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8 Chapter I 

Chapter I 
General Introduction 
 

Tropical coral reefs are amongst the most productive ecosystems on the planet and maintain the 

highest diversity of all marine ecosystems (Odum and Odum 1955; Hatcher 1990; Atkinson and 

Falter 2003). They provide a plethora of ecosystem services including the support of fisheries, 

tourism and other recreational purposes, coastal protection, generation of building materials and 

pharmacological products (Moberg and Folke 1999). Despite their recognized importance for 

coastal communities and an estimated value of 352,249 $ ha-1 yr-1 (De Groot et al. 2012) the 

tropical coral reefs are deteriorating rapidly, especially throughout the Caribbean region 

(Gardner et al. 2003). Currently tropical coral reefs are mainly affected by two sets of 

anthropogenic threats: (1) local threats such as overfishing, sedimentation, eutrophication and 

habitat destruction; and (2) global threats such as global warming and ocean acidification. The 

combination of both local and global threats led to a devastating decline of live coral cover by 

80% in the Caribbean over the past three decades (Jackson et al. 2014). 

 

 

 

Fig. 1.1 Coral-dominated reef with high structural complexity supporting high biodiversity (left). Algal-

dominated reef with low structural complexity and low biodiversity (right). 
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Yet scleractinian corals (stony corals) provide the complex reef structure that constitutes the 

basis of these ecosystems, which underpins their productivity, diversity and provides a 

structural barrier against wave energy. Coral declines thereby pose a severe threat to the sheer 

existence of these ecosystems and the ecosystem services they provide. 

 

Coral-algal phase shift 

Concomitant with coral declines, the abundance of fleshy and filamentous benthic algae has 

increased tremendously over the past decades (e.g., Hughes 1994; McCook et al. 2001; 

Kennedy et al. 2013). This increase of fleshy and filamentous benthic algae at the expense of 

scleractinian corals, commonly referred to as coral-algal phase shift (Fig. 1.1), is mainly 

attributed to the demise of herbivores (Caribbean-wide die-off of sea urchins and over-fishing 

of herbivorous fish) and an increase in nutrients due to eutrophication. Both, scleractinian corals 

and benthic algae, are ecosystem engineers that shape their environment, yet in a very different 

way. While scleractinian corals build a complex three-dimensional reef framework, fleshy and 

filamentous benthic algae do not create such long-lived structures. Moreover, scleractinian 

corals and fleshy and filamentous benthic algae release a substantial part of their 

photosynthetically fixed carbon as organic matter (OM) into the surrounding water, providing 

energy and nutrients to the wider coral reef community (Wild et al. 2004a; Wild et al. 2008; 

Wild et al. 2011) (Fig. 1.2). Yet, while scleractinian corals mainly release OM in the form of 

particulate organic matter (POM) (Naumann et al. 2010), fleshy and filamentous benthic algae 

release OM almost entirely as dissolved organic matter (DOM) (Haas et al. 2010b). These 

differences in the nature of the released OM (POM or DOM) lead to profound differences in 

the degradation pathways and ultimately in the way the OM release affects the community 

metabolism. OM released by scleractinian corals (mainly POM) is primarily degraded by 

specialized microbes in coral sands (Wild et al. 2004a; Wild et al. 2008) and shifts the 

community metabolism towards net autotrophy (Haas et al. 2011; Haas et al. 2013b; Nelson et 

al. 2013). In contrast, OM released by fleshy and filamentous benthic algae (mainly DOM) 

stimulates the respiration of opportunistic microbes in the water column (Haas et al. 2010a; 

Wild et al. 2010) and shifts the community metabolism towards net heterotrophy (Haas et al. 

2011; Haas et al. 2013b; Nelson et al. 2013). Other than that, this algal DOM is considered to 

play a crucial role in coral-algal interactions. In their so-called DDAM (dissolved organic 

matter, disease, algae, microbes) model, Dinsdale and Rohwer (2011) hypothesized that DOC 

released by benthic algae facilitates microbial growth and respiration in the mucus layer of 
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scleractinian corals (reviewed in Barott and Rohwer 2012). The combined effects of (1) a shift 

in the microbial community, particularly towards opportunistic pathogens (Dinsdale et al. 2008; 

Nelson et al. 2013), (2) an increase in microbial abundance and respiration (Wild et al. 2010; 

Haas et al. 2011) and as an result (3) oxygen depletion, especially in the interface of coral-algal 

interactions (Wangpraseurt et al. 2012; Gregg et al. 2013; Haas et al. 2013a) can lead to 

morbidity and mortality of corals (Kuntz et al. 2005; Kline et al. 2006; Smith et al. 2006). In 

conclusion, scleractinian corals and fleshy and filamentous benthic algae should therefore be 

considered as antagonistic ecosystem engineers and a shift from coral to algal dominance will 

lead to an increase in DOM production with major implications for DOM dynamics and the 

overall functioning of coral reefs (Wild et al. 2008; Wild et al. 2011). 

 

 

 

 

 

Fig. 1.2 Schematic diagram of the classification of organic matter according to operational size and element 

classes. 
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Bioerosion 

A complex reef structure that constitutes the basis of tropical coral reefs can only be maintained 

when reef accretion (calcification and cementation) exceeds physical (wave action), chemical 

(dissolution and weathering) and biological erosion (Glynn 1997). The erosion of substrate by 

living organisms is referred to as bioerosion (Neumann 1966) and can be facilitated by 

organisms inside (i.e., internal bioerosion by sponges, bivalves, endolithic algae, etc.) or outside 

the limestone framework (external bioerosion by fishes, sea urchins, turtles, etc.). While the 

erosion by external bioeroders is mainly linked to grazing and food intake, internal bioeroders 

are predominantly filter feeders that use the limestone framework as their habitat and to escape 

predation. Bioerosion is an important ecological process, which, when balanced by reef 

accretion, increases the three dimensional complexity of reefs and promotes the rejuvenescence 

and biodiversity of coral reef communities (Glynn 1997). Aforementioned anthropogenic 

disturbances such as eutrophication and run-off from land increasingly reduce the growth of 

calcifying organisms while favoring (bioeroding) suspension feeders (Holmes 2000; Ward-

Paige et al. 2005; Chaves-Fonnegra et al. 2007). This is of particular importance in the face of 

climate change, where rising seawater temperatures (Hoegh-Guldberg et al. 2007; Cantin et al. 

2010) and ocean acidification (Hoegh-Guldberg et al. 2007; Pandolfi et al. 2011) further 

compromise calcification rates of scleractinian corals. At the same time, these predicted changes 

are considered to promote bioerosion rates or at least affect bioeroding organisms to a lesser 

extent (Wisshak et al. 2012; Duckworth and Peterson 2013; Fang et al. 2013; Wisshak et al. 

2013). Under such a scenario the formation and maintenance of a three dimensional reef frame 

work is getting increasingly difficult. 

The bioeroding community on coral reefs is often dominated by excavating sponges (Risk et al. 

1995; Mallela and Perry 2007), which are reported to remove up to 30 kg Ca CO3
 m-2 year-1 

(Calcinai et al. 2007). Over the past three decades the abundance of excavating sponges has 

increased considerably (e.g., Rützler 2002). This increase is tentatively linked to the increase in 

food availability (e.g., bacterioplankton and phytoplankton) in response to eutrophication and 

land-based pollution (Holmes 2000; Ward-Paige et al. 2005; Chaves-Fonnegra et al. 2007; 

Schönberg 2008). Yet, it has become increasingly evident that a multitude of sponges mainly 

feed on DOM (Yahel et al. 2003; De Goeij et al. 2008a; De Goeij et al. 2008b; Ribes et al. 

2012). Similarly, excavating sponges may also be able to utilize DOM as food source and 

therefore benefit from an increase in DOM as a result of the coral-algal phase shift. Either 

directly via the uptake of DOM or indirectly by feeding on the planktonic microbial community 

which is fueled by algal DOM. 
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Dissolved organic carbon on tropical coral reefs 

DOM in the open ocean is recognized as one of the three main reservoirs of organic material 

on the planet, equal to the carbon stored in terrestrial plants or soil humus (Hedges 1987). It is 

the largest reservoir of reduced carbon in the ocean, holding 200 times more carbon than present 

in the combined marine biomass (Hansell et al. 2009). The DOM pool consists of a large variety 

of biogeochemically identifiable compounds, such as sugars and amino acids, as well as 

fractions that are more coarsely classified, such as humics (Hansell and Carlson 2001). To 

facilitate the analysis depending on the research question and the element of interest, DOM 

carbon or DOM nitrogen can be conceptually defined as dissolved organic carbon (DOC) or 

dissolved organic nitrogen (DON) (Fig. 1.2). DOC is operationally defined as carbon 

compounds that pass through a filter with small pore size, typically a glass fiber filter (0.7 µm) 

or a polycarbonate filter (0.2 µm). Therefore, not only truly dissolved, but also colloidal 

substances and minute particles that pass through the filter are technically considered to be 

DOC. 

DOC is mostly produced autochtonously by phytoplankton in the surface layer of the ocean 

(Hansell and Carlson 2001, Carlson 2002). DOC released by phytoplankton is particularly 

important, since these released compounds are rapidly taken up by heterotrophic bacteria (e.g., 

Cole et al. 1982; Norrman et al. 1995) and thereby link primary and bacterial production through 

the microbial loop and the microbial food web (Azam et al. 1983; Ducklow and Carlson 1992). 

In contrast to the open ocean, the DOC pool on tropical coral reefs is mainly fueled by benthic 

primary producers, as indicated by (1) typically elevated DOC concentrations in the reef 

overlying water compared to the surrounding ocean, suggesting a net production of DOC on 

coral reefs (Torréton et al. 1997; Van Duyl and Gast 2001; Tanaka et al. 2011), (2) the lack of 

a relationship between particulate organic carbon (POC as proxy for phytoplankton) and DOC 

concentrations (Tanaka et al. 2011), (3) increased DOC concentrations near the bottom 

compared to the surface water (Van Duyl and Gast 2001) and (4) the poor nutritional value of 

phytoplankton DOC for reef associated microbes (Rochelle-Newall et al. 2008). Benthic 

primary producers such as benthic algae, benthic cyanobaterial mats and scleractinian corals 

release a substantial part of their photosynthetically fixed carbon as DOC in the water column 

(e.g., Bateson and Ward 1988; Haas et al. 2010a; Haas et al. 2010b; Naumann et al. 2010). This 

release of DOC is considered to be a normal physiological function of healthy aquatic primary 

producers (Carlson 2002). However, until now it is not clear which physiological mechanisms 

are responsible. While some studies assume an active release mechanism when carbon fixation 

outpaces the synthesis of cell components (e.g., Fogg 1983; Wood and Van Valen 1990; 
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Cherrier et al. 2014), others hypothesize a passive release mechanism based on diffusion (e.g., 

Bjørnsen 1988; Marañón et al. 2004; Marañón et al. 2005). As there is evidence supporting 

both, an active as well as a passive release mechanism, Carlson (2002) proposed that dynamic 

environmental conditions determine which release mechanism dominates. Environmental 

factors such as light availability (e.g., Brylinsky 1977; Crossland 1987; Haas et al. 2010a; Haas 

et al. 2010b; Naumann et al. 2010), temperature (e.g., Gillooly et al. 2001; Haas et al. 2010b), 

grazing pressure (Berman and Holm-Hansen 1974) and nutrient availability (Fogg 1983; Wood 

and Van Valen 1990) are considered to affect the DOC release of aquatic primary producers. 

Of these factors light availability in particular appears to have a strong positive effect on the 

DOC release of reef algae and corals (Crossland 1987; Haas et al. 2010a; Naumann et al. 2010). 

 

Rationale and synopsis of this thesis 

DOC is increasingly recognized to play an important role in coral reef functioning. However, 

many aspects of DOC release and consumption dynamics are still poorly understood. Does light 

affect the DOC release of benthic reef algae, benthic cyanobacterial mats and scleractinian 

corals? Is this effect universal or does it differ between functional groups and/or species? What 

ecological consequences does this have when light availability changes through time and with 

depth? Is this effect of light influenced by the availability of nutrients? Moreover, are 

excavating sponges able to consume DOC and if yes, how much does it contribute to their 

nutrition? Will the ongoing coral-algal phase shifts and the concomitant increase in DOC 

production affect excavating sponges and bioerosion? This thesis therefore aims to answer these 

questions and to shed light on the effect of light availability on the DOC release by coral reef 

benthic primary producers (part I) and to investigate if, and to what extent excavating sponges 

are able to consume DOC (part II). 
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Part I: Light-driven DOC release by coral reef benthic primary producers 

Light is an important environmental parameter that structures benthic communities across the 

reef slope and directly affects photosynthesis and thereby carbon fixation of benthic primary 

producers. It is further recognized to influence the DOC release of phytoplankton and first 

studies indicate a similar effect on the release of DOC by coral reef benthic primary producers. 

In Chapter II the effect of several light intensities on the DOC release by reef algae and 

scleractinian corals was tested in incubation experiments. Furthermore, in situ DOC 

concentrations in close proximity to reef algae, benthic cyanobacterial mats, 

scleractinian corals, sediment and in the water column were investigated in relation to 

light availability in May-June (high light availability) and November-December 

(minimum annual light availability). 

Since light availability decreases exponentially with depth and changes on diurnal cycles, the 

DOC release of benthic primary producers, and as a result, the occurrence of elevated 

DOC concentrations are likely to be related to light availability. In Chapter III the 

relation between light availability and the occurrence of elevated DOC concentrations 

near the common reef alga Dictyota sp. is explored. Therefore, the occurrence of 

elevated DOC concentrations along a depth gradient and the accumulation of DOC in 

close proximity to Dictyota sp. are investigated in situ. 

While a vast number of studies report a positive effect of light on the DOC release of aquatic 

primary producers, others don’t find such a relationship with light. Carlson (2002) 

proposed that dynamic environmental conditions, such as nutrient availability, 

determine whether light-driven (active release mechanism) or light-independent DOC 

release (passive mechanism) prevails. In Chapter IV the combined effect of light and 

nutrient availability on the DOC release by turf algae was investigated in a factorial 

incubation experiment. 

Benthic cyanobacterial mats are increasingly abundant on coral reefs world-wide. Similar to 

other primary producers cyanobacteria release a substantial part of their 

photosynthetically fixed carbon as DOC. However, DOC release rates and the 

contribution of coral reef benthic cyanobacterial mats to the local DOC production are 

currently unknown. 
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In Chapter V in situ DOC release rates of coral reef benthic cyanobacterial mats are determined 

in the light and in the dark. Furthermore, the contribution of their DOC release to the local DOC 

pool is estimated over a diel cycle and compared to that of other benthic primary producers. 

Part II: Algal-driven sponge bioerosion 

Coral-algal phase shifts are likely to result in a higher DOC production on coral reefs. If 

excavating sponges, similar to other non-excavating sponges, can directly feed on DOC, they 

may benefit from this increased DOC production and obtain higher growth rates and/or 

reproduction output. Both, are likely to lead to a further increase in excavating sponges and 

thereby in bioerosion on reefs. 

In Chapter VI the consumption of DOC by the two common excavating sponges Cliona delitrix 

and Siphonodictyon sp. were tested and the contribution of DOC to their total organic 

carbon uptake was determined. 

Chapter VII discusses the obtained results and their implications for coral reef functioning. 
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Chapter II 
Effect of light availability on dissolved organic carbon (DOC) release by 
Caribbean algae and corals 
 

This chapter is based on: 

Mueller B, van der Zande RM, van Leent PJM, Meesters EH, Vermeij MJA, van Duyl FC (2014) 

Effect of light availability on dissolved organic carbon release by Caribbean reef algae and 

corals. Bull Mar Sci 90:875-893. 

 

Abstract 

Dissolved organic carbon (DOC) release of three algal and two coral species was determined at 

three light intensities (0, 30-80 and 200–400 µmol photons m-2 s-1) in ex situ incubations to 

quantify the effect of light availability on DOC release by reef primary producers. DOC release 

of three additional algal species was quantified at the highest light intensity only to infer inter-

specific differences in DOC release. For species tested at different light intensities highest net 

release of DOC occurred under full light (200–400 µmol photons m-2 s-1). DOC released by 

benthic algae under full light differed (up to 16-fold) among species, whereas DOC release by 

scleractinian corals was minimal (Orbicella annularis) or net uptake occurred (Madracis 

mirabilis) independent of light availability. DOC concentrations and light intensities were also 

measured in situ near seven benthic primary producers, sediment, and in the water column at 9 

sites evenly distributed along the leeward coast of Curaçao. In situ DOC concentrations 

increased with light availability, although the magnitude of this positive effect differed among 

species and bottom types tested. In situ DOC concentrations were on average lower in 

November-December (87±45 μmol L-1; mean±SD) compared to May-June (186±136 μmol L-

1) which can, at least partly, be explained by the lower light availability in the latter period. Our 

results suggest that DOC release by Caribbean benthic primary producers varies considerably 

among species and depends on light availability in reef algae. 
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Introduction 

It is well established that aquatic primary producers release a substantial amount of their 

photosynthetically fixed carbon as dissolved organic carbon (DOC) in the surrounding water 

(e.g., Khailov and Burlakova 1969; Berman and Holm-Hansen 1974; Abdullah and Fredriksen 

2004). Initially, DOC release was foremost studied in phytoplankton in the open ocean (e.g., 

Mague et al. 1980; Zlotnik and Dubinsky 1989; Wood and Van Valen 1990) and in benthic 

macrophytes in temperate regions (Khailov and Burlakova 1969; Moebus and Johnson 1974; 

Carlson and Carlson 1984). And recently, also the DOC release of benthic primary producers, 

such as scleractinian corals and benthic algae was quantified in coral reef environments, ranging 

from subtropical reefs in the Red Sea (Haas et al. 2010b; Naumann et al. 2010) to tropical reefs 

in the Caribbean (Haas et al. 2010a) and the Pacific (Haas et al. 2011; Haas et al. 2013b). 

Furthermore, the role of DOC in the functioning of these coral reef communities has lately 

gained much attention (e.g., Wild et al. 2008; Rohwer and Youle 2010; Barott and Rohwer 

2012; De Goeij et al. 2013; Haas et al. 2013b). However, despite the increasing knowledge on 

DOC release rates of corals and benthic algae and the role of DOC in coral reef functioning, 

surprisingly little is known about the release process itself and how environmental factors affect 

this release. A multitude of factors are proposed to alter DOC release rates of benthic primary 

producers, including light availability (Haas et al. 2010b; Barrón et al. 2012), temperature (e.g., 

Gillooly et al. 2001; Haas et al. 2010b), grazing pressure (Berman and Holm-Hansen 1974), 

senescence (Khailov and Burlakova 1969), the proportion of live vs dead tissue (Khailov and 

Burlakova 1969; Maie et al. 2006) and the supply of allochthonous organic material (Barrón et 

al. 2004). 

Among these factors, light availability is considered to have a positive effect on the DOC release 

of phytoplankton (e.g., Mague et al. 1980; Verity 1981) and first studies indicate, that it might 

be of similar importance for the DOC release of benthic primary producers on coral reefs 

(Crossland 1987; Haas et al. 2010b; Naumann et al. 2010). As established for phytoplankton 

(Zlotnik and Dubinsky 1989), DOC release rates in the reef alga Caulerpa sp. (Lamouroux, 

1809) (Haas et al. 2010b) and several scleractinian corals (Naumann et al. 2010) increase 

initially linearly with light availability until a light maximum threshold is reached and DOC 

release becomes constant or decreases. This suggests that the amount of DOC released by corals 

and benthic algae may follow patterns of light availability. Light intensity decreases with depth, 

which raises the question if the DOC release of these benthic primary producers follows a 

similar depth-dependent pattern. While DOC release is likely to occur on well-lit shallow reefs 
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(5-10 m depth), large reef sections extend well below such shallow, well-lit areas, especially in 

the Caribbean (Bak 1975; Van den Hoek et al. 1978; Vermeij and Bak 2003). 

Presently, little is known on how DOC release rates of common reef taxa change along depth 

gradients and to what degree release rates depend on local community composition and light 

availability, which decreases with depth as well as undergoes diurnal and seasonal cycles. The 

purpose of this study was to (1) determine if DOC release rates differ among eight common 

benthic primary producers on a Caribbean reef, (2) assess light dependency of DOC release 

rates, and (3) inter-specific differences in DOC release in response to light availability in situ. 

Materials and Methods 

Study area 

Curaçao (12°10'N; 68°58'W) is an oceanic island (444 km2) located in the Southern Caribbean 

with a predominant SE to NW current along the coast (Fig. 2.1). It has a semi-arid climate with 

a dry season from February to September and a wet season from October to January 

[http://www.meteo.an]. 

 

 

 

Fig. 2.1 Location of the sampling sites along the leeward coast of Curaçao. The position of the Carmabi 

research station (C) and the entrance of the harbor of Willemstad (H) are indicated. The predominant current 

runs from SE to NW along the island. 
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The fringing coral reefs on the leeward coast of the island are characterized by a 10 to 120 m 

wide reef terrace, gradually sloping to a drop-off at approximately 10 m depth. From here, a 

reef slope (20-50o) extends to a depth between 25-55 m, where the slope of the bottom gradually 

levels off to a second drop off around 80 m (Van Duyl 1985). Benthic algae and scleractinian 

corals occur abundantly to a depth of 65 m (Van den Hoek et al. 1978) and can still be found, 

albeit in lower abundances, between 80–100 m (Bak 1975; Vermeij and Bak 2003). 

Incubation experiment 1: Inter-specific differences in DOC release rates under full light 

At depths where they were abundant, benthic organisms were collected near the Carmabi 

research station (12°7'18.06"N; 68°58'10.59"W) one day prior to the incubation experiments. 

Algal taxa, i.e., Cladophora sp. (Kützing, 1843) (8 m), Dictyota menstrualis ([Hoyt] Schnetter, 

Hörning & Weber-Peukert, 1987) (8 m), Halimeda opuntia [Linnaeus] J.V.Lamouroux, 1816) 

(10 m) and Lobophora variegata ([J.V.Lamouroux] Womersley ex E.C.Oliveira, 1977) (15 m) 

were carefully detached by hand. The scleractinian corals Madracis mirabilis (sensu Wells, 

1973) (8 m), Orbicella annularis (Ellis & Solander, 1786; formerly Montastraea annularis) (9 

m) and the crustose coralline alga (CCA) Lithophyllum congestum ([Foslie] Me.Lemoine, 1900) 

(8 m) were carefully removed using hammer and chisel. Turf algae, i.e., multispecies 

assemblages of benthic microphytes and small macrophytes with a height of a few mm to one 

cm forming a turf which is tightly fixed to the substrate (Steneck and Dethier 1994), were grown 

on 0.5 l polyethylene bottles that were hung from ropes at 20 m depth 3 months prior to sample 

collection. Collected organisms were placed in zip-lock® bags filled with ambient seawater and 

transported within 1 h to the laboratory where they were allowed to recover and acclimatize in 

flow-through seawater aquaria for at least 24 h following the methods of Haas et al. (2010b). 

Prior to the experiment, the bottom and top part of the plastic bottles with turf algae were cut 

off and the resulting open cylinders (height = 8 cm, surface area = 282.4±1.1 cm2 [mean±SE]) 

were placed in individual incubators following the procedures described below. Turf algae were 

carefully scraped off from 3 additional bottles that were used as controls. 

Samples were incubated in transparent Plexiglas cylinders (1.0 L) each with an opaque bottom 

and lid. The lid had a removable (Ø 5 cm) PVC plug that facilitated water sampling. A magnetic 

stirrer ensured mixing throughout the experiment. Cylinders were acid-washed and rinsed twice 

with GF/F-filtered (0.7 μm; to remove phytoplankton and microbes from the water, which may 

release and consume DOC, respectively) seawater prior to the experiment and filled with 1.0 L 

GF/F-filtered seawater and individual samples of each taxon (n=4). Three cylinders were filled 

only with GF/F filtered seawater and served as controls (in case of turf algae controls 
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additionally contained bottles of which the turf algae were scraped off). Once the samples were 

placed in the incubators, the incubators were placed in a flow through seawater system to keep 

them at temperatures similar to those experienced on the reef.  

At the start of each experiment (t=0), a 60 mL water sample was taken from each incubator 

using a polypropylene syringe (100 mL) that had been acid-washed and rinsed with GF/F-

filtered seawater. Subsequent water samples were taken at t=30, 60, 120 and 300 min to be sure 

that the accumulation of DOC during the 5 h incubation period follows a linear pattern. Samples 

were immediately placed in the dark and processed within 60 min of collection. During the 5 h 

experiments (all conducted between 1000 hrs and 1500 hrs in April 2011), incubators were 

placed in the full sunlight (“full light” treatment = 200-400 µmol photons m-2 s-1) and light 

availability inside the chamber was logged using a light meter (upward pointing; cosine LI-

192SSA underwater quantum sensor connected to LI-1000 data logger; range: PAR 400-700). 

Incubation experiment 2: Effect of light intensity on DOC release rates 

The benthic algae Cladophora sp., D. menstrualis, and L. variegata and the scleractinian corals 

M. mirabilis and O. annularis were also incubated for 5 h in the shade at 15-30% of full light 

(based on mean light intensities during the incubations [Appendix 1. Table II.1]; “reduced light” 

treatment, 30-80 µmol photons m-2 s-1) and in the dark (“dark treatment”) following the same 

protocol described above. The dark and reduced light incubations were conducted between May 

and July 2010. In combination with the results from the “full light” treatment, the results from 

this experiment were used to determine whether differences in light availability affected 

species-specific DOC release rates. 

Determination of dry weight and surface area 

Traditionally physiological rates of algae are standardized to biomass (e.g., Khailov and 

Burlakova 1969; Abdullah and Fredriksen 2004; Wada et al. 2007), whereas those of 

scleractinian corals and CCA are commonly expressed per surface area (SA) (Crossland 1987; 

Naumann et al. 2010; Haas et al. 2011). In the latter, SA serves as a proxy of biomass, since the 

non-living calcareous skeleton represents the bulk of weight and volume. To make our rates 

comparable to previous studies we decided to standardize all non-crustose benthic algae to 

biomass and scleractinian coral and CCA to SA. Although H. opuntia is a calcifying alga we 

decided to place it in the category of non-crustose benthic algae and expressed its DOC release 

rate per total dry weight (DW; organic + inorganic). This implies that its release rate was 

underestimated probably by a factor of 10 when compared to its release rate per organic DW 
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(Jensen et al. 1985). After each incubation experiment, the biomass (non-crustose benthic algae) 

or surface area (SA) for CCA and scleractinian corals was determined. To determine the 

biomass (DW) of non-crustose benthic algae, samples were rinsed with distilled water, oven-

dried to constant weight in pre-weighed aluminum cups (>72 h at 60°C) and weighed (accuracy 

0.001 g). Mean DW (±SD) of typical samples of non-crustose benthic algae ranged between 

0.6±0.1 g (turf algae) and 8.2±1.8 g (H. opuntia). SA of the CCA L. congestum was quantified 

by photographing spread-out fragments of CCA against a ruler used for reference after which 

photographs were analyzed in ImageJ (ImageJ 1.42q, National Institutes of Health, USA). The 

average sample size for CCA was 0.58±0.12 dm2. The SA of the scleractinian corals was 

quantified using calipers (accuracy 0.1 cm) following the Advanced Geometry technique 

(Naumann et al. 2009). The resulting averages SA (±SD) of M. mirabilis and O. annularis were 

1.18±0.12 and 0.54±0.07 dm2 respectively. 

