coral-dominated 

communities, and by 82 % in sediments.  
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Figure 4.6 | Community budgets of dissolved oxygen fluxes from in situ benthic chamber 

incubations and ex situ single organism measurements of algae- and coral-dominated reef 

habitats and carbonate reef sediments. Community fluxes of dissolved oxygen (DO) of the 

respective native communities (in situ) and estimated budgets from single-organism incubations 

(ex situ) (A). Sensor readings of DO and temperature (Temp.) during two-hour light (B) and dark 

(D) incubations of one representative coral-dominated community. GPP = Gross primary 

production; NPP = Net primary production; R = Respiration; DO conc. = Dissolved oxygen 

concentration; DO Percent Sat. = Dissolved oxygen percent saturation. Values of (A) are given as 

means (n = 4) ± standard error.  

 



Chapter 3 

 

144 

While GPP among the two methods was similar in coral-dominated communities, it was 

underestimated by ex situ incubations by > 50 % both in algae and sediments. As a 

consequence, ex situ extrapolations were not able to resolve differences in community 

metabolism between algae and coral-dominated communities.  

 

3.5 Discussion 

Most marine and aquatic ecosystems are presently under threat due to the combined 

effects of anthropogenic perturbations (Halpern et al. 2008). Understanding and predicting 

the responses of these ecosystems to stress requires considering processes across all levels 

of biological organization (Brierley and Kingsford 2009). While current knowledge is 

advancing rapidly on scales ranging from molecular to whole-organism levels, our 

understanding of responses of whole communities in their natural environment is limited 

due to logistical and methodological constraints. In particular, measuring responses of 

communities with complex, three-dimensional structures is challenging, as many 

biogeochemical variables are affected by the volume and surface area of the organisms, 

with no tools available to quantify, non-intrusively, these variables in situ. Thus, it is 

crucial to develop a tool to accurately assess biogeochemical processes central to the 

ecological success of structurally complex benthic communities in situ. We have 

demonstrated that reliable and reproducible metabolic data can be generated using a 

combination of freely accessible photogrammetry tools and low-cost, easily deployable 

incubations chambers. 
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4.5.1 Advantages of the new in situ chamber incubation methods  

A major advantage of the here-described protocol is the ability to measure metabolic 

and biogeochemical processes in various benthic habitats, with both simple and complex 

structures. In the existing literature, a multitude of in situ incubation chambers are 

presented. Especially abundant are systems for the incubation of bare sediments (e.g., 

Tengberg et al. 1995, Rasheed et al. 2006, L’Helguen et al. 2014) or seagrass meadows 

(Silva et al. 2005), while approaches targeting hard-bottom communities (e.g., coral 

assemblages or rocks with algae) are scarce (but see Tait and Schiel 2010, Haas et al. 2013). 

In addition, most chambers are purpose-built for one specific study and community type, 

limiting the ability to compare ecosystem functions across a wide range of benthic habitats.  

Both the laboratory and field assays demonstrated that the here-presented system could 

be deployed successfully on sediments, seagrass meadows, rocky habitats and coral 

assemblages – some of the most conspicuous benthic shallow water habitats (Diaz et al. 

2004). Thereby, a combination of hardware features and the post-processing of data renders 

the approach extremely versatile. The use of PMMA cylinders offers multiple advantages, 

such as that they are commercially available in large sizes and at low costs. Particularly 

hard-bottom communities (e.g., branching coral colonies) require chambers that are large 

enough to be mounted over rigid features (e.g., coral branches). The size of 50 cm diameter 

and 40 cm height has, thereby, proven more versatile over systems using small chambers 

that cover less surface area (e.g., Silva et al. 2005, Migné et al. 2018), or dome-shaped 

chambers (e.g., Smith et al. 2009) that are restricted in their height in the peripheries. The 

removable lid maintains the good maneuverability underwater that, usually, goes along 

with smaller devices only (but see Haas et al. 2013). As the chambers are constructed 
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entirely from PMMA, incubated communities are not subjected to shading by opaque 

materials (e.g., as used for frames in Haas et al. 2013 for stabilization), and the light 

transmission (90 – 92 % within the PAR spectrum) exceeds values reported for flexible 

systems made from polyvinyl chloride (Camp et al. 2015). Thereby, the risks to 

underestimate processes related to photosynthesis are reduced. In addition, PMMA is 

durable and can be acid-washed, as needed for precise measurements of DOC and related 

compounds. The large, rigid, and level surfaces of the chambers allow easy customization, 

permitting multiple sensors and additional device or sampling port attachments that can 

promote to use the system for numerous experimental strategies. As such, the dual two-

way-valve mechanism supports additions and removals of small and large amounts of 

water to be made to and from the chambers without disturbance of the incubation. 

A major consideration when deploying benthic chambers is the mixing of the enclosed 

water. Despite its importance, water circulation systems are often disregarded as the 

individual power supply, and a water-tight encapsulation is deemed challenging. We 

present custom-made, rechargeable pumps that ensure constant mixing within the 

chambers. The water movement simulates as closely as possible the hydrodynamic 

conditions of the undisturbed benthic substrate and ensures that water phase measurements 

reflect the average conditions inside the chamber. The correct alignment of the pump’s 

outflow and the adjustable flow control creates a unidirectional current flow in round 

chambers, resulting in a radial pressure gradient that simulates sediment percolation as 

generated by natural boundary flow-topography interactions (Glud et al. 1996, Huettel and 

Rusch 2000, Rasheed et al. 2004).  
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Besides the hardware, one of the most important features of the here-presented approach 

is the use of cloud-based photogrammetry tools. The freely available software enables, for 

the first time, non-intrusive assessments of the composition, volume and surface area of 

benthic communities (Lavy et al. 2015, Gutierrez-Heredia et al. 2016). This step is essential 

to relate changes in the water chemistry to the benthic community of interest and to make 

results widely comparable across regions and ecosystems.  

Lastly, an important advantage of the system is that all materials required to build the 

incubation chambers are commercially available online at relatively low cost (∼ 250 USD 

per chamber – including pumps, excluding sensors) (Table S3.1). In combination with 

minimal construction efforts (i.e., simple drilling, gluing, etc.) and an available protocol, 

the system can be used with high replication and at a high temporal and spatial resolution 

without the need for costly infrastructure during deployment and sampling. Thereby, the 

system can increase the sampling scale of in situ measurements and facilitates precise, 

standardized flux measurements across many different benthic habitats.  

 

4.5.2 Lessons learned from pilot deployments 

The field deployment of the autonomous operating chambers provided in situ metabolic 

data from various benthic shallow-water habitats. The chambers performed consistently 

when deployed on soft-bottom substrates. On sediments and seagrass meadows, 

community-wide DO production rates were highly linear over time, and no significant 

water intrusions were detected. The large PVC skirts around the chambers maintained a 

good seal from the surrounding water on most substrates. Yet, the linearity of DO fluxes 

was slightly reduced as some water intrusions were detected on rocky substrates, despite 
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that reliable DO production rates were calculated by local linear regressions. For future 

considerations, we recommend additional soft edges (e.g., thick closed-cell polystyrene 

foam) at the bottom of the chambers that, if compressed, fill irregularities in the substrate, 

forming a good seal between the rock and chamber (Tait and Schiel 2010). DO production 

rates during field tests were not linear when the circulation pumps were either switched off 

(indicator for stratification within the chambers) or when chambers were not secured to the 

substrates with weights in an intertidal habitat with strong waves (indicator for water 

intrusions). These tests highlight that special attention should be paid to use and deploy the 

chambers correctly to achieve reliable measurements. All incubations had in common that 

the rate of O2 production initially decelerates as the organisms equilibrate after handling 

and closing the chambers. Thereby, the use of the LolinR package for local linear 

regressions offers the advantage to use non-linear time-series data for calculating 

monotonic metabolic processes (Olito et al. 2017). We further highlight the importance of 

including continuous monitoring of variables (e.g., dissolved oxygen). Such measurements 

allow identifying of seawater intrusions and improper mixing in the chambers, thereby 

inform on possible confounding factors for other non-continuously monitored variables. If 

sensors for continuous measurements cannot be used for a variable of interest, water 

samples should be taken after an initial equilibration period of 10 – 20 minutes.  

We highlight the versatility of the chambers in a case study calculating community-wide 

photosynthesis and respiration budgets of different coral reef communities of the Central 

Red Sea. The standardized protocol enabled a direct comparison between structurally 

complex (i.e., coral- and algae-dominated reef communities) and more simple, planar (i.e., 

sediments) habitats. Thereby, oxygen fluxes of sediments were in the same order of 
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magnitude to previous studies from the Red Sea (e.g., Wild et al. 2009) and elsewhere (e.g., 

Rasheed et al. 2004) that used small (5 – 6 L) stirred benthic chambers. A direct comparison 

to values derived from in situ incubations of complex habitats (i.e., coral- and algae-

dominated communities) is not possible, as no comparable approach has been applied 

before. Consequently, we related resulting oxygen fluxes from our in situ approach to 

estimated community budgets from ex situ single-organism incubations from the same reef. 

While in the same order of magnitude, an apparent trend was detected: Community budgets 

from ex situ single-organism incubations, as a conventional technique, tended to 

overestimate NPP, while community-wide R and GPP rates were underestimated by up to 

90 %. This tendency is also evident when comparing our findings to previous coral reef 

community budgets from single-organism incubations (Naumann et al. 2013, Cardini et al. 

2016). Using this traditional ex situ approach, communities may be disturbed, and cryptic 

habitats, and particularly cracks and crevices within the reef matrix are not considered. 

Hence, studies of benthic fluxes in the natural environment result in more realistic 

estimates, since cryptic habitats encompass about 60-75 % of the total surface area of the 

reef (Richter and Wunsch 1999). The organisms inhabiting the cryptic spaces (e.g., 

sponges, bryozoans, and tunicates) are generally not included in ex situ budgets, however, 

they metabolize organic matter in the order of 15-30 % of the gross production of a coral 

reef (de Jongh and Van Duyl 2004, Maldonado et al. 2012).  

During all experiments, all system components proved extremely reliable. Importantly, the 

“plug and play” design of system enabled two divers to deploy up to eight chambers and 

to start the incubations within 45 min of dive time. An additional dive time of around 5 – 
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10 min will allow taking a sufficient number of pictures from each community for a later 

3D model generation.  

Before the final experimental application of chambers, the users should identify the 

optimal incubation time, and biomass to water volume ratio, to avoid anoxic or hypoxic 

conditions during incubations of communities of interest. Hence, due to the large size of 

the selected coral reef communities of the case study, incubations were already terminated 

after two hours. At this time, the O2 saturation in the chambers reached values of 135 % 

during light, and 35 % during dark incubations. The black PVC sleeves for each chamber 

provided a way to measure dark respiration rates during the day, that can be considered 

similar to respiration rates during the night (Bidwell 1977). Sleeves are not needed for 

respiration measurements during the night.  

  

4.5.3 Limitations of benthic in situ incubations  

Overall, no direct limitations regarding deployment, replication, and reproducibility of 

in situ incubations were observed during our field testing. However, some general 

limitations with benthic chambers include: (i) Depending on the size of the community 

relative to the water volume, measurements can only be conducted for a few hours out of 

the day, making daily rates challenging to obtain. Longer incubations would require 

replacing the seawater periodically to maintain natural conditions (e.g., as in Tait & Schiel, 

2010); (ii) Although the chambers are among the largest currently available, size 

constraints still limit incubations to relatively small assemblages, and results may not 

necessarily reflect all aspects of fully sized communities; iii) PMMA effectively removes 

most UV radiation, hence, the chambers possibly affect measured rates of photosynthesis 
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for very shallow waters, where UV may inhibit some photosynthetic processes; iv) Some 

environments may be too energetic for using enclosures or do not enable to achieve a good 

isolation of the water. Additional weights, soft edges on the bottom and more extended 

PVC flaps on the sides may improve the sealing on hard substrates. We recommend the 

execution of a leakage-test when using the chambers in a new location/type of substrate; 

and v) Large incubation chambers provide important information about community-wide 

metabolic and biogeochemical fluxes, however, individual incubations may be necessary 

to complement ecological information about the contribution of a particular group or taxa 

to the community functioning.  

 

4.5.4 Potential use in marine and aquatic research 

Although this study focused on tropical benthic shallow-water communities, the method 

can easily be applied to any benthic community of interest that is accessible from land or 

within the limits of a scientific diving operation. As a descriptive tool at the community 

level, the chambers offer a new way to achieve reliable data of biogeochemical functioning 

in response to natural and anthropogenic changes, as synergistic and antagonistic 

interactions between organisms are not considered when organisms are incubated 

separately. We highlight the possibility to measure multiple parameters simultaneously 

(through sensors and water sampling) that can help linking responses that have often been 

assessed independently only, or where high species diversity and biotic interactions shape 

ecosystem functions.  

Importantly, the presented approach can easily be used in experimental and 

manipulative strategies to quantify community functional responses to relevant global and 
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local disturbances. While not pursued in the initial construction phase, the large rigid 

surfaces and the individual power supply of each chamber can support additional 

accessories, such as peristaltic dosing pumps, immersion heaters or pH flow feed-back 

control systems as applied previously (Kline et al. 2006, Marker et al. 2010). These 

developments should not be considered as a limitation to the existing approach but rather 

highlight the advantages of such an adaptable system.  

Lastly, flux measurements with benthic chambers can provide a practical tool 

in quantifying gas (e.g., methane, nitrous oxide, carbon dioxide) emissions from, and 

carbon sequestration capacity by (known as ‘blue carbon’) highly productive benthic 

ecosystems (e.g., seagrass meadows or algal beds) (reviewed in Fourqurean et al., 2017). 

This information may be critical for assessing the capacity these ecosystems have for 

mitigating climate change (e.g., McGlathery et al. 2001, Yarbro and Carlson 2008).  

  

4.5.5 Conclusion 

The here-presented incubation chambers offer an easy and cost-effective sampling 

solution that overcomes some challenges of conventional respirometry chambers. By 

allowing non-destructive, in situ metabolic and biogeochemical analysis of both simple 

and structurally complex benthic communities, the presented chambers offer a versatile 

platform for novel applications and experimental strategies. Measuring the effects of 

community interactions underlying benthic-pelagic biogeochemical processes may rapidly 

advance our understanding of ecosystem functioning and complement findings from 

aquaria and mesocosm studies. In doing so, the platform can transcend the boundaries of 

current research in multiple directions: a) Providing a standardized method that can be 
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applied across multiple habitats; b) Measuring the response of whole communities, rather 

than from isolated organisms; c) Overcoming the shortage of observational and 

manipulative studies carried out directly in the field, thus producing widely-applicable and 

realistic findings; and c) Enhancing our mechanistic understanding of how environmental 

drivers modulate particular processes across different habitats.    
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5.1 Abstract 

Phase shifts from coral- to algal-dominance are observed increasingly in tropical reefs 

due to anthropogenic disturbance and climate change. The consequences for ecosystem 

functions, such as primary productivity, calcification and nutrient cycles are, however, 

poorly understood. Here we used a novel in situ incubation approach to compare functions 

of classical coral- and phase-shifted algae-dominated communities in the central Red Sea 

bi-monthly over one year. This included a seasonally-varying temperature range of 25.8 

°C in winter to 32.3 °C in summer. We quantified in situ gross and net primary productivity, 

calcification, dissolved organic carbon (DOC) fluxes, dissolved inorganic nitrogen (DIN) 

fluxes, and the corresponding activation energies to describe their temperature 

dependences. Our results highlight that coral-dominated communities exhibited 30 % 

lower net productivity, but one order of magnitude higher calcification rates compared to 

algae-dominated communities. At the same time, coral-dominated communities released 

four times more DOC into the environment, while both community-types were net sources 

of DIN. Activation energies indicate a greater thermal sensitivity of coral-communities. In 

coral-dominated communities, carbon gains expressed as net productivity and calcification 

were negatively correlated to temperature (> 90 % and > 70 % reduced, respectively), while 

carbon losses via DOC fluxes were enhanced at higher temperatures (> 180 % increase). 

On the contrary, algae-dominated communities doubled net productivity with warming, 

while calcification and DOC fluxes were unaffected. These results indicate a pronounced 

change of community functions associated with shifts from coral- to algae-dominance. The 

high productivity and organic carbon retention in algae-dominated communities supports 

fast biomass accumulation and community growth, while compromising the formation of 
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important reef framework structures. Higher temperatures amplify these functional 

differences, suggesting a high vulnerability of ecosystem functions in coral-dominated 

communities to warming, even below coral bleaching thresholds.  

 

5.2 Introduction  

There is increasing evidence that the loss of species and the subsequent reduction of 

diversity of biological communities are altering key processes governing the productivity 

and biogeochemistry of ecosystems (Middleton and Grace 2004, Hooper et al. 2012, 

Naeem et al. 2012). Furthermore, local and global environmental change could accelerate 

the alteration of essential ecosystem processes (Balvanera et al. 2006, Stachowicz et al. 

2007), with thermal stress caused by climate change likely exhibiting the most substantial 

impact (Stillman 2019).  

Tropical coral reefs provide many biotic, physical, and biogeochemical services that 

are supported by one or more metabolic or biogeochemical functions (e.g., primary 

production, calcification, organic matter fluxes, and nutrient cycling) (Moberg and Folke 

1999). Most of these processes are primarily driven by scleractinian corals, the ‘ecosystem 

engineers’ of tropical reefs (Wild et al. 2011). However, in many reefs around the world, a 

combination of global and local anthropogenic stressors has caused persistent shifts from 

complex coral-dominated communities to simpler communities with a predominance of 

filamentous turf and macroalgae (Done 1992, Bellwood et al. 2004, Hughes et al. 2007, 

Graham et al. 2015).  