In situ experiment: DOC concentrations and light intensities on the reef 

DOC concentrations were measured in situ in close proximity to 7 benthic primary producers, 

the sediment and in the water column overlying the reef at 9 sites evenly distributed along the 

leeward coast of Curaçao (Fig. 2.1). Sampling took place in May-June 2010 and again in 

November-December of the same year to quantify potential seasonal variability in in situ DOC 

concentrations. One site was sampled per day between 0830 hrs and 0930 hrs. Water was 

sampled in close proximity (< 5 mm) to 7 benthic primary producers, i.e., the dominant benthic 

algae (Dictyota sp. [sampling depth (±SD): 18±1 m], Halimeda sp. [12±1 m], Lobophora sp. 

[20±1 m]), consortia of turf algae [12±2 m], red cyanobacterial mats [12±2 m], recognized by 

dense layers of reddish-purple long filaments and carpet-like growth form loosely covering sand 

as well as hard substrates, and the common scleractinian corals M. mirabilis [11±2 m] and O. 

annularis [12±2 m]. In addition, the water near sediment [10±1 m] and the water column 5 m 

above the reef at a depth of 5 m (hereafter referred to as surface water) were sampled. Water 

samples were collected using 100 ml acid-washed, polypropylene syringes equipped with a 

flexible silicon tube attached to their tips. The tube was moved slowly above the surface of each 

substrate to collect water following the methods described by Van Duyl and Gast (Van Duyl 

and Gast 2001). Surface water was collected directly from the water column with a similar 

syringe facing the water current to avoid potential contamination related to the diver’s presence. 

The ambient light intensity (PAR) was measured as the average light intensity during a 30 s 

interval for each sample taken with a light meter in a custom-made underwater housing 

(described above). All water samples were subsequently transported at ambient seawater 

temperature in the dark in an insulated box and processed within 2 h of collection. 
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Processing of DOC samples 

Water samples collected as described above were filtered (<20 kPa Hg suction pressure) over a 

0.2 μm polycarbonate filter (Whatman, 25 mm). Prior to filtration, filters, glassware and pipette 

tips were rinsed three times with acid (10 mL 0.4 M HCl) and twice with sample water (10 mL). 

Afterwards, 20 mL of sample water was filtered and the filtrate containing DOC was transferred 

to pre-combusted (4 h at 450°C) glass ampoules. Immediately after acidification with 6-7 drops 

of concentrated HCl (38%) to remove inorganic C, ampoules were sealed and stored at 4°C 

until analysis. DOC concentrations were measured using the high-temperature catalytic 

oxidation (HTCO) technique in a total organic C analyzer (TOC-VCPN; Shimadzu). The 

instrument was calibrated with a standard addition curve of Potassium Phthalate (0; 25; 50; 100; 

200 µmol C L-1). Consensus Reference Materials (CRM) provided by Hansell and Chen of the 

University of Miami (Batch 10; 2010; lot 05-10 and 09-10; 41-45 µmol C L-1) were used as 

positive controls for our measurements. Concentrations measured for the batch gave average 

values (±SD) of 45±3 µmol C L-1. Average analytical variation of the instrument was <3%. 

Data analysis 

Differences between DOC release rates at different light intensities were tested for each benthic 

primary producer individually using analysis of variance (ANOVA) followed by post hoc 

means comparisons (Bonferroni). Data was tested for normality using Shapiro-Wilk test and 

for homogeneity of variance using Levene’s test. Net DOC production was calculated as the 

change in DOC concentration (∆DOC) over the incubation period (∆t = 5 h, and ∆t = 2 h for D. 

menstrualis at full light) using linear regression for each incubation. The incubation of D. 

menstrualis had to be terminated prematurely after 2h due to technical difficulties, which 

resulted in a shortened incubation period. The mean production of the controls was subtracted 

from the production by benthic primary producers (bpp) to generate taxon specific DOC release 

rates: (mean ∆DOCbpp - mean ∆DOCcontrols ) / ∆t. 

Differences in DOC release rates were standardized to DW for non-crustose benthic algae and 

to SA for scleractinian corals and CCA to compare release rates among species. Prior to the 

start of the incubations potential differences between initial DOC concentrations in incubators 

with benthic primary producers and controls were tested using ANOVA followed by Dunnett’s 

post hoc tests. 

Differences in in situ DOC concentrations were analyzed using a Linear Mixed Effects Model 

(Pinheiro and Bates 2000) in which “sampling site” was modeled as a random factor and 
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substrate type, light availability and sampling period as fixed (3-way model). Model 

assumptions were examined on residuals (Zuur et al. 2010) and, if necessary, data was 

transformed and/or different variance structures were applied (Pinheiro and Bates 2000). Main 

effects were tested by comparing the full model against nested models using likelihood ratios 

(LR). Since the benthic algae Halimeda sp. was only sampled in November-December, it was 

excluded. Due to the expected collinearity of the factors light intensity and sampling period, the 

two periods were modeled separately. Therefore, the final model for each period included light 

intensity and substrate type is: 

ln(DOC) = I +α·substrate + β·ln(light) + γ·[ln(light)*substrate] + ε 

where I represents the intercept for the surface water, α·substrate an additional effect on I of 

substrate type, β the slope between light and DOC at the surface water (5 m depth), γ an addition 

to the slope depending on substrate type, and ε the error estimate. To compare in situ DOC 

concentrations near different substrates which were sampled at different depths and therefore 

light intensities, DOC concentrations were expressed at the average light intensity for the entire 

measurement period per depth (see above). Average light estimates were 227.3 (95% CL: 129.3, 

394.3) µmol photons m-2 s-1 for May-June and 121.8 (95% CL: 67.0, 301.0) µmol photons m-2 

s-1 for November-December. The freely available programming environment R (R 

Development Core Team 2011; version: R 3.0.2) was used for all calculations. Packages nlme 

(Pinheiro et al. 2011), lme4 (Bates et al. 2012) and arm (Gelman and Su 2013) were used for 

the Mixed Effects Modeling. Confidence limits of slopes and intercepts were estimated using 

simulation (n=1000) following the methods described by Gelman and Hill (2006) and Gelman 

et al. (2012). Confidence limits were calculated for all model coefficient combinations (i.e., 

separate intercept and slope for each substrate type β + γ) using quantiles. 

The difference between mean DOC concentrations averaged across all substrate types in May-

June and November-December were tested using Mann-Whitney test. Light attenuation curves 

for May-June and November-December were calculated using the respective in situ light 

measurements that were carried out during the sampling. 
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Results 

Incubation experiment 1: Inter-specific differences in DOC release rates under full light 

All benthic algae (crustose and non-crustose) net released DOC under the full light (Table 2.1). 

The highest mean DOC release rates for non-crustose benthic algae were found for Cladophora 

sp. (Bonferroni p<0.05) with (mean±SD) 15.7±4.5 µmol C g-1 h-1. Under similar conditions D. 

menstrualis, L. variegata and turf algae released DOC at approximately half that rate (range: 

7.1-8.5 µmol C g-1 h-1). H. opuntia showed the lowest mean release rate with 1.1±0.3 µmol C 

g-1 h-1 (Bonferroni p<0.05). Mean DOC release rates of the scleractinian corals M. mirabilis and 

O. annularis were either negative or slightly positive (-8.7±9.1 and 1.5±10.7 µmol C dm-2 h-1 

respectively), whereas DOC release by the CCA L. congestum (53.5 µmol C dm-2 h-1) was more 

than 35 times higher than the rates of the corals (Bonferroni p<0.05). 

 

Table 2.1 Mean dissolved organic carbon (DOC) release rates (±SD) of non-crustose benthic algae 

(normalized to dry weight) and CCA and scleractinian corals (normalized to surface area) at full light 

intensity (200-400 µmol photons m-2 s-1) determined over an incubation period of 5 h (D. menstrualis only 2 

h). 

Organism Species DOC release rate 

non-crustose algae Cladophora sp. 15.7±4.5 µmol C g-1 h-1 

 Dictyota menstrualis 8.3±0.9 µmol C g-1 h-1 

 Halimeda opuntia 1.1±0.3 µmol C g-1 h-1 

 Lobophora variegata 7.1±1.6 µmol C g-1 h-1 

 turf algae 8.5±1.3 µmol C g-1 h-1 

crustose coralline algae Lithophyllum congestum 53.5±28.4 µmol C dm-2 h-1 

scleractinian corals Madracis mirabilis -8.7±9.1 µmol C dm-2 h-1 

 Orbicella annularis 1.5±10.7 µmol C dm-2 h-1 

 

Incubation experiment 2: Effect of light intensity on DOC release rates 

DOC release rates of all three non-crustose benthic algae tested at different light levels were 

highest in the full light treatment and decreased with decreasing light availability (Fig. 2.2). 

Release of DOC occurred only under full light conditions for Cladophora sp. and L. variegata 

and became negative or minimal in the dark and in the reduced light treatment (range: -3.2 - 0.3 

µmol C g-1 h-1). In contrast, D. menstrualis released DOC at a net rate of (mean±SD) 3.7±0.01 
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µmol C g-1 h-1 in the reduced light treatment. In the dark treatment none of the algae released 

DOC. The DOC release rates of the two scleractinian coral species M. mirabilis and O. 

annularis did not differ among light treatments (Bonferroni p>0.05). Initial DOC concentrations 

in all incubators with benthic primary producers did not differ significantly from those in sea 

water controls in the dark and reduced light treatment (Dunnett’s p>0.05). In the full light 

treatment however, initial DOC concentrations of D. menstrualis (mean±SD; 139.8±6.5) and 

M. mirabilis (206.6±36.1 µmol L-1) were significantly elevated compared to controls (154±0.9 

and 94.0±1.8 µmol L-1, respectively) (Fig. 2.3) (Dunnett’s p<0.01). In contrast, incubators with 

O. annularis (60.3±4.3 µmol L-1) showed reduced DOC concentrations relative to controls 

(72.4±5.8 µmol L-1) (Dunnett’s p<0.01), indicating immediate net DOC removal. Differences 

in initial DOC concentrations in the incubators are not expected to have affected DOC release 

rates of the tested benthic primary producers, since we did not find consistent relations between 

initial DOC concentrations (see Fig. 2.3) and DOC release rate. 

 

 

Fig. 2.2 Dissolved organic carbon (DOC) release rates of benthic primary producers at three light intensities 

(n = 4 per treatment). Non-crustose benthic algae (rates normalized to dry weight): CL Cladophora sp., DI 

Dictyota menstrualis, LO Lobophora variegata, and scleractinian corals (rates normalized to surface area): 

MM Madracis mirabilis, OA Orbicella annularis. Error bars indicate SD. Different letters above the bars 

indicate significant differences between light treatments of respective organisms (Bonferroni p < 0.05). 
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Fig. 2.3 Dissolved organic carbon (DOC) concentrations through time (300 min, D. menstrualis 120 min) 

during incubation experiments in the full light treatment (200-400 μmol photons m-2 s-1). Closed circles 

represent DOC concentrations measured for benthic primary producers, whereas open circles indicate 

concentrations for the seawater controls. Mean dry weight (±SD) for non-crustose benthic algae and mean 

surface area (±SD) for CCA and scleractinian corals are shown in brackets. 
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In situ experiment: DOC concentrations and light intensities on the reef 

In situ DOC concentrations measured in close proximity to various benthic primary producers 

varied among sites and sampling periods (Appendix 2. Table II.2). In situ DOC concentrations 

near red cyanobacterial mats and the sediment were 4.5 and 2.9 times higher than in the surface 

water in May-June (p<0.05) (Fig. 2.4). In November-December in situ DOC concentrations in 

close proximity to Dictyota sp. were 1.5 times higher relative to the surface water. DOC 

concentrations of the other tested substrates were elevated relative to, but did not significantly 

differ from, those in the surface water in both periods (p>0.05; Fig. 2.4). 

 

 

Fig. 2.4 DOC concentrations at the substrate-water interface of 7 bottom substrates and surface water at 

average light intensities in May-June (227.3 µmol photons m-2 s-1) and November-December (121.8 µmol 

photons m-2 s-1). SW surface water, SE sediment; non-crustose benthic algae: DI Dictyota sp., LO Lobophora 

sp., TU turf algae; CY red cyanobacteria mats, and scleractinian corals: MM Madracis mirabilis and OA 

Orbicella annularis. Error bars represent 95% confidence limits. Black dashed and grey dashed lines 

indicate upper 95% confidence limits of surface water in May-June and November-December, respectively. 

Substrates marked with an asterisk are significant different from the surface water at α = 0.05 (confidence 

limits do not overlap with surface water). 

Averaged across all substrate types, mean DOC concentrations were 2.1 times higher in May-

June (median±SD; 122±136 µmol L-1) compared to November-December (79±44 µmol L-1; 

Mann-Whitney p<0.0001). Light intensities measured at the 9 sites between 0830 hrs and 0930 

hrs varied between 71 and 1035 µmol photons m-2 s-1 in May-June and 14 and 598 in November-

December and season specific light attenuation curves were observed (Fig. 2.5). 
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The effect of increased light on in situ DOC concentrations was strongly dependent on substrate 

type in both sampling periods (significant interaction slope β + γ; May-June: LR = 18.8, df= 7, 

p< 0.01; November-December: LR = 19.4, df= 7, p< 0.01). A significant relationship between 

light intensity and in situ DOC concentration existed for the surface water for May-June and 

for Dictyota sp. and turf algae (all p< 0.05) in November-December illustrating that the positive 

effect of light availability on in situ DOC concentrations (slope β + γ >0) varies among 

substrates, benthic taxa and between seasons (Table 2.2). 

 

Table 2.2 Simulated model coefficients (n=1000) for ln(DOC) = I +α·substrate + β·ln(light) 

+γ·[ln(light)*substrate] + ε. Quantiles of the intercept + α and the slope β + γ in May-June 2010 and 

November-December 2010 are presented for each substrate type. Significant interaction terms (quantiles of 

slope do not include 0) are marked with an asterisk. 

May-June 2010 

 intercept Slope 

substrate Est. Lower 

95% 

Upper 

95% 

Est. Lower 

95% 

Upper 

95% 

 

surface water 0.850 -1.211 2.973 0.596 0.262 0.905 * 

sediment 4.551 2.003 7.287 0.095 -0.388 0.546  

M. mirabilis 5.037 3.126 6.721 -0.012 -0.323 0.336  

O. annularis 4.089 1.779 6.307 0.176 -0.220 0.559  

Dictyota sp. 3.973 1.127 7.155 0.202 -0.429 0.748  

Lobophora sp. 4.560 1.821 7.357 0.100 -0.506 0.688  

turf algae 6.455 3.747 9.177 -0.260 -0.763 0.262  

red cyanobacteria mats 7.725 1.848 13.480 -0.407 -1.499 0.648  

        

November-December 2010 

 intercept Slope 

substrate Est. Lower 

95% 

Upper 95% Est. Lower 

95% 

Upper 

95% 

 

surface water 3.709 2.645 4.834 0.116 -0.075 0.292  

sediment 3.981 3.358 4.640 0.086 -0.039 0.205  

M. mirabilis 4.271 3.708 4.827 0.026 -0.085 0.137  

O. annularis 4.154 3.636 4.667 0.048 -0.052 0.150  

Dictyota sp. 3.350 2.772 3.931 0.268 0.133 0.407 * 

Lobophora sp. 4.431 4.044 4.872 -0.019 -0.130 0.083  

turf algae 3.616 3.059 4.191 0.165 0.048 0.279 * 

red cyanobacteria mats 4.062 3.353 4.804 0.072 -0.091 0.229  
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Discussion 

Using a combination of controlled lab experiments and measurements of in situ DOC 

concentrations, this study quantified species-specific differences in DOC release by and in situ 

concentrations near benthic primary producers in relation to light availability. Incubation 

experiments receiving full light (200-400 µmol photons m-2 s-1) showed that all benthic algae 

released DOC and that the amount of DOC released varies among species confirming similar 

findings from other locations (e.g., Haas et al. 2010a; Haas et al. 2010b; Naumann et al. 2010; 

Haas et al. 2011). The average DOC release rate of the non-crustose benthic alga Cladophora 

sp. was nearly twice as high as for turf algae, D. menstrualis, and L. variegata (Table 2.1). Turf 

algae were collected approximately 10 m deeper than the other benthic primary producers which 

implies that a direct comparison of DOC release rates should be made with caution. However, 

average light intensities of >500 µmol photons m-2 s-1 are reported to occur on Curaçaoan coral 

reefs at this depth (20 m) during mid-day (Vermeij and Bak 2002), suggesting that the collected 

turf algae received light intensities similar to and even higher than those in the full light 

treatment under natural conditions. 

 

 

 
Fig. 2.5 Light attenuation curves of in situ light measurements during May-June 2010 (n=56, r2=0.55) and 

November-December 2010 (n=75, r2=0.37). Depth range corresponding to the full light (200-400 µmol 

photons m-2 s-1) and the reduced light treatment (30-80 µmol photons m-2 s-1) of the incubation experiments 

are indicated on the right for both sampling periods. 
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Halimeda opuntia displayed with 1.1±0.3 µmol C g-1 h-1 the lowest DOC release rate of all non-

crustose benthic algae tested, however, due to the high proportion of inorganic material to the 

total DW, this rate represents an underestimation by a factor of approximately 10 (Jensen et al. 

1985). When correcting for this underestimation, the DOC release rate of Halimeda opuntia is 

in the same range as the other non-crustose benthic algae. DOC release per surface area by the 

CCA L. congestum was 35-fold higher than rates observed for both coral species. 

Previous studies on the DOC release by scleractinian corals resulted in highly variable rates. 

While some studies reported a significant DOC release (Crossland 1987; Ferrier-Pages et al. 

1998; Tanaka et al. 2008) ranging between ~3.7 to ~12.5 µmol C dm-2 h-1 (Tanaka et al. 2009; 

Nakajima et al. 2010) others showed highly variable but on average insignificant rates (Haas et 

al. 2010a; Naumann et al. 2010). Similar to studies from the Mexican Caribbean (Haas et al. 

2010a), the Red Sea (Naumann et al. 2010), and French Polynesia (Haas et al. 2011) 

scleractinian corals in our study contributed marginally to the ambient DOC pool on coral reefs. 

Crustose coralline algae, on the other hand, are potentially important, and hitherto neglected, 

producers of DOC on coral reefs with DOC release rates comparable to those of turf algae (Haas 

et al. 2010b). This is surprising because algae with calcareous and crustose growth forms are 

usually considered to release less DOC compared to filamentous algae with high surface area 

to volume ratios that are assumed to facilitate the exchange of metabolic products (e.g., DOC) 

with the environment (Littler and Littler 1984; Haas et al. 2011). Haas et al. (2011) represents 

the only study on DOC release by CCA to date and reported a release rate of ~5 µmol C dm-2 

h-1 for Hydrolithon reinboldii ([Weber-van Bosse and Foslie] Foslie 1909). The 10-fold higher 

DOC release rate observed in our study could be explained by inter-specific differences, 

warning against overgeneralizations of the results of either study. Furthermore, it cannot be 

excluded that potential injuries at the edges of the pieces of CCA artificially increased the 

observed release rates. DOC release rates of red algae and turf algae also reported in Haas et al. 

(2011) (8.0±1.4 and 14.0±2.8 µmol dm-2 h-1) were lower than release rates of comparable 

species from the Mexican Caribbean (Haas et al. 2010a; red algae: 10.3±8.8 µmol dm-2 h-1) and 

the Red Sea (Haas et al. 2010b; 5.3 – 55.3 and 2.9 – 35.5 µmol dm-2 h-1) indicating generally 

lower DOC release rates for species from French Polynesia. Regardless, our results confirm that 

DOC release by benthic primary producers differs among species of primary producers and 

suggests that more DOC is produced on reefs dominated by fleshy benthic algae, which are 

becoming increasingly more abundant on coral reefs world-wide (e.g., Hughes 1994; McCook 

et al. 2001). CCA on the other hand are often abundant on healthy reefs (e.g., Sandin et al. 2008) 

and the CCA L. congestum displayed DOC release rates comparable to that of turf algae in other 



 
31 Chapter II 

studies (e.g., Haas et al. 2010b). However, Gregg et al. (2013) recently showed that DOC 

released by CCA stimulates the growth of heterotrophic bacteria, and therefore increased 

microbial oxygen consumption, to a lesser degree than DOC from turf algae. This may imply 

that DOC release and measured concentrations per se are not necessarily good indicators of reef 

health, but that also the quality (availability for microbes) and the effects of this DOC on the 

reef metabolism need to be taken into account (Haas et al. 2013b; Nelson et al. 2013). 

Effect of light intensity on DOC release rates in incubation experiments 

All three non-crustose benthic algae tested at different light intensities showed highest DOC 

release rates in the full light treatment and no DOC release in the dark treatment. However, they 

responded differently to the reduced light treatment (30-80 µmol photons m-2 s-1). The release 

rates of Cladophora sp. and L. variegata were negligible in the reduced light treatment, whereas 

D. menstrualis was still capable of DOC release under such light conditions (Fig. 2.2), 

illustrating that not only DOC release per se, but also the influence of light availability on DOC 

release rates differs among algal taxa. Net DOC release due to senescence or handling has been 

reported for other benthic algae in the dark (e.g., Moebus and Johnson 1974), but was not found 

here. Abdullah and Fredriksen (2004) observed that the temperate benthic alga Laminaria 

hyperborea ([Gunnerus] Foslie 1884) released more DOC in the dark than in the light during 

periods of growth, while the opposite was found during non-growth periods. They suggested 

that during growth photosynthetically fixed carbon is used to produce plant tissue in the light, 

but is exuded in the dark. Similar to light, nutrient limitation (N,P) (Haan et al. 2013) could 

limit algal growth such that photosynthetically fixed carbon is exuded as DOC in the light. DOC 

release under low nutrient conditions then serves as an ‘overflow’ mechanism until algae 

resume tissue growth when nutrients become available (Fogg 1983; Wood and Van Valen 

1990). It should be noted that the experiments for the dark and reduced light treatment were 

conducted in May-July 2010 and for the full light treatment in April 2011. Both experimental 

periods were conducted approximately at the same time of the year and using the exact same 

methodological setup, thus limiting potentially confounding temporal variation in DOC 

concentrations related to algal physiology etc.. 

Our findings confirm earlier observations by Haas et al. (2010b) who observed a positive 

relationship between light availability and DOC release at comparable light intensities for the 

benthic alga Caulerpa sp. in the Red Sea. Light thus plays an important role in driving DOC 

release in benthic reef algae, at least within the tested light intensity range of 0-400 µmol 

photons m-2 s-1. Furthermore, species differed in the degree to which their DOC release rates 
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responded to light availability (Fig. 2.2). Algal community-composition thus has important 

consequences for DOC dynamics on coral reefs. 

In contrast to the algae considered here, light intensity did not affect net DOC release by 

scleractinian corals. In all three light treatments DOC release of corals was either minimal (O. 

annularis: 0.6 – 1.5 µmol C dm-2 h-1) or net uptake occurred (M. mirabilis: -8.7 to -2.7 µmol C 

dm-2 h-1) (Fig. 2.2). This observation is consistent with previous observations showing a net 

uptake of DOC by scleractinian corals (e.g., Haas et al. 2010a; Naumann et al. 2010) and is 

generally attributed to the high uptake of DOC by coral holobionts relative to DOC release 

(Haas et al. 2011). A positive correlation between DOC release and light intensity was reported 

for coral species in the Red Sea (Crossland 1987; Naumann et al. 2010) so that generalization 

that coral species act as sources or sinks of DOC cannot be made without geographic and 

species-specific qualifications. In contrast to the study above, we did not observe that DOC 

release rates in M. mirabilis and O. annularis depended on light availability over the tested light 

range as they did in non-crustose benthic algae. 

Light effects on in situ DOC concentrations near benthic primary producers 

The accumulation of DOC and resulting increased DOC concentrations in close proximity of 

benthic primary producers likely depends on two main sets of factors: ecological factors that 

affect the DOC release by the organism itself (e.g., light availability, time of the day, nutrient 

availability, etc.) or the uptake of DOC (e.g., by microbial films), and factors affecting 

hydrodynamics (e.g., flow speed and direction, morphology of benthic primary producer, etc.). 

Hence, it is possible that differences in water flow and/or the morphology of different benthic 

primary producers affected DOC accumulation patterns and therefore the in situ DOC 

concentrations measured. In accordance, Hauri et al. (2010) demonstrated that DOC 

concentration underneath mat- and canopy forming macroalgae, where water exchange is 

reduced, can be elevated by 26 and 30%, respectively, compared to concentrations above them. 

In a comparable study to ours on Curaçao, Van Duyl and Gast (2001) measured DOC 

concentrations on the reef terrace at 6-8 m depth using the same technique used here. Sampling 

also occurred in the morning, yet slightly later (0900-1030 hrs), and elevated DOC 

concentrations were found near corals and other bottom water types relative to the surface 

water. Van Duyl and Gast (2001) concluded that DOC release thus likely elevates DOC 

concentrations in close proximity to primary producers and that the methods used here are 

indeed suitable to detect those differences. Similar to these authors, we found that DOC 

concentrations near all benthic substrates were generally higher than in the surface water. If the 
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sampling would have been conducted later in the morning (i.e., under higher light intensities 

and after a longer light period prior to the sampling), it can be expected that the observed 

differences in in situ DOC concentrations would have been even more pronounced. Secondly, 

overall DOC concentrations were lower in November-December than in May–June at lower 

light intensities (Fig. 2.4) again indicating the relationship between light availability and DOC 

release for at least some primary producers, including phytoplankton. DOC release by 

phytoplankton is strongly dependent on light availability (e.g., Mague et al. 1980; Zlotnik and 

Dubinsky 1989) and accordingly, in May-June we observed a positive relationship between 

light availability and DOC concentration in situ in the surface water (Table 2.2), in which 

phytoplankton is relatively abundant (Van Duyl et al. 2002). In November-December in situ 

DOC concentrations increased with increasing light availability near Dictyota sp. and turf algae, 

while Lobophora sp. showed no such relationship (Table 2.2). These in situ observations 

confirmed the results of our incubation experiments. Dictyota menstrualis showed net DOC 

release under the reduced light treatment (Fig. 2.2) which corresponded to the light availability 

at the depths were this species was sampled, whereas L. variegata displayed a net uptake of 

DOC at such light levels (Fig. 2.2). Turf algae were sampled shallower and under the 

correspondingly higher light intensity (close to full light treatment of our incubation 

experiments) DOC release occurred, resulting in higher in situ DOC concentrations. 

Despite higher light intensities in May-June (Fig. 2.5), a substrate-specific relation between in 

situ DOC concentrations and light intensity was only found in the surface water (Table 2.2). 

Large variations in DOC concentrations due to extrinsic effects during that period (see next 

paragraph) were most likely responsible for masking this relation with light in benthic primary 

producers. DOC accumulations near red cyanobacteria mats and at the two tested coral species 

were clearly less related to light than those near benthic algae (Table 2.2). For the investigated 

corals, this is consistent with the fact that we did not find a significant effect of light on the 

DOC release by corals in the incubation experiments (Fig. 2.2). High DOC accumulations in 

close proximity to cyanobacteria in May-June (Fig. 2.4) were most likely not related to light 

intensity, considering the average negative relation with light (Table 2.2). Results of incubation 

experiments and in situ measurements illustrate that net DOC release by non-crustose benthic 

algae is highly species-specific and generally suppressed under low light availability (i.e., 

depth) along the steep fore reef slope on Curaçao. 
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Seasonal variability of in situ DOC accumulations 

Average in situ DOC concentrations (±SD) of 186±136 μmol L-1 in May-June and 87±45 μmol 

L-1 in November-December were comparable to concentrations typically measured on coral 

reefs around the world which range between 57 and 160 μmol L-1 (e.g., Pagès et al. 1997; 

Torréton et al. 1997; Hata et al. 2002). On Curaçao we occasionally measured DOC 

concentrations >200 μmol L-1 (Appendix 2. Table II.2) that could result from factors other than 

the ones considered here such as seepage of saline pore water (Orem et al. 1991; Fichez et al. 