Although coral-algal phase shifts are increasingly observed globally, the consequences 

for reef ecosystem functions such as productivity, calcification, and nutrient cycling are 



Chapter 4 

 

163 

poorly understood. Laboratory and mesocosm studies indicate that reef algae, particularly 

the widespread non-calcifying filamentous turfs, are metabolically very different from 

corals, generally displaying significantly higher primary production rates (Rix et al. 2015, 

Cardini et al. 2016). At the same time, the fraction of the photosynthetically fixed carbon 

being exuded into the environment is more labile (Nelson et al. 2013). At the community 

level, these differences result in changes in the carbonate chemistry (McMahon et al. 2013, 

Bernstein et al. 2016), disrupted trophic structures (Johnson et al. 1995, Hempson et al. 

2018), or increased microbial loads on algae-dominated reefs worldwide (Jessen et al. 

2013, Haas et al. 2016).  

Divergent responses to changing environmental conditions may, in addition, amplify 

dissimilar ecosystem functions of corals and algae. Particularly ocean warming 

and recurrent heatwaves, which are increasing in frequency and magnitude (Oliver et al. 

2018), have detrimental effects on tropical coral reef taxa (Hughes et al., 2019; Lough, 

Anderson, & Hughes, 2018). In corals, sub-lethal heat stress can compromise primary 

production and calcification (Reynaud et al. 2003, Anthony et al. 2008), thereby altering 

the release of organic and inorganic products (Niggl et al. 2009, Piggot et al. 2009). 

Opposingly, benthic algae are typically less sensitive to heat (Koch et al. 2013), and may 

even increase productivity and net growth with rising temperatures (Bender et al. 2014).  

However, reflecting the logistical challenges of accurately quantifying the functions of 

structurally complex communities in their natural environment (Roth et al. 2019), there is 

very little empirical research testing the effects of coral-algal phase shifts at the community 

level, particularly in situ. Haas et al. (2011) comparatively assessed the productivity and 

dissolved organic carbon fluxes of coral- and algae-dominated communities in their natural 
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environment, and emphasized significant functional differences between these two 

systems. While others highlight the value of in situ community-measurements on coral 

reefs (e.g., van Heuven et al. 2018), all studies currently represent a snapshot in time with 

limited replication, often considering only a limited set of ecosystem functions at a time, 

and seldom compare classical and phase-shifted reef communities. Currently, most data 

describing ecosystem functions are derived from ex situ laboratory (e.g., Cardini et al. 

2016) and mesocosm (e.g., Langdon et al. 2003, Bellworthy and Fine 2018) studies. Here, 

single organisms or less complex, reconstructed communities are used to predict in situ 

changes at the community scale. Although these approaches provide valuable mechanistic 

insights, they can only approximate natural conditions. Primary production, calcification, 

along with organic matter and nutrient cycling are, however, all examples of processes that 

critically depend on in situ environmental conditions, biodiversity, and system 

heterogeneity. In addition, large parts of the energy and nutrient pool are remineralized by 

microbial communities or cryptic fauna within the reef matrix (Richter and Wunsch 1999, 

de Jongh and Van Duyl 2004, Maldonado et al. 2012), all of which are generally not 

considered in experimental setups. Likewise, critical time-series data describing natural 

environmental changes (e.g., seasonality) relevant to the studied ecological process 

(Damgaard 2019) are not reflected in laboratory experiments.  

To overcome some of the logistical and experimental constraints, we used a novel in 

situ approach to quantify major metabolic and biogeochemical pathways (Roth et al. 2019) 

of natural coral- and algae-dominated reef communities in the Red Sea. With a total of 112 

light and dark incubations, we measured rates of community production (i.e., net 

community production (NCP), community respiration (CR), and gross primary production 
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(GPP)), net community calcification (NCC), dissolved organic carbon (DOC), and 

dissolved inorganic nitrogen (DIN) fluxes bi-monthly over one year. In addition, we 

quantified the thermal-dependence of the functioning of benthic communities by applying 

the principles of the metabolic theory of ecology (MTE; Sibly et al. 2012). We quantified 

the temperature sensitivity of metabolic processes using the activation energy (Ea), which 

represents the slope or rate of change in the rise and falling phases of a thermal performance 

curve before and after achieving the optimal temperature. Although activation energies are 

commonly assessed at the organism level (García et al. 2018, Savva et al. 2018), they also 

provide useful insights of the degree of vulnerability of community metabolism to warming 

(Follstad Shah et al. 2017, Morán et al. 2017, Padfield et al. 2017). Following from the 

above, the aims of this study were to a) directly compare the magnitudes and directions of 

key functions of classical coral-dominated and phase-shifted algae-dominated reef 

communities, b) derive their functional responses to natural environmental changes 

induced by seasonality, and c) describe their thermal sensitivity during seasonally variable 

temperature changes.  

 

5.3 Material and methods  

5.3.1 Study site and environmental conditions  

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

the west coast of Saudi Arabia (22°18'16.3''N; 39°02'57.7''E) from January 2017 until 

January 2018. Key environmental variables were monitored at the sampling site as 

previously described (for details see Roth et al. 2018). Briefly, water temperature was 

measured continuously (logging interval = 30 min) for the whole study period with Onset 
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HOBO data loggers (accuracy: ± 0.2 °C). Salinity was measured at each day of sampling 

with a WTW TetraCon® conductivity cell (accuracy: ± 0.5 % of value). Light availability 

was measured continuously (logging interval = 1 minute) on three full days per month with 

an Onset HOBO Pendant data logger. Light readings were converted from lux to 

photosynthetically active radiation (PAR; μmol quanta m−2 s−1; 400 to 700 nm 

wavelengths) by intercalibration and conversion as outlined in Roth et al. (2018), and 

values are presented as daytime means.  

Seawater samples for the determination of dissolved nitrate (NO3
-), nitrite (NO2

-), 

ammonium (NH4
+), phosphate (PO4

3-), and monomeric silicate (Si(OH)4) were taken in 

triplicates each month from directly above the reef and measured according to protocols 

summarized in Roth et al. (2018). The limits of quantification (LOQ) were 0.084 μmol L-

1, 0.011 μmol L-1, 0.094 μmol L-1, 0.043 μmol L-1 and 0.191 μmol L-1, respectively. NO3
-, 

NO2
-, and NH4

+ are collectively termed ‘dissolved inorganic nitrogen’ (DIN) hereafter. 

 

5.3.2 Experimental set-up  

Natural coral- and algae-dominated reef communities were randomly selected at the 

study site at 5 m water depth for later incubations to assess metabolic and biogeochemical 

flux fluxes. The respective communities were chosen within an area of 50 m2 at the semi-

exposed side of the reef among assemblages that had the following characteristics: 1) 

Coral-dominated communities were defined by having >40 % coral cover but <10 % algae 

cover; 2) Algae-dominated communities were defined by having >40 % algae cover but 

<10 % coral cover; 3) All communities had to fit into the incubation chambers (max. 
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diameter 50 cm, max. height 39 cm). The detailed compositions of benthic communities 

used for this study are presented in Fig. 5.1a.  

 

 

Figure 5.1 | (a) Experimental setup and relative benthic cover of functional groups in coral- 

and algae-dominated reef communities; (b) key environmental variables at the study site 

from January 2017 until January 2018. Temp. = Temperature; PAR = photosynthetically active 

radiation; DIN = dissolved inorganic nitrogen.  
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In situ incubations with benthic chambers were performed according to the protocol 

detailed in Roth et al. (2019). Briefly, chambers were constructed from polymethyl 

methacrylate (PMMA) cylinders with removable, gas-tight lids of the same material. All 

chambers were equipped with individual water circulation pumps with adjustable flow 

control, autonomous recording dissolved oxygen (DO) sensors (HOBO U26), and two 

sampling ports for discrete water samples. Incubations were carried out on three 

consecutive days in January, March, May, July, September, and November 2017, and in 

January 2018. Generally, on day one, divers deployed four chambers on coral-dominated, 

and four chambers on algae-dominated reef communities (exemplary pictures in Fig. 5.1a, 

right panel). The chambers were positioned carefully and left in place with open tops (no 

lids) until the next morning, reducing the stress response of organisms while having natural 

flow conditions and water exchange. On the second day, incubations started at around 9:00 

a.m. by tightly securing the lids and closing all sampling ports during natural daylight 

conditions. The exact incubation start- and end-time was recorded for each chamber. 

Incubations ran for approximately two hours. The chambers were left in place with open 

top (allowing flushing and natural water flow) for a second set of incubation on the 

following day. On day three, benthic communities were incubated at “simulated” darkness 

during the same time window as incubations on the previous day. The procedure followed 

the same as on day two; however, all chambers were covered with thick black PVC covers, 

prohibiting any light penetration into the chambers. Between deployments, all materials 

were rinsed with fresh water, washed with 4 % hydrochloric acid (HCl), and subsequently 

rinsed with deionized water for reliable water chemistry measurements that included 

sensitive DOC samples.  
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5.3.3 Water sampling and analysis  

Discrete water samples for dissolved inorganic carbon (DIC), total alkalinity (TA), 

dissolved organic carbon (DOC) and dissolved inorganic nitrogen (DIN) were withdrawn 

from the sampling ports with syringes at the beginning and at the end of each incubation.  

Directly after sampling, subsamples for DIC and TA were carefully transferred without 

bubbles into 100 mL borosilicate bottles and immediately poisoned with two drops 

saturated mercury chloride (HgCl2) to inhibit biological activity. DIC was measured using 

an inorganic carbon analyzer (Apollo SciTech, AS-C3) equipped with a non-dispersive 

infrared gas analyzer (LI-COR, Li-7000 CO2/H2O). TA was measured using an open-cell 

potentiometric acid-titration (Mettler Toledo, T50). Procedures for DIC and TA followed 

the “Best Practices for Seawater CO2 Measurements” (Dickson 2010). Precision for both 

instruments was typically within ± 4 µmol kg−1. The accuracies, calculated as the average 

(± 1 SD) offset from certified reference material values, were 1.87 ± 2.33 (n = 42) and 2.12 

± 1.42 (n = 42) µmol kg−1 for DIC and TA, respectively. 

Subsamples for DOC were filtered through 0.2 μm Millipore® polycarbonate filters 

into pre-combusted (450 ºC, 4.5 h) acid-washed amber glass vials (Wheaton) with Teflon-

lined lids, and samples were subsequently acidified with H3PO4 until reaching a pH 1 – 2. 

Samples were kept in the dark at 4 °C until further analysis by high temperature catalytic 

oxidation using a total organic carbon analyzer (Shimadzu, TOC-L). Reference material of 

low carbon water (1 – 2 mmol C L-1) and deep-sea carbon (42 – 45 mmol C L-1) were used 

to monitor the accuracy of concentration measurements. Before sampling, all collection 

and sample processing devices for DOC (except the polycarbonate filters) were submerged 

in a 4 % HCl bath to leach out any contaminating DOC.  
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Subsamples for DIN were processed and measured according to protocols outlined 

above and in Roth et al. (2018).  

 

5.3.4 Quantification of community functions 

Changes in seawater chemistry between start and end sampling points of incubations 

were used to calculate rates of NCP, CR, and GPP (calculated as GPP = NCP + |CR|), NCC, 

DOC and DIN fluxes. All fluxes were normalized to incubation water volume (in L), 

incubation duration (in h), and the planar reef area (in m2) of the enclosed benthic 

community according to Roth et al. (2019).  

Productivity (NCP and CR; in mmol C m−2 h−1) was calculated by changes in DIC 

concentrations, taking into account calcification and dissolution rates according to an 

adapted protocol by Albright, Langdon, & Anthony (2013). Rates of NCP and CR based 

on DIC fluxes were compared to rates based on oxygen fluxes from continuous 

measurements with DO sensors. No discrepancy between carbon and oxygen 

measurements was detected (r = 0.99, p <.0001, n = 112). The calculated photosynthetic 

(1.05 ± 0.02) and respiratory (0.97 ± 0.02) quotients agree with those obtained by various 

authors at other sites, where ∼1 mol of oxygen is produced for 1 mol carbon fixed, and 

vice versa (e.g., Atkinson & Falter, 2003; Gattuso, Frankignoulle, & Smith, 1999).  

NCC (in mmol CaCO3 m−2 h−1) was calculated by concentration differences in TA, 

which are primarily caused by calcification and dissolution of CaCO3, whereby two moles 

of TA are consumed (produced) for every mole of CaCO3 produced (dissolved) (details in 

Dickson 2010). Nutrients fluxes (i.e., NO3
-, NH4

+, PO4
3-, and SO4

2-) that cause a change in 
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TA unrelated to calcification and dissolution were accounted for in calculations according 

to (Dickson 2010). 

DOC (in mmol C m−2 h−1) and DIN (in µmol N m−2 h−1) fluxes were calculated by 

concentration differences between start and end points.  

 

5.3.5 Data analysis  

Statistical analyses were performed using JMP© Pro14 (SAS Institute) statistic 

software. Environmental variables and response parameters from incubations were 

grouped into spring (March – May), summer (June – September), fall (October – 

November), and winter (December – February) for statistical analysis and comparison to 

other regions. The full seawater carbonate system parameters were derived for each 

sampling period with measured salinity, temperature, nutrients, TA, and DIC data using 

the CO2SYS Microsoft Excel Macro by Pierrot, Lewis, & Wallace (2006) (details and data 

presented in Table S4.2). Benthic community compositions and environmental variables 

were tested for differences with two-tailed t-tests. Response parameters from incubations 

(GPP, NCP, CR, NCC, DOC and DIN) were assessed by full factorial two-way analysis of 

variance (ANOVA), with ‘treatment’ (coral- vs. algae-dominated) and ‘season’ (spring, 

summer, fall, and winter) as factors. Data of the ANOVA’s were checked for normality 

and homoscedasticity using standardized residual and Q–Q plots. If significant interactions 

(treatment*season) were found, Tukey HSD all pairwise comparisons were used to 

determine which means differed. Detailed statistical results, including all post-hoc 

comparisons, are presented in Table S4.3. The relationship between response (e.g., 

metabolic functions) and explanatory variables (e.g., environmental variables) were 
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assessed by linear regression models. The thermal sensitivity of the metabolic processes 

(GPP, NCP, CR, NCC, DOC, and DIN) was explored calculating the activation energy 

(Ea) based on Arrhenius equations (Sibly et al. 2012) within the seasonal thermal regime 

(25 – 32.8 ºC). The activation energies (Ea in eV) were estimated by fitting a linear 

regression equation between the natural logarithm of the metabolic rates and the reciprocal 

of temperature (1/kT), where k is Boltzman’s constant (8.62 x 10−5 eV K−1) and T is water 

temperature (ºK). To deal with observations ≤ 0 on log-transformed data (e.g., NCC, DOC 

and DIN rates), a constant was added (i.e., ln (rate +1 –min value(rate)) to shift all values 

above zero (Legendre and Legendre 2012). The alternative of excluding ≤ 0 values was 

discarded because these measurements are an important part of the biological phenomena 

under investigation (Canavero et al. 2018).  

 

5.4 Results  

5.4.1 Environmental conditions: annual temporal variability  

Monthly monitored environmental variables at the study site exhibited strong seasonal 

patterns (Fig. 5.1b, Table S4.1). The average seawater temperature ranged from 25.8 ± 0.2 

°C in winter to 32.3 ± 0.1 °C in summer (p |t| < 0.0001). Simultaneously, average daytime 

light intensities at 5 m water depth increased from 130 ± 2 μmol photons m−2 s−1 to 465 ± 

14 μmol photons m−2 s−1 (p |t| < 0.0001). Seawater DIN concentrations were lowest in 

spring and winter (0.46 ± 0.02 and 0.66 ± 0.04 μmol L-1 DIN, respectively) and 

significantly higher in summer and fall (1.03 ± 0.06 and 1.08 ± 0.13 μmol L-1 DIN, 

respectively) (spring/winter p |t| = 0.0017;  summer/fall p |t| = 0.4667; spring/summer p |t| 

< 0.0001; spring/fall p |t| < 0.0001; winter/summer p |t| < 0.0001; winter/fall p |t| < 0.0001). 
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Monthly information on seasonal patterns of all environmental variables are presented in 

Table S4.1. 

 

5.4.2 Quantification of functions in coral-and algae-dominated reef communities 

Rates presented here correspond to averages calculated over the whole study period 

(Fig. 5.2; Table 5.1; detailed statistics in Table S4.3). 

Hourly NCP was 30 % and CR 50 % lower in coral- as compared to algae-dominated 

communities (NCP: 26.7 ± 1.2 and 36.9 ± 1.7 mmol C m-2 h-1, respectively; CR: -10.9 ± 

0.7 and -20.9 ± 1.4 mmol C m-2 h-1, respectively) (Fig. 5.2a and 2b). Integrated over a day 

(assuming 12 hours light, 12 hours dark), these differences yielded a 40 % lower GPP of 

coral- compared to algae-dominated communities, with GPP/CR ratios of 2.4 ± 0.1 and 2.0 

± 0.2, respectively (Table 5.1; statistics in Table S4.3). 

NCC in the light was 6-fold higher in coral- as compared to algae-dominated 

communities, averaging 7.93 ± 0.7 mmol and 1.3 ± 0.2 mmol CaCO3 m-2 h-1, respectively. 

In the dark, coral-dominated communities displayed an NCC of 3.0 ± 0.3 mmol CaCO3 m-

2 h-1, while algae-dominated communities exhibited net CaCO3 dissolution with an average 

of -0.5 ± 0.2 mmol CaCO3 m-2 h-1. Integrating the hourly rates over a 24h day, corals 

showed a 10-fold higher NCC compared to algae-dominated reef communities (Table 5.1; 

statistics in Table S4.3).  

With 0.57 ± 0.07 and 0.62 ± 0.11 mmol C m-2 h-1, coral-dominated communities were 

net sources of DOC both during light and dark incubations. Contrary, algae-dominated 

communities released similar amounts of DOC in the light (0.70 ± 0.08 mmol C m-2 h-1) 

but were net sinks of DOC in the dark (-0.37 ± 0.05 mmol C m-2 h-1). Concordantly, 
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integrated over a 24 h day, net DOC fluxes in coral-dominated communities were 250 % 

higher than in algae-dominated communities (Table 5.1 statistics in Table S4.3).  

Both coral- and algae-dominated communities were net sources of DIN (1.62 ± 0.21 and 

1.66 ± 0.23 mmol N m-2 d-1, respectively; Table 5.1), with no significant differences 

between treatments (statistics in Table S4.3). There were, however, significant differences 

between light and dark incubations: Algae-dominated communities released three-times 

more DIN in the dark, as compared to light conditions (28.5 ± 8.7 and 109.9 ± 14.1 µmol 

N m-2 h-1). Opposingly, coral-dominated communities consistently released DIN both 

during the light and in the dark (65.7 ± 11.6 and 69.7 ± 8.9 µmol N m-2 h-1). 

 

5.4.3 Temporal variability of reef functions  

Both carbon and nitrogen fluxes showed temporal variations; however, significant 

differences in the magnitude and directions occured between coral- and algae-dominated 

reef communities (Fig. 5.2, Table 5.1; detailed statistics in Table S4.3).  

Daily-integrated GPP in coral-dominated communities remained stable throughout the 

year; however, CR increased by >60 % from winter to summer, resulting in 40 % lower 

NCP. Contrary, GPP in algae-dominated communities doubled from winter to summer, 

resulting in significantly increased NCP that peaked at >500 mmol C m-2 d-1 in summer. In 

both community-types, variations in NCP were significantly correlated with seawater 

temperature (Fig. 5.3a). Here, NCP of coral-dominated communities exhibited a negative 

(r = -0.81, p <.0001, n = 26), while NCP of algae-dominated communities a positive (r = 

0.83, p <.0001, n = 26) relationship with increasing temperatures. The corresponding 

apparent activation energies (Ea) are shown in Table 5.2. In coral-dominated communities, 
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Ea’s were negative for GPP and NCP, indicating that were in the falling phase of the 

performance curve (i.e., they have passed the optimum temperature), while Ea for CR was 

positive, indicating an opposite trend. In contrast, algae-dominated communities had 

positive Ea’s on GPP, NCP and, CR (Table 5.2), indicating that throughout the study period 

(including the summer months) these communities remain in the rising phase of the 

performance curve.  

NCC in coral-dominated communities peaked in spring, fall, and winter, with no 

differences between these seasons, but dropped sharply by >60 % in summer (Table 5.1). 

Contrary, NCC in algae-dominated communities was consistent throughout the year (Fig. 

5.2c and 2d; Table 5.1). NCC in coral-dominated communities correlated negatively with 

increasing water temperatures (r = -0.62, p = 0.0005, n = 26) (Fig. 5.3b), negatively with 

Ωarag (r = -0.36, p = 0.0070, n = 54) (Fig. 5.4a), and positively with NCP (r = 0.73, p 

<.0001, n = 54) (Fig. 5.4b). NCC of algae-dominated communities did not correlate 

significantly to neither Ωarag, NCP, nor water temperature. The corresponding apparent 

Ea’s are presented Table 5.2 and Fig. S4.2.  

Net DOC fluxes per day in coral-dominated communities were lowest in winter and 

doubled towards summer (Table 5.1), owing to both increases in DOC releases during dark 

and light incubations. Contrary, generally one order of magnitude lower, net DOC fluxes 

integrated per day remained stable in algae-dominated communities throughout most of the 

year but increased towards summer (Table 5.1). Both community-types showed a positive 

correlation between net DOC fluxes and increasing temperature (Fig. 5.4c), which was also 

reflected by positive Ea’s (Table 5.2; Fig. S4.2).  
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Figure 5.2 | Biogeochemical fluxes 

during dark and light incubations 

of coral- and algae-dominated 

reef communities of the central 

Red Sea. Presented are all data 

points from bi-monthly incubations 

of (a – b) community metabolism 

(divided into community 

respiration (CR) and net community 

production (NCP), (c – d) net 

community calcification (NCC), (e 

– f) net dissolved organic carbon 

(DOC) fluxes, and (g – h) net 

dissolved inorganic nitrogen (DIN) 

fluxes. Shaded areas in transparent 

colors represent the 95 % 

confidence intervals around the 

lines of the estimates. 
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DIN fluxes in both coral- and algae-dominated communities were lowest in spring, and 

2-fold higher during the rest of the year (Table 5.1). DIN fluctuations did not correspond 

to changes in seawater temperature (Fig. 5.4d), but a significant positive relationship (r = 

0.57, p = 0.0017, n = 26 for corals; r = 0.39, p = 0.0385, n = 26 for algae) between net DIN 

fluxes and increasing DIN concentrations of the surrounding seawater was detected (Fig. 

S4.1).  

 

Figure 5.3 | Relationship of temperature with (a) net community production (NCP), (b) net 

community calcification (NCC), (c) dissolved organic carbon (DOC) fluxes, and (d) dissolved 

inorganic nitrogen (DIN) fluxes in coral- and algae-dominated reef communities. Rates 

represent the net flux integrated over a 24 h day (assuming 12 hours of light and 12 hours of dark). 

Solid lines represent the linear regressions; shaded areas in transparent colors represent the 95 % 

confidence intervals.  
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Table 5.1 | Seasonal gross primary production (GPP), net community production 

(NCP), community respiration (CR), the ratio of GPP and CR (GPP/CR), net 

community calcification (NCC), net dissolved organic carbon (DOC) fluxes, and net 

dissolved inorganic nitrogen (DIN) fluxes of coral- and algae-dominated reef 

communities of the central Red Sea. Values represent averages from all incubations 

during the respective season ± SE. Significant differences between treatments were 

assessed by full factorial two-way analysis of variance, and the differences between 

treatments and seasons by Tukey HSD (detailed statistical results in Table S4.3). Asterisks 

highlight significant p values (p or |t|< 0.05). 

 

  GPP NCP CR GPP/CR NCC DOC DIN 

  

 [mmol C m⁻² 

d⁻¹] 

 [mmol C 

m⁻² d⁻¹] 

[mmol C m⁻² 

d⁻¹]     

 [mmol CaCO₃ 

m⁻² d⁻¹] 

[mmol C m⁻² 

d⁻¹] 

[mmol N m⁻² 

d⁻¹] 

Annual 

mean                          

Coral 581 ± 19 320 ± 15 -261 ± 17 2.4 ± 0.1 131 ± 10 14.3 ± 1.8 1.6 ± 0.2 

Algae 946 ± 51 443 ± 21 -503 ± 33 2.0 ± 0.2 10 ± 3 4.0 ± 0.9 1.7 ± 0.2 

p <.0001* <.0001* <.0001* <.0001* <.0001* <.0001* 0.9351 

Spring                             

Coral 638 ± 21 353 ± 12 -285 ± 25 2.3 ± 0.2 162 ± 11 14.1 ± 3.6 0.7 ± 0.4 

Algae 974 ± 41 439 ± 22 -535 ± 27 1.8 ± 0.0 7 ± 6 1.6 ± 1.6 1.3 ± 0.4 

∣t∣ <.0001* 0.0833 <.0001* 0.0134* <.0001* 0.0246* 0.9573 

Summer                      

Coral 575 ± 45 231 ± 24 -344 ± 26 1.7 ± 0.1 61 ± 11 18.9 ± 3.9 2.2 ± 0.2 

Algae 1224 ± 13 553 ± 12 -671 ± 9 1.8 ± 0.0 13 ± 3 7.1 ± 1.9 1.9 ± 0.4 

∣t∣ <.0001* <.0001* <.0001* 0.9310 0.0024 0.0432* 0.9979 

Fall                      

Coral 447 ± 44 292 ± 25 -154 ± 20 2.9 ± 0.1 176 ± 7 16.2 ± 1.7 2.3 ± 0.7 

Algae 1053 ± 94 470 ± 68 -583 ± 43 1.8 ± 0.1 15 ± 11 2.3 ± 3.0 2.3 ± 0.7 

∣t∣ <.0001* 0.0017* <.0001* <.0001* <.0001* 0.0111* 1.0000 

Winter                          

Coral 597 ± 20 390 ± 10 -207 ± 15 2.9 ± 0.1 147 ± 10 9.1 ± 3.0 1.6 ± 0.3 

Algae 586 ± 30 324 ± 17 -262 ± 18 2.3 ± 0.1 8 ± 4 4.1 ± 0.4 1.5 ± 0.5 

∣t∣ 1.0000 0.3351 0.6166 0.0005 <.0001* 0.1388 1.0000 

 

 

 



Chapter 4 

 

179 

 

Figure 5.4 | Relationship between (a) net community calcification (NCC) and aragonite 

saturation state (Ωarag), and (b) NCC and net community production (NCP) in coral and 

algae-dominated reef communities. Closed circles indicate measurements from light incubations, 

and open circles indicate dark incubations. Solid lines represent the linear regressions; shaded areas 

in transparent colors represent the 95 % confidence intervals. 

 

 

Table 5.2 | Apparent activation energies (Ea) for coral- and algae-dominated reef 

communities as the slope of the Arrhenius relationship between the natural logarithm 

of specific metabolic rates and the inverted temperature (1/kT). GPP = gross primary 

production (mmol C m-2 d-1); NCP = net community production (mmol C m-2 d-1); CR = 

community respiration (mmol C m-2 d-1); NCC = net community calcification = (mmol 

CaCO3 m-2 d-1); DOC = dissolved organic carbon fluxes (mmol C m-2 d-1); DIN = dissolved 

inorganic nitrogen fluxes (mmol N m-2 d-1); r2 = square of correlation coefficient ; Ea = 

activation energy (eV units).  

 

 

 

 

 

  GPP NCP CR NCC DOC DIN 

  Coral Algae Coral Algae Coral Algae Coral Algae Coral Algae Coral Algae 

r² 0.03 0.71 0.54 0.59 0.26 0.66 0.30 0.10 0.28 0.01 0.02 0.02 

P 0.3861 <.0001 <.0001 <.0001 0.0065 <.0001 0.0023 0.1073 0.0038 0.5619 0.5126 0.4439 

                          

Ea (eV)  -0.09 0.75 -0.58 0.55 0.49 0.93 -0.82 0.65 0.73 0.19 0.12 0.13 
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5.5 Discussion  

5.5.1 Phase shifts from corals to algae drastically change reef community function  

Based on our long-term comparative in situ approach, it is apparent that the balance 

between production and losses of organic C (GPP, CR, and DOC) and the relationship 

between production of inorganic and organic C (NCC and NCP) – that are characteristic of 

reef ecosystems (Langdon et al. 2003) – are fundamentally altered with coral-algal phase 

shifts. 

The directions and alternative fates of the organic and inorganic C pathways are well 

described for undisturbed coral reef communities. In accordance to previous studies, both 

in direction and magnitude (see Table S4.4 for comparison with other studies), coral-

dominated communities displayed: a) low net community production despite high gross 

productivity, implying that biomass accumulates slowly (Gattuso, Frankignoulle, & 

Wollast, 1998); b) net DOC fluxes, where exudate accumulation outpaces consumption 

(Nelson et al. 2013, Quinlan et al. 2018) and promotes an efficient transfer of organic 

matter via benthic-pelagic coupling (Wild et al., 2004); and c) high rates of net community 

calcification, indicating the accretion of carbonate structures typical for tropical coral reefs 

(Gattuso et al., 1998; Gattuso et al., 1999).  

For algae-dominated communities, processes related to the C cycle are less known. 

Here, we highlight that algae-dominated communities displayed a higher organic C 

metabolism and turnover, along with limited net calcification. Significantly increased GPP 

and >40 % elevated NCP in algae-dominated communities indicate a greater potential for 

autotrophic biomass accumulation per planar square meter of reef (Fong and Paul 2011, 

Kelly et al. 2017). At the same time, higher CR relative to GPP resulted in a lower level of 
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autotrophy (expressed as the ratio of GPP/CR; Table 5.1). While this seems 

counterintuitive at the level of single organisms (algae as autotrophs compared to 

mixotroph corals), degraded reef structures support an abundance of sessile and motile 

heterotrophs that depend on the high biomass production by algae, while concurrently 

fueling community-wide respiration. Epilithic algal matrices are susceptible to direct 

herbivory (Klumpp and McKinnon 1989, Russ 2003) and indirect detritivory by 

cryptofaunal benthic motile invertebrates frequently occurs (Kramer et al. 2013). Likewise, 

sponges and other benthic filter feeders commonly associate with degraded reef habitats 

(Abele and Patton 1976), utilizing DOC or particulates derived from algae (Rix et al. 2016, 

2018). Heterotrophic bacteria that are frequently observed with algal-communities 

remineralize labile components of DOC that are typically released by reef algae (Nelson et 

al. 2011, Haas et al. 2013). The organic carbon retention and consumption of algal-derived 

C can, thereby, shorten the average trophic path length, reduce the average trophic level of 

the second-order consumers, and reduce trophic efficiencies of most trophic categories 

(reviewed in Johnson et al. 1995). In support of these trophic interactions, we observed an 

apparent consumption of DOC in the dark in algae-dominated communities, limiting the 

net DOC flux integrated over 24h (i.e., release in the light balanced by consumption in the 

dark). Indicating that algae-associated organisms readily remineralize DOC, our results 

concur with demonstrated DOC depletion in algae-dominated shallow reefs elsewhere 

(Nelson et al. 2011, Haas et al. 2016).  

Along with the drastic alterations of the organic carbon cycle, the maintenance of 

calcium carbonate – that is the structural foundation of tropical reefs – was compromised 

within algae-dominated communities. Indicative for the relative proportion of calcifying to 
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non-calcifying organisms in a benthic community, the slope of the relationship between 

NCP and NCC is commonly used as an indicator for monitoring reef ‘health’ (Albright et 

al. 2013, Takeshita et al. 2016). While the slope averages 0.22 based on 52 reefs around 

the world (Gattuso et al., 1999; Lantz et al., 2014), we observed a drop from 0.18 in coral-

dominated down to 0.03 in algae-dominated communities. The significant decrease 

highlights the shift form calcifying corals to non-calcifying organisms and a decoupling of 

the organic (production vs. respiration) and inorganic (calcification vs. dissolution) carbon 

cycles.  

Untying nitrogen pathways on coral reefs is vital to understanding how the high 

productivity is supported despite low ambient nutrient concentrations. Both coral- and 

algae-dominated communities were net sources of DIN over the course of the measured 

period, however, with no differences between community types. The flux rates generally 

fell within the published range of in situ measurements (-4 – 5 mmol N as NOx m-2 d-1; 

reviewed in Atkinson & Falter, 2003) and are in stark contrast to the consistent DIN uptake 

often measured in single organism incubations (e.g., Den Haan et al. 2016). While a 

conservative N requirement of 34 to 83 mmol N m-2 d-1 to support NCP can be expected 

(stoichiometric calculations with NCP ranging from 230 – 550 mmol C m-2 d-1; assuming 

a C:N ratio of 6.6; Redfield 1958), the effects of DIN assimilation were likely masked by 

concurrent community-wide processes that produce DIN (Gruber et al. 2018). For example, 

cavities within Red Sea reefs can be considerable sources of DIN (>20 mmol N m-2 d-1; 

Richter, Wunsch, Rasheed, Kötter, & Badran, 2001) and microbial communities utilizing 

dissolved organic matter can transform organic N compounds (Yahel et al. 2003, Moulton 

et al. 2016, Pfister and Altabet 2019), potentially increasing the community-wide DIN 
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release into the environment. Other pathways, such as N2 fixation (Cardini et al. 2016) or 

heterotrophic feeding of particulate organic matter (Ribes et al. 2003, Houlbrèque and 

Ferrier-Pagès 2009) are potentially additional N sources limiting/masking the N uptake 

from DIN. While there may be several confounding factors that limit our ability to 

generalize DIN fluxes in natural reef communities, it is apparent that, at the community-

level, DIN is efficiently retained and internal recycling between different compartments of 

the benthos (Wild et al. 2004, De Goeij et al. 2013) and interstitial waters of the reef 

structure occurs (O’Neil and Capone 2008). 

Overall, algae-dominated communities displayed a higher potential of biomass 

accumulation by autotrophs (i.e., high NCP), associated with a higher total amount of 

organic carbon available (i.e., high GPP) to the ecosystem. The retention of organic carbon 

within the community (reflected by high CR and DOC consumption) promotes the growth 

and biomass accumulation of benthic heterotrophs and bacteria associated with algae and 

degraded reef structures. Considering intensive competition for limiting resources (i.e., 

space and light) on coral reefs (reviewed in McCook et al. 2001), the high productivity and 

organic carbon retention may foster algal-communities to colonize bare substrates quickly 

(Roth et al. 2018), particularly by lateral and vegetative overgrowth (Diaz-Pulido and 

Garzón-Ferreira 2002). At the same time, limited reef accretion (i.e., low NCC despite high 

NCP) within algal habitats may compromise the topographic complexity of phase-shifted 

reef communities (Wild et al. 2011), limit the replenishment of corals, as calcifying 

organisms enhance the settlement and recruitment of invertebrate taxa (Harrington et al. 