1997; Street et al. 2008; Knee and Paytan 2011) and/or influx of polluted water (Gast et al. 

1999; Van Duyl and Gast 2001). In addition to spatial variation in DOC concentrations among 

sites, we observed seasonal differences in DOC concentrations with highest DOC 

concentrations in May-June (Fig. 2.4). 

Wild et al. (2009) reported up to nine times higher DOC concentrations in autumn relative to 

other seasons on a coral reef in the Red Sea. In contrast, Nelson et al. (2011) did not detect 

major temporal variation in in situ DOC concentrations during a 4-year study in Moorea, French 

Polynesia. In temperate and sub-tropical regions with pronounced seasonality, large 

fluctuations in the DOC release rates (per unit biomass or surface area) of benthic algae through 

time (up to 50 fold) are more common (Wada et al. 2007; Haas et al. 2010b). In these systems 

variability in DOC release by algae is attributed to changes in temperature, nutrient availability 

and light intensity whereby high light and low inorganic nutrient conditions stimulate DOC 

release by primary producers (e.g., Lopéz-Sandoval et al. 2011). Despite the fact that variations 

in these parameters are less pronounced in tropical Curaçao, low underwater light levels due to 

cloud cover and water turbidity as a consequence of run-off from land after rain may have 

reduced the DOC release by benthic algae on the reef in November-December (wet season) 

relative to May-June (dry season). Additionally, increased availability of inorganic nutrients 

associated with run-off may have stimulated rapid consumption of bio-available DOC in reef 

waters by heterotrophic prokaryotes (e.g., Gast et al. 1999; Scheffers et al. 2005), which also 

could have contributed to lower ambient in situ DOC concentrations in November-December 

than in May-June. Differences in average monthly seawater temperature between May-June 

(26.8 and 27.2 °C) and November-December (27.9 and 26.9 °C) 

(http://www.meteo.an/Include/Climate2/documents/CLIM_SUM_Cur.pdf) appear to be minor, 

which indicates that temperature may not be an important driver in the recorded seasonal 

variations in DOC concentrations. 
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Conclusion and ecological implications 

This study found that DOC release rates varied among benthic primary producers and for non-

crustose benthic algae also in response to light availability. This differential response of benthic 

primary producers to light availability explained a large part of the observed variation in in situ 

DOC concentrations on the fore reef slope of Curaçaoan reefs between 8 and 20 m depth, 

particularly in November-December. In addition, a significant seasonal effect of light 

availability on overall in situ DOC concentrations was observed with lower average in situ DOC 

concentrations in November-December than in May-June. The link between light and DOC 

release predicts that DOC release by non-crustose benthic algae will follow temporal (i.e., 

diurnal and seasonal) patterns of light availability. Furthermore, since light availability declines 

exponentially with depth, species-specific DOC release rates will decrease with increasing 

depth. This suggests that ecological processes that are linked to local DOC availability such as 

oxygen availability and bacterial abundance and metabolism (Haas et al. 2011; Haas et al. 

2013b) that are generally studied on shallow reefs (<5 m) where DOC availability will be high, 

are not necessarily equally important at deeper reef sections where DOC concentrations are 

lower due to lower light availability. 
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Chapter III 
Occurrence of elevated in situ dissolved organic carbon (DOC) 
concentrations near the reef alga Dictyota sp. in relation to light 
availability 
 

This chapter is based on: 

Mueller B, Meesters EH, van Duyl FC (in prep.) Occurrence of elevated in situ dissolved 

organic carbon (DOC) concentrations near the reef alga Dictyota sp. in relation to light 

availability. 

 

Abstract 

Elevated DOC (dissolved organic carbon) concentrations have repeatedly been observed near 

benthic reef algae during daytime. Light-dependent DOC release by these algae is likely to fuel 

these elevated in situ DOC concentrations. Therefore, we investigated whether the availability 

of light can be related to the occurrence of elevated DOC concentrations near benthic reef algae 

in situ. The occurrence of elevated DOC concentrations in close proximity to the common reef 

alga Dictyota sp. was measured along a natural light gradient from 5 to 20 m depth at midday. 

On May 25, 2013 the change in DOC concentration near Dictyota sp. was determined from 9:00 

till 18:00 hrs at 11 m depth and compared to diurnal changes in light availability. DOC 

concentrations near Dictyota sp. were elevated compared to background concentrations in the 

water column at a light intensity of 702±79 (10 m), but not at 1214±285 (5 m) and 374±71 µmol 

photons m-2 s-1 (20 m). DOC concentration near Dictyota sp. at 11 m significantly increased 

relative to background concentrations in the water column during the course of the day. Our 

results indicate that light-driven DOC release is an important factor in the occurrence of diurnal 

and depth-related variations in DOC concentrations near Dictyota sp. relative to DOC 

concentrations in the overlying water column. However, other factors, such as photoinhibition 

and water exchange also need to be taken into account to adequately explain the occurrence of 

elevated DOC concentrations in situ, particularly in shallow reef sections (0-10 m depth). 

Introduction 

Benthic primary producers such as benthic reef algae and scleractinian corals release a 

significant amount of their photosynthetically fixed carbon as dissolved organic carbon (DOC) 
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into the surrounding water (e.g., Haas et al. 2010a; Haas et al. 2010b; Naumann et al. 2010), 

thus substantially contributing to the DOC pool on coral reefs (Torréton et al. 1997; Tanaka et 

al. 2011; van Duyl et al. 2011; Brocke et al. 2015). Benthic algae generally release more DOC 

than corals (e.g., Haas et al. 2010a; Haas et al. 2011; Haas et al. 2013). This algal DOC also 

fuels growth of opportunistic heterotrophic microbes (Gregg et al. 2013; Haas et al. 2013; 

Nelson et al. 2013) and influences the outcome of coral-algal interactions (Smith et al. 2006; 

Barott et al. 2009; Barott and Rohwer 2012; Morrow et al. 2012). While an increasing number 

of studies focuses on the fate and consumption of DOC by microbes and sponges (e.g., de Goeij 

et al. 2008a; de Goeij et al. 2008b; Dinsdale et al. 2008; Barott and Rohwer 2012; de Goeij et 

al. 2013; Mueller et al. 2014b), the environmental factors that drive DOC release by primary 

producers are less well understood. 

Light availability is generally considered to have a strong positive effect on DOC release by 

aquatic primary producers (e.g., Mague et al. 1980; Verity 1981; Haas et al. 2010b; Cherrier et 

al. 2014). Positive DOC release-light relationships have been observed in reef algae in 

controlled incubation experiments (Haas et al. 2010b; Mueller et al. 2014a). For example, the 

DOC release of the reef alga Dictyota menstrualis was reduced by 55% at light intensities 

between 30 and 80 µmol photons m-2 s-1 compared to 200-400 µmol photons m-2 s-1 and became 

0 in the dark (Mueller et al. 2014a). Similar positive relationships with light have been reported 

from in situ incubations of macroalgal communities (Barron et al. 2014 and references therein) 

and by measuring DOC concentrations in close proximity to benthic algae in situ (Mueller et 

al. 2014a). Furthermore, observed differences in average DOC concentrations between May 

(high light availability) and November (minimum annual light availability) on Curaçaoan reefs 

have been linked to seasonal differences in light availability (Mueller et al. 2014a). However, 

whether the occurrence of elevated DOC concentrations near reef algae and changes in these 

concentrations with depth and during the day can be related to the availability of light or if other 

factors determine DOC concentration gradients is currently unknown. We investigated if the 

occurrence of elevated DOC concentration in close proximity to the common reef alga Dictyota 

sp. follows a natural light gradient from 5 to 20 m depth. Furthermore, we described the diurnal 

change in DOC concentrations near Dictyota sp. and explored whether it is driven by light 

availability (and thus DOC release). 
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Materials and methods 

Study area 

This study was conducted at Snake Bay (12° 8’ N, 68° 59’ W) on the leeward coast of the Island 

of Curaçao in the Southern Caribbean. The site consists of an approximately 100 m wide sandy 

reef terrace with patchy coral communities. The reef terrace gradually slopes towards a drop-

off that starts around 10 m depth. The reef then slopes down under a steep angle (>45°; Van 

Duyl 1985) and is characterized by a structurally complex reef topography and high coral cover 

(>30%; De Goeij and Mueller unpubl. data). The site is exposed and encounters an estimated 

wave height of 0.5-1.0 m (Van Duyl 1985). 

Occurrence of elevated DOC concentrations with changing light availability across depth 

To describe the occurrence of elevated DOC concentrations along a natural light gradient across 

depth, water samples were taken in situ in close proximity (<5 mm) to the common reef alga 

Dictyota sp. and the water column. Sampling took place on July 24th, 2012 between 12:00 hrs 

and 13:00 hrs at 5 (reef flat), 10 (drop-off) and 20 m depth (fore reef slope) (all n = 5). The 

water column 2 m off the reef bottom was also sampled (n = 5) at the same depths and used to 

indicate background DOC concentrations (i.e., those not directly affected by DOC release of 

benthic organisms). Sampling started at 20 m depth and 10 and 5 m were sampled 

consecutively. Per depth approx. 10 min were spent to collect all samples. The sampling 

procedure described by van Duyl and Gast (2001) and modified by Mueller et al. (2014a) was 

followed. In short, water samples were collected using 100 ml acid-washed, polypropylene 

syringes equipped with a flexible silicon tube attached to their tips. The tube was moved slowly 

above the surface of Dictyota sp. while collecting water. The water column was sampled with 

a similar syringe. All water samples were collected facing the water current to avoid potential 

contamination related to the diver’s presence. Ambient light intensity (PAR) was recorded 

simultaneously while sampling (approx. 10 min; sampling intervals 1 min) using a light meter 

in a custom-made underwater housing (cosine LI-192SSA underwater quantum sensor 

connected to LI-1000 data logger; range: PAR 400-700). Water samples were transported 

(<30min) to the lab and stored at 4°C until they were processed later that same day. 

Diurnal change of DOC concentrations and light availability during the course of a day 

To investigate whether DOC concentrations change near Dictyota sp. during the course of a day 

and whether this change can be related to light availability, water samples (n = 5) were taken at 

9:00, 12:00, 15:00 and 18:00 hrs on May 25th, 2013 in close proximity to the reef alga Dictyota 
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sp. and the water column at 11 m as described above. Ambient light availability (PAR) at the 

sampling location was recorded at 1 min intervals between 5:00 and 20:00 hrs with a light meter 

in a custom-made underwater housing (described above). 

Processing of DOC samples 

Water samples collected in the experiments were filtered (<20 kPa Hg suction pressure) over a 

0.2 μm polycarbonate filter (Whatman, 25 mm). Prior to filtration, filters, glassware and pipette 

tips were rinsed three times with acid (10 mL 0.4 M HCl) and twice with sample water (10 mL). 

Afterwards 20 mL of sample water was filtered and the filtrate containing DOC was transferred 

to pre-combusted (4 h at 450°C) Epa vials (40 mL). Samples were acidified with 6–7 drops of 

concentrated HCl (38%) to remove inorganic C and stored at 4°C until analysis. DOC 

concentrations were measured using the high-temperature catalytic oxidation (HTCO) 

technique in a total organic C analyzer (TOC-VCPN; Shimadzu). The instrument was calibrated 

with a standard addition curve of Potassium Phthalate (0; 25; 50; 100; 200 µmol C L-1). 

Consensus Reference Materials (CRM) provided by DA Hansell and W Chen of the University 

of Miami (Batch 12; 2012; 41-44 µmol C L-1) were used as positive controls for our 

measurements. Concentrations measured for the batch gave average values (±SD) of 45±3 µmol 

C L-1. Average analytical variation of the instrument was <3% (5-7 injections per sample). 

Data analysis 

Differences in DOC concentrations at the substrate-water-interface of Dictyota sp. and the water 

column from 5, 10 and 20 m were tested using a Kruskal-Wallis test followed by a Mann-

Whitney U test in case of significant differences. Similarly, a Mann-Whitney U test was used 

to assess if DOC concentrations at the substrate-water-interface of Dictyota sp. at 9:00, 12:00, 

15:00 and 18:00 hrs were elevated compared to those in the water column. Furthermore, a 

generalized additive model (GAM) was calculated to determine whether the diurnal change in 

DOC concentration in close proximity to Dictyota sp. compared to that of the background 

concentration in the water column can be related to changes in light availability. The relative 

difference between the DOC concentrations near Dictyota sp. and in the water column during 

the course of the day was calculated as ∆DOC = DOCDictyota – mean DOCwater. A constant of 

50 was added to the data to compensate for some negative values and the data were square root 

transformed to satisfy assumptions of the analysis. Thus, the tested model was (∆DOC + 50)0.5 = 

s (hour of the day) + ε, with s the GAM smoother and ε the errors, normally distributed with a 

mean of zero and a variance σ2. 
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Results 

Occurrence of elevated DOC concentrations with changing light availability across depth 

In situ DOC concentration in close proximity to Dictyota sp. differed significantly across depths 

(Kruskal-Wallis p=0.01) (Fig. 3.1). The distribution of the data from 10 m was different from 

that at 5 (Mann-Whitney p=0.02) and 20 m (Mann-Whitney p=0.01). Estimated mean DOC 

concentration at 10 m was 107±5 (±SD) µmol L-1 and 20 and 25 µmol L-1 higher compared to 

5 and 20 m, respectively. No differences in DOC concentrations among depths were observed 

in the water column (Kruskal-Wallis p=0.62). At 10 m depth (light intensity: 702±79 µmol 

photons m-2 s-1) the distribution of the data from Dictyota sp. differed from that of the water 

column (Mann-Whitney p=0.02), with estimated mean DOC concentrations near Dictyota sp. 

being elevated by 15 µmol L-1 compared to background concentrations. In contrast, the 

distribution of the data at 5 m (Mann-Whitney p=0.81) (light intensity: 1214±285 µmol photons 

m-2 s-1) and 20 m depth (Mann-Whitney p=0.35) (light intensity: 374±71 µmol photons m-2 s-1) 

did not differ between Dictyota sp. and in the water column. 

 

 

 

Fig. 3.1 Mean in situ DOC concentrations (n=5) measured in the water column (2 m off the reef slope; light 

grey) and at the substrate-water interface of the benthic algae Dictyota sp. (dark grey) at 5, 10 and 20 m 

depth (24th July). Error bars indicate SE. Concentrations with the same letter are not significantly different 

at α = 0.05. Measured in situ light intensity (mean±SD) during the sampling is given in μmol photons m-2 s-

1. 
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Diurnal change of DOC concentrations and light availability during the course of a day 

Mean DOC concentrations at the substrate-water interface of Dictyota sp. appeared to increase 

during the course of the day (Fig. 3.2A). However, due to large variations in DOC 

concentrations no significant change could be assessed. Neither was the pairwise comparison 

between mean DOC concentration at the substrate-water-interface of Dictyota sp. and 

background concentration in the water column significant at any of the time points (Mann-

Whitney, 9:00 hrs: p=0.75; 12:00 hrs: p=0.62; 15:00 hrs: p=0.08; 18:00 hrs: p=0.18). 

Nevertheless, the change in the relative difference in DOC concentrations between Dictyota sp. 

and the water column (ΔDOC) during the course of the experiment was significant according 

to the GAM applied (p = 0.02). A linear model fitted the data best, although a non-linear model 

explained more of the total variance (35 versus 28%). The latter was however not chosen 

because the increase in explained variance did not outweigh the loss in degrees of freedom when 

using a non-linear fit. Thus, a normal linear regression analysis was performed on the square 

root transformed difference values, ∆DOC. It shows that the relationship of ∆DOC with time is 

significantly positive, i.e., ∆DOC increased during the course of the experiment (Fig. 3.2B). 

 

 

 

Fig. 3.2 A Diurnal change in mean DOC concentrations (n=5) at the substrate-water interface of the benthic 

alga Dictyota sp. (dark grey) compared to the water column (light grey; 2 m off the reef slope) at 11 m depth 

(25th May). Error bars indicate 95% confidence limits. Dashed line represents the average in situ light 

intensity determined with a generalized linear model (GLM) in μmol photons m-2 s-1(secondary y-axis). B 

Change in the difference between DOC concentrations (ΔDOC = DOCDictyota – mean DOCwater) during the 

course of the experiment. Black line indicates estimated regression line. Dashed lines represent 95% 

confidence limits. All values are backtransformed. 
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This continuous increase is in contrast to the concomitant parabola-like change in average light 

availability (Fig. 3.3). Average light availability increased steeply from 154±31 µmol photons 

m-2 s-1 at 9:00 hrs to a maximum of 637±133 µmol photons m-2 s-1 around 13:00 hrs, from where 

it decreased again. From 16:45 hrs onwards average light availability fell below 200 µmol 

photons m-2 s-1 and dropped to 27±7 µmol photons m-2 s-1 at the end of the experiment. Our 

results combined thus indicate that despite a lack of significantly elevated DOC concentrations 

near Dictyota sp., the relative difference in DOC concentrations between Dictyota sp. and the 

water column (∆DOC) increased during the experiment. 

Discussion 

In this study we investigated the occurrence of elevated DOC concentrations in close proximity 

to Dictyota sp. along a natural light gradient from 5 to 20 m depth and tested if variations in 

DOC concentrations near Dictyota sp. can be linked to differences in light availability. Elevated 

DOC concentrations near Dictyota sp. were only observed at 10 m, but not at 5 and 20 m depth. 

Moreover, DOC accumulated in the vicinity of Dictyota sp. relative to background 

concentrations in the course of the day. This indicates the important effect of light availability 

on diurnal variations in DOC concentrations and that light-driven DOC release exceeded DOC 

removal processes during the experiment. 

Elevated DOC concentrations in close proximity to benthic primary producers have been 

repeatedly observed on coral reefs (e.g., Van Duyl and Gast 2001; Hauri et al. 2010; Mueller et 

al. 2014a). These elevated concentrations occur when DOC release exceeds removal processes, 

such as water exchange, diffusion and consumption by heterotrophic organisms. Since light 

intensities ≥200-400 µmol photons m-2 s-1 are required for a substantial DOC release by 

Dictyota menstrualis (Mueller et al. 2014a), we expected based on our light measurements that 

DOC release by and elevated DOC concentrations near Dictyota sp. would occur across the 

whole depth gradient from 0 to 20 m. Furthermore, since light availability has a positive effect 

on the DOC release of aquatic primary producers (Fogg 1983; Zlotnik and Dubinsky 1989; 

Wood and Van Valen 1990), highest DOC concentrations near Dictyota sp. were expected at 5 

m depth. However, elevated DOC concentrations in close proximity to Dictyota sp. only 

occurred at an intermediate depth of 10 m around noon, but not in the shallows at 5 m and at 

deeper reef sections at 20 m (Fig. 3.1). The lack of elevated DOC concentrations could be 

explained by (1) insufficient DOC release, (2) high DOC removal or (3) a combination of both. 

Haas et al. (2010b) reported a positive correlation between light availability and DOC release 

for the benthic alga Caulerpa sp. until a maximum light intensity was reached. At these light 
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intensities DOC release rates steeply decreased to levels comparable to those in the dark. They 

explained this decrease with the onset of photoinhibition at a species-specific light intensity, 

which is a common phenomenon in aquatic plants (Henley et al. 1992; Hanelt et al. 1993). 

Rapid light curves (Ralph and Gademann 2005) for D. menstrualis (5 m depth) and Dictyota 

pulchella (20 m depth) measured on Curaçao (Den Haan 2015) indicate that photoinhibition 

cannot be expected to occur within the tested light range of 0-750 µmol photons m-2 s-1. This 

suggests that photoinhibition did not play a role at 10 and 20 m depth at light intensities of 

702±79 and 374±71 µmol photons m-2 s-1, respectively. However, at 5 m depth the light 

intensity exceeded the maximum light intensity tested by Den Haan (2015) by >450 µmol 

photons m-2 s-1. A comparatively high light availability of 1214±285 µmol photons m-2 s-1 could 

have therefore caused photoinhibition in Dictyota sp. and thereby reduced its DOC release rate. 

Moreover, water movement decreases exponentially as a function of depth (Shashar et al. 1996) 

and significantly higher rates are reported at 5 compared to 10 or 20 m depth on the reef slope 

of Curaçao (Vermeij and Bak 2003). Thus, a reduced DOC release rate of Dictyota sp. due to 

photoinhibition, high water exchange and dilution rates due to water movement, or a 

combination of all factors could explain the lack of elevated DOC concentrations at 5 m depth. 

It can be further assumed that water exchange and dilution at 10 m were higher than at 20 m, 

i.e., a higher DOC release rate was necessary to result in elevated DOC concentrations at 10 m. 

Yet, despite higher water exchange and dilution, elevated DOC concentrations near Dictyota 

sp. were only found at 10, but not at 20 m. This suggests that DOC release rates were higher at 

10 m than at 20 m, which is in line with the aforementioned positive relation between light 

availability and DOC release. While significant differences in the mean DOC concentrations in 

close proximity of Dictyota sp. were observed between the sampled depths, these concentration 

differences were not reflected in the reef overlying water at the respective depths. The absence 

of significant differences in DOC concentrations across the water column was also observed in 

other studies (Torréton et al. 1997; Nelson et al. 2011). It indicates that DOC released by benthic 

primary producers is either quickly taken up by DOC feeding organisms (i.e., heterotrophic 

bacteria and reef sponges) and/or mixed and diluted throughout the reef overlying water 

column. 

Diurnal change of DOC concentrations and light availability during the course of a day 

On May 25, 2013 DOC concentrations in close proximity to Dictyota sp. increased during the 

course of the experiment relative to background concentrations in the water column (ΔDOC) 

(Fig. 3.2B). This further supports the assumption that reef-derived benthic DOC production, 
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rather than pelagic DOC production in the reef overlying water and/or the surrounding ocean, 

fuels the DOC pool on Curaçaoan coral reefs (Van Duyl and Gast 2001; van Duyl et al. 2011; 

Brocke et al. 2015). The diurnal light availability follows a parabola-like pattern with highest 

light availabilities just after midday (Fig. 3.3). According to Mueller et al. (2014a) light 

intensities of at least 200-400 µmol photons m-2 s-1 are necessary for a substantial DOC release 

of D. menstrualis. Consequently, light availability can be considered to have been sufficient to 

sustain a substantial DOC release by Dictyota sp. from 9:30 to 16:45 hrs, with highest release 

rates between 12:00 and 14:00 hrs. It is unlikely that photoinhibition caused a deviation from 

the expected light-related pattern in DOC concentrations around midday. Aforementioned rapid 

light curves suggest that photoinhibition in Dictyota sp, which is purported to reduce its DOC 

release rate, is not expected to set in before exceeding a light intensity of 750 µmol photons m-

2 s-1. On May 25, 2013 average light intensities remained below this value at 11 m depth (Fig. 

3.33). 

 

 

 

Fig. 3.3 Diurnal light curve between 5:00 and 20:00 hrs recorded on May 25th, 2013 at 11 m depth. Dashed 

line represents the average light intensity determined with a generalized linear model (GLM). 
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The continuation of the relative increase in ΔDOC till 18:00 hrs, despite light intensities below 

200 µmol photons m-2 s-1, can be explained by a lag period of 1-2 hours before DOC release 

ceases at insufficient light levels (Marañón et al. 2004) and/or a decrease in water movement. 

Wave-induced water exchange and water movement might have affected DOC concentrations 

near Dictyota sp. and thereby the relative difference ΔDOC. Wave action with wave heights of 

up to 1 m at our study site (Van Duyl 1985) still contribute to water movement at 11 m depth 

(Wolanski 1987; Hammer and Wolanski 1988). In the afternoon on May 25, 2013 wave height 

decreased considerably along the coast (http://www.windguru.cz; pers. obs. B. Mueller). 

Concomitantly, the degree of variation (i.e., coefficient of variance) of the average DOC 

concentration in the water column decreased from 41 and 39% in the morning (9:00 and 12:00 

hrs, respectively) to 18 and 17% in the afternoon (15:00 and 18:00 hrs, respectively). This 

suggests that wave-induced water exchange also decreased during the course of the experiment. 

Reduced water exchange and thereby a reduced transport of reef-derived DOC from the bottom 

to the overlying water column could thus, at least partly, explain the drop in DOC concentration 

in the water column and the simultaneous increase in DOC concentrations in close proximity 

to Dictyota sp. after midday. However, we expect that ΔDOC eventually decreased, when it 

became dark after 18:00 hrs. DOC release of reef algae ceases or becomes negligible in the dark 

(Mueller et al. 2014a). Enhanced DOC concentrations still present in close proximity to 

Dictyota sp. will disappear in the course of the night due to water mixing and consumption. 

Consequently, DOC concentrations near Dictyota sp. will drop and equalize with concentrations 

in the water column. 

In conclusion, depth-related variations of in situ DOC concentrations as well as the increase in 

the relative difference between DOC concentrations in close proximity of Dictyota sp. and the 

water column (∆ DOC) in the course of the day are well explained by differences in light 

availability and its effect on DOC release. Photoinhibition is likely to have occurred in Dictyota 

sp. at 5 m depth, when light intensities exceeded 1200 µmol photons m-2 s-1 during midday. The 

increase in ∆DOC during the experiment indicates that DOC removal processes were 

insufficient to completely eliminate concentration gradients at 11 m depth. 
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Chapter IV 
Effect of light and nutrient availability on the dissolved organic carbon 
(DOC) release of Caribbean turf algae 
 

This chapter is based on: 

Mueller B, den Haan J, Visser PM, Vermeij MJA, van Duyl FC (submitted to Scientific 

Reports) Effect of light and nutrient availability on the dissolved organic carbon (DOC) release 

of Caribbean turf algae. 

 

Abstract 

Turf algae increasingly dominate benthic communities on coral reefs. Given their high 

abundances and dissolved organic carbon (DOC) release rates, turf algae are considered to 

contribute significantly to the local DOC pool. The release of photosynthetically fixed carbon 

as DOC is generally considered to depend on light availability. However, while most studies 

reported a positive relation between light and DOC release, others did not find such a relation. 

Nutrient availability was suggested as an explanation for this discrepancy. To address this 

proposed but untested hypothesis, we documented the interactive effects of light and nutrient 

availability on the DOC release of turf algae. DOC release rates and oxygen production were 

determined with incubation experiments at two light levels (full and reduced light) and two 

nutrient treatments (natural seawater and enriched seawater). In natural seawater DOC release 

at full light was four times higher than at reduced light. When nutrients were added, DOC 

release rates at both light levels were comparable to the natural seawater treatment at full light. 

Our results therefore show that low light in combination with low nutrient availability reduces 

the release of DOC by turf algae and that light and nutrient availability simultaneously and 

interactively affected this release. 

Introduction 

The concentration and composition of waterborne DOC plays an important role in the 

functioning of coral reef ecosystems (e.g., Wild et al. 2008; Rohwer and Youle 2010; Barott 

and Rohwer 2012; De Goeij et al. 2013, Mueller et al. 2014b). The DOC pool on coral reefs is 

mainly fueled by benthic primary producers (i.e., benthic algae, benthic cyanobacterial mats 

and scleractinian corals) (Torréton et al. 1997; Van Duyl and Gast 2001; Haas et al. 2011; Haas 



 
49 Chapter IV 

et al. 2013b; Brocke et al. 2015), which release a substantial part of their photosynthetically 

fixed carbon as DOC into the water column (Haas et al. 2010a,b). Benthic algae generally 

release more DOC per surface area than corals (e.g., Haas et al. 2010a; Haas et al. 2011; Haas 

et al. 2013b) and algal DOC can promote the growth and respiration of opportunistic microbes 

(Gregg et al. 2013; Haas et al. 2013a; Haas et al. 2013b; Nelson et al. 2013) and negatively 

influences the outcome of coral-algal interactions (Smith et al. 2006; Barott and Rohwer 2012; 

Barott et al. 2012). The global increase of benthic algae at the expense of scleractinian corals 

(e.g., Hughes 1994; McCook et al. 2001; Kennedy et al. 2013) thus likely has major implications 

for the DOC dynamics and the functioning of coral reefs (Wild et al. 2008; Haas et al. 2011; De 

Goeij et al. 2013; Haas et al. 2013b). 