2004, Roth et al. 2017, 2018), and increase reef erosion (Adey 1978).  
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5.5.2 Warming amplifies functional differences of coral- and algae-dominated 

communities 

Our data highlights that fundamental functions related to organic and inorganic carbon 

cycles of coral- and algae-dominated communities are strongly but inversely affected by 

temperature (summarized in Fig. 5.5) with implications for climate changing related 

warming. 

The results from activation energies show a higher sensitivity to thermal stress of coral-

dominated compared to algal-dominated communities. Particularly, activation energies for 

NCP, and NCC of coral-dominated communities (Ea = -0.58 and -0.82; respectively) were 

in the falling phase of the performance curves, and thus, past the optimum temperature to 

peak rates. Thereby, the community metabolism of corals is gradually expressed by organic 

carbon losses through high CR relative to GPP in summer. Likewise, the activation energy 

of CR was positive, as respiration continued to increase with temperature. Lowering both 

the ratio of GPP to CR (GPP/CR) and NCP integrated over diel cycles, this shifted coral-

dominated communities towards a more heterotrophic state with increasing temperature. 

While primary production maxima are typically observed during the warmest months of 

the year in many reef locations worldwide (e.g., Scheufen et al. 2017), summer 

temperatures are suggested to exceed the metabolic optima in the central Red Sea, as 

previously observed for corals in this region (Sawall et al. 2015, Roik et al. 2016). At the 

same time, coral-dominated communities displayed enhanced rates of net DOC fluxes with 

a strong sensitivity to temperature (Ea = 0.73). These can be attributed to an increased 

release of cellular matter and/or to increased releases of mucoid exudates observed during 

thermal stress in corals (Niggl et al. 2009, Scheufen et al. 2017). Although mucoid exudates 
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released during higher temperatures may help protecting corals against pathogens (Glasl et 

al. 2016) or high UV radiation (Gleason and Wellington 1993), the increased loss of 

organic C despite stable inputs leaves limited organic carbon for actual community growth 

and reproduction (Fig. 5.5). Along this trend, NCC dropped sharply by >50 % from the 

annual mean during summer. These changes were strongly correlated to NCP (decreased 

NCC with decreased NCP), while a significant relationship to temperature became also 

apparent (decreased NCC with increasing temperature). The high negative activation 

energy of NCC on coral-dominated communities (Ea = -0.82) indicates strong thermal-

dependence, with a tipping point at around 30.5 ºC, suggesting a temperature threshold 

(Figure S4.2). This thermal threshold is close to the thermal optima (~ 28 – 29 ºC) for the 

calcification rates of corals (Pocillopora verrucosa) reported in the Red Sea (Sawall et al. 

2015), indicating strong thermal sensitivity soon after the thermal optimum is exceeded. 

However, resolving the relative importance of the two confounding factors (NCP vs. 

temperature) on NCC is difficult to deduce from the present experimental design. 

Nevertheless, as calcification depends on the photosynthetic efficiency of the 

endosymbionts within corals (Allemand et al., 2004; Gattuso, Allemand, & Frankignoulle, 

1999), a lower NCC is expected for thermally stressed corals, limiting reef accretion and 

stabilization (Jokiel and Coles 1977, De’ath et al. 2009). 
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Figure 5.5 | In situ community budgets of organic and inorganic carbon from natural coral- 

and algae-dominated reef communities in the central Red Sea, Saudi Arabia. Budgets were 

calculated from all data available in the given lower (blue) and upper (red) temperature ranges. The 

thickness of the bars is at scale with the actual flux measurements from in situ incubations. DOC = 

dissolved inorganic carbon. This figure was produced by Xavier Pita, scientific illustrator at King 

Abdullah University of Science and Technology (KAUST). 

 

On the contrary, our data suggest that under warming conditions, algae-dominated 

communities gain a direct competitive advantage over healthy coral-dominated 

communities. The thermal sensitivity in the rise phase for algae-dominated communities 

(Ea = 0.93, 0.75 and 0.55 for CR, GPP and NCP; respectively) indicates that this 
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community-type benefits from warming, as thermal optima were not reached during 

summer. The increases of GPP and CR at similar rates resulted in an overall higher turnover 

of organic C while it concurrently increased NCP. A weak thermal-dependence of DOC 

fluxes in algae-dominated communities with increasing temperature was unexpected 

(Barron et al. 2014); however, changes in net rates over a diel cycle were putatively masked 

by increased DOC production rates in the light with equally high consumption rates in the 

dark (Fig. 5.2), limiting losses of organic C through this process. As a result, more organic 

C was retained within algae-dominated communities in summer, elevating the amount of 

organic carbon available for biomass accumulation, community growth, and reproduction 

(Fig. 5.5).  

 

5.5.3 Implications for reef ecosystem functioning under climate change 

Theoretical studies have provided a sound understanding of the relationship between 

biodiversity loss and ecosystem functions on tropical coral reefs (reviewed in Hughes et 

al., 2017); however, considerable knowledge gaps remain, in particular, on how vital 

metabolic and biogeochemical processes will respond to changes in community 

composition resulting from climate change and anthropogenic stress. The results from our 

seasonal in situ experiments now provides the experimental data to underpin how 

community shifts from corals to algae in general, and thermal stress in particular, alters 

pivotal ecological functions. Our data show that the integrity of the different metabolic and 

biogeochemical processes typical for coral reefs is compromised with shifts from coral- to 

algal dominance, and may, thereby, confront the future stability and resilience of coral reef 
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biota. In particular, it seems that the effect we measured is compounding, i.e., as sea surface 

temperatures rise the effect worsens. 

The sensitivity of corals and their endosymbiotic dinoflagellates to rising temperatures 

has been documented extensively (Hoegh-Guldberg 1999). It is generally accepted that 

anomalous temperatures 1 – 2 °C above the mean summer maximum temperature can 

disintegrate the obligatory endosymbiosis (e.g., Weeks et al. 2008), initiating coral 

bleaching and compromising the physiological and nutritional performance (Baird and 

Marshall 2002, Baker et al. 2008). Importantly, for our chosen reef study site we did not 

measure temperatures exceeding local summer maxima reported for the region during the 

course of the experiment (Chaidez et al. 2017). Likewise, we observed no apparent signs 

of coral bleaching. Yet, our data show that growth and calcification of coral-dominated 

communities are already declining under current summer conditions in the Red Sea (Roik 

et al. 2018). Consequences of global warming may manifest not only in terms of higher-

than-normal temperatures, but also in a longer-than-normal duration of seasonal high 

temperatures (Fitt et al. 2001). Based on our results, this would imply that for a more 

extended period per year, algae-dominated communities have a considerable metabolic 

advantage over coral-dominated communities by having more organic carbon available to 

support growth and reproduction. Under these conditions, coral reef ecosystems may shift 

more rapidly towards systems that are dominated by algae. The associated changes in the 

relative balance of the organic carbon (production vs. respiration) and inorganic carbon 

(calcification vs. dissolution) metabolism may then have even more far-reaching 

implications for the reef biogeochemistry. The carbon dioxide produced during the 

decomposition of organic matter from algal communities may modify the balance of TA 
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to DIC; hence determining how seawater pH and other carbonate system parameters 

change (Cai et al. 2011). Typically, reefs with balanced NCP and NCC ratios (such as 

coral-dominated communities in the present study) experience less variability in pH over 

diel cycles (Cyronak et al. 2018). Contrary, reefs with low TA-DIC slopes and large 

absolute changes in DIC, like algae-dominated communities, and especially under warm 

conditions, experience the highest variability in seawater pH. Modifications of pH within 

individual communities can relate to different susceptibilities to predicted ocean 

acidification, as variability in seawater pH can modulate the metabolic response of some 

reef taxa, particularly corals (Rivest et al. 2017). Also, higher respiration with increased 

warming may lead to low dissolved oxygen concentrations, specifically at night, in the 

immediate surroundings of algae-dominated communities (Haas et al. 2011). Field data 

from Hawaiian reefs show that hypoxic conditions occurring at algal mats can significantly 

compromise coral health and their metabolic status (Murphy and Richmond 2016). Benthic 

algae, on the other hand, can provisionally tolerate conditions of very low oxygen 

availability (Peckol and Rivers 1995), thus giving algal-communities a competitive 

advantage in interaction zones experiencing localized hypoxia in the future.  

The frequency and intensity of climate-driven stress events on coral reefs will 

inevitably advance in the near future. The anticipated increase in the spatial footprint of 

algal-dominated comminutes would exacerbate the magnitude of the functional changes 

described here. Ocean warming likely enhances the competitive strengths of algae-

dominated over coral-dominated communities, thus promoting a positive feedback loop of 

reef degradation. As temperature is responsible for the observed changes, similar effects 

are likely to be detected in other regions and from other temperature-sensitive and 
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calcifying communities. As these organisms are central to the formation of ecosystems, 

critical changes in the biodiversity and functioning may be witnessed. Thus, appropriate 

management practices designed to limit algal-proliferation are needed to maintaining 

classical reefs dominated by corals and to sustaining important ecosystem services, such 

as shoreline protection, tourism, and fisheries.  
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6 | General discussion 

 

 

6.1 Significance and key findings 

Coral reefs around the world have experienced precipitous declines in recent decades 

(Pandolfi et al. 2003, Bellwood et al. 2004, Hughes et al. 2017b). With the imminent threats 

of global climate change and enhanced local human activities, it is critical to go beyond 

identifying the primary causes of coral collapse to understand better how novel reefs will 

‘function’, and how this affects reef resilience and the prospects for recovery (Hughes et 

al. 2010). This dissertation, thereby, contributes to a more comprehensive understanding 

of coral reef functioning in general, but also specifically on how coral-algal phase shifts 

impact the integrity of ecosystem processes and reef resilience in the light of environmental 

change.  

The central Red Sea provided an ideal location for this research, hosting classical coral-

dominated and phase-shifted algae-dominated reef communities within a small spatial 

range and subjected to naturally changing environmental conditions through seasonality. 

The four chapters combined provide a holistic view on reef functions at different 

organizational stages of reef development, namely from early (pioneer) to established 

(mature) reef communities. For the first time, we combined traditional community ecology 

approaches with metabolic and biogeochemical assessments in situ and long-term over one 

entire year, both critical to the integrity of coral reef ecosystem functioning. The developed 
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biogeochemical budget calculations for organic and inorganic C and N fluxes, and the time 

series data on such processes is unique in coral reef research and enabled to establish direct 

correlations between environmental variables and community processes. Differential 

responses to environmental stress (i.e., high temperatures during summer) complemented 

the overall comparison between classical and degraded reef communities.  

Overall, the project provides quantitative data on multiple key functions of classical and 

phase shifted reef communities, on tipping points for the collapse of community functions, 

and potential future winners and losers. The knowledge gained with this thesis helps, 

thereby, to understand how phase-shifted reef ecosystems function and which services will 

be generated in comparison to coral-dominated reefs under near-future stress scenarios. 

 

6.1.1 Summary of results  

Taking into account the main research question of this thesis, we can conclude that:  

 

Coral-algal phase shifts fundamentally modified critical ecosystem functions, such as 

habitat-specific community metabolism, reef biogeochemistry, and the replenishment of 

coral populations through recruitment. Ecosystem functions in coral- and algae-dominated 

communities were differently affected by changing environmental conditions through 

seasonality.  
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More specifically, we can draw the following conclusions that answer the four specific 

research questions of this thesis:  

 

1. Coral- and algae-dominated reef areas have a significant impact on the recruitment 

and succession patterns of benthic pioneer communities after disturbance events. We 

showed in Chapter 1 that in phase-shifted algae-dominated reefs the replenishment of adult 

coral populations is reduced due to recruitment inhibition through limited habitat 

complexity and grazing pressure, thereby restraining reef recovery. In addition, substrates 

in algae-dominated areas are colonized predominantly by turf algae, significantly 

lowering the accumulation of inorganic carbon. Contrary, in coral-dominated areas, bare 

substrates are quickly colonized by CCA and other calcifiers, promoting the accumulation 

of inorganic carbon, sustaining reef cementation, and inducing coral larvae settlement and 

development.  

 

2. Pioneer communities play a crucial role in the C and N dynamics of coral reefs by 

contributing to the input of new organic carbon and nutrients into the oligotrophic 

system following coral mortality. The comprehensive study on the metabolic and 

biogeochemical functioning of coral reef benthic pioneer communities in Chapter 2 has 

permitted establishing the first insight into their potential functional role in critical element 

cycles. While not substituting all ecosystem functions provided by corals, the accumulation 

of biomass and the import of nutrients by pioneer communities likely maintain this 

functional role in the face of coral loss. 
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3. Novel tools are required to measure metabolic and biogeochemical fluxes of 

structurally complex benthic communities in situ. The established protocol of Chapter 3 

helps to overcome the paucity of observational and manipulative studies that can be 

performed in native habitats. The tool provides a standardized approach to compare 

community functions across a wide range of benthic habitats. We also highlight the 

possibility to measure multiple parameters simultaneously (through sensors and water 

sampling) that can help linking responses that have often been assessed independently 

only, or where high species diversity and biotic interactions shape ecosystem functions. 

The approach can be used to gain complementary information critical to assessing the 

capacity of benthic ecosystems to cope with environmental stress and predicted climate 

change.  

 

4. Lastly, a critical change of metabolic and biogeochemical community functions with 

shifts from coral- to algal-dominance is apparent. The application of the developed 

protocol from Chapter 3 enabled us to characterize key element fluxes related to mature 

coral- and algae-dominated reef communities in their natural environment, over one year 

(Chapter 4). The high productivity and organic carbon retention in algae-dominated 

communities supports fast biomass accumulation and community growth, while 

concurrently compromising the formation of important reef framework structures. The 

contrasting response to warming reinforces metabolic functional differences between the 

two systems, highlighting the vulnerability of coral-dominated communities to higher 

temperatures, even below coral bleaching thresholds. The results endorse the current 

expansion of algae-dominated communities on tropical reefs with continued ocean 
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warming, thereby impairing important ecosystem services that classical coral-dominated 

reefs provide. 

 

6.2 Synopsis: Multiple feedbacks of reef degradation  

Many of the world’s coral reefs are in decline with shifts between the dominant habitat-

forming corals and different assemblages of benthic algae. Once established, these shifts 

are difficult to reverse, with conceptual models suggesting that feedback loops reinforce 

alternate states (Mumby and Steneck 2008). While some causes of regime shifts and 

feedbacks that sustain them have been recognized (Hoey and Bellwood 2011, Barott and 

Rohwer 2012, Nelson et al. 2013, Mora et al. 2016, van de Leemput et al. 2016), the 

interdisciplinary approach of the different chapters of this thesis helped to identify 

additional feedbacks of reef degradation, as well as to establish connections to existing 

ones. The results suggest that metabolic and biogeochemical processes of established coral- 

or algae-dominated communities, the thermal tolerance, and the capacity to recover 

through larval recruitment are inseparable sources of resilience to avoid the loss of a 

dominance by corals (summarized in Fig. 6.1).  
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Figure 6.1 | Proposed role of different community processes in the amplification of feedback 

loops involving the coral-algal competitive balance and reef degradation. A description of 

feedbacks and processes is detailed in the text of section 6.2 Solid black lines indicate processes 

and responses measured in this thesis. Solid red lines indicate the influence of high temperature on 

community processes measured in this thesis. Dashed lines refer to previous studies and established 

concepts that have not been assessed in this thesis but are referred to in the text. Dashed lines with 

asterisks indicate feedbacks assessed in complementary studies of this thesis (see section 6.3.1 for 

details). Corg = organic carbon; OM = organic matter. Symbols courtesy of the Integration and 

Application Network (ian.umces.edu/symbols/). 
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For example, we reiterate that algae-dominated communities – through a range of 

physical, chemical, and biological processes – suppress the settlement, survival, and 

growth of young corals on bare reef substrates (Connell et al. 1997, Wilson and Harrison 

2005, Chadwick and Morrow 2011). More specifically, we identified that the loss of the 

structural complexity during reef degradation and the subsequent change in the fish 

community decreases the likelihood of calcifying organisms to establish, and coral larvae 

to reach the recruitment stage. In the first place, this opens space for fast-growing and 

opportunistic reef taxa, such as benthic algae and other sessile organisms (e.g., sponges, 

ascidians, zoanthids), are also abundant, leaving limited room for coral recruits. The lack 

of reef cementation, however, also intensifies the loss of the structural complexity and the 

diversity of reef inhabitants, including fishes and invertebrates (Jones et al. 2004, Pratchett 

and Munday 2008) causing a positive feedback loop with limited niches for coral 

recruitment. In addition, as the abundance of reef fish – and herbivores in particular – 

decreases, algae-proliferation through limited grazing is promoted (Burkepile and Hay 

2008).  

Through in situ incubations, we then showed that algae-dominated communities 

generally display a higher potential for the accumulation of biomass by autotrophs than 

coral-dominated communities. In the light of intensive competition for limiting resources 

(i.e., space and light) on coral reefs (McCook et al. 2001), the high productivity fosters 

direct competition between corals and algae and increases the likelihood of algae to 

colonize bare substrates quickly (Roth et al. 2018). Moreover, the high productivity of 

algae-dominated communities is associated with a higher total amount of organic carbon 

available to the community. A part of this organic carbon is released as DOC that fuels 
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bacterioplankton growth (Haas et al. 2016) and causes coral diseases (Barott and Rohwer 

2012, Cárdenas et al. 2018). However, the mass balance of our carbon budget indicates that 

the high respiration rates observed in algae-dominated communities cannot be caused by 

remineralization of DOC alone. We assume that carbon fixed through primary production 

of algae is transferred to other heterotroph reef organisms within the community through, 

for example, direct feeding on algal biomass, detritus, and other released particulates 

(Johnson et al. 1995, Kolasinski et al. 2011, De Goeij et al. 2013, Rix et al. 2016). The 

retention of energy (i.e., organic carbon) within the community then promotes the growth 

of benthic heterotrophs (e.g., sponges, ascidians, and other filter feeders) further enhancing 

the competition with corals and subsequent reef degradation (Norström et al. 2009). These 

novel habitats (dominated by algae, accompanied by heterotroph organisms) compromise 

reef accretion (low calcification rates), negatively affecting the topographic reef 

complexity (Wild et al. 2011) and further limiting the replenishment of hard corals 

(Harrington et al. 2004, Roth et al. 2017, 2018). The associated changes in the relative 

balance of the organic carbon (production vs. respiration) and inorganic carbon 

(calcification vs. dissolution) metabolism may then create an additional feedback loop of 

reef degradation: The carbon dioxide produced during the decomposition of organic matter 

from algal communities (both by bacteria and heterotroph metazoans) may modify the 

carbonate system parameters (Cai et al. 2011). Large absolute changes in DIC, as observed 

in algae-dominated communities, cause a high variability in seawater pH that can modulate 

the metabolic response of some reef taxa, compromising the growth of adult corals (Rivest 

et al. 2017) and the settlement of coral larvae (Foster et al. 2016, Fabricius et al. 2017). 

Also, the higher respiration rates in algae-dominated communities lead to low dissolved 
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oxygen concentrations, specifically at night, in the immediate surroundings of algae-

dominated communities (Haas et al. 2011). Hypoxic conditions can significantly 

compromise coral health, their metabolic status (Murphy and Richmond 2016), and coral 

recruitment (Wangpraseurt et al. 2012), while benthic algae can provisionally tolerate 

conditions of very low oxygen availability (Peckol and Rivers 1995).  

In addition to these general responses, we identified three major points at which 

environmental change, specifically high temperatures, strengthen some of the above-

mentioned feedbacks: First, our results suggest a higher sensitivity to thermal stress of 

coral-dominated compared to algal-dominated communities. While net community growth 

in coral-dominated communities was reduced in summer, algae-dominated communities 

displayed an overall higher turnover of organic carbon which resulted in an increased 

amount of organic carbon available for biomass accumulation and community growth by 

algae. Secondly, along with the increased availability of organic carbon within algae-

dominated communities during summer, absolute changes in DIC (high DIC uptake during 

the day through photosynthesis; high release of DIC in the dark through increased 

respiration) were observed. The higher respiration in the dark with increased warming may 

lead to a lower pH (local acidification) and low dissolved oxygen concentrations in the 

immediate surroundings of algae-dominated communities, suppressing coral growth and 

reproduction (Smith et al. 2006). Lastly, calcification rates in coral-dominated 

communities showed a strong thermal-dependence, with a breakpoint at around 30ºC. This 

limits reef accretion and stabilization during warmer periods (Jokiel and Coles 1977, 

De’ath et al. 2009), enhancing the major positive feedback loop of reef degradation through 

limited habitat complexity (Graham and Nash 2013). 
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The results highlight that not only changes in the community structure but also the 

underlying and consequent metabolic and biogeochemical processes need to be recognized 

as a threat to coral reefs and should be considered in coral monitoring and management 

plans. 

 

6.3 Additional work directly related to this thesis 

In addition to the work presented here, the use of benthic incubation chambers (Chapter 

3 and Chapter 4) has been the foundation for several complementary studies that aim at 

enhancing our mechanistic understanding of how coral-algal phase shifts alter critical 

ecosystem functions on tropical coral reefs. These complementary studies are centered 

around two research themes: 1) The cycling of organic matter and bacterioplankton 

responses in coral-and algae-dominated reef communities and 2) the effects of simulated 

eutrophication on multiple coral reef ecosystem functions. The expected publications are 

listed in section 8.2, with brief summaries presented below.  

 

6.3.1 The cycling of organic matter and bacterioplankton responses 

Particularly the flow of organic carbon and nitrogen was identified to contribute to the 

general functioning, but also the differences in community-wide processes of reef 

communities in the oligotrophic waters of the tropics. Therefore, in three additional studies, 

we examined a) the organic matter composition from coral- and algae-dominated 

communities, b) how this organic matter is utilized by bacteria, and c) how it potentially 

influences the biogeochemistry in the natural reef environment.  
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Complementary study 1: Aligning with previous results (Wild et al. 2010, Haas et al. 

2010, e.g., 2011), in Chapter 4 we showed that a proportion of the photosynthates by coral- 

and algae-dominated communities were exuded as dissolved organic matter. We also 

observed an apparent difference in the DOC fluxes of coral- and algae-dominated 

communities. Specifically, a consumption of DOC in the dark in algae-dominated 

communities throughout the sampling period was detected, limiting the net DOC flux 

integrated over 24h (i.e., release in the light balanced by consumption in the dark) and 

indicating that the exudates are differentially utilized by microorganisms (Haas et al. 2011, 

2013, Nelson et al. 2013). Consequently, we implemented a chemical approach to evaluate 

the composition and lability of the different dissolved organic matter (DOM) exudates. 

Preliminary results from PARAllel FACtor analysis of DOM excitation emission matrices 

(EEM) reveal that algal DOM exudates are dominated by humic-like fluorophores. 

Contrastingly, coral exudates show significantly higher levels of amino acid-like 

fluorophores. Fluorescence DOM data coupled with Fourier-transform ion cyclotron 

resonance mass spectrometry (FT-ICR-MS) data will yield further information on unique 

molecular features of algal- vs. coral-dominated communities. This study will shed light 

on a mechanism whereby changes in the benthic cover of reef systems may alter the DOM 

compositional signature and, consequently, the activity of heterotrophic microbial 

communities inhabiting the reef.  

 

Complementary study 2: The processing of organic matter by heterotrophic 

bacterioplankton is a critical process in sustaining coral reef ecosystem functioning. 

However, it is unclear how the shifts from coral to algal-dominated communities may 
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influence the microbial plankton-DOM interactions. For this study, we retrieved seawater 

enriched in DOM produced by both community types after the 2h in situ incubations 

described in Chapter 4 and inoculated it with natural reef bacterial assemblages. Seawater 

incubations were conducted in the laboratory under in situ temperature and light conditions 

for four days to monitor DOM and bacterioplankton dynamics. Preliminary results show 

that DOC concentrations were higher in spring-summer than in fall and winter, with 

slightly higher, though not significant, DOC concentrations in the coral than in the algae-

DOM. Higher specific growth rates of bacteria (2.9 to 3.9 d-1) were also measured during 

warmer months, with significantly higher growth rates found in algae-DOM during this 

period of the year. Growth rates increased with initial DOC concentrations in both systems 

albeit with a higher slope for the algae-dominated system, suggesting a higher quality of 

the DOC released by algae especially during the warmer months where bacterial growth 

efficiencies were also significantly higher in algae-DOM. These results suggest that more 

than quantity, it is the quality of DOM exudates that drives the seasonal differences in 

bacterial responses between coral- and algae-dominated reefs systems. Pelagic 

bacterioplankton growth in coral reefs might be enhanced with phase shifts, especially 

during warmer months. 

 

Complementary study 3: In Chapter 4 and the subsequent complementary studies (1, 2) 

we showed that coral-algal phase shifts foster the production of labile dissolved organic 

matter released by algae-dominated communities. The high respiration rates in the dark 

indicated that this material is readily remineralized to CO2 by heterotroph reef organisms 

within the communities. These potential interrelationships, however, have not been 
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investigated in situ yet. Thus, in an additional study, we measured O2 and DOM fluxes, 

along with changes in the carbonate chemistry in both coral- and algae-dominated using 

the in situ incubation chambers, but also sensors deployed directly onto the reef bi-monthly 

for one year (7 sampling periods). Preliminary findings revealed moderate fluctuations of 

O2 concentrations (down to 60% saturation) and maximum pH drops of 0.2 units in the 

adjacent water column of coral-dominated communities, with no seasonal effects. 

Contrary, algae-dominance was associated with the development of nighttime hypoxia 

(down to 25% O2 saturation) and increased acidity (pH drops of >0.4 units). These extreme 

values were linked to the highest water temperatures in summer. A significant positive 

correlation between pH and both O2 and DOM concentrations occurred. This supports the 

hypothesis that the remineralization of reef algae-derived DOM may cause local 

acidification. Data simulations also revealed synergistic effects of such local reef 

acidification and global ocean acidification under predicted IPCC scenarios. The 

heterotrophs-mediated release of CO2 during algae-derived DOM remineralization, more 

frequent heating events, and ensuing shifts in the carbonate system may create an additional 

feedback loop that compromises the reversal of coral-algal phase shifts (indicated by * in 

Fig. 6.1) 

 

6.3.2 Effects of simulated eutrophication on coral reef ecosystem functions 

In Chapter 4 and the subsequent additional studies, we assessed the metabolic and 

biogeochemical functioning of coral- and algae-dominated reef communities in their 

natural environment without any experimental stressors. However, particularly nitrogen 

enrichment alters the competitive relationships among phototrophic reef organisms in favor 
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of benthic algae over reef-building corals (Miller et al. 1999, Fong and Paul 2011, 

D’Angelo and Wiedenmann 2014). Thereby, the extent to which reef primary producers 

can take up newly available nutrients during eutrophication events is dependent on the 

nature and concentration of nutrients, as well as on the periodicity and duration of the 

events (Haan 2015). However, corals are adapted to thrive typically in oligotrophic coastal 

waters, and may, therefore, be negatively affected by elevated concentrations of nutrients 

(Muscatine and Porter 1977). Some of the direct negative effects of high nutrient levels 

include a reduction in calcification rates (Kinsey and Davies 1979, Ferrier-Pages et al. 

2000) combined with limited coral growth (Fabricius et al. 2013), a decrease in the 

reproduction activity (Loya et al. 2004), an increased susceptibility to plagues and diseases 

(Voss and Richardson 2006) and limited bleaching resistance (Wiedenmann et al. 2012). 

Contrary, elevated levels of nitrate and phosphate can promote the primary productivity 

and, therefore, the growth of benthic algae (McClanahan et al. 2007), intensifying the 

competition between corals and algae (Vermeij et al. 2010). 

Consequently, to study these relationships, we performed an eight-week in situ 

eutrophication experiment with the same coral- and algae-dominated benthic communities 

as described in Chapter 4. This experiment aimed at assessing the effects of excess nitrogen 

on key metabolic processes (i.e., productivity, calcification, organic matter fluxes), the 

utilization of nitrogen (measured via elemental and stable isotope analysis), and pathways 

of the nitrogen cycle (measured via N2-fixation and denitrification rates) in benthic 

communities and key functional groups.  
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Complementary study 4: In this study, the communities selected for the experiments in 

Chapter 4 were surrounded by PVC pipes filled with slow-release fertilizer for two months 

from January to March 2017. Functional processes (i.e., productivity, calcification, organic 

matter fluxes) were assessed in coral- and algae-dominated communities by incubations 

before (= control) and after (= response) eutrophication exposure. This study is the first to 

analyze in situ how the enrichment of inorganic nutrients (ammonium, nitrate, and 

phosphate) alters key ecosystem functions in coral- and algae-dominated reef communities 

in their natural environment. Simulated in situ eutrophication was confirmed by a 4-fold 

increase of dissolved inorganic nitrogen concentrations in the investigated reef 

communities. The responses of the communities to eutrophication have not yet been 

evaluated. However, we hypothesize that algae-dominated reef communities utilize 

nutrients more rapidly, and, hence, will benefit from inputs by simulated eutrophication 

compared to coral-dominated reef communities. More specifically, we think that nutrient 

addition will increase productivity and decrease calcification in both communities, 

however, at different rates. The nutrients may amplify the pH variability through modified 

photosynthesis and respiration rates, particularly in algae-dominated communities. These 

results may help to understand how nutrient pollution alters the vulnerability of reefs to 

shift from coral- to algae-dominated states.  

 

Complementary study 5: In this study, we investigated how the eight-week in situ 

eutrophication event influenced two key pathways of the nitrogen cycle of three functional 

groups (i.e., hard corals, turf algae, reef sands) of the benthic communities. N2-fixation and 

denitrification were quantified simultaneously using a combined acetylene assay pre and 
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post in situ nutrient manipulation. Preliminary results show that long-term eutrophication 

elevated denitrification rates in all three functional groups, suggesting acclimatization and 

metabolic adaptation to eutrophication of denitrifying microbes associated with turf algae, 

reef sands, and hard corals. In contrast, responses of N2-fixation associated with the 

functional groups were surprising, as N2-fixation did not decrease with eutrophication. We 

believe that these results pose an important foundation to better understand the cycling of 

N in anthropogenically impacted coral reefs; however, more in-depth studies are needed to 

understand the individual role of denitrification versus N2-fixation in coping with 

environmental stress.  

 

Complementary study 6: In addition, we investigated (1) which key functional groups of 

the benthic communities assimilated available nutrients, (2) how were incorporated 

nutrients utilized, and (3) who were the potential winners and losers of eutrophication. The 

carbon and nitrogen elemental - and isotopic composition of four major functional groups 

(i.e., hard corals (tissue and zooxanthellae), soft corals, turf algae and reef sediments), as 

well as benthic community cover, were analyzed pre- and post- nutrient manipulation 

experiments. Preliminary results show that hard corals (i.e., their tissue), soft corals, and 

turf algae significantly took up fertilizer as indicated by stable isotope ratio changes from 

δ15N values. The tissue N content increased by 52% in turf algae and by 85% in soft corals. 

While the organic carbon content of turf algae increased under a constant Corg/N ratio (9.2 

- 9.3), for the soft corals Corg/N ratio dropped from 8.5 to 4.1. Notably, only turf algae cover 

significantly increased with eutrophication. Concludingly, turf algae were the clear winners 

of local eutrophication, assimilating and utilizing excess N.  
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6.4 Future research directions 

Details on mechanistic reef functioning: The work presented in this thesis, and the 

additional studies mentioned in the previous section, provided new insights into functional 

aspects of coral-algal phase shifts; Yet, the functioning of coral- and algae-dominated reef 

communities is highly complex and dynamic, and many more aspects remain elusive giving 

room for future research subjects to build and expand on.  

First, understanding the cycling of nitrogen on coral reefs is vital to understanding how 

these systems can flourish in low ambient nutrient waters of the tropics (Szmant 2002, 

O’Neil and Capone 2008, Rädecker et al. 2015). Current laboratory research has 

highlighted the importance of nitrogen cycling for the function of the coral holobiont 

(reviewed in Rädecker et al. 2015, Morris et al. 2019). Knowledge at the community-level 

and in situ is, however, scarce. In Chapter 4 we showed that inorganic nitrogen is efficiently 

retained and internal recycling between different compartments of the benthos (Wild et al. 

2004, De Goeij et al. 2013) and interstitial waters of the reef structure must occur (O’Neil 

and Capone 2008). However, several confounding factors may limit our ability to 

generalize these processes to the overall nitrogen fluxes. Therefore, future studies should 

prioritize to assess in situ additional processes of the nitrogen cycle, such as N2-fixation 

denitrification, anaerobic ammonium oxidation, and fluxes of dissolved organic nitrogen 

that could all contribute to regulating the availability of nitrogen for the respective 

community. The use of isotope tracers can complement the quantification of nitrogen flux 

rates by localizing fixed or released products within the communities.  
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A second important addition to the studies presented here would be the assessment of 

particular organic carbon fluxes in natural coral reef communities. The continuous release 

of organic carbon-rich material by benthic reef organisms substantially contributes to 

biogeochemical processes in coral reef ecosystems. While we quantified fluxes of DOC, 

to the best of our knowledge, no measurements of particulate organic carbon (POC) fluxes 

of whole coral- and algae-dominated reef communities in their natural environment have 

been performed. The benthic incubation chambers presented in Chapter 3 could aid in 

measuring such fluxes, however, methodological adjustments would need to be made to 

withdraw larger quantities of seawater necessary to measure POC contents in water 

samples reliably.  

Lastly, we revealed some consequences of different metabolic activities by coral- and 

algae-dominated communities on reef-wide physicochemical variables (e.g., O2, and pH; 

Chapter 4 and complementary study 3). The spatiotemporal dynamics of these changes, 

however, are not yet explored. Future studies should focus on identifying “hotspots” of 

local acidification and hypoxia in or around algae-dominated communities in the natural 

environment, the extent of such areas, and the temporal stability of these changes (e.g., 

hours per day at low pH).  

 

The role of benthic pioneer communities in critical element cycles: The existing 

literature mainly focuses on recruitment and succession patterns of the so-called ‘pioneer 

communities’ to predict the trajectories of recovery (or shifts to alternate states) after 

disturbance events (e.g., Burt et al. 2009, Jessen et al. 2014, Humanes and Bastidas 2015, 

Roth et al. 2015, Stuhldreier et al. 2015) (see also Chapter 1). However, benthic pioneer 
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communities, through their efficient assimilation and supply of organic material, may also 

constitute a critical source of limiting elements (i.e., carbon and nitrogen) to coral reefs 

(Chapter 2). While we provided some first insights into rates of carbon and nitrogen 

fixation, the ultimate fate of organic material derived from pioneer communities has not 

yet been explored. As these pioneer communities likely accumulate biomass and associated 

nutrients (Chapter 1 and 2), they are unlikely to represent stable ecosystem states. Rather, 

they may constitute transient successional stages that ultimately lead - if undisturbed - to 

secondary reefs reflecting primary reefs in community composition and nutrient regimes. 

A priority for future studies should, therefore, also be to determine the stability (longevity) 

of such communities and whether the biogeochemical processes in these emerging habitats 

are critical for the reestablishment of coral-dominated reefs.  