Of all benthic algal groups, the abundance of turf algae has increased most dramatically in 

recent decades and turf algae presently represent the most dominant benthic component on 

many coral reefs around the world (Kramer 2003; Barott et al. 2009; Vermeij et al. 2010; Barott 

et al. 2012; Wangpraseurt et al. 2012). Turf algae are multi-species assemblages of Chlorophyta, 

Phaeophyta and Rhodophyta intermixed with filamentous cyanobacteria with a maximum 

height of approximately 1 cm (Steneck and Dethier 1994; Fricke et al. 2011). They exhibit fast 

growth rates (Littler et al. 2006), rapidly take up nutrients (Den Haan 2015) and are capable of 

nitrogen fixation due to their associated cyanobacteria (Charpy et al. 2006, Den Haan et al 

2014). Moreover, their morphological simplicity, low investment in non-photosynthetic tissue 

and high surface to volume ratio are considered to be characteristics that facilitate the exchange 

of metabolic products (e.g., DOC) between these algal communities and their environment 

(Littler and Littler 1984). Due to these traits turf algae are among the most productive benthic 

primary producers on coral reefs (Adey and Goertemiller 1987; Hatcher 1988) and contribute 

significantly to the local DOC pool due to their high abundance and high DOC release reates 

(Haas et al. 2011; Haas et al. 2013b, Brocke et al. 2015). 

Light (e.g., Brylinsky 1977; Fogg 1983; Cherrier et al. 2014) and nutrient availability (Fogg 

1983; Wood and Van Valen 1990) influence DOC release rates of aquatic primary producers. 

Potential interactive effects among these factors are less often considered and could explain the 

sometimes contradicting conclusions of these studies. For example, many authors have reported 

on the positive effect of light availability on DOC release (Fogg 1983; Zlotnik and Dubinsky 

1989; Wood and Van Valen 1990; Mueller et al. 2014a), whereby carbon fixation is believed 

to outpaces cell growth, particularly under nutrient limited conditions (e.g., Fogg 1983; Wood 

and Van Valen 1990; Cherrier et al. 2014). Other authors were unable to confirm such a positive 

relationship between DOC release and light availability (e.g., Bjørnsen 1988; Marañón et al. 
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2004; Marañón et al. 2005) and instead hypothesized that DOC passively diffuses through the 

cell membrane, independent of light availability. Such contrasting observations are certainly 

not mutually exclusive (Carlson 2002; Borchard and Engel 2015) and actual DOC release rates 

may depend on more than one environmental condition (e.g., light and nutrient availability). 

Light availability combined with increased nutrient availability due to eutrophication (e.g., 

Nyström et al. 2000; Fabricius 2005) could individually and synergistically affect the rate of 

DOC release and the underlying release mechanisms following a light-dependent and/or light-

independent pathway as described by Carlson (2002). The purpose of this study was to 

determine if DOC release rates of turf algae depend on (1) light availability and/or (2) nutrient 

availability and (3) in case both factors are important, whether their contribution is interactive 

or additive. 

Materials and methods 

Experimental set up 

The study was conducted in May 2012 on Curaçao, an island in the Southern Caribbean, 65 

kilometers north of Venezuela. Fringing reefs run along its entire leeward coast (Van Duyl 

1985). Following the protocol of Den Haan et al. (2014), turf algae were grown on the exterior 

of 0.5 L polyethylene (PET) bottles that were placed inside a 1 m3 chicken-wire cage (mesh 

size: 2.5 cm) to minimize grazing by larger herbivorous fish. The cage was deployed on the fore 

reef slope at 10 m depth at the site ‘Buoy 0’ (12˚12’35” N, 68˚97’10”), which is located 500 m 

downstream of the outlet of the eutrophied Piscadera Bay. The benthic community at this site 

was dominated by macroalgae, turf algae and benthic cyanobacteria and hard coral cover is only 

10% (Den Haan et al. 2013). After 6 weeks, turf communities, representative of those growing 

on the reef bottom, had developed onto the bottles (Fricke et al. 2011; Den Haan et al. 2014). 

Bottles covered with turf algae were collected 24 h prior to the experiment. First, the bottom 

and top part of the bottles were cut off and the resulting open cylinders (height = 8 cm, surface 

area = 282.4±1.1 cm2 [mean±SE]) were allowed to recover and acclimatize in flow-through 

seawater aquaria (27-29°C) for at least 24 h. During this acclimatization period, light conditions 

were on average ~100 µmol photons m-2 s-1 during the daytime as measured with a Hydrolab 

DS5 (OTT Messtechnik GmbH & Co., Kempten, Germany; sampling interval 30s) (Den Haan 

et al. 2014). Remaining bottles were scraped off to serve as controls (PET without turf algae) 

during the experiments. 
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Turf algae were then incubated in transparent Plexiglas incubators (1.0 L) with an opaque 

bottom and lid. The lid had a removable (Ø 5 cm) PVC plug to allow water sampling and a 

magnetic stirrer to ensure mixing throughout the experiment. Prior to the experiments, 

incubators were acid-washed (0.4 M HCl) and rinsed twice with filtered treatment water (0.22 

μm Whatman Cellulose acetate membrane filter) to remove phytoplankton and microbes that 

could release or consume DOC. Incubators were subsequently filled with 1.0 L of filtered 

treatment water and open cylinders containing turf algae (n = 4 per treatment) and control 

cylinders (n = 1 per treatment) were introduced. Two nutrient treatments were used: (1) natural 

seawater and (2) nutrient enriched seawater. Enriched seawater was prepared 1 h prior to the 

experiments by adding nutrients in the form of NH4Cl, NaNO3 and KH2PO4 (Sigma Aldrich) 

to filtered seawater (table 4.1). 

 

Table 4.1 Mean light intensities (µmol photons m-2 s-1)(±SD) between 1000 hrs and 1600 hrs and mean (±SD) 

initial (t0) and final (tend) pH and nutrient concentrations (µmol L-1) for the 4 treatment combinations. 

  Natural seawater 

& reduced light 

Natural seawater 

& full light 

Enriched seawater & 

reduced light 

Enriched seawater 

& full light 

Date  30.5.2012 30.5.2012 23.5.2012 24.5.2012 

light  109±44 622±249 86±48 585±270 

pH t0 7.72±0.15 7.53±0.20 7.76±0.18 7.76±0.15 

 tend 8.50±0.04 8.59±0.13 8.31±0.13 8.59±0.21 

PO4
3- t0 0.019±0.016 0.101±0.010 11.341±0.850 9.163±1.517 

 tend 0.015±0.018 0.090±0.122 5.249±1.304 6.071±0.600 

NH4
+ t0 2.831±2.607 1.977±1.309 69.029±36.556 61.099±32.825 

 tend 7.595±4.954 13.415±14.147 45.705±14.025 57.633±6.979 

NO2
- t0 0.129±0.036 0.139±0.004 0.240±0.059 0.271±0.170 

 tend 0.398±0.317 0.491±0.378 0.297±0.102 0.196±0.025 

NO3
- t0 0.434±0.086 0.584±0.197 3.620±1.781 3.527±1.767 

 tend 0.413±0.343 1.454±2.199 3.278±0.547 3.751±0.411 

 

 

Resulting nutrient concentrations (23 times dissolved inorganic nitrogen and 171 times PO4
3- 

concentration compared to those of the natural seawater treatment) were not intended to mirror 
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naturally occurring concentrations, but rather to create nutrient replete conditions during the 

course of the incubations. The incubators were placed in a flow through seawater system to 

keep them at temperatures similar to those on the reef (27-29 ºC). During the 6 h experiments 

(all conducted between 1000 hrs and 1600 hrs), incubators were exposed to two light treatments: 

(1) “full light” and (2) “reduced light”. In the “full light” treatment, incubators were placed in 

full sunlight resulting in an average light intensity of 631±52 µmol photons m-2 s-1 (±SD). In 

the “reduced light” treatment incubators were wrapped in shading foil reducing the light 

intensity inside the incubators by 83% to 105±18 µmol photons m-2 s-1 (table 4.1). 

At the beginning and end of the 6 h incubation, a water sample (60 mL) was taken from each 

incubator for DOC analysis using a polypropylene syringe (100 mL) that was acid-washed and 

rinsed with filtered treatment water beforehand. Samples were immediately placed in the dark 

and processed within 60 minutes after sampling. Additional water samples were taken at the 

beginning of the experiment to determine the initial nutrient concentrations in each incubator 

using a 50 mL Terumo syringe. Water samples were immediately filtered using 0.22 µm 

Acrodisc filters and stored in 6 mL polyethylene vials (PerkinElmer, MA, USA) at -20°C until 

further analysis. Oxygen concentrations in each incubator were measured at hourly intervals 

during the duration of the experiment using an oxygen optode (PreSens Fibox 3). Oxygen 

production was then determined to serve as a proxy for carbon fixation and to be able express 

DOC release as percentage of primary production. PH was measured at the beginning and the 

end of the experiment with a pH meter (WTW pH 330). The variability in the amount of light 

entering the incubation chambers during the experiment was quantified using a Hydrolab DS5 

(OTT Messtechnik GmbH & Co., Kempten, Germany; sampling interval 30s) that was standing 

in the direct vicinity of the incubators. Obtained light values by the Hydrolab were transformed 

to light values that would have occurred inside the incubators using a pre-determined 

conversion factor. This conversion factor was obtained by measuring the light intensity inside 

and outside of the incubators, with and without shading foil, using a light meter (cosine LI-

192SSA underwater quantum sensor connected to LI-1000 data logger; range: PAR 400-700). 

The two light and nutrient treatments were combined in a factorial sampling design and two 

treatment combinations were simultaneously run per day, in which we ensured that abiotic 

variables were comparable amongst sampling days (see table 4.1). After the experiment, turf 

algae were scraped of each open cylinder to determine their dry weight (DW). Samples were 

rinsed with distilled water, oven-dried to constant weight in pre-weighed aluminum cups (>72 

h at 60°C) and weighed (accuracy 0.001 g). The mean DW of turf algae per cylinder was 

0.396±0.149 g (±SD). 
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DOC and nutrient analyses 

DOC samples were filtered (<20 kPa Hg suction pressure) over a 0.2 μm polycarbonate filter 

(Whatman, 25 mm). Prior to filtration, filters, glassware and pipette tips were rinsed three times 

with acid (10 mL 0.4 M HCl) and twice with sample water (10 mL). Afterwards, 20 mL of 

sample water was filtered and the filtrate that contained DOC was transferred to pre-combusted 

(4 h at 450°C) Epa vials (40 mL). Samples were acidified with 6–7 drops of concentrated HCl 

(38%) to remove inorganic C and stored at 4°C until analysis. DOC concentrations were 

measured using the high-temperature catalytic oxidation (HTCO) technique in a total organic 

C analyzer (TOC-VCPN; Shimadzu). The instrument was calibrated with a standard addition 

curve of Potassium Phthalate (0; 25; 50; 100; 200 µmol C L-1). Consensus Reference Materials 

(CRM) provided by DA Hansell and W Chen of the University of Miami (Batch 12; 2012; 41-

44 µmol C L-1) were used as positive controls for our measurements. Concentrations measured 

for the batch gave average values (±SD) of 42±6 µmol C L-1. Average analytical variation of 

the instrument was <3% (5-7 injections per sample). Concentrations of NO3
- (Grasshoff et al. 

1983), NH4
+ (Helder and De Vries 1979) and PO4

3- (Murphy and Riley 1962) were analyzed 

using continuous flow analysis in a Quatro auto-analyzer (Seal Analytical, UK). 

Data analysis 

DOC release and oxygen production rate were calculated as the change in their concentration 

through time. This change was solely based on the difference between initial and final 

concentration in case of DOC release (Appendix 3. Figure IV.1), whereas for oxygen production 

it was based on a linear regression including intermediate time points (Appendix 4. Figure 

IV.2). The change of the respective control was subtracted and each rate was normalized to turf 

algal biomass (DW) (Haas et al. 2010b, Naumann et al. 2010, Haas et al. 2011). Assumptions 

of heterogeneity and normality were met (Zuur et al. 2010). Differences in initial O2 and DOC 

concentrations between the treatment combinations were tested using one-way ANOVA 

followed by Tukey’s HSD post-hoc tests. A two-way ANOVA was used to assess whether the 

DOC release rates of turf algae differed among experimental treatments. All analyses were 

performed using software package SPSS 20 (IBM Corp., Armonk, NY, USA). 

Results 

In natural seawater, DOC release rates were four times higher at full light than at reduced light 

(Fig. 4.1A). In enriched seawater, DOC release rates at both light intensities were similar 

irrespective of light availability, and in the same range as the DOC release at full light in the 

natural seawater treatment. A positive relation between DOC release and light availability was 
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only observed in the natural seawater treatment, i.e., dependent on local nutrient availability 

(Table 4.2A). 

 

 

 

Fig. 4.1 (A) DOC release (mean+SD) and (B) oxygen production of turf algae for the natural and the 

enriched seawater treatment under reduced (dark grey) and full light conditions (light grey). In both panels 

n=4 per treatment combination. Treatment combinations with the same letter are not significantly different 

at α=0.05. 
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Initial DOC concentrations in the incubators with turf algae and controls were 98±6 µmol C L-

1 (mean±SD) except for the enriched seawater treatment at full light, where the control was 

elevated by 28 µmol C L-1 (Tukey HSD, p<0.05). Changes in DOC concentrations over time 

ranged between -5 and 12% in the controls, whereas the changes in the incubators with turf 

algae ranged between 19-65% (Appendix 3. Figure IV.1). 

Light and nutrient availability also had a strong effect on oxygen production by turf algae (Table 

4.2A). Net oxygen production at full light was twice as high as at reduced light in the natural 

seawater treatment (Fig. 4.1B). In contrast to DOC release, oxygen production also differed 

between light treatments when nutrients were added. In nutrient replete treatments net oxygen 

production at full light was 3.5 times higher than at reduced light. Despite comparable light 

availability, net oxygen production under enriched conditions was 59 and 55 µmol O2 g-1 h-

1 lower in the full and reduced light treatment, respectively, compared to the natural seawater 

treatments (Fig. 4.1B). The initial oxygen concentration in the incubators with turf algae and in 

controls was 242±16 µmol O2 L-1 (mean±SD), except for the enriched seawater treatment at 

reduced light, which was 23 µmol O2 L-1 lower (Tukey HSD, p<0.05). Changes in oxygen 

concentrations over time ranged between -5 and 11% in the controls, whereas the change in the 

incubators with turf algae ranged between 118 and 205% (Appendix 4. Figure IV.2). The only 

exception was the enriched seawater treatment at reduced light, where the oxygen concentration 

in the control changed by 45%, compared to the incubators with turf algae in which 

concentrations changed by 66-74%. Net oxygen production rate of the enriched seawater 

treatment at reduced light should therefore be considered with caution. 

 

Table 4.2 Results of a two-way ANOVA for the effect of light intensity and nutrient concentration on (A) 
DOC release and (B) oxygen production of turf algae. 

Factor df F P 

A DOC release 

Light 1 3.07 0.107 

Nutrients 1 11.05 0.007 

Light × nutrients 1 15.39 0.002 

B Oxygen production 

Light 1 26.17 <0.001 

Nutrients 1 11.20 0.006 

Light  × nutrients 1 0.70 0.418 
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In the natural seawater treatments PO4
3- concentrations decreased by 23 and 11% during the 

course of the incubations at reduced and full light, respectively (table 4.1). In contrast, dissolved 

inorganic nitrogen concentrations (DIN: NH4
+ + NO2

- + NO3
-) increased by 168 and 579%, 

respectively, indicating nitrogen fixation by associated cyanobacteria. In the enriched seawater 

treatment at reduced light PO4
3- and DIN concentrations decreased by 54 and 45%, respectively, 

during the incubations. At full light PO4
3- and DIN concentrations only decreased by 34 and 

23%, respectively. At the end of the enriched seawater incubations PO4
3- and DIN concentration 

were on average still 18 and 94 times higher than the initial concentrations in the natural 

seawater treatment, which suggests that both PO4
3- and DIN and remained replete throughout 

the experiment. As a result of photosynthesis pH increased in the incubators by 0.55-1.07 units 

during the course of the experiments (table 4.1). These changes are comparable to those 

experienced by benthic reef organisms on coral reefs over a diurnal cycle (e.g., Anthony et al. 

2011, Kleypas et al. 2011). 

Discussion 

In this study we demonstrate that DOC release by turf algae increases with increasing light 

availability under naturally occurring nutrient concentrations. Addition of nutrients resulted in 

the disappearance of the positive relationship with light availability and under nutrient replete 

treatments DOC release became similar as in the reduced light and natural seawater treatment 

(Fig. 4.1A). Our results therefore indicate that the release of DOC by turf algae can 

simultaneously and interactively be affected by light and nutrient availability. 

Reported DOC release rates of turf algae vary widely between 0.52 and 5.53 mmol C m-2 h-1 

(Brocke et al. 2015 and references therein). When expressing our release rates per surface area, 

they range between 0.07 (natural seawater at reduced light) and 0.32 mmol C m-2 h-1 (enriched 

seawater at reduced light) and are therefore lower than those reported in aforementioned studies. 

However, when our DOC release rates are normalized to DW (6.0 and 21.2 µmol C g-1 h-1 of 

the natural seawater treatment with reduced and full light, respectively), they are comparable to 

the rates reported by Mueller et al. (2014a) from Curaçao (8.5 µmol C g-1 h-1). This may indicate 

that the turf algal biomasses per m2 in our experiments were lower than in other studies. 

The release of photosynthetically fixed carbon as DOC is related to the level of primary 

productivity (Zlotnik and Dubinsky 1989; Baines and Pace 1991; Cherrier et al. 2014). Thus, 

DOC release is commonly expressed independent of biomass or surface area, but as a 

percentage of primary production. Assuming a balanced molar ratio of carbon fixation to net 

oxygen production in our natural seawater treatments (1 mole C fixed equals 1 mole O2 
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released), 6 and 12% of the photosynthetically fixed carbon was released as DOC at reduced 

and full light, respectively. These percentages are in rough agreement with previous studies of 

coral reef benthic primary producers reporting values between 4 (Brylinsky 1977) and 51 % 

(Davies 1984).  

Net oxygen production increased with increasing light availability independent of nutrient 

conditions (Fig. 4.1B). However, in the enriched seawater treatments the net oxygen production 

of turf algae was lower than in the natural seawater treatments at comparable light intensities. 

Based on the dynamic energy budget (DEB) (Kooijman 2000), this difference in net oxygen 

release could be explained by increased respiration under nutrient replete conditions to provide 

energy for the enhanced synthesis of cell compounds (e.g., Baretta-Bekker et al. 1997). 

Moreover, the high addition of DIN in the enriched seawater treatment is likely to have caused 

an imbalance in the relative abundance of C and N within the turf algae (lowered the C:N ratio). 

To compensate, electrons could have been donated to oxygen forming oxygen radicals in the 

Mehler reaction (Helman et al. 2005). This so-called oxygen-photoreduction would thus result 

in a lower net oxygen production. Both mechanisms imply that in the enriched seawater 

treatments the DOC release expressed as a percentage of net oxygen production (reduced light: 

82 %; full light: 15 %) might be an overestimation and should therefore be considered with 

caution. 

Two contrasting pathways are proposed to explain the DOC release of aquatic primary 

producers: (1) A light-dependent pathway where DOC is actively released in an overflow 

mechanism (e.g., Fogg 1983; Wood and Van Valen 1990; Cherrier et al. 2014) and (2) a light-

independent pathway where DOC diffuses through the cell membrane along a concentration 

gradient (e.g., Bjørnsen 1988; Marañón et al. 2004; Marañón et al. 2005). Light-dependent and 

light-independent release of DOC by turf algae were both observed in our study, but under 

different nutrient conditions. Thus, our results support the hypothesis that the availability of 

nutrients determines which pathway dominates. Under natural nutrient conditions the DOC 

release of turf algae was four times higher at full light compared to reduced light (Fig. 4.1A), 

confirming the reports of light-dependent DOC release by benthic reef algae and sea grasses 

(Haas et al. 2010b; Barron et al. 2014; Mueller et al. 2014a and references therein). Under 

nutrient limited conditions fixed carbon is proposed to be predominantly synthesized into 

carbon-rich storage products (i.e., carbohydrates, polysaccharides), as the lack of nutrients 

confines the synthesis of other cell components. Eventually, the carbon-rich storage products 

are actively released as DOC in an overflow mechanism (Fogg 1956; Konopka and Schnur 
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1981; Wood and Van Valen 1990). Since the carbon fixation in photosynthates is directly 

related to light, the resulting DOC release is also suggested to follow a positive relationship 

with light (Mague et al. 1980; Verity 1981; Fogg 1983; Zlotnik and Dubinsky 1989). 

Furthermore, associated cyanobacteria, which represented approximately 20% of the turf algal 

communities (Williams and Carpenter 1997,1998, Fricke et al. 2011, Den Haan et al. 2014), are 

capable of nitrogen (N2) fixation (Charpy et al. 2012, Den Haan et al. 2014). In fact, an increase 

in DIN concentrations by 5 and 13 µmol L-1 in natural seawater at reduced and full light, 

respectively, suggests nitrogen fixation and a subsequent release of excess N during the course 

of the experiment. As nitrogen fixation is an energy-costly process which requires both ATP 

and reduction equivalents, less energy can be allocated for carbon fixation, particularly at 

reduced light. As a result less carbon will be released as DOC. While nitrogen fixation provided 

turf algae with a continuous supply of N, rapid uptake PO4
3- led to P depletion at the end of the 

natural seawater incubations (table 4.1). Light-dependent DOC release, as observed in the 

natural seawater treatments, may therefore be a result of P-limitation (e.g., Wyatt et al. 2014). 

Under nutrient replete conditions DOC release rates were similar irrespective of light 

availability (reduced vs full light) and were comparable to those at full light of the natural 

seawater treatment (Fig. 4.1A). DOC release rates that do not differ under different light 

intensities have been reported from mixed populations of phytoplankton in the open ocean and 

were explained by the so-called “passive diffusion” theory (e.g., Marañón et al. 2004; Marañón 

et al. 2005). According to this theory, low molecular weight (LMW) molecules are believed to 

constantly diffuse through the cell membrane as long as a concentration gradient exists 

(Bjørnsen 1988; Marañón et al. 2004). In the enriched seawater treatments DIN concentrations 

decreased at both reduced and full light (table 4.1). This may indicate that the uptake of N was 

the predominant source of N for turf algae under nutrient replete conditions, in contrast to 

nitrogen fixation in the natural seawater treatments. As less energy is invested in nitrogen 

fixation, potentially more photosynthates are produced and eventually released as DOC than in 

the natural seawater treatments at similar light. The higher net uptake of N at reduced light in 

the enriched seawater treatment may further indicate a lower contribution of nitrogen fixation 

to the N budget compared to full light. This could compensate for the lower carbon fixation due 

to a lower light available and thus, at least partly, explain similar DOC release rates at reduced 

and full light. High DOC release rates by turf algae at both light treatments under nutrient replete 

conditions that were similar to release rates under full light in natural seawater was unexpected. 

This observation might however be of particular interest in the face of climate change, where 

coral reefs are increasingly subjected to run-off from land that increases nutrient availability 
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and reduces the availability of light via suspended matter transport (e.g., Bryant et al. 1998; 

Fabricius 2005; Selman et al. 2008). Den Haan (2015) reported DIN and PO4
3- concentrations 

in run-off plumes coming out of the Piscadera Bay after heavy rainfall approaching those used 

in our enriched nutrient treatments. During such an event, DOC release rates of turf algae are 

therefore expected to remain high and constant, despite a reduction in light availability. 

With this study we provide evidence that light and nutrient availability simultaneously and 

interactively affected the release of DOC in turf algae. The nature of the light-nutrient 

interaction and its influence on underlying DOC release mechanisms, which were not addressed 

in this study, remain to be investigated. 
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Chapter V 
High dissolved organic carbon (DOC) release by benthic cyanobacterial 
mats in a Caribbean reef ecosystem 
 

This chapter is based on: 

Brocke HJ, Wenzhoefer F, de Beer D, Mueller B, van Duyl FC, Nugues MM (2015) High 

dissolved organic carbon release by benthic cyanobacterial mats in a Caribbean reef 

ecosystem. Scientific reports 5:8852. 

 

Abstract 

Benthic cyanobacterial mats (BCMs) are increasing in abundance on coral reefs worldwide. 

However, their impacts on biogeochemical cycling in the surrounding water and sediment are 

virtually unknown. By measuring chemical fluxes in benthic chambers placed over sediment 

covered by BCMs and sediment with BCMs removed on coral reefs in Curaçao, Southern 

Caribbean, we found that sediment covered by BCMs released 1.4 and 3.5 mmol C m-2 h-1 of 

dissolved organic carbon (DOC) during day and night, respectively. Conversely, sediment with 

BCMs removed took up DOC, with day and night uptake rates of 0.9 and 0.6 mmol C m-2 h-1. 

DOC release by BCMs was higher than reported rates for benthic algae (turf and macroalgae) 

and was estimated to represent 79% of the total DOC released over a 24h diel cycle at our study 

site. The high nocturnal release of DOC by BCMs is most likely the result of anaerobic 

metabolism and degradation processes, as shown by high respiration rates at the mat surface 

during nighttime. We conclude that BCMs are significant sources of DOC. Their increased 

abundance on coral reefs will lead to increased DOC release into the water column, which is 

likely to have negative implications for reef health. 

Introduction 

Cyanobacteria are a common benthic and planktonic component of coral reef ecosystems 

(Charpy et al. 2012). They are important contributors to primary production, nitrogen fixation 

and reef building (Hallock 2005; Charpy et al. 2012). In recent decades however, many coral 

reefs have experienced massive blooms of noxious benthic species forming dense mats over the 

seabed (Kuffner and Paul 2001; Albert et al. 2005; Paul et al. 2005; Dailer et al. 2012). These 
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benthic cyanobacterial mats (BCMs) inhibit coral settlement and recruitment, potentially 

limiting the ability of corals to recover from disturbances (Kuffner et al. 2006). Some 

cyanobacteria also act as coral pathogens (Carlton and Richardson 1995) and disturb coral reef-

associated microbial communities (Morrow et al. 2012). The blooms are difficult to control by 

grazers as these organisms produce potent allelochemicals that deter feeding (Nagle and Paul 

1998; Nagle and Paul 1999). They also appear to be facilitated by environmental conditions 

associated with anthropogenic impacts and global climate change, which are likely to become 

worse in the near future. Therefore, it is predicted that their abundance will increase in the 

coming decades (Hallock 2005; Paul 2008). Aquatic primary producers, such as cyanobacteria, 

release a substantial part of their photosynthetically fixed carbon as DOC into the water column 

(e.g., Khailov and Burlakova 1969; Bateson and Ward 1988; Jonkers et al. 2003; Mueller et al. 

2014a). Therefore, changes in the abundance of primary producers can alter the quantity and 

chemical composition of organic materials supplied to the reef environment and have long-term 

impacts on reef communities (Wild et al. 2011; Barott and Rohwer 2012; Haas et al. 2013b). 