 

Multiple stressor interactions: The work of this thesis represents an important step 

towards understanding in situ effects of warming – with additional studies also on 

eutrophication – on coral reef communities. Cumulative effects of multiple stressors, 

however, remain largely unknown, although the outcome of stressor interaction depends 

on the number of interacting stressors (Harborne et al. 2017). Only a few studies have 

combined global and local stressors under laboratory conditions, but, currently, no such 

experiments were carried out in situ. In addition, previous research primarily focused on 

the responses of corals to environmental stressors, whereas the responses of algae that are 

involved in phase shifts are mostly unexplored. Thus, it is crucial to improve our 

understanding of the combined effects of multiple stressors in situ and their functional 

consequences for reef communities dominated by either corals or algae. 
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Including community shifts to alternate benthic regimes: The degradation of coral 

reefs is mainly associated with changes in the community composition where algae become 

the dominant benthic taxa. However, shifts to other benthic life-forms are also observed 

(e.g., shifts to soft corals, corallimorpharia, sponges or ascidians). The changes in 

community functions may differ from the typical coral–algae shift, yet, knowledge on 

ecosystem functions, such as productivity, calcification, and organic matter and nutrient 

cycling are scarce, particularly in situ. Understanding the differences and similarities in 

functions of these alternative states will aid management strategies aimed at preventing 

and reversing phase shifts of coral reefs. 

 

Ecosystem functioning of other benthic habitats: Going beyond the functioning of 

coral reef communities, the developed benthic incubation chambers (Chapter 3) offer many 

more uses in marine and aquatic research. For example, the approach can be applied to any 

benthic community of interest that is accessible from land or within the limits of scientific 

diving. As a descriptive tool at the community level, we have already demonstrated the 

practicality of the chambers to achieve reliable data of biogeochemical functioning of 

seagrass meadows (Fig. 6.2), rocky habitats with algae, sediments, and, most recently, 

Autonomous Reef Monitoring Structures. We highlight the possibility to measure multiple 

parameters simultaneously, which can help linking responses that have often been assessed 

independently only, or where high species diversity and biotic interactions shape 

ecosystem functions. The large rigid surfaces and the individual power supply of each 

chamber can support additional accessories, such as peristaltic dosing pumps, immersion 

heaters or pH flow feed-back control systems as applied previously (Kline et al. 2006, 
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Marker et al. 2010). If used in multiple habitats simultaneously, the chambers also offer 

the opportunity to study the interactions in the seascape, elucidating some biogeochemical 

connections between benthic habitats such as mangroves, seagrass beds and coral reefs 

(Sippo et al. 2016).  

 

 

Figure 6.2 | Potential use of incubation chambers in different benthic habitats. The picture 

shows a chamber developed in Chapter 3 to measure biogeochemical fluxes in a mixed seagrass 

meadow of the central Red Sea.  

 

6.5 Concluding remarks  

Coral reefs are dynamic ecosystems and can, if resilient, recover from severe stress 

events (Roff and Mumby 2012). However, given the increased frequency and intensity of 

the disturbances in the Anthropocene, many stress-exposed coral reefs have changed from 



General discussion 

 

223 

a dominance by scleractinian corals to a dominance by benthic algae globally (McCook et 

al. 2001, Hughes et al. 2007, 2017a, Bruno et al. 2009, Roff et al. 2015). Predicting the 

functioning of coral reefs with new species configurations is challenging because of the 

complexity of ecological interactions, the variability of natural environments, and the 

response of the ecosystems to further disruptions. In this context, the present dissertation 

provides – through a set of classical and novel experimental approaches – compelling 

evidence that community phase shifts from corals to algae fundamentally modify critical 

ecosystem functions, with no exception for coral reefs of the central Red Sea. Algal-

dominance in natural habitats mediates profound changes in the community metabolism, 

ensues shifts in the reef biogeochemistry, and reduces the replenishment of adult coral 

populations – all of which are interlinked through a range of feedback loops. In addition, 

more frequent heating events further compromise the reversal of coral-algal phase shifts 

by amplifying functional differences between coral- and algae-dominated reef 

communities, with negative consequences for coral growth, persistence, and resilience. As 

the frequency and intensity of climate-driven stress events will unavoidably advance in the 

near future, the anticipated increase in the spatial footprint of algal-dominated comminutes 

would exacerbate the magnitude of all functional changes described here. Overall, the 

results of this thesis suggest that alterations of critical ecosystem functions enhance the 

competitive strengths of algae- over coral-dominated communities, and can, thus, promote 

several feedback loops of reef degradation (Fig. 6.1), specifically under predicted climate 

change. The fate of coral reefs along the Saudi Arabian Red Sea coast in particular, but 

also globally, will thus depend on the maintenance of critical ecosystem functions and the 

frequency and nature of disturbances that either facilitate or impede reef recovery.  
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In this regard, predicting the dynamics of coral reefs systems is critical in anticipating 

the potential loss of specific ecosystem functions and services. Thus, monitoring coral reef 

health should not only focus on describing reef degradation through traditional metrics, 

such as biodiversity patterns, the abundances of key taxonomic (indicator) groups, or the 

occurrence/frequency of bleaching events; As a gradual decline in coral cover occurs only 

when drivers of change accumulate enough to tip a coral-dominated reef across a threshold 

into an alternate phase, we propose using additional metrics useful to track the trajectories 

of coral reef conditions before tipping points in the community structure appear. 

Specifically, the measurements of critical metabolic and biogeochemical functions 

(Chapter 4) have proven useful to identify changes that build or erode resilience to 

alternative ecosystem states and can, thereby, aid as early warning indicators of ecosystem 

collapse. In addition, ecosystem-based management strategies that focus on human drivers 

influencing ecological processes are necessary to retain critical ecosystem functions and 

services of coral reefs into the future. Prospect research should thus focus on identifying 

ways of actively catalyzing natural reef succession after disturbances to preserve the 

functioning of coral reefs in the Anthropocene. Appropriate management practices 

designed to limit algal-proliferation are needed to maintaining classical reefs dominated by 

corals. Lastly, as temperature is responsible for amplifying the observed changes, reducing 

anthropogenic carbon emissions, thereby mitigating global warming, is vital for 

maintaining coral-dominated reef communities and for sustaining their delivery of 

important ecosystem services – such as biodiversity, shoreline protection, tourism, and 

fisheries – in the future.  
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7.1 Supplementary material to Chapter 1  

 

Table S1.1 | Proportional cover of abiotic and biotic functional groups on light-

exposed and shaded settlement tiles from a sand area of Abu Shosha reef. Given is the 

proportional cover of different functional groups over the study period of three months 

from September until December 2017. Values presented are means ± SE.  

 

  

Bare 

substrate 

Turf 

algae 

Crustose 

coralline algae 

Crustose green 

& brown algae 

Calcifying 

invertebrates 

Light-

exposed 

tiles       

Month: 

Time elapsed 

since 

deployment:      

October 1 72.1 ± 8.2 14.3 ± 4.1 2.7 ± 1.6 7.3 ± 2.2 0.6 ± 0.2 

November 2 47.2 ± 9.7 33.1 ± 7.1 7.4 ± 2.1 11.1 ± 1.8 1.2 ± 0.8 

December 3 39.8 ± 6.1 30.9 ± 5.7 10.1 ± 1.9 18.3 ± 3.1 0.7 ± 0.5 

Shaded 

tiles       

Month: 

Time elapsed 

since 

deployment:      

October 1 80.2 ± 4.1 10.2 ± 1.3 3.0 ± 0.8 6.0 ± 2.2 0.6 ± 0.2 

November 2 56.1 ± 2.9 20.6 ± 6.1 8.4 ± 2.1 13.2 ± 0.9 0.7 ± 0.2 

December 3 51.1 ± 7.6 28.8 ± 5.3 9.1 ± 2.1 10.2 ± 1.7 0.9 ± 0.1 
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Table S1.2 | Significant post-hoc results for the LMMs comparing relative cover of 

abiotic and biotic functional groups on light-exposed and shaded settlement tiles, 

coral recruits and the accumulation of inorganic carbon between treatments over the 

study period of 12 months. p values in bold are statistically significant (p < 0.05). 

Transformations, covariance structures and relevant information criteria are shown in the 

respective tables of the main text.  

 

Variable Source of variation Treatment Time Treatment x time 

Light tiles     

Turf Algae p 0.0034 0.2196 0.0489 

Significant interaction:     

Treatment x Time [May] p   0.0012 

Treatment x Time [June] p   0.0487 

Treatment x Time [July] p   0.0132 

Treatment x Time [August] p   0.0049 

     

Crustose coralline algae p <0.0001 0.0583 0.0190 

Significant interaction:     

Treatment x Time [January] p   0.0326 

Treatment x Time [May] p   0.0179 

Treatment x Time [June] p   0.0112 

Treatment x Time [July] p   0.0005 

     

    

Variable Source of variation Treatment Time Treatment x time 

Shaded tiles      

Bare substrate  p 0.0399 <0.0001 0.0382 

Significant interaction:     

Treatment x Time [August] p   0.0055 

Treatment x Time [September] p   0.0084 

     

Crustose brown & green algae p 0.0491 <0.0001 0.0004 

Significant interaction: p    

Treatment x Time [January] p   0.0001 

Treatment x Time [April] p   0.0104 

Treatment x Time [May] p   0.0130 

Treatment x Time [November] p   0.0020 

     

Calcifying invertebrates p 0.1582 <0.0001 0.0404 

Significant interaction: p    

Treatment x Time [February] p   0.0413 

Treatment x Time [June] p   0.0087 

Treatment x Time [September] p   0.0412 

     

     

Coral spats and recruits     

Coral recruits p 0.0430 <0.0001 0.0396 

Significant interaction:     

Treatment x Time [August] p   0.0014 

Treatment x Time [September] p   0.0002 

     

     

Accumulation of inorganic carbon     

On shaded tiles  p 0.0001 <0.0001 0.0198 

Significant interaction:     

Treatment x Time [February] p   0.0032 
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Table S1.3 | Fine-level feeding groups (i.e., scrapers, excavators, grazers and 

browsers) within herbivorous fish biomass on coral- and algae-dominated reefs areas 

of Abu Shosha reef. Fish biomass was calculated from abundances and mid-length of size 

classes of all fishes in a visually estimated cylinder (⌀ 3 m; 28.274 m-2). Biomass is given 

in g m-2. 

 

Treatment x Time [May] p   0.0010 
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 Herbivores Scrapers Excavators Grazers Browsers 

      

Coral-dominated 180.7 81.7 62.4 34.7 1.9 

Algal-dominated  36.3 14.1 2.9 6.0 2.7 

 



Appendix I 

 

238 

Table S1.4 | Monthly 

measurements of environmental 

variables in the research area at 5 

m water depth. Temperature was 

measured continuously during the 

whole study period. Light 

availability was measured 

continuously (logging interval = 1 

minute) at three consecutive days 

each month, and values are 

presented as daytime means. All 

other parameters were measured 

monthly at three consecutive days. 

PAR = Photosynthetic active 

radiation; DIN = Dissolved 

inorganic nitrogen (NO3- + NO2 + 

NH4
+). Values are means ± SE.  
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7.2 Supplementary material to Chapter 2 

 

 

Figure S2.1 | Proportional cover of abiotic and biotic functional groups on settlement tiles. 

Shown is a stacked bar chart with the proportional cover of different functional groups over the 

study period of 12 months from December 2016 (bare settlement tiles were deployed) to December 

2017. Values presented are means.  

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Bare substrate

Filamentous turf algae

Crustose coralline algae (CCA)

Other crustose algae

Calcifying invertebrates

Other / Not identified

Dec

P
ro

p
o

rt
io

n
a

l 
c

o
v
e

r 
o

f 
fu

n
c

ti
o

n
a

l 
g

ro
u

p
s
 [

%
]

Month of the year



Appendix I 

 

240 

7.3 Supplementary material to Chapter 3 

 

Table S3.1 | Material list of main system components for the construction of benthic 

incubation chambers and adjustable flow control pumps.  

 

Part # Description  Vendor (website) 

Price per unit (in 

EUR) 

Price per 

chamber  

(in EUR) 

1 Polymethyl methacrylate (PMMA) 

cylinders, 500 mm diameter 390 mm 

length with 

drop-on cover, Manufacturer: 

LIQUILUX, Gladbeck, Germany www.liquilux.de 177.50 177.50 

2 PVC skirts, cut from 1 mm thick, 

black PVC fabric, 680g/m² www.planen-markt.de 17.85 7.14 

3 M5 x 0.8 mm wing-head PVC bolts, 

6 pieces per chamber www.kunststoffschraube.de 0.32 1.92 

4 O-ring, 450 x 35 mm  www.hug-technik.com 8.31 8.31 

5 One-way stopcock female to male 

luer-lock  www.sigmaaldrich.com 4.45 4.45 

6 Stopcock 3/4 inch with barbed hose 

adapter  www.pool-profi24.de 9.90 9.90 

7 6V DC motors (300 mA, 2W) with 

mgnetic impeller  www.lightobject.com 10.97 10.97 

8 Low voltage pulse-width modulation 

speed controller: WINOMO 

LM2596 1.23-30V DC DC www.amazon.de  2.52 2.52 

9 Rechargeable mignon cells: 

ANSMANN 1.2 V AA NimH (2400 

mAh)  www.amazon.de  2.50 9.99 

10 PVC tube (housing) for circulation 

pump, 2" x 100mm www.pvc-welt.de 3.84 3.84 

11 PVC screw-cap with o-ring for 

circulation pump, 2" www.pvc-welt.de 1.29 1.29 

12 Additional parts include: glue, 

cables, cable connectors, epoxy resin 

etc.; price is an approximation per 

chamber Different   15           

 Total Price per chamber:    252.83 
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Figure S3.1 | Overview of the design and assembly schematics of benthic incubation 

chambers. 
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Figure S3.2 | Detailed design and assembly schematics of the lid with the gland for the O-ring 

of benthic incubation chambers.  

 
43

0 

 
5
0
0
 

A
A

 8 

 4 

6
 x

 
 4

.2
0

 
 6

M
5

x
0

.8
 -

 6
H

 
 6

 6
0°

 
 

47
1 

D

N
o

te
: 

M
a

k
e

 t
h

e
 H

o
le

s
6

m
m

 d
e

e
p

 w
it
h

 f
la

t
d

ri
ll 

&
 t

h
e

n
 t

h
re

a
d

 t
o

th
e

 m
a

x
!

 4
5

0
 

 8 

B
S
E
C

TI
O

N
 A

-A

 2.15 

 3
.6

0
 

 9
0.

5°
 

R
0.

2
A

ll 
R
o
u
n
d

s

D
E
TA

IL
 B

S
C

A
LE

 5
 :

 1

D
E
TA

IL
 D

FI
N

IS
H

:

C
O

M
M

E
N

TS
:

Q
U

A
N

TI
TY

:

S
IZ

E
:

U
N

LE
S
S
 O

TH
E
R

W
IS

E
 S

P
E
C

IF
IE

D
:

1
. 

  
D

IM
E
N

S
IO

N
S
 A

R
E
 I

N
 M

IL
LI

M
E
TE

R
S

2
. 

  
IN

TE
R

P
R

E
T 

D
IM

E
N

S
IO

N
S
 A

N
D

 
  

  
  

TO
LE

R
A

N
C

E
S
 P

E
R

: 
A

S
M

E
 Y

1
4

.5
3

. 
  

M
A

C
H

IN
E
D

 F
IN

IS
H

 
  

  
  

3
.2

 M
IC

R
O

M
E
TE

R
4

. 
  

C
O

N
C

E
N

TR
IC

IT
Y

 0
.0

2
5

 T
IR

5
. 

  
M

A
C

H
IN

E
D

 A
N

G
LE

S
 

1
/2
°

  
  

  
F
O

R
M

E
D

 A
N

G
LE

S
 

1
°

6
. 

  
B

R
E
A

K
 S

H
A

R
P

 C
O

R
N

E
R

S
 &

 
  

  
  

R
E
M

O
V

E
 A

LL
 B

U
R

R
S
 M

A
X

 
  

  
  

O
F
 0

.2
5

7
. 

  
X

  
 N

O
 D

E
C

IM
A

LS
  

  
 

1
.8

8
. 

  
X

.X
  

  
  

D
E
C

IM
A

LS
  

  
 

0
.5

9
. 

  
X

.X
X

  
  

D
E
C

IM
A

LS
  

  
0

.1
3

1
0

. 
X

.X
X

X
  

D
E
C

M
A

LS
  

  
 

0
.0

5

C
O

R
E
 L

A
B

S
 C

E
N

TR
A

L 
W

O
R

K
S
H

O
P

S

A
L-

JA
Z
R

I 
B

LD
G

(4
),

L(
0

),
 8

0
8

-2
1

1
7

C
e

n
tr

a
lW

o
rk

sh
o

p
-C

o
re

La
b

s@
K

A
U

S
T.

E
D

U
.S

A

R
o

n
a

n
 C

a
ro

la
n

A
4

JO
B

 R
E
Q

U
E
S
T 

N
O

.:

TI
TL

E
:

R
E
V

IS
IO

N
:

M
A

TE
R

IA
L:

D
A

TE
S
IG

N
A

TU
R

E
N

A
M

E

A
P

P
V

'D

C
H

K
'D

D
R

A
W

N

R
E
Q

U
E
S
TO

R
S
' A

P
P

R
O

V
A

L 
D

A
TE

:

0
6
1
6

-0
2
0

Li
d

1
2

3
4

5
6

A B C

3
2

1

DCBA

S
H

E
E
T

1
 O

F
 1

3
1
/0

8
/2

0
1
6

3
1

/0
8
/2

0
1

6

1
A

c
ry

lic

S
C

A
LE

:
1

:1
0

3



Appendix I 

 

243 

 

Figure S3.3 | Detailed design and assembly schematics of the lid-top of benthic incubation 

chambers.  
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Figure S3.4 | Semi-schematic drawing of an autonomous adjustable flow control pump. From 

left to right: The 6V DC magnetic impeller pump can be controlled by a low voltage pulse-width 
modulation (PMW) speed controller. The pump is powered by 4 x 1.5 AA rechargeable batteries. 

All electronic parts are encapsulated in a polyvinyl chloride (PVC) housing with screw cap end.  
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Table S3.2 | Results of community-wide dissolved oxygen fluxes during field 

incubations in coral- and algae-dominated reef habitats and sediments. Surface area 

(SA) was calculated from 3D models; Water volume (V) in incubations chambers was 

calculated subtracting the measured community volume (VC) from the geometric volume 

(VG) of the chamber, with an adjustment for the volume occupied by the sensors (VS) and 

the pump (VP) as: V=VG-VC-VS-VP; The duration of incubations was measurand from the 

start (closing the lids) until the end (opening the lids) of the incubations; Dissolved oxygen 

(O2) readings were derived from HOBO U26 loggers with a precision 0.02 mg L−1, 

accuracy ± 2 %, automatic temperature and pressure compensated and salinity corrected; 

Community fluxes were calculated by converting sensor readings from mg L-1 to mol L-1 

according to the molecular weight of oxygen, fluxes were then determined as hourly rates 

(mmol O2 m-2 h-1) by local linear regressions of the time series data. Coral1 – Coral4 = 

replicates of coral-dominated communities; Algae1 – Algae4 = replicates of algae-

dominated communities; Sediment1 – Sediment4 = replicates of carbonate sediment 

habitats.  

 

Light 

incubations       

  

 

Community  

Surface 

area (SA) 

[m²] 

Water 

volume 

(V) in 

chamber 

[L] 

Duration incubation 

(IT) 

[min] 

O₂ Start 

[mg L⁻¹] 

O₂ End [mg 

L⁻¹] 

 % Data 

points in 

local linear 

regression 

Slope (m) 

of local 

linear 

regression 

Calculated 

flux  

[mmol O₂ 

m⁻² h⁻¹] 

Coral1 0.731 41 130 5.16 8.61 

 

89 0.0309833 3.26 

Coral2 0.687 48 123 5.16 8.61 

 

88 0.0296099 3.88 

Coral3 0.698 48 122 5.10 7.80 

 

73 0.0250962 3.24 

Coral4 0.813 37 123 5.12 9.35 

 

56 0.0324310 2.77 

Algae1 0.287 62 124 5.13 8.51 

 

68 0.0288341 11.68 

Algae2 0.365 60 127 4.78 8.80 

 

90 0.0319182 9.84 

Algae3 0.299 61 123 5.21 7.85 

 

62 0.0219231 8.39 

    

  

 

Light 

incubations       

  

 

Community  

Surface 

area (SA) 

[m²] 

Water 

volume 

(V) in 

chamber 

[L] 

Duration incubation 

(IT) 

[min] 

O₂ Start 

[mg L⁻¹] 

O₂ End [mg 

L⁻¹] 

 % Data 

points in 

local linear 

regression 

Slope (m) 

of local 

linear 

regression 

Calculated 

flux  

[mmol O₂ 

m⁻² h⁻¹] 

Sediment1 0.200 66 101 5.77 6.02 

 

91 0.0031713 1.96 

Sediment2 0.200 66 105 5.78 5.91 

 

93 0.0011129 0.69 

Sediment3 0.200 65 108 5.89 6.08 

 

88 0.0020712 1.26 

Sediment4 0.200 66 113 5.81 5.81 

 

87 0.0000298 0.02 
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Continuation 

of Table S3.2      

  

 

Dark 

incubations       

  

 

Community  

Surface 

area (SA) 

[m²] 

Water 

volume in 

chamber 

(V) (L) 

Duration incubation 

(IT) 

[min] 

O₂ Start 

[mg L⁻¹] 

O₂ End [mg 

L⁻¹] 

  Calculated 

flux  

[mmol O₂ 

m⁻² h⁻¹] 

Coral1 0.731 41 123 5.40 2.07 

 

69 -0.0309912 -3.26 

Coral2 0.687 48 116 5.40 2.07 

 

81 -0.0291238 -3.82 

Coral3 0.698 48 114 5.30 2.13 

 

87 -0.0289419 -3.73 

Coral4 0.813 37 113 5.38 1.36 

 

68 -0.0312390 -2.67 

Algae1 0.287 62 121 5.43 3.46 

 

58 -0.0179891 -7.29 

Algae2 0.365 60 121 5.64 3.57 

 

41 -0.0188341 -5.81 

Algae3 0.299 61 115 5.30 3.58 

 

73 -0.0159912 -6.12 

Algae4 0.391 58 115 5.40 2.99 

 

59 -0.0237273 -6.60 

Sediment1 0.200 66 136 6.03 5.48 

 

89 -0.0041231 -2.55 

Sediment2 0.200 66 138 6.08 5.31 

 

91 -0.0057310 -3.55 

Sediment3 0.200 65 137 4.99 5.20 

 

90 -0.0056877 -3.47 

Sediment4 0.200 66 135 6.11 5.22 

 

86 -0.0065240 -4.04 
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Table S3.3 | Results of the fully factorial two-way analysis of variance (ANOVA) 

comparing net primary production (NPP), respiration (R) and gross primary 

production (GPP) between different benthic habitats (i.e., coral-dominated, algae-

dominated, and sediments) and among the different methods (i.e., in situ vs. ex situ 

incubations). Response variables are shown in the first row, the two factors “habitat” 

(coral-dominated vs. algae-dominated vs. sediments) and “method” (in situ vs. ex situ 

incubations) in the first column. The lower part of the table shows the results of the all 

pairs Tukey’s HSD post hoc test. Significant differences are indicated by the asterisks. 

Algae = algae-dominated communities; Coral = coral-dominated communities; Sediment 

= carbonate reef sediments; DF = degrees of freedom; Prob = Probability.  

 

Net primary production (NPP)     

 DF Sum of squares F Ratio Prob > F  

Source      

Habitat 2 132.96318 60.1130 <.0001*  

Method 1 4.43042 3.9970 0.0609  

Habitat*Method  2 29.16566 13.1859 0.0003*  

      

Tukey HSD All Pairwise Comparisons    

      

Habitat Method Habitat Method t Ratio Prob>|t| 

Algae Ex situ Algae In situ  -5.34 0.0005* 

Algae Ex situ Coral Ex situ 1.21 0.8247 

Algae Ex situ Coral In situ 2.33 0.2316 

Algae Ex situ Sand Ex situ 4.67 0.0022* 

Algae Ex situ Sand In situ 5.43 0.0005* 

Algae In situ Coral Ex situ 6.56 <.0001* 

Algae In situ Coral In situ 7.68 <.0001* 

Algae In situ Sand Ex situ 10.02 <.0001* 

Algae In situ Sand In situ 10.77 <.0001* 

Coral Ex situ Coral In situ 1.12 0.867 

Coral Ex situ Sand Ex situ 3.46 0.0284* 

Coral Ex situ Sand In situ 4.22 0.0058* 

Coral In situ Sand Ex situ 2.34 0.2291 

Coral In situ Sand In situ 3.1 0.0583 

Sand Ex situ Sand In situ 0.76 0.9709 
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Continuation of Table S3.3      

Respiration (R)  DF Sum of squares F Ratio Prob > F  

      

Source 2 24.513808 64.2255 <.0001*  

Habitat 1 45.760817 239.7842 <.0001*  

Method 2 12.035758 31.5334 <.0001*  

Habitat* Method      

    
Tukey HSD All Pairwise 

Comparisons      

 Method Habitat Method t Ratio Prob>|t| 

Habitat Ex situ Algae In situ 13.88 <.0001* 

Algae Ex situ Coral Ex situ 1.06 0.8906 

Algae Ex situ Coral In situ 3.89 0.0116* 

Algae Ex situ Sand Ex situ  -6.11 0.0001* 

Algae Ex situ Sand In situ 4 0.0093* 

Algae In situ Coral Ex situ  -12.82 <.0001* 

Algae In situ Coral In situ  -9.99 <.0001* 

Algae In situ Sand Ex situ  -19.99 <.0001* 

Algae In situ Sand In situ  -9.88 <.0001* 

Algae Ex situ Coral In situ 2.83 0.0971 

Coral Ex situ Sand Ex situ  -7.17 <.0001* 

Coral Ex situ Sand In situ 2.94 0.0797 

Coral In situ Sand Ex situ  -10.00 <.0001* 

Coral In situ Sand In situ 0.11 0.9999 

Coral Ex situ Sand In situ 10.11 <.0001* 

     
 

Gross primary production 

(GPP) DF Sum of squares F Ratio Prob > F  

      

Source 2 271.72360 97.4047 <.0001*  

Habitat 1 78.66260 56.3936 <.0001*  

Method 2 70.84643 25.3963 <.0001*  

Habitat* Method      
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Continuation of Table S3.3      

Tukey HSD All Pairwise 

Comparisons      

 Method Habitat Method t Ratio Prob>|t| 

Habitat Ex situ Algae In situ  -9.89 <.0001* 

Algae Ex situ Coral Ex situ 0.69 0.9806 

Algae Ex situ Coral In situ 0.64 0.9862 

Algae Ex situ Sand Ex situ 6.43 <.0001* 

Algae Ex situ Sand In situ 3.36 0.0348* 

Algae In situ Coral Ex situ 10.58 <.0001* 

Algae In situ Coral In situ 10.53 <.0001* 

Algae In situ Sand Ex situ 16.32 <.0001* 

Algae In situ Sand In situ 13.25 <.0001* 

Algae Ex situ Coral In situ  -0.05 1 

Coral Ex situ Sand Ex situ 5.74 0.0002* 

Coral Ex situ Sand In situ 2.67 0.1313 

Coral In situ Sand Ex situ 5.79 0.0002* 

Coral In situ Sand In situ 2.72 0.1198 

Coral Ex situ Sand In situ  -3.07 0.062 

      

 

Case study: Protocol for in situ incubations of coral- and algae-dominated reef 

communities, and carbonate sediments  

For the incubations, four coral-dominated communities (> 40 % coral cover, but less 

than 10 % algal cover), four rocky communities overgrown by heterogeneous assemblages 

of algae (hereafter ‘algae-dominated’; > 40 % algae, but less than 10 % coral cover), and 

carbonate sediments (hereafter ‘sediments’) were selected haphazardly with a minimum 

distance of 3 m. Twelve identical benthic incubation chambers were assembled, comprising 

three treatment levels with four replicates each. Experiments were carried out on three 

consecutive days for coral- and algae-dominated communities, and on three separate 

consecutive days for the sediments. On day one, two divers deployed four chambers on 

coral-dominated, and four chambers on algae-dominated reef communities. The chambers 
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were positioned carefully and left in place with open tops (no lids) until the next morning. 

This assured that swirled-up sediments would settle down and organisms inside the 

chambers were not stressed by the deployment of the chambers. The open top enabled 

constant water exchange and natural flow conditions during the “waiting” period. On the 

second day, communities were incubated for net primary production (NPP) during natural 

daylight conditions. The lids were prepared on the boat by attaching and switching on the 

pumps and sensors. Temperature, light availability and DO concentrations were logged 

every 1 min. Light intensities (lx) were converted to photosynthetically active radiation 

(PAR, μmol quanta m–2 s–1, 400 to 700 nm) using the following approximation: 1 μmol 

quanta m−2 s−1 = 51.8 lux. This conversion factor was obtained by inter-calibrating the lux 

readings with data obtained from a parallel deployment of a PAR sensor (LI-COR LI-1500 

quantum sensor) and the HOBO Pendant loggers during four hours of daylight. Readings 

correlated (Pearson correlation: r2 = 0.91, p = 0.0002) and the obtained conversion factor 

of 51.8 was similar to 52.0, as reported previously (e.g., Valiela 1984). During the days of 

in situ incubations, light intensities at the study site (and water depth) averaged 231 ± 31 

μmol quanta m−2 s−1 within PAR.  

Two divers started the incubations at around 8:30 a.m. by tightly securing the lids and 

closing all sampling ports. The exact incubation start time was recorded for each chamber. 

Incubations ran for approximately two hours. Incubations were terminated by opening the 

lids. The exact end-time of incubations was noted for each individual chamber. The 

chambers were left in place with open top (allowing for flushing and natural water flow) 

for a second set of incubation on the following day. On day three, benthic communities 

were incubated for dark respiration (R) during “simulated” darkness during the same time 
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window as incubations on the previous day. The procedure followed the same as on day 

two (NPP incubation), however, all incubation chambers were covered with thick black 

PVC covers, prohibiting any light penetration into the chambers. The same three-day 

procedure was applied for sediments on separate days.  

 

Case study: Protocol for ex situ community budgets estimated from single-organism 

incubations  

Community budgets from single-organism incubations were estimated by an adapted 

protocol from Cardini et al. (2016). Four fragments of the hard coral Pocillopora sp. (89.75 

± 6.50 cm2, 3D surface area), four fragments of dead corals overgrown with turf algae 

(73.75 ± 10.31 cm2, 3D surface area), and four sediment cores (23.76 cm2, 2D planar 

surface area; 1.5 cm depth), were collected at Abu Shosha reef during summer. These three 

groups represented the dominant functional components from benthic chambers during in 

situ incubations. After collection, functional groups were immediately transferred to three 

recirculation aquaria on the boat (each filled with 10 L of ambient seawater) and acclimated 

until experiments at ambient water temperature and light conditions. In the laboratory, NPP 

and R rates were assessed from O2 evolution/depletion measurements in 2 h light and dark 

incubations in 1 L gas-tight glass chambers, respectively. To correct O2 fluxes for 

planktonic background metabolism, two incubations with seawater only were included. 

Glass chambers were placed on inductive drive stirrers (500 rpm) in laboratory incubators 

set to in situ temperature (29 ˚C) and light (200 µmol quanta m-2 s-1). O2 fluxes were 

assessed based on differences in O2 concentrations before and after the incubation using an 

optical oxygen multiprobe (FDO®, 925, WTW, temperature and salinity corrected; 

accuracy: ± 0.5 % of value). O2 production (NPP) and consumption (R) rates were 
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corrected for seawater controls and normalized to surface area (3D surface area for coral- 

and turf fragments, derived via photogrammetry via Autodesk Recap®; planar 2D surface 

area of sediments derived from petri dish diameter) and incubation time. GPP rates were 

calculated by adding positive R rates to their corresponding NPP rates: (GPP = NPP + |R|). 

Lastly, individual ex situ incubations were used to estimate overall community oxygen 

fluxes based on the composition of communities incubated during in situ measurements. 

For this, ex situ NPP, R and GPP rates of single-organism incubations were extrapolated 

to the metabolism in in situ chambers, considering the specific 3D area covered by the 

respective functional groups from the chambers’ communities and the volume of seawater 

included in the chambers. 
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7.4 Supplementary material to Chapter 4 

 

Table S4.1 | Monthly measurements of 

environmental variables in the research area 

at 5 m water depth. Temperature was 

measured continuously (logging interval = 30 

min) during the whole study period. Light 

availability was measured continuously (logging 

interval = 1 minute) at three consecutive days 

each month, and values are presented as daytime 

means. All other parameters were measured 

monthly at three consecutive days. PAR = 

Photosynthetic active radiation; DIN = 

Dissolved inorganic nitrogen (NO3
- + NO2 + 

NH4
+). Values are means ± SE. Adapted from 

(Roth et al. 2018).  
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Table S4.2 | Measured* and calculated parameters of the carbonate system for the 

months of sampling. Values presented as averages ± SEM (n = 6) of discrete water 

samples taken as controls in the research area at 5 m water depth, before the start 

(around 9:00 a.m) of experimental in situ incubations. Calculated system parameters 

were derived with measured salinity, temperature, nutrients (phosphate and silicate), total 

alkalinity (TA), and dissolved inorganic carbon (DIC) data using the CO2SYS Microsoft 

Excel Macro by Pierrot, Lewis, & Wallace (2006). Dissociation constants for carbonate 

(K1 and K2) were chosen from Mehrbach, Culberson, Hawley, & Pytkowicx (1973), 

determined as refit by Dickson & Millero (1987) and the dissociation constant for boric 

acid determined by Dickson (1990). pH is reported on the total scale, referred to as pHT, 

the scale on which K1 and K2 were determined in the Gran functions. 

 

 TA* SE DIC* SE pHT SE pCO2 SE Ωarag SE 

 [μmol kg-1]  [μmol kg-1]    [μatm]    

January 2017 2389 4 2001 3 8.06 0.01 378 7 4.2 0.1 

March 2383 6 1934 12 8.15 0.02 296 17 4.8 0.1 

May 2364 6 1859 4 8.16 0.00 265 5 5.5 0.3 

July 2411 3 1916 2 8.12 0.01 304 4 5.5 0.0 

September 2379 3 1907 3 8.10 0.00 328 3 5.2 0.0 

November 2375 6 1940 1 8.10 0.01 341 7 4.7 0.1 

January 2018 2385 7 1988 7 8.11 0.02 342 17 4.2 0.1 
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Table S4.3 | Results from two-way analysis of variance (ANOVA) and Tukey HSD all 

pairwise comparisons of response parameters. Response parameters from incubations 

(gross primary production - GPP, net community production - NCP, community respiration 

- CR, net community calcification - NCC, dissolved organic carbon fluxes - DOC, 

dissolved inorganic nitrogen fluxes – DIN) were assessed by full factorial two-way analysis 

of variance (ANOVA), with ‘treatment’ (coral- vs. algae-dominated) and ‘season’ (spring, 

summer, fall, and winter) as factors. Data of the ANOVA’s were checked for normality 

and homoscedasticity using standardized residual and Q–Q plots. If significant interactions 

(treatment*season) were found, Tukey HSD all pairwise comparisons were used to 

determine which means differed.  