For example, macroalgal exudates are thought to play a pivotal role in community shifts from 

coral to algal dominance occurring on many coral reefs worldwide (Barott and Rohwer 2012). 

Corals can retain organic materials by trapping particles from the water column, which are 

subsequently remineralized (Wild et al. 2004b) and they can release DOC (Nakajima et al. 2009; 

Naumann et al. 2010; Mueller et al. 2014a). However, benthic macroalgae release higher 

amounts of, and comparatively more neutral sugar rich, DOC than corals (Haas et al. 2013b; 

Nelson et al. 2013). Macroalgal exudates have been shown to induce microbe-induced coral 

mortality (Smith et al. 2006), foster faster growth of less diverse and more pathogenic microbes 

than coral exudates (Nelson et al. 2013) and favor net heterotrophic metabolism (Haas et al. 

2013b). Despite the increasing abundance of BCMs and the recent focus on biogeochemical 

cycling and microbial processes in coral ecosystems, hardly anything is known about the DOC 

release of BCMs and their impact on carbon cycling in coral reefs. BCMs release DOC as 

photosynthates (Bateson and Ward 1988) during the day and as products of anaerobic 

metabolism and degradation processes at night (Jonkers et al. 2003). Their exudates are thought 

to play an important role in controlling bacterioplankton activity in aquatic systems (Wang and 

Priscu 1994). However, most studies on carbon cycling in coral reefs have focused on 

planktonic cyanobacteria (Sakka et al. 2002). The goal of this study was to investigate the 

influence of BCMs covering large areas of coral reef sediment on the dissolved carbon flux in 

Curaçao, Southern Caribbean. We (1) determined DOC, dissolved inorganic carbon (DIC), 

oxygen and inorganic nutrient fluxes over diel cycles using benthic chambers placed over 
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sediment covered by BCMs and sediment with BCMs removed, (2) assessed the influence of 

BCMs on sedimentary carbon cycling by comparing the carbon budgets of both experimental 

treatments, and (3) estimated the contribution of BCMs to the DOC pool at the reef scale by 

assessing the cover of the major benthic components at our study site and their respective DOC 

release rates over a diel cycle using the results of this and other studies. Finally, the vertical 

distribution of oxygen was determined across the sediment-water interface with and without the 

presence of BCMs using microsensors to investigate photosynthetic and respiration processes. 

Methods 

Study site 

The experiments were performed between September and November 2011 at 7 to 8 m water 

depth on a fringing coral reef at Pest Bay on the leeward side of the island of Curaçao (Appendix 

5. Figure V.3; 12°09’894’’N 69°00’657’’W). At this depth, the reef consisted of coral heads 

separated by sand patches largely covered by brown-colored BCMs (Appendix 5. Figure V.3). 

The mats were primarily dominated by Oscillatoria bonnemaisonii, a common bloom-forming 

genus on coral reefs (Charpy et al. 2010). 

In situ benthic chamber experiment 

To investigate the exchange rates of O2, DIC, DOC and nutrients (PO4
3-, NO3

-, NO2
-, NH4

+) 

across the sediment-water interface, benthic chambers were deployed over three types of 

carbonate sediment: (1) sediment covered with BCMs (BCM treatment), (2) sediment initially 

covered with BCMs, but experimentally removed (CTRL 1 treatment), and (3) sediment 

without BCMs (CTRL 2 treatment). 

We used a modified version of the in situ benthic chamber used in Cook et al. (2007) and Huettel 

and Gust (1992). The benthic chambers consisted of an acrylic cylinder (Ø 190 mm) with a 

compensator bag for diver-operated time-series sample retrieval (Fig. 5.1b). The chambers were 

inserted into the sediment (10-15 cm) and sealed with a lid. Mixing of the overlying water was 

maintained by a rotating acrylic stirrer disc (10 cm diameter). The stirring speed of the disk was 

set to a "non-advective mode" at 20 rpm with a reversing rotational direction every 15 s to 

ensure mixing without creating a pressure gradient (Cook et al. 2007). The mixing process was 

validated by adding a tracer (ink) and following the color visually over time and space prior to 

the experiments. After addition of the tracer, the stirred chamber was entirely and 

homogeneously colored within two minutes. Each chamber enclosed a seafloor area of 284 cm2. 

BCMs covered ≥ 90 % of the surface area of the benthic chambers for the BCM and CTRL 1 
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(i.e., before experimental removal) treatments (Fig. 5.1b). The overlaying water column was 4–

6 liters (equivalent to chamber height of 10–15 cm). Incubations were performed day- (start: 

10:30 AM ± 30 mins) and night-time (start: 08:30 PM ± 30 min) for a duration of 6 h each. 

Water samples (180 mL) were slowly withdrawn over a period of 5 min from the overlying 

water of the chambers through a stopcock at the start (T0), after 3 h (T3) and after 6 h (T6). The 

replacement of the sample volume was ensured through a volume compensator attached to the 

chamber (Appendix 5. Figure V.3). 

The chamber set up consisted of four individual chambers linked to a single battery by 2 m long 

cables which prevented placing the chambers simultaneously in sediments with BCMs (BCM 

treatment) and without BCMs (CTRL 2 treatment), but allowed each chamber to be positioned 

at least 2 m apart. Thus, all four chambers were first deployed on sediment with BCMs (BCM 

treatment), with day and night incubations performed over two consecutive days (i.e., day 1: 

day incubations, day 2: night incubations) without moving the chambers. On day 3, the 

chambers were left in place, their lids were opened and all visible mats were removed by hand 

picking for a few minutes at least 18 h before the start of the CTRL111 incubations for inducing 

equilibrium of sediment. The mats were not embedded in the sediment. They formed a unit of 

dense intertwined filaments which could be easily detached from the carbonate sediment 

without affecting the sediment surface layer. After removal, sediment with BCMs removed had 

the same visual appearance as surrounding sediment without BCMs. Another batch of day and 

night incubations were run on day 4 and 5 (CTRL 1 treatment). In between running the BCM 

and CTRL 1 incubations, the chambers were left opened to allow water exchange. The chambers 

were then moved to an area free of BCMs to run the CTRL 2 day and night incubations. The 

same procedure was repeated twice using new patches (total deployment area: ca. 500 m2), 

followed by an additional batch of BCM chambers, resulting in 12 replicates for the BCM 

treatment, and 8 replicates for both CTRL 1 and CTRL 2 treatments for each day and night 

incubation. Light and temperature was monitored during the experiment using loggers (Hobbo 

Pendant, Onset). 

Sample processing 

Oxygen concentrations were measured after retrieval of samples on land at in situ temperature 

with an oxygen optode (Hach HQ10+LDO). Salinity was measured with a refractometer to 

check for groundwater seepage which, if present, would be expected to lower salinity. For DIC 

analyses, 6 mL of each sample was transferred into gas tight glass tubes (Exetainers) without 

headspace, fixed with mercury chloride, and stored in the dark at 4 °C. DIC concentrations were 
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measured with the flow injection method (conductivity detector: VWR scientific model 1054) 

according to Hall and Aller (1992). 

Samples for DOC (40 mL) were filtered (< 20 kPa Hg suction pressure) over a 0.2 μm 

polycarbonate filter (Whatman, 25 mm). Prior to filtration, filters, glassware and pipette tips 

were rinsed three times with acid (10 mL 0.4 M HCl) and twice with sample water (10 mL). 

Afterwards 20 mL of the sample water was filtered, each filtrate containing DOC was 

transferred to a pre-combusted (4 h at 450 °C) glass ampoule and sealed immediately after 

acidification with 6–7 drops of concentrated HCl (38%) to remove inorganic C and stored at 4 

°C until analysis. There were not enough glass ampoules to measure DOC in the three 

experimental treatments so CTRL 2 was excluded. DOC concentrations were measured using a 

total organic C analyzer (TOC-VCPN; Shimadzu) according to Ogawa et al. (1999). The 

instrument was calibrated with a standard addition curve of Potassium Phthalate (0; 25; 50; 100; 

200 μmol C L-1). A consensus reference materials provided by Hansell and Chen of the 

University of Miami (Batch 12, 2012; 41-44 μmol C L-1) was used as positive control. 

Concentrations measured for the entire batch gave an average value of 45 (± 2) μmol C L-1. 

Average analytical error of the instrument was < 3 % (5-7 injections per sample). Samples for 

nutrients (50 mL) were immediately filtered with 0.22 μm syringe filters (Minisart® NML 

sterile Syringe Filters 16534, Hydrophilic), stored in 6 mL Pony vials and frozen (-20 °C). 

Nutrients were also analyzed at NIOZ, Texel, using continuous flow analysis via a Quatro auto-

analyzer (Seal Analytical, UK) following the methodologies of Grasshoff et al. (1983) for NO3
- 

and NO2
-, Helder and De Vries (1979) for NH4

+ and Murphy and Riley (1962) for PO4
3-. 

Flux and carbon budget 

Fluxes of O2, DIC, DOC and nutrients were calculated from the linear regression of the 

respective concentration versus time (Wenzhöfer and Glud 2002): 

Flux = dC/dt * Vchamber/Achamber 

where dC/dt is the change of the concentration over the incubation time, Vchamber is the volume 

of enclosed bottom water, and Achamber is the surface area enclosed by the chamber. Positive 

fluxes show a release of the solute across the sediment-water interface into the bottom water, 

while negative fluxes indicate an uptake of the solute. Error estimates caused by water efflux 

through the sediment were calculated for all chambers using maximal and minimal values for 

each treatment. Flux data were tested by one-way ANOVA with experimental treatment (i.e., 
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BCM vs CTRL 1 vs CTRL 2) as fixed factor for each day and night period, followed by Scheffe 

posthoc tests. 

Carbon budget calculations were based on the assumption that for each mole of oxygen 

produced/respired, one mole of carbon is fixed/respired (1:1). Oxygen flux data were thus used 

as a base for the calculations. Carbon budgets were estimated for sediments with and without 

BCMs using data from the BCM and CTRL 1 treatments, respectively. O2 fluxes during the 

day were used as net production rates (NP). Carbon budgets were then calculated by subtracting 

from NP all carbon losses by respiration in the night and DOC releases/uptakes. Standard 

deviation (SD) of each carbon budget was calculated by taking the square root of the sum of all 

SD each to the power of two used in the calculation. 

Reef scale DOC calculations 

To compare DOC release rates of BCMs with other reported rates, we compiled data on benthic 

primary producers of coral reefs from the literature (Table 5.2). To estimate the contribution of 

BCMs to the DOC pool in the water column at the reef scale, percent cover of major benthic 

groups (BCMs, macroalgae, turf, corals and sediment not covered by BCMs) were determined 

from 20 quadrats of 4 m2 (2 x 2 m), which were haphazardly placed at 7 m depth at Pest Bay. 

Each quadrat was photographed on November 2011 using a series of four overlapping 

photographs (ca. 1.5 m2 each) which were subsequently assembled to make one overview 

photograph. Each overview photograph was analysed using the program Coral Point Count with 

Excel Extensions (CPCe) using 120 points (Kohler and Gill 2006). DOC release/uptake rates 

for BCM and sediment using data from the BCM and CTRL 1 treatments, respectively. DOC 

release/uptake rates for macroalgae (Dictyota sp.), corals (Madracis sp.) and turf (daytime only) 

were taken from Mueller et al. (2014a). Mueller et al. (2014a) determined DOC release in ex 

situ incubations in April 2011 (daytime incubations) and between May and July 2010 (dark 

incubations) using samples collected at 8 m depth near the Carmabi biological research station 

ca. 5 km away from our study site (Appendix 5. Figure V.3; 12°7’18.06’’N, 68°58’10.59’’W). 

Night DOC release for turf was not available in their study. Thus data were taken from Haas et 

al. (2013b), which conducted nighttime ex situ incubations using turf algae collected at 2-2.5 m 

depth in Moorea, French Polynesia. Individual DOC release/uptake rates over a diel cycle were 

multiplied by the cover of the major benthic components at our study site to obtain their 

respective contribution to the DOC pool at reef scale. 
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In situ sediment oxygen profiles 

To document the mat activity, vertical profiles of dissolved oxygen were measured over a 24 h 

cycle at 40 min intervals in the center and outside of five BCM patches at Pest Bay using an in 

situ diver operated microsensor system (Weber et al. 2007). Profiles were measured in 200 μm 

steps until anoxic sediments (i.e., consistently low values) were detected. A 2-point calibration 

was performed using the constant signal in the well-mixed overlying water ~50 cm above the 

seabed (assuming the overlying water was 100% saturated with oxygen, which was confirmed 

by the constant sensor reading at the start of the each profile and occasionally checked by optode 

measurements) and in the deeper anoxic sediment. Analysis of the profiles was done using 

custom-made programs MPR-plotter and L@MP. 

Results 

Fluxes of O2, DIC and DOC in sediment covered with BCMs (BCM treatment) were 

significantly higher than in sediment with BCMs experimentally removed (CTRL 1 treatment) 

(Table 5.1; posthoc Scheffé tests, P < 0.05). During the day, sediment covered with BCMs 

released O2 and took up DIC, with 5-6 times higher fluxes than sediment with BCMs removed. 

During the night, O2 was respired and DIC was released, with 3-4 times higher fluxes. Sediment 

covered with BCMs net released 1.4 (± 1.2 SD) mmol C m-2 h-1 DOC during the day and 

doubled this amount during the night [3.5 (± 2.0) mmol C m-2 h-1]. Conversely, sediment from 

which BCMs were removed on average took up DOC during both day and night [i.e. -0.9 (± 

0.6) and -0.6 (± 0.7) mmol C m-2 h-1]. Concentrations of inorganic nutrients over the sediment 

water interface were below or close to detection limits in all treatments (NH4
+ < 0.07 μM, NO2

- 

/NO3
- < 0.05 μM, PO4

3- < 0.01 μM). Therefore, fluxes were not estimated. However, the 

uniformly low concentrations are indicative of low nutrient fluxes and suggest that cells from 

the BCMs were not lysing/dying during the incubations. 

Benthic chambers were also placed over undisturbed sediment without BCMs (CTRL 2 

treatment). This second control did not differ from the first control (sediment from which were 

BCMs removed) in either oxygen or DIC fluxes (Table 5.1; posthoc Scheffé tests, P > 0.05). 

DOC fluxes were not measured on naturally bare sediments. During the incubations, salinity 

was consistently 35 PSU in all chambers. Daytime photosynthetic active radiation (PAR) did 

not differ among the experimental treatments (Table 5.1; 1-way ANOVA, P > 0.05). Water 

temperatures were slightly lower during the incubations on naturally bare sediments compared 

to the other treatments, but differences were minute (≤ 0.4 °C) (Table 5.1). 
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Table 5.1 Estimated fluxes (mmol C m-2 h-1), light (µmol photons m-2 s-1) and temperature (°C) for sediment 

with BCMs (BCM), after experimental removal (CTRL 1), and for sediment without BCM (CTRL 2). Flux 

calculations are based on 6 h except for O2 and DIC due to flux changes in the last hours caused by high 

concentrations. DOC fluxes are not available for CTRL 2 due to a shortage of sample containers. 

Differences among treatments from each day and night period were analyzed by one-way ANOVA 

(Significance < 0.05, ns = not significant). Significance column indicates homogeneous subgroups by 

posthoc Scheffé tests. n.s. = not significant. na = data not available. 

Treatment:  BCM   CTRL 1   CTRL 2   

  Mean   SD   Mean   SD   Mean   SD Significance 

DAY 

O2 8.77 ± 0.86   0.99 ± 0.41   1.29 ± 0.43 BCM > CTRL1 = CTRL2 

DIC -12.10 ± 1.16   -1.94 ± 1.26   -1.88 ± 1.56 BCM < CTRL1 = CTRL2 

DOC 1.36 ± 1.21   -0.85 ± 0.67   na ± na BCM > CTRL1 

Light 193.8 ± 49.0  245.6 ± 16.2  163.6 ± 5.7 n.s. 

Temperature 29.9 ± 0.3  30.1 ± 0.2  29.7 ± 0.3 BCM = CTRL1 = CTRL2 

Error (%)a 4.4-8.7 ± 2.9-5.8   5.2-10.5 ± 2.6-5.2   4.5-9.0 ± 3.3-6.6  

NIGHT 

O2 -3.25 ± 0.81   -1.14 ± 0.73   -1.39 ± 0.36 BCM < CTRL1 = CTRL2 

DIC 8.75 ± 2.60   2.24 ± 1.16   2.44 ± 2.30 BCM > CTRL1 = CTRL2 

DOC 3.52 ± 2.03   -0.64 ± 0.69   na ± na BCM > CTRL1 

Temperature 29.3 ± 0.3  29.3 ± 0.3  28.9 ± 0.2 BCM = CTRL1 > CTRL2 

Error (%)a 4.5-9.0 ± 3.4-6.7   6.6-13.1 ± 3.3-6.6   4.6-9.2 ± 3.8-7.6  
a Error estimates for flux data. 

 

 

Over a 24h diel cycle, the carbon budgets indicated that the presence of BCMs reduced the net 

DOC input into the sediment by 57%, with net uptake rates of 0.6 (± 2.8) mmol C m-2 h-1 for 

sediment with BCMs and 1.4 (± 1.5) mmol C m-2 h-1 for sediment with BCMs removed (Fig. 

5.1). Rates of daytime DOC release by BCMs were within the range of rates reported for 

macroalgae or turf, both of which generally also released DOC (Table 5.2). No clear trends 

were recognizable among macroalgal divisions when pooling the different studies. Corals 

generally showed a net uptake of DOC. Nighttime DOC release by BCMs was higher than rates 

obtained in ex situ dark incubations for most primary producers in coral reefs. At our study site, 

the ecosystem compartments that produced DOC (BCMs, macroalgae and turf) covered 24, 17 

and 19% of the seabed, respectively (Table 5.3a). 
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Table 5.3 a) Estimated DOC release on the reef flat at Pest Bay. b) Scenario without BCMs. BCMs were replaced 

with BCM-free sediment. 

 

DOC release 

(mmol C m-2 h-1) 

Benthic 

cover (%) 

Reef DOC release 

(mmol C m-2 reef h-1) 

References 

  Day Night 24 hrsa  24 hrsa  

a)       

BCMs 1.36 3.52 2.44 24 0.59 Present study 

Macroalgae (Dictyota sp.) 0.49 -0.01 0.24 17 0.04 (Mueller et al. 2014a) 

Turf 1.08 0.11 0.60 19 0.11 Day: (Mueller et al. 2014a) 

Night: (Haas et al. 2013b) 

Sediment -0.85 -0.64 -0.75 25 -0.19 Present study 

Corals (Madracis sp.) -4.58 -1.42 -3.00 13 -0.39 (Mueller et al. 2014a) 

Total    98 0.16  

       

b)       

Sediment -0.85 -0.64 -0.75 24 -0.18 Present study 

Macroalgae (Dictyota sp.) 0.49 -0.01 0.24 17 0.04 (Mueller et al. 2014a) 

Turf 1.08 0.11 0.60 19 0.11 

Day: (Mueller et al. 2014a) 

Night: (Haas et al. 2013b) 

Sediment -0.85 -0.64 -0.75 25 -0.19 Present study 

Corals (Madracis) -4.58 -1.42 -3.00 13 -0.39 (Mueller et al. 2014a) 

Total    98 -0.60  
a assuming 12 h each for both day and night. 
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Fig. 5.1. Day and night carbon budgets for sediment with BCMs (a) and without BCMs (b). (+) indicates 

uptake and (-) loss of carbon from sediment. NP = Net production (day); R = respiration (night). 

 

Averaged over the reef and over a 24h cycle, the BCMs, macroalgae and turf were estimated to 

release DOC at rates of 0.59, 0.04 and 0.11 mmol C m-2 reef h-1, respectively. The two other 

ecosystem compartments (corals and bare sediments) did not release DOC over a 24h cycle. 

Thus, BCMs contributed to 79% of the total DOC released. Taking into account the net uptake 

of DOC by corals (13% cover) and bare sediments (25% cover), the reef yielded a net release 

of DOC (+0.19 mmol C m-2 reef h-1). In a theoretical scenario with all BCMs removed, the reef 

yielded a net uptake of DOC (-0.6 mmol C m-2 reef h-1) (Table 5.3b). Based on our model, the 

reef would switch from a net sink to a net source of DOC at 19 % BCM coverage. 

O2 microprofiles measured over a 24h cycle showed that, during the day, maximal O2 

concentrations were 2-8 times higher in sediment covered with BCMs than in sediment next to 

BCMs (Fig. 5.2). The depth of the oxygenated layer was reduced when BCMs covered the 

sediment. During the night, the sediment and BCMs became rapidly anoxic up to the surface. 
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Fig. 5.2 In situ oxygen profiles. (a) over a period of 24 hours in sediment covered with BCMs and next to 

BCMs. Colors indicate oxygen concentration over time and depth. (b) Examples of in situ O2 profile at the 

sediment-water interface during day and night with BCMs and next to BCMs. 

 

 

Discussion 

The results of this study provide the first rates of DOC release by BCMs on coral reefs. Our 

comparison between daytime and nighttime rates with previously reported DOC releases by 

macroalgae, turfs and corals on coral reefs worldwide suggest that BCMs release comparatively 

high quantities of DOC into the water column, especially at night. DOC release by Caribbean 

benthic primary producers on coral reefs has been shown to be positively related to light 

intensity (Haas et al. 2010b; Naumann et al. 2010; Mueller et al. 2014a). Similarly, DOC release 

by hot spring cyanobacterial mats is enhanced under elevated light intensities (Bateson and 

Ward 1988). Therefore, we expected nocturnal DOC release to be lower than during the day. 

During daytime, DOC from BCMs is most likely released by the excretion of photosynthates, 

as supported by the high rates of oxygen production. During nighttime, the released DOC is 

expected to consist of products from incomplete organic matter degradation and fermentation 

(Kristensen et al. 1995), as supported by the high heterotrophic activities in the mat. 
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Table 5.2 Reported DOC releases (mmol C m-2 h-1) of different primary producers on coral reefs. 

Group Division Species DOC releasea Reference 

   Day Night/Dark  

Macroalgae Chlorophyta Avrainvillea sp. -0.50 n.a. (Haas et al. 2010a) 

  Caulerpa sp. 0.56 to 1.11 0.05 (Haas et al. 2010b) 

  Cladophora sp. 2.02 0.05 (Mueller et al. 2014a) 

  Enteromorpha sp. 0.14 n.a. (Haas et al. 2010b) 

  Halimeda opuntia 0.21 n.a. (Haas et al. 2011) 

  Halimeda opuntia 2.85 n.a. (Mueller et al. 2014a) 

  Halimeda sp. -0.07 n.a. (Haas et al. 2010a) 

  Penicillus sp. 0.25 n.a. (Haas et al. 2010a) 

  Rhipocephalus sp. 1.01 n.a. (Haas et al. 2010a) 

  Ulva sp. 0.28 n.a. (Haas et al. 2010b) 

  Range: -0.50 to 1.11   

 Phaeophyta Dictyota ceylanica 0.48 0.16 (Haas et al. 2013b) 

  Dictyota menstrualis 0.49 -0,01 (Mueller et al. 2014a) 

  Hydroclathrus sp. 0.41 n.a. (Haas et al. 2010b) 

  Lobophora variegata 0.49 -0.01 (Mueller et al. 2014a) 

  Lobophora sp. 0.40 n.a. (Haas et al. 2010b) 

  Lobophora sp. 0.85 n.a. (Haas et al. 2010a) 

  Sargassum sp. 0.47 n.a. (Haas et al. 2010b) 

  Turbinaria ornata 0.49 n.a. (Haas et al. 2011) 

  Range: 0.40 to 0.85   

 Rhodophyta Amansia rhodantha 0.80 n.a. (Haas et al. 2011) 

  Hydrolithon reinboldii 0.47 n.a. (Haas et al. 2011) 

  Hydrolithon reinboldii 0.24 0.04 (Haas et al. 2013b) 

  Liagora sp. 0.41 n.a. (Haas et al. 2010b) 

  Lithophyllum congestum 5.35 n.a. (Mueller et al. 2014a) 

  Peyssonnelia sp. 0.24 to 2.96 n.a. (Haas et al. 2010b) 

  Range: 0.24 to 5.35   

Turf Consortia turf algae 0.52 to 5.53 n.a. (Haas et al. 2010b) 

  turf algae 1.40 n.a. (Haas et al. 2011) 

  turf algae 1.08 n.a. (Mueller et al. 2014a) 

  turf algae 0.46 0.11 (Haas et al. 2013b) 

  Range: 0.52 to 5.53   
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Scleractinian  Scleractinia Acropora formosa 1.25 n.a. (Nakajima et al. 2010) 

corals  Acropora nobilis 2.22 n.a. (Nakajima et al. 2009) 

  Acropora pulchra 0.37 n.a. (Tanaka et al. 2009) 

  Acropora sp. 2.56 -0.15 (Naumann et al. 2010) 

  Fungia sp. -1.18 n.a. (Naumann et al. 2010) 

  Goniastrea sp. 1.83 n.a. (Naumann et al. 2010) 

  Madracis mirabilis -0.87 to 

0.91 

-0.27 (Mueller et al. 2014a) 

  Manicina sp. -13.03 n.a. (Haas et al. 2010a) 

  Millepora sp. 0.77 n.a. (Naumann et al. 2010) 

  Montipora digitata 0.09 n.a. (Tanaka et al. 2009) 

  Orbicella annularis 0.15 3.01 (Mueller et al. 2014a) 

  Pocillopora 

damicornis 0.07 

0.07 (Haas et al. 2013b) 

  Pocillopora sp. -21.93 n.a. (Naumann et al. 2010) 

  Porites lobata 0.18 n.a. (Haas et al. 2011) 

  Porites sp. 3.17 n.a. (Haas et al. 2010a) 

  Stylophora sp. -1.17 n.a. (Naumann et al. 2010) 

  Range: -21.93 to 

3.17 

  

a DOC release rates are measured under different experimental conditions, such as various light intensities, and do not picture 

the rates of an entire day, only the release per hour during the short in vivo incubations at daytime. 

 

 

Several species of Oscillatoria maintain their metabolism by glycogen-glucose fermentation to 

survive and grow under dark and anaerobic conditions (Van Liere et al. 1979; Heyer et al. 1989; 

Heyer and Krumbein 1991). When roughly estimating the areal DOC release on the reef flat at 

Pest Bay by combining literature data and results of this study, BCMs, with a coverage of 24 

%, provided the largest positive contribution to the DOC pool. The presence of BCMs also 

annihilated the capacity of sediment to act as a net sink for DOC. This largely affected the DOC 

pool at reef scale, with the reef switching from being a net sink to a net source of DOC when 

BCMs covered more than 19 % of the seabed. Unlike other benthic primary producers on coral 

reefs, BCMs released large amounts of DOC during both day and night. DOC released by 

primary producers, such as algae, corals and phytoplankton, is the result of the release of 

excessive photosynthates during the day and linearly increases with light intensity until a light 

maximum threshold is reached and DOC release becomes constant or decreases (Zlotnik and 
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Dubinsky 1989; Haas et al. 2010b; Naumann et al. 2010). Thus their DOC releases are typically 

becoming close to zero below 20 m depth (Haas et al. 2010b; Naumann et al. 2010). For BCMs, 

the same declining trend is likely to occur for their DOC release during the day (Bateson and 

Ward 1988); however, their dark DOC release could occur over a larger depth gradient. The 

release of fermentation products during nighttime is dependent on productivity and the built up 

of glycogen (Stal and Moezelaar 1997). Cyanobacteria use large pigment-protein complexes 

called phycobilisomes which capture photons between the blue and red regions of the spectrum 

that are not efficiently trapped by chlorophyll (Steunou et al. 2006). Since these shorter wave 

lengths predominate at deeper depths, BCMs could maintain their productivity across a large 

depth gradient due to light adaptation. The presence of BCMs reduced the net carbon gain in 

the sediment by more than half. 

Sediment with BCMs showed a net primary production, high respiration rates and released large 

quantities of DOC. In contrast, sediment with BCMs removed revealed a lower net production 

and also respired less and took up DOC from the water column. Sediments, including carbonate 

sediments on coral reefs, are a well-known sink for organic matter, such as DOC, through 

mineralization and burial (Clavier and Garrigue 1999; Rasheed et al. 2003; Rusch et al. 2006; 

Werner et al. 2006). For example, Werner et al. (2006) estimated that the total area of Heron 

Reef occupied by sediments (sediment area = 19.5 km2) showed annual turnover rates of 3700 

to 13000 t C. Our results suggest that the presence of BCMs over coral reef sediment may 

influence sedimentary recycling processes and result in larger DOC pools in the water column. 

The impact of the released DOC from BCMs into the surrounding water will depend on its 

bioavailability. Lactate, glycolate, formate, ethanol and acetate are released during nocturnal 

fermentation processes in the genus Oscillatoria (Heyer and Krumbein 1991). Such compounds 

are easily degraded by microbes. They could favor more heterotrophic metabolism, as shown 

for algal exudates (Haas et al. 2011; Haas et al. 2013b). Kelly et al. (2012) documented a 10 

fold higher heterotrophic metabolism above cyanobacterial/algal dominated reefs called Black 

Reefs in the Central Pacific. This could lead to a system-wide decrease in DOC concentrations 

via enhanced heterotrophy and co-metabolism of refractory carbon that occurs when microbes 

are given an excess labile carbon (Dinsdale et al. 2008). The released DOC could also indirectly 

affect nearby corals by enhancing microbial growth and respiration, in particularly that of 

opportunistic pathogens (Barott and Rohwer 2012). Kelly et al. (2012) also found an increase 

in virulence genes and known pathogens on black reef sites and demonstrated that corals were 

killed by black reef rubble through microbial activity in microcosm experiments. Furthermore, 

BCMs produce potent allelochemicals (Nagle and Paul 1998; Nagle and Paul 1999; Codd et al. 
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2005). Both lipo- and hydrophilic extracts from two species of Lyngbya cyanobacteria enhanced 

the growth of coral reef-associated bacterial taxa (Morrow et al. 2012). 

There are some uncertainties in our budget calculation. Firstly, in our reef-scale DOC 

calculations, we used DOC fluxes from sediment with BCMs experimentally removed, as no 

DOC data were available for undisturbed BCM-free sediment. As all other fluxes were the 

same, we assume that the DOC fluxes were representative for a natural situation. Both 

undisturbed sediment and sediment with BCMs experimentally removed had low oxygen 

fluxes, suggesting low productivity and similar DOC release rates. Secondly, our budget 

calculation over whole reefs includes literature data obtained from ex situ incubations (fluxes 

on corals, turf and macrophytes). Stressfull sampling and maintenance in the artificial 

laboratory environment can lead to overestimation of the DOC release, due to cutting of tissue 

and unrealistic hydrodynamic conditions (Haas et al. 2010a; Mueller et al. 2014a). Indeed we 

observed a rapid deterioration of the health of the mats upon ex situ incubations (lysis), thus for 

the BCMs we relied on our in situ data. In short, the literature data may provide an 

overestimation of the DOC release by corals and turf, which further emphasizes the importance 

of BCMs for carbon cycling in coral reefs. Lastly, the estimated DOC fluxes were highly 

variable. Potential cause for this variability includes variation in mat age and density and 

environmental parameters such as light, temperature and advection. However, if the average 

day and night DOC fluxes are lowered by one standard deviation (i.e., encompassing 68% of 

the mats in a normal distribution), BCMs still represent 56% of the total DOC released over a 

24h diel cycle at our study site, suggesting that our conclusions are relatively robust. 

Although further investigations of DOC release by BCMs and undisturbed sediment are 

warranted, this study supports that BCMs are significant sources of DOC and can strongly 

contribute to the DOC pool on coral reefs. Their increased abundance will lead to increased 

DOC supply to the reef overlying water and have profound consequences for element cycling, 

microbial processes and coral survival in tropical reefs. 
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Chapter VI 
Natural diet of coral-excavating sponges consists mainly of dissolved 
organic carbon (DOC) 
 

This chapter is based on: 

Mueller B, de Goeij JM, Vermeij MJ, Mulders Y, van der Ent E, Ribes M, van Duyl FC (2014) 

Natural diet of coral-excavating sponges consists mainly of dissolved organic carbon (DOC). 

PloS one 9:e90152. 

 

Abstract 

Coral-excavating sponges are the most important bioeroders on Caribbean reefs and increase in 

abundance throughout the region. This increase is commonly attributed to a concomitant 

increase in food availability due to eutrophication and pollution. We therefore investigated the 

uptake of organic matter by the two coral-excavating sponges Siphonodictyon sp. and Cliona 

delitrix and tested whether they are capable of consuming dissolved organic carbon (DOC) as 

part of their diet. A device for simultaneous sampling of water inhaled and exhaled by the 

sponges was used to directly measure the removal of DOC and bacteria in situ. During a single 

passage through their filtration system 14% and 13% respectively of the total organic carbon 

(TOC) in the inhaled water was removed by the sponges. 82 % (Siphonodictyon sp.; mean±SD; 

13±17 μmol L-1) and 76% (C. delitrix; 10±12 μmol L-1) of the carbon removed was taken up in 

form of DOC, whereas the remainder was taken up in the form of particulate organic carbon 

(POC; bacteria and phytoplankton) despite high bacteria retention efficiency (72±15% and 

87±10%). Siphonodictyon sp. and C. delitrix removed DOC at a rate of 461±773 and 354±562 

μmol C h-1 respectively. Bacteria removal was 1.8±0.9 x 1010 and 1.7±0.6 x 1010 cells h-1, which 

equals a carbon uptake of 46.0±21.2 and 42.5±14.0 μmol C h-1 respectively. Therefore, DOC 

represents 83 and 81% of the TOC taken up by Siphonodictyon sp. and C. delitrix per hour. 

These findings suggest that similar to various reef sponges coral-excavating sponges also 

mainly rely on DOC to meet their carbon demand. We hypothesize that excavating sponges 

may also benefit from an increasing production of more labile algal-derived DOC (as compared 

to coral-derived DOC) on reefs as a result of the ongoing coral-algal phase shift. 
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Introduction 

Coral-excavating sponges are usually the most abundant and destructive bioeroders on coral 

reefs and strong competitors for space (Hein and Risk 1975; González-Rivero et al. 2011). They 

account for 60 to >90% of total macroborer activity (Risk et al. 1995; Mallela and Perry 2007) 

and can remove up to 30 kg CaCO3 m-2 year-1 (Calcinai et al. 2007), which is in the same range 

as coral reef calcification rates (Andersson and Gledhill 2013 and references therein). Coral-

excavating sponges thus influence the balance between reef accretion (calcification and 

cementation) and erosion (physical, chemical and bioerosion), whereby positive net accretion 

is crucial to maintain carbonate reef structures (Glynn 1997). Coral reefs are increasingly 

subjected to anthropogenic disturbances that negatively impact the growth of calcifying 

organisms while favoring (bioeroding) suspension feeders (Holmes 2000; Ward-Paige et al. 

2005; Chaves-Fonnegra et al. 2007). This is of particular importance in the face of climate 

change, where rising seawater temperatures (Hoegh-Guldberg et al. 2007; Cantin et al. 2010) 

and ocean acidification (Hoegh-Guldberg et al. 2007; Pandolfi et al. 2011) are expected to 

further reduce calcification rates of these organisms. In turn, the same processes are expected 

to promote bioerosion or at least affect it to a lesser extent (Wisshak et al. 2012; Duckworth and 

Peterson 2013; Fang et al. 2013; Wisshak et al. 2013), thus further reducing the ability of reef 

communities to form and maintain three dimensional reef frameworks. Over the past three 

decades the abundance of excavating sponges has increased considerably, mostly tentatively 

linked to increased food availability (e.g., bacterioplankton and phytoplankton) in response to 

eutrophication and land-based pollution (Holmes 2000; Ward-Paige et al. 2005; Chaves-

Fonnegra et al. 2007; Schönberg 2008). Similar to non-excavating sponges, coral-excavating 

sponges are commonly assumed to be efficient suspension feeders (Schnöberg and Wisshak 

2012), i.e., feeding on particulate food sources. Yet, apart from the contribution of 

photosynthetically-fixed carbon from symbiotic zooxanthellae to the nutrition of some coral-

excavating sponges (Hill 1996; Weisz et al. 2010; Wisshak et al. 2012) little is known about 

their dietary composition and food uptake rates. 

Traditionally, sponges were considered to be suspension feeders that efficiently remove 

bacterio-, phyto- (Reiswig 1971; Reiswig 1975; Pile et al. 1997; Ribes et al. 1999; Perea-

Blázquez et al. 2012) and even zooplankton (Vacelet and Boury-Esnault 1995) from water they 

actively pump through their filtration systems. However, already in 1974, Reiswig (1974) 

hypothesized that sponges may also retain dissolved organic carbon (DOC), which was later 

confirmed for several sponges, ranging from tropical (Yahel et al. 2003; De Goeij et al. 2008b; 

De Goeij et al. 2013) to temperate sponge species (Ribes et al. 2012). These tropical coral reef 
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sponges can take up >90% of the total organic carbon (TOC) as DOC, indicating that they 

foremost rely on DOC to meet their carbon demand (Yahel et al. 2003; De Goeij et al. 2008b). 

Since DOC also accounts for >90% of the TOC pool on coral reefs (e.g., Yahel et al. 2003), the 

ability to utilize this food source may aid certain sponges to thrive under oligotrophic 

conditions, whereas most other heterotrophic reef organisms are unable to capitalize on this 

resource (De Goeij et al. 2013). Therefore, the question arises if, and to what extent, coral-

excavating sponges also rely on dissolved organic substances in their daily diet. 

The dissolved organic matter (DOM) uptake of non-excavating sponges is estimated to be in 

the same order of magnitude as the gross primary production rates of entire coral reef 

ecosystems (De Goeij et al. 2013). Moreover, they are at the base of a pathway that transfers 

the DOM into particulate detritus that is subsequently ingested by reef fauna. This sponge loop 

retains the energy and nutrients within the different reef communities and most likely affects 

the stable states of these communities. Coral-excavating sponges are not yet considered to 

participate in the sponge loop, of which the ability to feed on DOM is one of the prerequisites. 

The often suggested importance of food availability to explain the current increase of coral-

excavating sponges requires experimental proof, in particular to address (1) whether coral-

excavating sponges, similar to non-excavating sponges, are capable of DOC uptake and, if 

confirmed, (2) to what extent it completes their total daily diet. To answer these questions we 

determined the uptake of DOC and bacteria by the common Caribbean coral-excavating 

sponges Siphonodictyon sp. (Berquist, 1965) and Cliona delitrix (Pang, 1973) in situ and 

estimated the respective contribution of DOC and POC (bacteria and phytoplankton) to their 

TOC uptake. 

Materials and methods 

Study area and sampling procedure 

The study was conducted in May 2013 on the Southern Caribbean Islands of Curaçao and 

Bonaire (Appendix 6. Table VI.3). Siphonodictyon sp. was sampled on the fore reef slope along 

the leeward coast of Curaçao at 19±1 m water depth (mean±SD) at stations Playa Jeremy (12° 

33’ N, 69° 15’ W; n = 5) and Daaibooi (12° 21’ N, 69° 08’ W; n = 3). Both sites are characterized 

by narrow bays harboring a wide and sandy reef terrace (160-190 m) that leads to a fairly steep 

(> 45°) fore reef slope off-shore (Van Duyl 1985). Sampling of Cliona delitrix took place on 

the fore reef slope at 13±1 m water depth at station Playa Lechi (12° 16’ N, 68° 28’ W; n = 10) 

in front of Kralendijk, Bonaire. Here, the sandy reef terrace is narrow (approx. 65 m) and used 

as an anchorage zone for dive- and small fishing boats. The features of the reef slope are 
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comparable to those of the two sites on Curaçao (Van Duyl 1985). In situ water sampling was 

conducted on SCUBA. The simple and inexpensive point sampler (SIP) system (Yahel et al. 

2007), the so-called VacuSIP system designed by G. Yahel was slightly modified (see Fig. 5.1; 

for detailed description see http://web.uvic.ca/~yahel/GYWS/Other/VacuSIP%20usage%20 

and%20makeup.pdf) and used for the in situ measurement of the difference in DOC 

concentration and bacterial abundance between a pair of inhaled and exhaled water samples 

mediated by a sponge. This difference provided a measure of the net retention (or production) 

of a waterborne compound by the animal (Yahel et al. 2005). The sampling system used here 

consisted of two separate VacuSIP samplers attached to a stand which allowed simultaneous 

sampling of water inhaled and exhaled by the sponge (Fig. 5.1). Each sampler consisted of 

PEEK (polyetheretherketone) tubing (1/16” x 25 μm, UpChurch Scientific) with a syringe 

needle connected to a male luer connector (IDEX Health and Science, P-655 1/4-28) at its distal 

end (outlet). Samplers were attached to a flexible arm so that the proximal end (inlet) of one 

sampler could be positioned in the osculum (excurrent aperture; Ex) and another one (In) 

outside of the osculum at a distance of approximately 20 cm from the inhalant surface (to ensure 

sampling of ambient water without contamination from substances emitted from the surface of 

the sponge). 

 

 

Fig. 5.1 VacuSIP system for in situ sampling of DOC and bacteria. VacuSIP system consisting of two separate 

samplers (In and Ex) attached to a stand to simultaneously take water samples of the ambient water (IN) and 

the water exhaled by the sponge (EX). Blue arrows indicate water pumped through the sponge. 
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After positioning the VacuSIP, it was left untouched for at least 3 min to minimize possible 

disturbance effects that could have occurred during the installation of the device. Evacuated 

vials (Vacuette, 9 mL, no additive, Greiner Bio-One GmbH) were used to collect bacterial 

abundance samples and pre-combusted (4h at 450°C) Epa vials (40 mL) were used to collect 

samples for DOC concentration. Vials were connected to the samplers by piercing their septa 

with the syringe needle. The pressure difference between the external water and the neutral (Epa 

vials) or evacuated (vacuettes) vials ensured that water flowed into the container during 

sampling. For DOC sampling, an inline stainless steel filter holder (13 mm, Swinney, Pall) with 

a pre-combusted (4h at 450°C) GF/F filter (Whatmann, 0.7 μm) was added. 

To avoid contamination of the sampled water with ambient water, the VacuSIP water sampling 

rate was kept lower than the pumping – excurrent jet – rate of the sponge (Yahel et al. 2005). 

Therefore, the excurrent jet rate of each sponge was determined prior to sampling using the dye-

front speed (DFS) technique (Yahel et al. 2005). A cut-open 15 mL Falcon tube (length 95 mm; 

diameter: 14 mm) was aligned with the osculum (diameter: 4-15 mm, Table 5.1) of the sponge 

(without touching it). A dye was released between osculum and tube and its movement with the 

excurrent jet through the tube was video-taped (three to five times). The resulting water 

transport speed (cm s-1) was multiplied with the cross-section area of tube (cm2) to yield the 

excurrent jet rate (mL min-1). During the In and Ex sampling the time to fill the containers was 

recorded to calculate the rate at which water was sampled. Mean sampling rate (±SD) for 

Siphonodictyon sp. and C. delitrix was 2.9±1.2 and 1.9±0.3 mL min-1 (Appendix 6. Table VI.3), 

respectively, which was two orders of magnitude less than the sponges’ excurrent jet rate (table 

5.1). 

Prior to sampling, VacuSIP samplers were cleaned by flushing the sampler consecutively with 

30 mL HCl (5%; except stainless steel filter holders to avoid corrosion), 30 mL MQ, and 30 mL 

Decon 90 (Decon Laboratories Limited; 5%). After in situ VacuSIP installment system 

samplers were flushed with 30 mL ambient seawater prior to sampling. 
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Table 5.1 Oscule diameter, water transport speed and excurrent jet rate for Siphonodictyon sp. and Cliona 

delitrix. 

Species ID Oscule diameter 

(cm) 

Water transport speed 

(cm s-1) 

Excurrent jet 

rate (mL min-1) 

Siphonodictyon sp. S1 0.7 5.0 466.1 

 S2 0.7 2.9 263.8 

 S3 0.9 6.9 637.3 

 S4 1.1 7.6 706.3 

 S5 0.7 4.7 431.0 

 S6 0.5 4.7 431.0 

 S7 0.4 4.6 420.3 

 S8 0.5 7.9 727.4 

Average (±SD) 0.7±0.2 5.5±1.8 510.4±162.6 

Cliona delitrix C1 1.5 4.4 404.1 

 C2 1.4 6.3 577.3 

 C3 1.4 4.6 427.9 

 C4 1.2 4.7 431.0 

 C5 1.0 8.8 808.2 

 C6 1.4 3.9 359.2 

 C7 1.0 3.9 363.7 

 C8 1.0 4.0 371.8 

 C9 1.5 4.8 440.8 

 C10 1.1 4.4 404.1 

Average (±SD) 1.1±0.2 5.0±1.5 458.8±137.7 

 

Processing of samples 

Water samples were processed within 1h after sampling. Samples for DOC concentration (20 

mL) were acidified with 6-7 drops of concentrated HCl (38%) to remove inorganic carbon and 

stored in the dark at 4°C until analysis. DOC concentrations were measured using the high-

temperature catalytic oxidation (HTCO) technique in a total organic C analyzer (TOC-VCPN; 

Shimadzu). The instrument was calibrated with a standard addition curve of Potassium 

Phthalate (0; 25; 50; 100; 200 µmol C L-1). Consensus Reference Materials (CRM) provided by 

Hansell and Chen of the University of Miami (Batch 12; 2012; 41-44 µmol C L-1) were used as 

positive controls for our measurements. Concentrations measured for the batch gave average 

values (±SD) of 45±2 µmol C L-1. Average analytical variation of the instrument was <3% (5-

7 injections per sample). 



 
82 Chapter VI 

Samples for bacterial abundance (9 mL) were fixed in 4% paraformaldehyde (PFA) and filtered 

over a 0.2 μm polycarbonate filter (Millipore, 25 mm), supported by a 0.45 μm HA filter 

(Millipore, 25 mm). The filters were air-dried and stored in Eppendorf tubes at -20°C. Prior to 

bacterial cell counts, filters were mounted on a microscopy slide in a DAPI-mix. Bacterial 

numbers were counted using an epifluorescence microscope (Zeiss Axioplan; 1000 x). Per slide 

10 grids (36 x 36 μm, divided into 10 rows and columns) were counted or up to a minimum of 

200 bacteria. 

Data analysis 

Differences in DOC concentration and bacterial abundance between In and Ex water samples 

were tested using the Wilcoxon Signed Rank test. To convert bacterial numbers to a 

corresponding amount of carbon biomass, a conversion factor for coastal bacteria of 30 fg per 

bacterial cell was used (Fukuda et al. 1998). Net uptake (or release) rates are traditionally 

reported per unit of animal mass or volume. Yet, coral-excavating sponges such as 

Siphonodictyon sp. and C. delitrix live inside the substrate, which makes the quantification of 

such units difficult. Therefore, we followed the recommendation of Yahel et al. (2005) and 

standardized fluxes to the excurrent jet rate. Uptake rates were calculated as the difference in 

concentration of an In-Ex pair (∆ concentrationIn-Ex) multiplied with the respective excurrent 

jet rate: 

Net uptake or release rate (μmol C h-1) = ∆ concentrationIn-Ex (μmol C L-1) * excurrent jet rate (L h-1) 

The TOC pool is comprised of DOC and particulate organic carbon (POC). In tropical reef 

waters POC consists mainly of phytoplankton and bacterioplankton. However, phytoplankton 

concentrations were not directly measured. Generally, the contribution of phytoplankton carbon 

to the total carbon pool in tropical waters is low and roughly equal (Ayukai 1995; Yahel et al. 

1998; Van Duyl et al. 2002) or lower than bacterioplankton carbon (BC) (Richter et al. 2001; 

Kötter 2003). To quantify the contribution of DOC and POC to TOC we followed the formula 

suggested by de Goeij et al. (2008b): 

TOC = DOC + POC, where POC = 2 x BC 
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Results 

Ambient DOC concentrations and net sponge DOC removal 

Ambient DOC concentrations (mean±SD, derived from inhaled water) on Curaçao were 110±18 

μmol L-1 and 95±5 μmol L-1 on Bonaire. POC concentrations were 4±1 μmol L-1 on both islands, 

so that ambient TOC concentrations were 114±18 and 99±13 μmol C L-1, for Curaçao and 

Bonaire, respectively. Both sponge species significantly removed amounts of DOC from the 

seawater pumped through their aquiferous system (Fig. 5.2 A). DOC concentrations in the 

exhalant water were reduced by 13±17 μmol C L-1 for Siphonodictyon sp. (Wilcoxon Signed 

Rank: Z = -2.521, n = 8, p = 0.012) and 10±12 μmol C L-1 for C. delitrix (Wilcoxon Signed 

Rank: Z = -2.803, n = 10, p = 0.005), respectively, compared to the inhalant water. The majority 

of the TOC removed by the two coral-excavating sponges – 82% (Siphonodictyon sp.) and 76% 

(C. delitrix) – consisted of DOC. The amount of DOC removed by both coral-excavating sponge 

species increased linearly with increasing ambient DOC concentrations (Siphonodictyon sp.: R2 

= 0.88, p = 0.004; C. delitrix: R2 = 0.84, p = 0.002) encountered during the experiments 

(Siphonodictyon sp.: 98 – 151 μmol C L-1; C. delitrix: 80 – 124 μmol C L-1) (Fig. 5.3 A). This 

indicates that no threshold or saturation effect occurred for the aforementioned ranges of 

ambient DOC concentrations. 

 

 

Fig. 5.2 Average DOC (A) and bacterial abundance (B) in the inhaled (black) and exhaled (grey) water of 

S. coralliphagum and C. delitrix. Error bars indicate SE. P values (Wilcoxon Signed Rank) indicate 

significance level of the difference in the concentrations between the inhaled and exhaled samples in n pairs 

of InEx samples. 
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Ambient bacterial abundance and net sponge bacterial removal 

Ambient bacterial abundance (mean±SD, derived from inhaled water) on Curaçao (8.0±1.6 x 

105 cells mL-1) and Bonaire (7.3±1.8 x 105 cells mL-1) corresponded to 2.0±0.4 and 1.8±0.4 

μmol C L-1, respectively. Both, Siphonodictyon sp. and C. delitrix significantly reduced ambient 

bacterial concentrations by 5.89±2.11 x 105 (Wilcoxon Signed Rank: Z = -2.521, n = 8, p = 

0.012) and 6.36±1.84 x 105 cells mL-1 (Wilcoxon Signed Rank: Z = -2.803, n = 10, p = 0.005), 

respectively (Fig. 5.2 B). Bacteria removal efficiency was 72±15% and 87±10%, but despite 

these high efficiencies, bacterial removal accounted for only 9% (Siphonodictyon sp.) and 12% 

(C. delitrix) of the total TOC removal. Similar to the uptake of DOC, the number of bacteria 

cells removed by excavating sponges from the surrounding water increased linearly with 

increased cell abundance in the water column (Siphonodictyon sp.: R2 = 0.72, p = 0.0045; C. 

delitrix: R2 = 0.87, p = 0.001; Fig. 5.3B). Across the range of ambient bacterial concentrations 

encountered (Siphonodictyon sp.: 4.8 – 10.5 x 105 cells mL-1; C. delitrix: 3.5 – 9.4 x 105 cells 

mL-1) no indication of a threshold or saturation concentration occurred. 

 

 

Fig. 5.3 Removal of DOC (A) and bacterial cells (B) by Siphonodictyon sp. (black) and C. delitrix (grey) 

plotted against ambient (inhaled) concentrations. Both species responded linearly to elevated DOC (R2 = 

0.88; p = 0.004 and R2 = 0.84; p = 0.002) and bacterial concentrations (R2 = 0.72; p = 0.045 and R2 = 0.87; 

p = 0.001) within the full concentration range encountered. Dashed line represents 100% bacterial removal. 
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Sponge DOC and bacterial uptake rates 

Water transport speed of Siphonodictyon sp. and C. delitrix were comparable at 5.4±1.8 and 

5.0±1.5 cm s-1, respectively (table 5.1). And despite of 1.8 times larger mean oscule diameter 

for C. delitrix (table 5.1), mean excurrent jet rates were comparable as well (Siphonodictyon 

sp.: 510.4.5±162.6 mL min-1; C. delitrix: 458.8±137.7 mL min-1). Mean DOC uptake rate of 

Siphonodictyon sp. was 461±773 μmol C h-1 and, therefore, 1.3 times higher than that of C. 

delitrix (354±562 μmol C h-1) (table 5.2). 

Mean bacteria uptake rate of Siphonodictyon sp. and C. delitrix were 1.8±0.9 x 1010 and 1.7±0.6 

x 1010 cells h-1, respectively (table 5.2). These bacterial removal rates correspond to a BC uptake 

of 46.0±21.2 and 42.5±14.0 μmol C h-1. Therefore, DOC represents 83 and 81% of the TOC 

taken up by Siphonodictyon sp. and C. delitrix per hour. 

 

Table 5.2 Mean DOC and bacteria uptake rates (±SD) of Siphonodictyon sp. and Cliona delitrix 

standardized to excurrent jet rate. 

species DOC (μmol C h-1) Bacteria (1010 cells h-1) Bacteria (μmol C h-1) 

Siphonodictyon sp. 461±773 1.8±0.9 46.0±21.2 

C. delitrix 354±562 1.7±0.6 42.5±14.0 

 

Discussion 

The coral-excavating sponges Siphonodictyon sp. and C. delitrix are both lacking 

photosynthetic symbionts (Rützler 2002, pers. comm. C.H.L. Schönberg) and can therefore be 

considered as classic heterotrophs that depend on the uptake of organic matter as carbon and 

energy source. This study demonstrates that both species mainly rely on DOC uptake to meet 

their carbon demand. Despite high bacterial retention efficiencies, these sponges can be typified 

as DOM-feeders, retaining 83% and 81% of the TOC taken up in the form of DOC. This 

contribution of DOC in their daily diet is in the same range, and only slightly lower, than that 

reported for non-excavating sponges, such as the reef sponges Theonella swinhoei (Gray, 1868), 

Halisarca caerulea (Vacelet and Donadey, 1987), Mycale microsigmatosa (Arndt, 1927) and 

Merlia normani (Kirkpatrick, 1908) (Yahel et al. 2003; De Goeij et al. 2008b). Our results 

further suggest that, similar to bacteria (Fig. 5.3 B) or phytoplankton (e.g., Yahel et al. 2003; 

Yahel et al. 2007), sponges can efficiently take up DOC across a wide range of ambient DOC 

concentrations (Fig. 5.3 A). This indicates that these sponges are well adapted to utilize DOC 

as food source (Coma et al. 2001; Yahel et al. 2007). DOC uptake by sponges has been 
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confirmed in an increasing number of species belonging to various orders of Demospongiae 

(Yahel et al. 2003; De Goeij et al. 2008b; Ribes et al. 2012; De Goeij et al. 2013) and one order 

of Hexactinellida (Van Duyl et al. 2008) (Appendix 7. Table VI.4).  