 

Variable Effects tests Treatment Season Treatment x Season 

     

GPP Prob > F <.0001 <.0001 <.0001 
 F ratio 217.3684 28.9776 36.4638 

 Sums of squares 1997720 798954 1005358 

     

Interaction terms:     

     

Spring: coral vs. algae Prob > |t|   <.0001 

Summer: coral vs. algae Prob > |t|   <.0001 

Fall: coral vs. algae Prob > |t|   <.0001 

Winter: coral vs. algae Prob > |t|   1.0000 
     

Continuation of Table S4.3 Effects tests Treatment Season Treatment x Season 

Coral spring vs. coral summer Prob > |t|   0.8909 

Coral spring vs. coral fall Prob > |t|   0.0395 

Coral spring vs. coral winter Prob > |t|   0.9883 
Coral summer vs. coral fall  Prob > |t|   0.3743 

Coral summer vs. coral winter Prob > |t|   0.9998 

Coral fall vs. coral winter  Prob > |t|   0.1962 

     

Algae spring vs. algae summer Prob > |t|   0.0001 

Algae spring vs.  algae fall Prob > |t|   <.0001 

Algae spring vs.  algae winter Prob > |t|   0.8744 

Algae summer vs.  algae fall  Prob > |t|   0.0951 

Algae summer vs.  algae winter Prob > |t|   <.0001 

Algae fall vs.  algae winter  Prob > |t|   <.0001 

     

     

NCP Prob > F <.0001 0.2304 <.0001 

 F ratio 64.5774 1.4854 31.0543 

 Sums of squares 215893.8 14897.38 311460 
     

Interaction terms:     

     

Spring: coral vs. algae Prob > |t|   0.0833 

Summer: coral vs. algae Prob > |t|   <.0001 

Fall: coral vs. algae Prob > |t|   0.0017 

Winter: coral vs. algae Prob > |t|   0.3351 

     

Coral spring vs. coral summer Prob > |t|   0.0024 

Coral spring vs. coral fall Prob > |t|   0.6690 
Coral spring vs. coral winter Prob > |t|   0.9124 

Coral summer vs. coral fall  Prob > |t|   0.6701 

Coral summer vs. coral winter Prob > |t|   <.0001 

Coral fall vs. coral winter  Prob > |t|   0.1330 

     
Algae spring vs. algae summer Prob > |t|   0.0060 

Algae spring vs.  algae fall Prob > |t|   0.9869 

Algae spring vs.  algae winter Prob > |t|   0.0054 
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Algae summer vs.  algae fall  Prob > |t|   0.2951 

Algae summer vs.  algae winter Prob > |t|   <.0001 

Algae fall vs.  algae winter  Prob > |t|   0.0035 

     

     

CR Prob > F <.0001 <.0001 <.0001 

 F ratio 245.5729 55.7317 21.7328 
 Sums of squares 900273 612938.7 239017.9 

     

     

     

     
     

Continuation of Table S4.3 Effects tests Treatment Season Treatment x Season 

Interaction terms:     

     

Spring: coral vs. algae Prob > |t|   <.0001 

Summer: coral vs. algae Prob > |t|   <.0001 

Fall: coral vs. algae Prob > |t|   <.0001 

Winter: coral vs. algae Prob > |t|   0.6166 

     

Coral spring vs. coral summer Prob > |t|   0.5123 
Coral spring vs. coral fall Prob > |t|   0.0201 

Coral spring vs. coral winter Prob > |t|   0.1987 

Coral summer vs. coral fall  Prob > |t|   0.0001 

Coral summer vs. coral winter Prob > |t|   0.0010 

Coral fall vs. coral winter  Prob > |t|   0.8390 
 

     

Algae spring vs. algae summer Prob > |t|   0.0011 

Algae spring vs.  algae fall Prob > |t|   0.8937 

Algae spring vs.  algae winter Prob > |t|   <.0001 

Algae summer vs.  algae fall  Prob > |t|   0.2849 

Algae summer vs.  algae winter Prob > |t|   <.0001 

Algae fall vs.  algae winter  Prob > |t|   <.0001 

     

     

GPP/CR Prob > F <.0001 <.0001 <.0001 

 F ratio 47.8509 29.5623 11.5319 

 Sums of squares 3.570125 6.616875 2.581161 

     
Interaction terms:     

     

Spring: coral vs. algae Prob > |t|   0.0134 

Summer: coral vs. algae Prob > |t|   0.9310 

Fall: coral vs. algae Prob > |t|   <.0001 

Winter: coral vs. algae Prob > |t|   0.0005 

     

Coral spring vs. coral summer Prob > |t|   0.0002 

Coral spring vs. coral fall Prob > |t|   0.0203 

Coral spring vs. coral winter Prob > |t|   0.0015 

Coral summer vs. coral fall  Prob > |t|   <.0001 

Coral summer vs. coral winter Prob > |t|   <.0001 

Coral fall vs. coral winter  Prob > |t|   1.0000 

     

Algae spring vs. algae summer Prob > |t|   1.0000 
Algae spring vs.  algae fall Prob > |t|   1.0000 

Algae spring vs.  algae winter Prob > |t|   0.0362 

Algae summer vs.  algae fall  Prob > |t|   1.0000 

Algae summer vs.  algae winter Prob > |t|   0.0222 

Algae fall vs.  algae winter  Prob > |t|   0.0920 
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Continuation of Table S4.3 Effects tests Treatment Season Treatment x Season 

NCC Prob > F <.0001 <.0001 <.0001 

 F ratio 382.1761 16.9992 18.7435 

 Sums of squares 202809.8 27062.98 29839.97 

     

Interaction terms:     
     

Spring: coral vs. algae Prob > |t|   <.0001 

Summer: coral vs. algae Prob > |t|   0.0024 

Fall: coral vs. algae Prob > |t|   <.0001 

Winter: coral vs. algae Prob > |t|   <.0001 

     

Coral spring vs. coral summer Prob > |t|   <.0001 

Coral spring vs. coral fall Prob > |t|   0.976 

Coral spring vs. coral winter Prob > |t|   0.8952 

Coral summer vs. coral fall  Prob > |t|   <.0001 

Coral summer vs. coral winter Prob > |t|   <.0001 

Coral fall vs. coral winter  Prob > |t|   0.4711 

     

Algae spring vs. algae summer Prob > |t|   0.9998 

Algae spring vs.  algae fall Prob > |t|   0.9992 
Algae spring vs.  algae winter Prob > |t|   1.000 

Algae summer vs.  algae fall  Prob > |t|   1.0000 

Algae summer vs.  algae winter Prob > |t|   0.9999 

Algae fall vs.  algae winter  Prob > |t|   0.9996 

     

DOC flux Prob > F <.0001 0.0916 0.3757 

 F ratio 28.094 2.2765 1.058 

 Sums of squares 1503.346 365.4543 169.8454 

     

Interaction terms:     
     

Spring: coral vs. algae Prob > |t|   0.0246* 

Summer: coral vs. algae Prob > |t|   0.0432* 

Fall: coral vs. algae Prob > |t|   0.1466 
Winter: coral vs. algae Prob > |t|   0.8691 

     

Coral spring vs. coral summer Prob > |t|   0.8987 

Coral spring vs. coral fall Prob > |t|   0.9998 

Coral spring vs. coral winter Prob > |t|   0.8575 
Coral summer vs. coral fall  Prob > |t|   0.9989 

Coral summer vs. coral winter Prob > |t|   0.1546 

Coral fall vs. coral winter  Prob > |t|   0.7474 

     

Algae spring vs. algae summer Prob > |t|   0.8022 
Algae spring vs.  algae fall Prob > |t|   1.0000 

Algae spring vs.  algae winter Prob > |t|   0.9970 

Algae summer vs.  algae fall  Prob > |t|   0.9593 

Algae summer vs.  algae winter Prob > |t|   0.9914 

Algae fall vs.  algae winter  Prob > |t|   0.9999 
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Continuation of Table S4.3 Effects tests Treatment Season Treatment x Season 

DIN flux Prob > F 0.9351 0.0168 0.6585 
 F ratio 0.0067 3.7516 0.5381 

 Sums of squares 0.007736 12.98448 1.862389 

     

Interaction terms:     

     
Spring: coral vs. algae Prob > |t|   0.9573 

Summer: coral vs. algae Prob > |t|   0.9979 

Fall: coral vs. algae Prob > |t|   1.0000 

Winter: coral vs. algae Prob > |t|   1.0000 

     

Coral spring vs. coral summer Prob > |t|   0.1025 

Coral spring vs. coral fall Prob > |t|   1.0000 

Coral spring vs. coral winter Prob > |t|   0.7101 

Coral summer vs. coral fall  Prob > |t|   1.0000 

Coral summer vs. coral winter Prob > |t|   0.9267 
Coral fall vs. coral winter  Prob > |t|   0.9619 

     

Algae spring vs. algae summer Prob > |t|   0.816 

Algae spring vs.  algae fall Prob > |t|   0.9993 

Algae spring vs.  algae winter Prob > |t|   0.9451 
Algae summer vs.  algae fall  Prob > |t|   0.9415 

Algae summer vs.  algae winter Prob > |t|   0.9999 

Algae fall vs.  algae winter  Prob > |t|   0.9953 
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Figure S4.1 | Relationship between net dissolved inorganic nitrogen (DIN) fluxes and DIN 

concentrations in seawater in coral and algae-dominated reef communities. Shaded areas in 

transparent colors represent the 95% confidence intervals around the lines of the estimates. 
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Figure S4.2 | Arrhenius plots showing the relationship between the inverted temperature 

multiplied by the Boltzmann constant (1/kT) and the natural logarithm of metabolic 

processes of coral- and algae-dominated reef communities. (a) Net community production 

(NCP), (b) community respiration (CR), (c) gross primary production (GPP), (d) net community 

calcification (NCC), (e) dissolved organic carbon (DOC) fluxes, and (f) dissolved inorganic 

nitrogen (DIN) fluxes. Solid lines indicate the linear regression, shaded areas in transparent colors 

represent the 95% confidence intervals. 
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Table S.4.4 | Comparison of the magnitude and directions of metabolic functions of 

coral reef communities.  
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8.1 Publications arising directly from this thesis  

 

Each of the thesis’s main chapters forms the basis for one publication (listed below in 

the respective order from Chapter 1 to Chapter 4):  

  

Coral reef degradation affects the potential for reef recovery after disturbance  
 

By: Florian Roth, Franziska Saalmann, Timothy Thomson, Darren J. Coker, Rodrigo 

Villalobos, Burton H. Jones, Christian Wild, Susana Carvalho 
 

This article is published in: Marine Environmental Research 142: 48-58 (2018)  

 

High rates of carbon and dinitrogen fixation indicate a critical role of benthic pioneer 

communities in the nutrient dynamics of degraded coral reefs  
 

By: Florian Roth, Denis B. Karcher, Susana Carvalho, Nils Rädecker, Timothy Thomson, 

Franziska Saalmann, Christian R. Voolstra, Benjamin Kürten, Ulrich Struck, Burton H. 

Jones, Christian Wild 
 

This article is in revision in: Functional Ecology (date: 30.05.2019)  

 

An in situ approach for measuring biogeochemical fluxes in structurally complex 

benthic communities 
 

By: Florian Roth, Christian Wild, Susana Carvalho, Nils Rädecker, Christian R. Voolstra, 

Benjamin Kürten, Holger Anlauf, Yusuf C. El-Khaled, Ronan Carolan, Burton H. Jones  
 

This article is published in: Methods in Ecology and Evolution 10,5: 712-725 (2019)  

 

Thermal stress amplifies functional differences between coral- and algae-dominated 

reef communities 
 

By: Florian Roth, Nils Rädecker, Susana Carvalho, Carlos M. Duarte, Vincent Saderne, 

Andrea Anton, Luis Silva, Maria L. Calleja, Xosé Anxelu G. Morán, Christian R. Voolstra, 

Benjamin Kürten, Burton H. Jones, Christian Wild 
 

This article is in preparation and will be submitted to: Global Change Biology  
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8.2 Publications arising from work related to this thesis 

 

The presented work of this thesis has been the foundation for a number of additional 

studies that aim at enhancing the mechanistic understanding of how coral-algal phase shifts 

alter the ecosystem functioning on tropical coral reefs (details in section 6.3). From the 

experiments of Chapter 4, the following additional publications arise:  

 

Local acidification caused by coral-algal phase shifts exacerbates the effects of global 

ocean acidification on tropical reefs 
 

By: Florian Roth, Susana Carvalho, Carlos M. Duarte, Xosé Anxelu G. Morán, Maria Ll. 

Calleja, Luis Silva, Burton H. Jones, Christian Wild  
 

This article is in preparation 

 

Tropical reef systems distressed by benthic algal dominance: effects on the molecular 

composition and lability of fluorescent organic exudates in the Red Sea 
  

By: Maria Ll. Calleja, Florian Roth, Michael Ochsenkuehn, Luis Silva, Miguel Viegas, 

Tamara Huete-Stauffer, Susana Carvalho, Burton H. Jones, Xosé Anxelu G. Morán 
 

This article is in preparation  

 

A seasonal view on bacterioplankton dynamics under coral-algae regime shifts 
 

By: Luis Silva, Maria Ll. Calleja, Snjezana Ivetic, Florian Roth, Susana Carvalho, Xosé 

Anxelu G. Morán 
 

This article is in preparation and will be submitted to: Proceedings of the Royal Society B: 

Biological Sciences  

 

In situ incubations provide seasonal photosynthetic and respiratory quotients of 

coral- and algae-dominated reef communities in the central Red Sea 
 

By: Florian Roth, Susana Carvalho, Carlos M. Duarte, Christian Wild 

This article is in preparation.  
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Subsequent to the experiments of Chapter 4, we performed an eight-week in situ 

eutrophication experiment with the same coral- and algae-dominated benthic communities. 

This experiment aimed at assessing the effects of excess nitrogen on key metabolic 

processes (e.g., productivity, calcification, organic matter fluxes) but also more specifically 

on pathways of the nitrogen cycles (e.g., N2 fixation and denitrification). This experiment 

will yield the following publications:  

 

Effects of eutrophication on biogeochemical and metabolic functions of coral- and 

algae-dominated reef communities 
 

By: Florian Roth, Susana Carvalho, Carlos M. Duarte, Luis Silva, Maria L. Calleja, Xosé 

Anxelu G. Morán, Burton H. Jones, Christian Wild 
 

This article is in preparation.  

 

In situ assessment of responses by key central Red Sea coral reef functional groups to 

eutrophication 
 

By: Denis B. Karcher, Florian Roth, Susana Carvalho, Yusuf C. El-Khaled, Arjen Tilstra, 

Ulrich Struck, Benjamin Kürten, Burton H. Jones, Christian Wild 
 

This article is in preparation.  

 

Simultaneous measurement of dinitrogen fixation and denitrification in aquatic 

samples using a combined acetylene reduction and inhibition assay  
 

By: Yusuf C. El-Khaled, Florian Roth, Nils Rädecker, Najeh Kharbatia, Burton H. Jones, 

Christian R. Voolstra, Christian Wild 
 

This article is in preparation.   

 

Effects of long-term in situ eutrophication on nitrogen fixation and denitrification of 

three key reef organisms 
 

By: Yusuf C. El-Khaled, Denis B. Karcher, Florian Roth, Nils Rädecker, Benjamin 

Kürten, Arjen Tilstra, Burton Jones, Christian R. Voolstra, Christian Wild 
 

This article is in preparation.  
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8.3 Other publications during the candidature  

In addition to the studies related to this thesis, I have written or took part in the following 

manuscripts during my doctoral candidature:  

 

The highly competitive ascidian Didemnum sp. threatens coral reef communities in 

the Wakatobi Marine National Park, Southeast Sulawesi, Indonesia 
 

By: Sabrina K. Roth, Abby Powell, David J. Smith, Florian Roth, Bernd Schierwater 
 

This article is published in: Regional Studies in Marine Science 24: 48-54 (2018)  

 

Overfishing and eutrophication promote the relative success of an invasive ascidian 

in coral reefs at the Pacific coast of Costa Rica 
 

By: Florian Roth, Ines Stuhldreier, Celeste Sánchez-Noguera, Susana Carvalho, Christian 

Wild 
 

This article is published in: Aquatic Invasions 12,4: 435-446 (2018)  

 

Multiple stressor effects on coral reef ecosystems 
 

By: Joanne I. Ellis, Tahira Jamil, Holger Anlauf, Darren J. Coker, João Curdia, Judi Hewitt, 

Burton H. Jones, Georgios Krokos, Benjamin Kürten, Hari P. Dasari, Florian Roth, 

Susana Carvalho, Ibrahim Hoteit 
 

This article is submitted to Global Change Biology (date: 24.04.2019)   

 

The Secondary Reef Hypothesis: nutrient dynamics of degraded coral reefs support 

ecosystem succession and recovery 
 

By: Nils Rädecker, Claudia Pogoreutz, Florian Roth, Christian Wild, Carlos M. Duarte, 

Christian R. Voolstra 
 

This article is in preparation  

 

Towards a sustainable exploitation of the Red Sea coast of Saudi Arabia: an example 

from the Al Lith area 

By: Hagen M. Gegner, Sabrina K. Roth, Florian Roth, Vanessa S. Robitzch Sierra, Nils 

Rädecker 

This is a book chapter to be published in the book “Challenges in Tropical Coastal Zone 

Management: a global review”; lead by Prof. Mathias Wolff  
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