Sponge DOC and bacterial uptake rates 

Since uptake rates were standardized to the excurrent jet rate and not to biomass or volume, 

results are primarily discussed in comparison to T. swinhoei in Yahel et al. (2003), where 

necessary parameters are available. Largely similar retention efficiencies (DOC: 11-12%; 

bacteria: 72-87%) and water transport speeds (table 5.1) resulted in comparable DOC and 

bacterial uptake rates in Siphonodictyon sp. and C. delitrix (table 5.2). Yet, the DOC uptake 

rates were approximately three times higher than reported for T. swinhoei (DOC: 138 μmol C 

h-1). Similarly, bacterial uptake rates were twice as high for the excavating sponge species as 

for T. swinhoei (bacteria: 1.0 x 1010 cells h-1). This difference in uptake rates can be explained 

by a lower volume of water passing through T. swinhoei as indicated by a 2 times lower 

excurrent jet rate (230 mL min-1). Environmental factors (e.g., sediment in the water column) 

and mechanical stimuli are reported to reduce and/or arrest the pumping activity of sponges 

(Gerrodette and Flechsig 1979; Tompkins-MacDonald and Leys 2008). Since the excurrent jet 

rate was only measured prior to the sampling it cannot be excluded that it varied during the 

sampling, which could explain the overall high variability in bacterial and DOC uptake rates in 

both excavating sponge species tested. Assuming an average daily pumping activity of 12h (Pile 

et al. 1997) yields a TOC uptake of 6.6 and 5.2 mmol C d-1 for Siphonodictyon sp. and C. 

delitrix, respectively. It should be noted that the here presented uptake rates are given per 

excurrent jet and that both species are multi-oscular sponges and have therefore multiple 

excurrent jets. C. delitrix can grow up to a size of 1 m across with >30 oscules per specimen 

(B. Mueller pers. obs.). At Playa Lechi, our study site on Bonaire, the abundance of C. delitrix 

was with 0.03 individuals m-2 relatively low (Y. Mulders pers. obs.). However, densities of up 

to 0.23 and 0.54 individuals m-2 were reported for Grand Cayman and San Andrés, Columbia, 

respectively (Rose and Risk 1985; Chaves-Fonnegra et al. 2007). When occurring in such high 

densities, C. delitrix is likely to have a significant effect on benthic carbon cycling by ingesting 

POC and especially DOC from the ambient water. Abundance data for Siphonodictyon sp. are 

rare, but with approximately 0.23 individuals m-2 on the south-western coast of Curaçao this 

species is quite common (B. Mueller and F.C. Van Duyl pers. obs.). However, specimens are 

comparable small at 48 cm2. Siphonodictyon coralliphagum [Rützler 1971] is reported to grow 

up to a size of 600 cm2 (Rützler 1971) and individuals of >0.5 m across can be regularly 

encountered on Cozumel, Mexican Caribbean (B. Mueller pers. obs.). Therefore, also 



 
87 Chapter VI 

Siphonodictyon sp. might have a significant effect on benthic carbon cycling, when occurring 

in high densities and large sizes. 

Potential effect of a coral-algal phase shift on coral-excavating sponges 

The ability of sponges to take up and assimilate DOC (De Goeij et al. 2008a; Ribes et al. 2012) 

has been proposed to be crucial to maintain biodiversity and high productivity on tropical coral 

reefs (De Goeij et al. 2013). In the so-called “sponge loop”, analogously to the microbial loop, 

sponges make energy and nutrients stored in the dissolved organic matter (DOM) pool available 

to the benthic food web via DOM assimilation and subsequent detritus production by the 

sponges. Our study now shows that excavating sponges most likely also participate in the 

sponge loop, although it remains unclear to what extent these sponges produce detritus and what 

the nutritional value of this detritus is to other reef fauna. However, it is very clear that there is 

a current increase in the abundance of coral-excavating sponges throughout the Caribbean (e.g., 

Rützler 2002; Ward-Paige et al. 2005). This increase is commonly attributed to a combination 

of an increase in the availability of new substrate due to coral declines (Ward-Paige et al. 2005; 

Maliao et al. 2008) and an increase in food availability as a result of eutrophication and pollution 

(Holmes 2000; Ward-Paige et al. 2005; Chaves-Fonnegra et al. 2007). Regarding the latter, 

being suspension feeders, coral-excavating sponges were considered to benefit from elevated 

concentration of particulate resources, such as phytoplankton and bacteria (e.g., Rose and Risk 

1985; Holmes 2000; Ward-Paige et al. 2005). However, here we could show that coral-

excavating sponges mainly rely on DOC to meet their carbon demand. Thus, an increase in 

DOC production, or quality, on coral reefs is likely to be beneficial for them. Shifts in the 

benthic reef community have caused major changes in the production and cycling of organic 

matter on reefs (Wild et al. 2008; Haas et al. 2013b). Due to anthropogenic disturbances benthic 

algae are increasing at the expense of scleractinian corals on most coral reefs throughout the 

Caribbean region (e.g., Hughes 1994; McCook et al. 2001; Kennedy et al. 2013). Both, 

scleractinian corals and benthic algae release a substantial amount of their photosynthetically 

fixed carbon as organic matter in the surrounding water (Haas et al. 2010a; Haas et al. 2010b; 

Naumann et al. 2010). However, benthic algae are reported to release more DOM than corals 

(e.g., Haas et al. 2010a; Haas et al. 2011; Haas et al. 2013b) and algal-derived DOM appears to 

be of a higher quality (Haas et al. 2013b; Nelson et al. 2013). Sponges, including excavating 

species, could therefore benefit in two ways from an increase in DOM production and quality 

due to the shift in benthic communities: (1) directly via uptake of DOM and (2) indirectly by 

feeding on the heterotrophic planktonic microbial community, which is fueled by the DOM 

release of benthic algae. However, the competition between algae and (coral-excavating) 
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sponges is controversial. A general negative correlation between the abundance of benthic algae 

and phototrophic excavating sponges was observed in the Mediterranean and on the Great 

Barrier Reef (Cebrian and Uriz 2006; Cebrian 2010). Furthermore, competition for space 

between benthic algae and the phototrophic coral-excavating sponge Cliona tenuis (Zea and 

Weil, 2003) has been reported in the Caribbean (González-Rivero et al. 2011; González-Rivero 

et al. 2012). Despite possible DOM consumption by this sponge, the beneficial effects of the 

availability of algal-DOM might be reduced or even eliminated by the effects of sunlight 

shading by benthic algae, reducing the photosynthetic performance of the sponge (Cebrian and 

Uriz 2006; Cebrian 2010). Interestingly, C. tenuis was reported to advance over turf algae 

(Lopez-Victoria et al. 2006; González-Rivero et al. 2011), which are known to release high 

amounts of DOC (e.g., Haas et al. 2010b; Haas et al. 2011) and do not shade the sponge. 

Moreover, a coexistence of sponges and benthic algae jointly dominating the benthic 

community was found on several Caribbean reefs and is suggested to become more frequent 

with increasing reef degradation (Colvard and Edmunds 2011; Bell et al. 2013). 

Here we could show that the coral-excavating sponges Siphonodictyon sp. and C. delitrix are 

capable of consuming DOC and mainly rely on DOC to meet their organic carbon demand. This 

suggests that coral-excavating sponges are likely to benefit from an increase in DOC production 

and quality as a result of the ongoing coral-algal phase shift. 
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Chapter VII 
Synthesis 
 

This thesis contributes to our knowledge of DOC dynamics on Caribbean coral reefs by 

investigating the effect of light and nutrient availability on the release of DOC by benthic 

primary producers. Additionally, the consumption of DOC by excavating sponges and the 

importance of DOC as a form of their nutrition was quantified. 

Light availability had a positive effect on the release of DOC by four reef algae tested under 

natural nutrient conditions (Chapter II and IV). Such relationship was not found for two 

scleractinian corals, whose DOC release was minimal or negative as some corals took up DOC 

at the three light intensities tested. In addition to the positive effect of light availability on algal 

DOC release rates, seasonal variations in light availability were positively correlated with in 

situ DOC concentrations (Chapter II). Light availability positively affected the DOC release of 

the brown alga Dictyota menstrualis and diurnal and depth-related variations in light 

availability were found to partly explaining the occurrence of elevated DOC concentrations in 

close proximity to Dictyota sp. in situ. However, other factors, such as photoinhibition and 

water exchange also need to be taken into account to adequately explain the occurrence of 

elevated DOC concentrations. The release of DOC by turf algae also followed a positive 

relationship with light availability under natural nutrient conditions (Chapter IV). This release 

follows a linear pattern, at least within the tested light range of approx. 100 to 625 μmol photons 

m-2 s-1 (Fig. 7.1).With the addition of nutrients, this positive relationship disappeared and turf 

algae released equal amounts of DOC under reduced and full light. This suggests that DOC 

release in turf algae can be light-dependent or light-independent depending on local nutrient 

availability. Aforementioned two mechanisms operate during the day, but a third release 

mechanism operating at night was found in benthic cyanobacterial mats (BCMs) (Chapter V). 

Rather than photosynthates BCMs release products of incomplete degradation and fermentation 

of organic matter in the absence of light. 

After comparing the DOC release rates of all benthic primary producers tested, reef algae and 

BCMs displayed the highest release rates per unit surface area, whereas scleractinian corals 

showed the lowest (Chapter II and V). The ongoing shift from coral- to algal-dominance on 

many reefs around the world therefore coincides with an increase in DOC release by the benthic 

community. DOC consumers, such as heterotrophic microbes and sponges likely benefit from 
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this increased DOC availability. We therefore tested if excavating sponges are capable of 

utilizing DOC as food source (Chapter VI). Two excavating sponges Cliona delitrix and 

Siphonodictyon sp. indeed used DOC as their main food source, which could lead to an increase 

in their abundance as a result of the coral-algal phase shift. Because excavating sponges are 

capable of destroying the skeletons of live and dead corals, they are expected to contribute to 

an accelerated shift towards algal-dominance on reefs. 

Light-driven DOC release and its effect on in situ DOC concentrations 

Incubation experiments at natural nutrient concentrations revealed that a species-specific 

minimum light availability needs to be reached before DOC release occurs (Chapter II). 

 

 

Fig. 7.1 DOC release rates of turf algae at light intensities of 109±44, 204±42 and 622±249 μmol photons 

m-2 s-1. Grey line represents linear regression (n = 11, r2 = 0.91, p<0.001). 

 

As light availability decreases exponentially with depth higher DOC release rates are expected 

in the shallow rather than deeper reef sections (Fig. 7.2). Light availability also changes in 

response to diurnal cycles with lower light intensities in the morning and late afternoon. 

Maximum DOC release rates are therefore expected to occur between 13:00 and 14:00 hrs. 

Furthermore, light availability changes in response to seasonal cycles. For example, the average 

light availability on Curaçao is significantly higher between May and August compared to the 
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period between September and February and higher DOC release is expected during the former 

period. Higher average in situ DOC concentrations were indeed observed in May (high light 

availability) compared to November (minimum annual light availability), indicating that 

seasonal patterns of light availability can indeed be linked to average DOC concentrations on 

the reef (Chapter II). 

 

 

Fig. 7.2 Diurnal and depth-related variations in light availability for May (high light availability) and 

November (minimum annual light availability) on a Curaçaoan coral reef. For details see Appendix 8. 

Method VII.1. 

 

It should be noted that a higher DOC release does not necessarily lead to higher in situ DOC 

concentrations. DOC release by benthic primary producers and DOC removal processes 

interactively determine the actual DOC concentrations near the reef bottom and in the overlying 

water column. Removal processes, such as the consumption of DOC by microbes and sponges, 

water movement and water exchange will all influence DOC concentration gradients near the 

reef bottom. Microbial consumption of DOC occurs in the water column (e.g., Azam et al. 1983, 

Ducklow and Carlson 1992, Haas et al. 2013a) and was proposed to explain the discrepancy 

between low DOC concentrations despite high DOC release rates on algal dominated reefs on 

the remote Line Islands (Dinsdale et al. 2008). Bacterial growth rates are enhanced in the reef 

bottom water (e.g. Gast et al. 1998, Scheffers et al. 2005), stimulated by algal-derived organic 

matter (Van Duyl et al. 2011). However, microbial consumption of DOC might be less 

important driving DOC concentrations in close proximity to reef algae. Bacterial DOC uptake 

rates (20 μmol L-1 over a period of 30 days; De Goeij and Van Duyl 2007) are negligible 

compared to DOC release rates of Dictyota menstrualis of 4.9 μmol per dm-2 projected reef area 

h-1 (Chapter V, table 5.2). On Caribbean reefs, sponges take up DOC at rates that are two orders 
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of magnitude higher than those of bacteria (De Goeij et al. 2008a, Chapter VI). Sponges, rather 

than microbes, may therefore be more important determining local DOC concentrations in close 

proximity to reef algae. Because sponges were not present close to the algal patches tested in 

Chapter III, this theory remains to be tested. 

Water movement due to currents and wave action results in turbulent mixing which dilutes DOC 

concentrations near the reef bottom. Since turbulent mixing decreases exponentially as a 

function of depth (Shashar et al. 1996), higher mixing rates occur on the reef flat compared to 

the deeper reef slope (Vermeij and Bak 2003). Wave height along the Curaçaoan coast usually 

declines between 14:00 and 18:00 hrs in the afternoon (www.windguru.cz), resulting in a 

decrease in DOC removal by water movement (water exchange and dilution). This decrease in 

DOC removal possibly contributed to the observed continuous increase in the relative difference 

in DOC concentrations in close proximity to the benthic reef alga Dictyota sp. relative to that 

in the water column in the afternoon (Chapter III). Diurnal variations in DOC removal processes 

(water movement in particular) may therefore influence DOC concentration gradients on the 

reef. 

Haas et al. (2010b) reported a positive correlation between light availability and DOC release 

for the benthic alga Caulerpa sp. until a maximum light intensity was reached. Above such light 

intensities DOC release rates decreased to levels comparable to those in the dark. This decrease 

was explained by the onset of photoinhibition at a species-specific light intensity, a common 

phenomenon in aquatic plants (Henley et al. 1992, Hanelt et al. 1993). The lower than expected 

in situ DOC concentrations observed near Dictyota sp. (Chapter III) can thus be explained by: 

(1) reduced DOC release rates due to photoinhibition at high light intensities at 5 m depth, (2) 

dilution and water exchange due to water movement, particularly in the shallows, or (3) a 

combination of both. Light-driven DOC release is an important factor in the occurrence of 

diurnal and depth-related variations in DOC concentrations near Dictyota sp.. However, other 

factors, such as photoinhibition and water exchange also need to be taken into account to 

adequately explain the occurrence of elevated DOC concentrations in situ, particularly in 

shallow reef sections (0-10 m depth). 
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Do nutrients affect DOC release mechanisms in turf algae? 

The release of DOC by aquatic primary producers is considered a natural physiological function 

of their metabolism (Carlson 2002), but little is known about the underlying mechanisms and 

how this release is affected by environmental parameters, such as light availability. Several 

studies reported a positive effect of light availability on DOC release (e.g., Fogg 1983, Wood 

and Van Valen 1990, Cherrier et al. 2014), while others did not find such relationships (e.g., 

Bjørnsen 1988, Marañón et al. 2004, 2005). 

Two mechanisms are currently proposed to explain DOC release in aquatic primary producers: 

(1) A light-dependent mechanism, where carbon-rich and high molecular weight (HMW) 

storage products (i.e., carbohydrates, polysaccharides) are actively released (e.g., Fogg 1983, 

Wood and Van Valen 1990, Cherrier et al. 2014), and (2) a light-independent mechanism, where 

nitrogen-rich and low molecular weight (LMW) molecules passively diffuse through the cell 

membrane (e.g., Bjørnsen 1988, Marañón et al. 2004, 2005). These two mechanisms are not 

mutually exclusive and environmental factors (e.g., light and nutrient availability) are proposed 

to control which mechanism dominates (Carlson 2002, Borchard and Engel 2015). Chapter IV 

demonstrated that light and nutrient availability indeed affected DOC release rates of turf algae. 

Under natural nutrient conditions DOC release increased with increasing light availability, 

whereas light availability no longer affected DOC release rates after nutrients were added (Fig. 

7.3). Under nutrient replete conditions DOC release at both light intensities was comparable to 

DOC release rates under natural nutrient conditions and full light. 

While the underlying release mechanisms were not specifically tested in our studies, 

aforementioned hypothetical mechanisms suggest that not only the quantity, but also the quality 

of DOC will differ depending on which release mechanism dominates under a certain set of 

environmental parameters (Borchard and Engel 2015). We expect release of predominantly 

carbon-rich and HMW molecules under natural nutrient conditions (light-dependent release) 

and of nitrogen-rich and LMW molecules under nutrient replete conditions (light-independent 

release). 
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Fig. 7.3 Nutrient availability determines whether light-driven DOC prevails in turf algae. 

 

As stated above, DOC released by aquatic primary producers is metabolized by microbial 

communities (Cole et al. 1982, Norrman et al. 1995). The composition of the DOC determines 

to what degree growth and respiration rates of these microbial communities will be stimulated 

(Amon and Benner 1994, Hama and Yanagi 2001). Differences in the quantity and the 

composition of DOC released by turf algae under different light and nutrient conditions can 

thus be expected to come with differing implications for microbial and sponge communities 

(Haas et al. 2011, 2013a, Gregg et al. 2013, Nelson et al. 2013). Further research should 

investigate the combined effects of nutrient and light availability on the composition of released 

DOC and how potential differences in DOC composition affect microbial communities and 

DOM-feeding sponges. 
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DOC release in the absence of light 

In contrast to the light-dependent and light-independent DOC release during the day (Chapter 

II and IV), a third mechanism which operates at night was observed in Caribbean benthic 

cyanobacterial mats (BCMs) (Chapter V). BCMs release approximately 16% of their 

photosynthetically fixed carbon during the day. Typically the DOC release of reef algae and 

corals is considerably lower in the dark than in the light (table 5.2), but in BCMs DOC release 

rates at night were more than two times higher than during the day. Release of photosynthates 

as DOC is directly connected to primary production and therefore the availability of light 

(Zlotnik and Dubinsky 1989, Baines and Pace 1991, Cherrier et al. 2014). Rather than resulting 

from the release of photosynthates, the release of DOC by BCMs in the dark (Chapter V) is 

proposed to result from the release of products stemming from incomplete organic matter 

degradation and fermentation under anoxic conditions by the non-heterocystous cyanobacteria 

Oscillatoria ssp. (Kristensen et al. 1995). Integrating light-dependent DOC release and the DOC 

release in the dark over a 24 h diurnal cycle at Pest Bay, Curaçao, BCMs (benthic cover: 24%) 

released four times more DOC than all macroalgae and turf algae combined (benthic cover: 17 

and 19%, respectively) and in doing so, accounted for the highest contribution to benthic DOC 

production (80%) at this location. 

 

 

Fig. 7.4 DOC release rates of turf algae at light intensities of 0 (Appendix 9. Method VII.2), 109±44 (Chapter 

II), 204±42 and 622±249 (both Chapter IV) μmol photons m-2 s-1. Error bars represent SD. Different letters 

above the bars indicate significant differences between DOC release rates (Bonferroni p<0.05). 
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Cyanobacteria, dominated by Oscillatoria ssp., represented approximately 20% of the turf algal 

communities used in the incubation experiments in Chapter II and IV (Fricke et al. 2011, Den 

Haan et al. 2014). This suggests that the aforementioned degradation and fermentation 

processes could also play a role in these turf algal communities. In preliminary experiments turf 

algae (including Oscillatoria ssp.) released DOC at rates of 31±5 µmol C g-1 h-1 (mean±SD) in 

the dark, which exceed those reported for light-dependent DOC release (Fig. 7.4) (Appendix 9. 

Method VII.2). The obligatory anoxic conditions needed by Oscillatoria spp. likely result from 

microbial respiration in the dark. Microbial respiration of algal DOC causes anoxic zones 

around benthic algae, particularly in the absence of light (Gregg et al. 2013, Haas et al. 2013b). 

In such a scenario anoxic degradation and fermentation processes could occur, representing a 

third DOC release mechanism in addition to the light-dependent and light-independent 

mechanisms proposed in Chapter IV. Interestingly, all three mechanisms appear to operate in 

Caribbean turf algae. 

When DOC release by turf algae in the dark is included in aforementioned estimates for DOC 

production at Pest Bay (Chapter V), the relative contribution of turf algae over a 24 hrs diurnal 

cycle increases from 15 to 42% (Fig. 7.5) and turf algae and BCMs (54%) together account for 

96% of the daily benthic DOC production and that the majority of the DOC release occurs 

during the night and not as commonly assumed during the day. These results are foremost based 

on controlled lab experiments and should therefore be extrapolated to the field with caution. 
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Fig. 7.5 Estimated DOC production of benthic primary producers and bare sediment on the reef flat at Pest 
Bay, Curaçao. Benthic coverage of substrates is giving as percentage in parentheses. Day (indicated in 
yellow) and night (indicated in blue) DOC fluxes are given in μmol C m-2 reef h-1. Benthic coverage and DOC 
fluxes are based on table 5.3a, except for the DOC release of turf algae at night, which is based on a 
preliminary experiment (Appendix 9. Method VII.2). 
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Algal-induced bioerosion by sponges? 

Similar to cavity and open reef sponges, two common excavating sponges Cliona delitrix and 

Siphonodictyon sp. rely predominantly on DOC to meet their carbon demand (Chapter VI). 

Both species efficiently take up bacteria, but DOC accounts for more than 80% of their total 

organic carbon uptake. Excavating sponges therefore likely benefit from the increase in DOC 

production as reefs move from coral to algal domination during so-called phase shifts. 

Excavating sponges may take up algal DOC directly and/or indirectly by feeding on the 

heterotrophic planktonic microbial community, which is also fueled by algal DOC. In the long 

term this increase in food availability can be expected to result in higher growth rates and/or a 

higher reproductive output. Both may lead to an increased abundance of excavating sponges, 

which are among the most important bioeroders on coral reefs, strong competitors for space, 

and known to obliterate adjacent scleractinian corals (Hein and Risk 1975, Gonzalez-Rivero et 

al. 2011). The resulting demise of scleractinian corals could provide more space for the growth 

of benthic algae and further accelerate the coral-algal phase shift. Moreover, the loss of reef-

building corals and concomitant increase in sponge bioerosion may result in a loss of reef 

structure and habitat complexity (Fig. 7.6). Complex reef structures typically support diverse 

and abundant biological communities by facilitating the survival of organisms through the 

mediation of critical ecological processes, including recruitment, predation and competition 

(reviewed by Graham and Nash 2013). Furthermore, a loss in structural complexity decreases 

the space available for phototrophic organisms per projected surface area and thereby reducing 

its overall productivity (Den Haan 2015). The decline in diversity and abundance of reef 

organisms in combination with a reduction in overall productivity will come with detrimental 

effects for the ecosystem services provided by Caribbean coral reefs (e.g., fishing, tourism, 

coastal protection). 
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Fig. 7.6 Algal-driven sponge bioerosion – A hypothesis. 

 

To date no correlation between the abundance of benthic algae and (excavating) sponges could 

be established. Excavating sponges can be outcompeted by benthic algae (González-Rivero et 

al. 2011, Cebrian and Uriz 2006, Cebrian 2010, González-Rivero et al. 2012), but the excavating 

sponge Cliona tenuis was reported to advance over turf algae (Lopez-Victoria et al. 2006; 

González-Rivero et al. 2011). Cárdenas et al. (2015) demonstrated that the presence of the kelp 

Ecklonia radiate even promotes the presence of a diverse sponge community. Kelp releases a 

substantial portion of its photosynthetically fixed carbon as DOC (e.g., Kaihlov and Burlakova 

1969, Abdullah and Fredriksen 2004, Wada et al. 2007), which likely accumulates underneath 

the canopy where it could serve as food for a sub-canopy sponge community. These examples 

illustrate that the presence of benthic algae does not necessarily come with disadvantages for 

(excavating) sponges and would explain reports of both sponges and benthic algae jointly 

dominating several modern-day Caribbean reef communities (Colvard and Edmunds 2011; Bell 

et al. 2013). 
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Summary 
 

Dissolved organic matter (DOM) is increasingly recognized for its important role in the element 

cycling and the general ecosystem functioning of tropical coral reefs (e.g., Rohwer and Youle 

2010; Barott and Rohwer 2012; De Goeij et al. 2013; Haas et al. 2013b). The DOM pool is the 

largest source of food and energy on coral reefs. It is mainly released by benthic primary 

producers, such as benthic algae, benthic cyanobacterial mats (BCMs) and scleractinian corals 

(Haas et al. 2010a; Haas et al. 2011; Van Duyl et al. 2011; Haas et al. 2013b; Brocke et al. 

2015). However, only few heterotrophic organisms are capable to utilize this food source 

directly. Energy and nutrients stored in DOM are cycled via two important pathways to higher 

trophic levels: i) the conventional microbial loop (Azam et al. 1983) and ii) the sponge loop 

through DOM-feeding and subsequent detritus production by cavity and open reef sponges (De 

Goeij et al. 2013). Both microbes and sponges take up DOM and either get directly consumed 

(microbes) or produce detritus (sponges) which serves as food source for detritivores. There are 

indications that the majority of coral-derived DOM is mineralized by specialized microbes in 

coral sands, and that algal DOM is mainly degraded by a planktonic microbial community (Wild 

et al. 2004a; Haas et al. 2011; Haas et al. 2013b). Furthermore, algal-DOM is considered to play 

a crucial role in coral-algal competition by promoting the growth of opportunistic microbes in 

the coral-algal interface (Barott and Rohwer 2012). Increased microbial respiration which 

causes anoxia combined with the release of secondary metabolite can then lead to tissue loss or 

even coral death. However, the effect of environmental factors, such as light and nutrient 

availability on the quality and quantity of the released DOM is largely unknown. 

In chapter II of this thesis, the effect of light on dissolved organic carbon (DOC) release of 

benthic primary producers was investigated on the coral reefs of Curaçao (Fig. S; II). Incubation 

experiments at three light levels (0; 30-80 and 200-400 μmol photons m-2 s-1) revealed a positive 

relation between the DOC release rates of the common Caribbean reef algae Cladophora sp., 

Dictyota menstrualis and Lobophora variegata. In contrast, the DOC release of the two tested 

scleractinian coral species Madracis mirabilis and Orbicella annularis was either minimal or 

DOC uptake occurred independent of light availability. Additionally, in situ DOC 

concentrations were measured in close proximity to seven benthic primary producers (including 

two coral species, four benthic algae and BCMs), sediment and the water column at nine sites 

evenly distributed along the leeward coast of Curaçao. In situ DOC concentrations were 
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positively correlated with light intensity, although the magnitude of the correlation differed 

among species and bottom types tested. Furthermore, average DOC concentrations were twice 

as high during the sampling in May-June compared to the sampling in November-December. 

This can at least be partly explained by a significantly higher light availability in May-June. 

 

Fig. S Simplified scheme of DOM dynamics on tropical coral reefs. Roman numbers represent investigated 

processes and corresponding chapters in this thesis. Red arrows indicate competitive species interactions. 

 

Given the positive effect of light availability on the DOC release rates of reef algae and in situ 

DOC concentrations observed in chapter II, the possible use of light availability to predict the 

occurrence of elevated DOC concentrations near the common reef alga Dictyota sp. was tested 

in chapter III (Fig. S; III). Therefore, in situ DOC concentrations in close proximity to Dictyota 

sp. were investigated along a natural light gradient from 5 to 20 m depth during midday, when 

light intensities are the highest. Elevated DOC concentrations near Dictyota sp. were only 

observed at 10 m, but not at 5 and 20 m depth. Additionally, the change in DOC concentration 

near Dictyota sp. was determined from 9:00 till 18:00 hrs at 11 m depth (where elevated DOC 

concentrations were previously observed) and compared to diurnal changes in light availability. 

DOC tended to accumulated in the vicinity of Dictyota sp. relative to background concentrations 

during the course of the experiment. However, due to a large variation in DOC concentrations 

a higher replication would be necessary to confirm this observation. Combined these findings 

suggest that light-driven DOC release is an important factor in the occurrence of diurnal and 
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depth-related variations in DOC concentrations near Dictyota sp. relative to concentrations in 

the overlying water column. However, other factors, such as photoinhibition and water 

exchange also need to be taken into account to adequately explain the occurrence of elevated 

DOC concentrations. 

Apart from light, the availability of nutrients is considered to play an important role in the 

production of DOM (Carlson 2002; Borchard and Engel 2015). It is hypothesized that under 

high nutrient concentrations primary producers rather use photosynthetically fixed carbon for 

growth than for the release of DOC. In chapter IV incubation experiments with turf algae were 

performed to test the interactive effects of light and nutrient availability on DOC release (Fig. 

S; IV). Turf algae were exposed to two light levels (full and reduced light) and two nutrient 

treatments (natural seawater and enriched seawater). DOC release by turf algae increased with 

increasing light availability under naturally occurring nutrient concentrations. Addition of 

nutrients resulted in the disappearance of the positive relationship with light availability. DOC 

release rates in these nutrient replete treatments were comparable at full and at reduced light 

levels. These results indicate that low light in combination with low nutrient availability reduces 

the release of DOC by Caribbean turf algae and that light and nutrient availability 

simultaneously and interactively affected this release. 

BCMs are becoming more abundant on coral reefs worldwide and dominate the benthic 

communities on some reefs. Despite the high abundance, their contribution to the local DOC 

pool is virtually unknown. In chapter V DOC and oxygen fluxes of BCMs were determined in 

situ using benthic chambers and compared to those of other benthic primary producers (Fig. S; 

V). BCMs released approximately 16% of their photosynthetically fixed carbon as DOC. 

However, DOC release at night was more than twice that high. This DOC release in the dark is 

proposed to be the result of incomplete organic matter degradation and fermentation under 

anoxic conditions. When integrating the DOC release in light and dark conditions over a 24 hrs 

diurnal cycle at the study site on Curaçao, BCMs (benthic cover: 24%) were estimated to release 

four times more DOC than macroalgae and turf algae combined (benthic cover: 17 and 19%, 

respectively). BCMs thereby display the highest contribution to the benthic DOC production 

(80%). 

Coral-excavating sponges are the most important bioeroders on Caribbean reefs. If they, similar 

to other non-excavating sponges, can directly feed on DOC, they may benefit from an increase 

in DOC production due to ongoing coral-algal phase shifts. Therefore, the potential DOC and 

bacterial uptake of the common excavating sponges Siphonodictyon sp. and Cliona delitrix were 
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investigated in situ in chapter VI (Fig. S; VI). Despite bacterial retention efficiencies of 72 and 

87% for Siphonodictyon sp. and C. delitrix, respectively, both species relied mainly on the 

uptake of DOC to meet their carbon demand (82 and 76%, respectively). This utilization of 

DOC indicates that excavating sponges might i) benefit from an increase in DOM production 

as result of coral-algal phase shifts and ii) may also participate in the sponge loop. 

In conclusion, the work in this thesis has shown that under natural nutrient conditions (nutrient 

limitation), light availability positively affects the DOC release of reef algae. Next to the light-

driven DOC release under natural nutrient conditions, light-independent DOC release can occur 

in Caribbean turf algae under nutrient replete conditions. Thus, nutrient availability might 

determine whether light-dependent or light-independent DOC release prevails and a third DOC 

release mechanism was proposed that operates in BCMs in the absence of light. Lastly, the 

ability of coral-excavating sponges to use DOC as food source suggests that they may benefit 

from current coral-algal phase shifts and increases in BCMs and could participate in the sponge 

loop. 
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Nederlandse samenvatting 
 

In het water opgeloste organische stoffen, zoals bijvoorbeeld suikers, beter bekend onder de 

engelse afkorting DOM (eng: “dissolved organic matter”), blijken een steeds grotere rol te 

spelen in het functioneren van koraalrif ecosystemen en in de recycling van bepaalde elementen 

(bijvoorbeeld koolstof) op het rif (bijv. Rohwer en Youle 2010; Barott en Rohwer 2012; De 

Goeij et al. 2013; Haas et al. 2013b). Het is de grootste bron van energie en voedsel op het rif, 

met name geproduceerd door benthische (op het rif “vastzittende”) algen, matvormende 

benthische cyanobacteriën (MCB) en koralen (Haas et al. 2010a; Haas et al. 2011; Van Duyl et 

al. 2011; Haas et al. 2013b; Brocke et al. 2015). Het zijn dus met name de primaire producenten 

(autotrofe organismen) die DOM maken door fotosynthese, maar de energie en voedingsstoffen 

uit het DOM kunnen uiteindelijk ook door andere heterotrofe rif organismen worden 

opgenomen, een cruciaal proces voor de energiehuishouding van het rif. Enerzijds nemen 

bacteriën DOM op, via de zogenaamde “microbial loop” (Azam et al. 1983), maar DOM wordt 

ook, door sponzen, opgenomen (Yahel et al. 2003; De Goeij et al. 2008). Zowel microben als 

sponzen nemen DOM op en worden daarna of opgegeten (microben) of stoten grotere partikels 

uit (sponzen) die door andere rif organismen kunnen worden opgenomen, via de zogenaamde 

“microbial loop” (Azam et al. 1983) en de ”sponge loop” (De Goeij et al. 2013). Verder zijn er 

aanwijzingen dat het door koraal geproduceerd DOM voornamelijk wordt gemineraliseerd door 

micro-organismen in het koraalsediment, terwijl DOM dat door algen is geproduceerd 

voornamelijk wordt afgebroken door vrij-levende micro-organismen in de water kolom (Wild 

2004a; Haas et al. 2011; Haas et al. 2013b). Daarnaast speelt algen-DOM bovendien een 

cruciale rol in de competitie tussen algen en koralen op het rif: het bevordert de groei van 

opportunistische bacteriën in de koraal-alg interface. Daardoor kunnen deze bacteriën (1) als 

koraal-ziektekiemen optreden, of (2) zorgen voor een plaatselijk zuurstofgebrek voor het koraal, 

door het verhoogde zuurstofverbruik van de bacteriën (Barott en Rohwer 2012). Het is echter 

niet bekend hoe omgevingsfactoren die voor de productie van DOM belangrijk zijn, zoals licht 

en anorganische nutriënten (bijvoorbeeld nitraat of fosfaat), de kwantiteit en kwaliteit van DOM 

uit verschillende bronnen beïnvloeden. 

In dit proefschrift is daarom nader gekeken naar de processen die de hoeveelheid DOM bepalen 

op Caribische riffen. In Hoofdstuk II werd bepaald hoe de DOC (opgeloste organische 

koolstof) afgifte door benthische primaire producenten afhangt van de hoveelheid beschikbaar 
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licht (Fig. S; II). Middels incubatie experimenten werd de DOC productie door verschillende 

veelvoorkomende Caribische algen (Cladophora sp., Dictyota menstrualis en Lobophora 

variegata) gemeten onder drie verschillende licht niveaus (0; 30-80 en 200-400 μmol photons 

m-2 sec-1). In alle gevallen nam de DOC productie toe met de toenemende hoeveelheid 

beschikbaar licht. In tegenstelling tot de algen, bleek de DOC productie van twee soorten 

steenkoraal (Madracis mirabilis en Orbicella annularis) onafhankelijk van de hoeveelheid 

beschikbaar licht. Daarnaast  werden in situ DOC concentraties gemeten in de directe nabijheid 

van zeven primaire producenten (twee koralen, vier algen en matvormende benthische 

cyanobacteriën), het sediment en de water kolom, op negen locaties langs de Curaçaose 

zuidkust. In situ DOC concentraties bleken in het algemeen wederom toe te nemen met een 

toename in de hoeveelheid beschikbaar licht, hoewel dit effect niet voor alle onderzochte 

groepen even groot was. De gemiddelde DOC concentraties bleken tevens twee keer zo hoog 

in Mei-Juni in vergelijking met monsters die werden genomen in November-December. Dit 

verschil kan gedeeltelijk verklaard worden door de hogere licht beschikbaarheid in Mei-Juni. 

Aangezien er in Hoofdstuk II een positief effect gemeten is tussen licht beschikbaarheid en 

DOC in situ concentraties en de productie door algen, is er in Hoofdstuk III getest of licht 

gebruikt kan worden om (verhoogde) DOC concentraties te voorspellen in de nabijheid van de 

alg Dictyota sp. (Fig. S; III). Gebruikmakend van de natuurlijke verschillen in de hoeveelheid 

beschikbaar licht over een diepte-gradiënt in de waterkolom (5 tot 20 meter) werden in situ 

DOC concentraties in de directe nabijheid van Dictyota sp. gerelateerd aan veranderingen in de 

hoeveelheid beschikbaar licht. Alle metingen werden gedaan rond 12:00 ’s middags, waarbij de 

lichtintensiteit gemiddeld het hoogst is op het rif. Verhoogde DOC concentraties werden alleen 

waargenomen op 10 meter, maar niet op 5 en 20 meter diepte. In een tweede experiment is de 

relatie tussen lichtintensiteit en DOC concentraties in de waterkolom en in de nabijheid van de 

alg Dictyota sp. gemeten gedurende de dag. Alle metingen zijn daarbij gedaan op 11 meter (± 

de diepte waarbij de grootste verschillen tussen water DOC concentratie en alg DOC 

concentratie zijn gemeten). Alhoewel het verschil in DOC concentratie tussen algen en 

waterkolom leken op te lopen gedurende de dag, was de variatie tussen de metingen te hoog om 

een significant verschil waar te nemen. Meer metingen zijn nodig om deze relatie te kunnen 

vaststellen. De variatie in de diepte en de tijdmetingen is waarschijnlijk toe te schrijven aan een 

grote variatie in hydrodynamica. Bovendien kan een te hoge lichtintensiteit op 5 meter zelfs 

zorgen voor een lichtinhibitie. 

Naast licht zijn anorganische nutriënten een belangrijke factor in de productie van DOM door 

primaire producenten (Carlson 2002; Borchard and Engel 2015). De hypothese is dat onder 
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hoge concentraties van anorganische nutriënten een primaire producent de energie uit 

fotosynthese eerder gebruikt voor groei dan voor uitstoot van DOM. In Hoofdstuk IV werd 

daarom gekeken naar het interactieve effect van licht en nutriënten op de productie van DOC 

door algen (Fig. S; IV). Ditmaal werd gebruik gemaakt van gemeenschappen van “turf” algen 

(meerdere kleine algensoorten die een soort “grasmat” vormen) die in incubatie experimenten 

werden blootgesteld aan twee licht niveaus (hoog en laag) en twee concentraties nutriënten 

(natuurlijk zeewater en verrijkt zeewater). De DOC productie door turfalgen nam toe met een 

toenemende hoeveelheid licht in natuurlijk zeewater. De positieve correlatie tussen DOC 

productie en de hoeveelheid licht verdween echter na het verrijken van zeewater met nutriënten. 

Er bleek geen verschil tussen de DOC productie tussen het hoge en lage lichtniveau. De 

resultaten geven aan dat de DOC productie door Caribische turfalgen laag is bij lage 

lichtintensiteit en nutriëntenconcentratie. De productie neemt toe met toenemende licht 

beschikbaarheid, tenzij nutriënten ook toenemen. Hoewel de onderliggende mechanismen 

vooralsnog onbekend blijven, geven deze resultaten wel aan dat de hoeveelheid DOC die door 

algen wordt geproduceerd tegelijkertijd en dus niet onafhankelijk door de hoeveelheid licht en 

nutriënten wordt bepaald. 

Matvormende benthische cyanobacteriën (MBC) zijn historisch gezien zeldzaam in Caribische 

rifgemeenschappen, maar nemen gestaag toe en domineren op sommige locaties 

koraalrifgemeenschappen waar ze voorheen amper werden aangetroffen. De bijdrage van deze 

voorheen zeldzame benthische groep aan de DOC-productie op een rif is volledig onbekend. In 

Hoofdstuk V zijn daarom de primaire productie (bepaald aan de hand van zuurstof productie 

en consumptie in licht en donker) en de uitstoot van DOC bepaald voor MBC’s. Metingen zijn 

verricht in situ (op het rif) en vergeleken met de productie van andere primaire producenten 

(Fig. S; V). Gedurende de dag stootten MBC’s ongeveer 16% van hun fotosynthetisch 

vastgelegde koolstof uit als DOC. Maar, deze uitstoot verdubbelt (of meer) gedurende de nacht! 

Deze nachtelijke DOC productie is mogelijk het gevolg van de onvolledige afbraak en 

fermentatie van organische stoffen onder zuurstofarme of –loze omstandigheden. Wanneer de 

DOC productie door MBC’s over een 24-uurs cyclus wordt geïntegreerd over het gehele rif, 

blijkt dat MBC’s, die op Curaçao 24% van de rifbodem bedekken, vier keer meer DOC 

produceren dan alle macro-algen (17% rifbedekking) en turfalgen (19% rifbedekking) bij 

elkaar. MBC’s leveren daardoor de grootste bijdrage aan de totale hoeveelheid DOC (80%) die 

door Curaçaose benthische rifgemeenschappen wordt geproduceerd. 

Zoals eerder aangegeven zijn sommige sponzen zeer goed in staat DOC uit het water te filteren. 

Een specifieke groep sponzen zijn de zogenaamde boorsponzen. Zij leven in het skelet van 
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koralen (boren zich er letterlijk doorheen) en dragen daardoor bij aan de erosie van Caribische 

riffen. Voor deze groep is het echter nog niet bekend of zij ook (en hoeveel) DOC kunnen 

opnemen uit het water. Dat kan belangrijk zijn, want als boorsponzen DOC als voedselbron 

gebruiken, dan kan een toenemende DOC-productie door algen in de toekomst leiden tot een 

verdere (en versnelde) erosie van het rif. In Hoofdstuk VI werd daarom de opname van DOC 

en bacteriën (als proxy voor particulair voedsel) door de boorsponzen Siphonodictyon sp. en 

Cliona delitrix in situ onderzocht (Fig. S; VI). Beide boorsponzen bleken zeer efficiënt 

bacteriën te kunnen opnemen (met een efficientie van 72-80%). Maar, voor hun dagelijkse 

behoefte aan koolstof zijn beide sponzen voor een groot deel afhankelijk van DOC, in plaats 

van particulair voedsel (82 en 76%, respectievelijk). Deze resultaten suggereren dat 

boorsponzen (en dus ook de door hen veroorzaakte erosie) zullen toenemen als gevolg van de 

wereldwijde verschuiving van dominantie door koraal naar algen op riffen. Verder blijkt uit 

deze resultaten dat boorsponzen wellicht ook deel uit maken van de eerder genoemde “sponge 

loop”. 

Ter conclusie tonen de resultaten in dit proefschrift aan dat er meer DOC wordt geproduceerd 

op oligotrofe Caribische riffen door primaire producenten onder toenemende lichtintensiteit. 

Als de hoeveelheid nutrienten toeneemt (eutrofie), kan DOC ook onafhankelijk van 

lichtintensiteit worden geproduceerd, met name door turfalgen. De beschikbaarheid van 

nutrienten kan dus bepalen of lichtintensiteit-afhankelijke dan wel lichtintensiteit-

onafhankelijke processen de productie van DOC bepalen. Daarnaast is er een licht-

onafhankelijk proces waarbij MBC’s DOC produceren in het donker. Boorsponzen kunnen 

gebruik maken van DOC en daarmee voordeel halen uit de wereldwijde verschuiving van koraal 

naar alg (en dus toenemende hoeveelheid DOC) op riffen. 
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Appendix 1. Table II.1 Mean light intensities (±SD) during the incubations of benthic primary 
producers. 

 

Organism Species Light intensities (μmol photons m-2 s-1) 

  dark reduced light full light 

benthic algae Cladophora sp. 0 52 ± 25 349 ± 87 

 Dictyota menstrualis 0 49 ± 18 369 ± 84 

 Halimeda opuntia n.a. n.a. 350 ± 136 

 Lobophora variegata 0 55 ± 12 193 ± 77 

 turfalgae n.a. n.a. 204 ± 42 

crustose coralline 

algae 

Lithophyllum 

congestum 

n.a. n.a. 248 ± 54 

scleractinian corals Madracis mirabilis 0 48 ± 15 323 ± 111 

 Orbicella annularis 0 60 ± 13 265 ± 16 
Missing values are indicated with n.a. (not applicable). 
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Appendix 2 Table II.2 Measured in situ DOC concentrations and respective light intensities. 

All substrate types and sites during the sampling periods May-June and November-December 

2010 are shown. Missing values are indicated with n.a. (not applicable). 

 

  May-June 2010 November-December 2010 

site substrate DOC concentration 

(μmol l-1) 

light intensity 

(μmol photons m-2 s-1) 

DOC concentration 

(μmol l-1) 

light intensity 

(μmol photons m-2 s-1) 

Playa Kalki water 96 1035 98 553 

 sediment 132 333 107 402 

 M. mirabilis 109 266 94 499 

 O. annularis 122 290 108 307 

 Dictyota sp. 121 174 116 243 

 Halimeda sp. n.a. n.a. n.a. n.a. 

 Lobophora sp. 137 203 n.a. n.a. 

 turfalgae 154 212 135 469 

 cyanobacteria n.a. n.a. n.a. n.a. 

Playa Lagun water 100 245 81 346 

 sediment 94 175 88 185 

 M. mirabilis 101 94 82 131 

 O. annularis 101 167 79 95 

 Dictyota sp. 92 136,7 74 51 

 Halimeda sp. n.a. n.a. n.a. n.a. 

 Lobophora sp. 103 84,6 76 26 

 turfalgae 144 182 75 134 

 cyanobacteria n.a. n.a. 82 120 

Playa Mansaliña water 64 209 78 163 

 sediment 472 145 90 118 

 M. mirabilis 401 89 98 92 

 O. annularis 427 421 101 94 

 Dictyota sp. 321 76,5 83 51 

 Halimeda sp. n.a. n.a. n.a. n.a. 

 Lobophora sp. 449 86 80 44 

 turfalgae 520 75,2 75 66 

 cyanobacteria n.a. n.a. 80 100 
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Habitat water 76 850 436 n.a. 

 sediment 87 413 84 408 

 M. mirabilis 74 365 75 338 

 O. annularis 74 264 76 206 

 Dictyota sp. 73 223 171 110 

 Halimeda sp. n.a. n.a. n.a. n.a. 

 Lobophora sp. 74 110 72 135 

 turfalgae 75 176 79 129 

 cyanobacteria n.a. n.a. 78 101 

Snake Bay water 86 895 73 156 

 sediment 95 162 73 41 

 M. mirabilis 92 120 71 33 

 O. annularis 91 118 70 21 

 Dictyota sp. 94 154 65 23 

 Halimeda sp. n.a. n.a. 71 22 

 Lobophora sp. 90 90,1 72 15 

 turfalgae 100 129 79 40 

 cyanobacteria n.a. n.a. 76 33 

Piscadera Bay water 191 n.a. 79 400 

 sediment 134 n.a. 77 100 

 M. mirabilis 313 n.a. 84 85 

 O. annularis 137 n.a. 72 127 

 Dictyota sp. 136 n.a. 78 44 

 Halimeda sp. n.a. n.a. 73 107 

 Lobophora sp. 152 n.a. 86 14 

 turfalgae n.a. n.a. 79 105 

 cyanobacteria 153 n.a. 85 58 

water factory water 260 1088 72 432 

 sediment 294 230 74 175 

 M. mirabilis 178 303 71 136 

 O. annularis 230 408 80 301 

 Dictyota sp. n.a. n.a. n.a. n.a. 

 Halimeda sp. n.a. n.a. 70 116 

 Lobophora sp. 253 81 76 67 

 turfalgae n.a. n.a. n.a. n.a. 

 cyanobacteria 326 355 78 110 
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Jan Thiel water 215 998 82 598 

 sediment 416 404 85 334 

 M. mirabilis 376 439 82 326 

 O. annularis 472 434 74 436 

 Dictyota sp. 292 114 91 138 

 Halimeda sp. n.a. n.a. 85 339 

 Lobophora sp. 320 71 74 148 

 turfalgae n.a. n.a. 83 280 

 cyanobacteria 610 179 88 256 

Director's Bay water 87 937 73 368 

 sediment 106 423 85 329 

 M. mirabilis 88 291 78 81 

 O. annularis 82 432 n.a. n.a. 

 Dictyota sp. 105 223 76 73 

 Halimeda sp. n.a. n.a. 71 65 

 Lobophora sp. 91 130 81 51 

 turfalgae 79 332 74 71 

 cyanobacteria n.a. n.a. 71 71 
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Appendix 3 Figure IV.1 Change in DOC concentration through time in the four light and 

nutrient treatment combinations. Each line represents an individual incubator. Incubators with 

turf algae are indicated in red, controls are indicated in blue. 
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Appendix 4 Figure IV.2 Change in oxygen concentration through time in the four light and 

nutrient treatment combinations. Each line represents the linear regression of an individual 

incubator. Incubators with turf algae are indicated in red, controls are indicated in blue. 
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Appendix 5 Figure V.3 (a) Map of Central America and the Caribbean Sea. Inset shows the 

island of Curaçao. Stars display locations of the experimental site Pest Bay and Carmabi. (b) 

Photo of sediment surface and incubation chamber next to a coral head. Carbonate sediments 

are covered by brown-colored BCM. 
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Appendix 6 Table VI.3 Sampling dates, locations, depth as well as sampling rates for 

Siphonodictyon sp. and Cliona delitrix. 

 

Species ID Date Location Depth 

(m) 

Sampling rate 

(mL min-1) 

Siphonodictyon sp. S1 09/05/2013 Daaibooi/Curaçao 19 1.8 

 S2 09/05/2013 Playa Jeremy/Curaçao 17 1.3 

 S3 10/05/2013 Playa Jeremy/Curaçao 20 4.5 

 S4 12/05/2013 Playa Jeremy/Curaçao 20 1.7 

 S5 12/05/2013 Playa Jeremy/Curaçao 18 2.8 

 S6 27/05/2013 Daaibooi/Curaçao 19 3.9 

 S7 27/05/2013 Daaibooi/Curaçao 18 2.9 

 S8 27/05/2013 Daaibooi/Curaçao 18 2.5 

Average (±SD) 19 ± 1 2.9 ± 1.2 

Cliona delitrix C1 20/05/2013 Playa Lechi/Bonaire 12 2.0 

 C2 20/05/2013 Playa Lechi/Bonaire 15 2.7 

 C3 20/05/2013 Playa Lechi/Bonaire 14 1.8 

 C4 20/05/2013 Playa Lechi/Bonaire 14 1.8 

 C5 20/05/2013 Playa Lechi/Bonaire 13 1.7 

 C6 20/05/2013 Playa Lechi/Bonaire 16 1.6 

 C7 21/05/2013 Playa Lechi/Bonaire 14 1.6 

 C8 21/05/2013 Playa Lechi/Bonaire 14 2.1 

 C9 21/05/2013 Playa Lechi/Bonaire 12 1.6 

 C10 21/05/2013 Playa Lechi/Bonaire 12 1.7 

Average (±SD) 13 ± 1 1.9 ± 0.3 
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Appendix 7 Table VI.4 Confirmed DOC feeding by sponges. 

 

class order species environment Reference 

Demospongia Agelasida Agelas oroides Mediterranean Ribes et al. 2012 

 Chondrosida Chondrosia reniformis 

Chondrilla caribensis 

Halisarca caerulea 

Mediterranean 

Caribbean; coral reef 

Caribbean; coral reef 

Ribes et al. 2012 

de Goeij et al. 2013 

de Goeij et al. 2008 

 Hadromerida Cliona delitrix Caribbean; coral reef this study 

 Halichondrida Higginsia thielei 

Scopalina ruetzleri 

NE Atlantic; deep water coral reef 

Caribbean; coral reef 

van Duyl et al 2008 

de Goeij et al. 2013 

 Haplosclerida Haliclona implexiformis 

Siphonodictyon sp. 

Caribbean; coral reef 

Caribbean; coral reef 

de Goeij et al. 2013 

this study 

 Lithistida Theonella swinhoei Red Sea; coral reef Yahel et al. 2003 

 Poecilosclerida Merlia normani 

Mycale microsigmatosa 

Caribbean; coral reef 

Caribbean; coral reef 

de Goeij et al. 2008 

de Goeij et al. 2008 

Hexactinellida Lyssacinosida Nodastrella nodastrella NE Atlantic; deep water coral reef van Duyl et al 2008 
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Appendix 8. Method VII.1 Diurnal and depth-related variations in light availability for May 

(high light availability) and November (low light availability) on a Curaçaoan coral reef. 

 

Both the duration of light availability (light period) and the amount of light reaching reefs is 

highest in May so that phototrophs receive most light during this month (Vermeij and Bak 2002, 

Mueller et al. 2014a, http://www.meteo.cw/Data_www/pdf/reports/Summary2008.pdf). In 

contrast, November exhibits the minimum annual sunshine duration and minimum solar 

radiation, which lead to an on average low light availability in November. Depth-specific 

estimates of annual variations in light availability were modelled by combining known annual 

light measurements derived from the surface and water clarity data (extinction coefficients). 

Average light intensities measured at midday for May and November originate from Vermeij 

and Bak (2002). A depth-light profile between 0 and 30 m depth was recorded with a Hydrolab 

DS5 (OTT Messtechnik GmbH & Co., Kempten, Germany; sampling interval 30 s) on May 25, 

2013 between 13:00 and 13:30 hrs (figure below). The respective light extinction coefficient 

was then used to simulate the light intensities between 0 and 30 m assuming water clarity did 

not vary throughout the year. 

 

 
 

Depth-light profile recorded between 13:00 and 13:30 hrs on May 25, 2013 illustrates exponential decrease 

of light intensity with depth (light=1545.4*e-0.062*depth, n=117, R2=0.73). 
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Furthermore, a generalized linear model (GLM) was used to describe the proportional change 

in average light intensity between 5:00 and 20:00 hrs recorded at 11 m depth (Fig. 3.3), relative 

to the maximum light intensity at midday. Consequently, to describe the average diurnal light 

availability for May and November, the apex (maximum light intensity) and the duration of 

light period were adjusted. The known monthly average light intensities measured at midday 

from Vermeij and Bak (2002) were set as maxima (May: 2661 µmol photons m-2 s-1; November: 

1839 µmol photons m-2 s-1). Furthermore, the light period was adjusted to the respective day 

length (May: 12:37 h; November: 11:31 h) and the light curve was shifted on the time axis to 

meet the respective time of sun set (May: 6:13 hrs; November: 6:34 hrs; 

http://www.solartopo.com/daylength.htm). This generated a matrix of light intensities through 

time along the x-axis and depth along the y-axis that was visualized using Ocean Data View 

software (version 4.3.7; Schlitzer 2010). 
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Appendix 9. Method VII.2 DOC release of turf algae in the dark 

 

On May 25, 2012 turf algae were incubated in the dark, following the procedures described in 

Chapter V. Incubations were performed using natural seawater. Mean dry weight of turf algae 

was was 0.312±0.072 g per incubator. Changes in DOC concentrations resulted in a dark release 

rate of 31±5 µmol C g-1 h-1 (mean±SD). 

 

 
 

Change in DOC concentration through time in the dark. Each line represents an individual incubator. 

Incubators with turf algae are indicated in red, controls are indicated in blue. Changes in DOC 

concentrations resulted in a dark DOC release rate of 31±5 µmol C g-1 h-1 (mean±SD). 
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