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CHAPTER 1
Introduction

CURRENT STATUS OF CORAL REEFS
Coral reefs are amongst the most productive and diverse ecosystems in the world (Odum and
Odum 1955; Hatcher 1990; Knowlton et al. 2010; De Goeij et al. 2013), hosting one quarter
to one third of all marine species (Plaisance et al. 2011) while covering only 0.1% of the
ocean surface (Spalding and Grenfell 1997). Coral reefs consist of a carbonate framework
build up by corals and crustose coralline algae, forming a habitat for other reef organisms
including benthic algae and cyanobacteria, sponges, fishes, echinoderms, mollusks,
crustaceans and polychaetes. Coral reefs provide important goods and services to millions of
people in the form of seafood, economic revenue through recreation/tourism, shoreline
protection and raw materials for medicines (Moberg and Folke 1999). Unfortunately, many
reefs have experienced a sharp loss in live coral cover over the last three decades due to
anthropogenic eutrophication, chemical pollution, overfishing and coastal development
(Bellwood et al. 2004; Hughes et al. 2007; Knowlton and Jackson 2008).
Especially in the Caribbean region dramatic losses in live coral cover have been observed,
with ~80% coral loss in the past 30 years (Gardner et al. 2003, Jackson et al. 2014). Many
coral reefs that were historically dominated by stony corals are now dominated by benthic
algae and/or cyanobacteria (Jackson et al. 2001; Pandolfi et al. 2003; Fabricius 2005; Kuffner
et al. 2006; Rohwer et al. 2010), a phenomenon that is illustrated in Figure 1 and is often
referred to as the “phase shift” from coral to algal dominance (Done 1992; Hughes 1994). In
this thesis, I will focus on the effect of anthropogenic eutrophication on common phototrophic
organisms on the reef such as corals, phytoplankton, benthic algae and cyanobacteria.

Figure 1. Coral-algal phase shift, where the composition of the reef changes from a coral-dominated
community to a community dominated by benthic algae and cyanobacteria. Image credit: Joost den Haan
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EUTROPHICATION SOURCES
Eutrophication, or nutrient enrichment, is the process by which a water body becomes
enriched in nutrients, such as dissolved inorganic nitrogen (DIN) and phosphorus (DIP).
Nutrient enrichment on coral reefs can be attributed to a variety of sources: sewage outfall,
leaching of fertilizers from nearby agricultural fields, land runoff caused by coastal
construction, and aquacultural effluents from shrimp and fishponds (Smith et al. 1981; Bell
1992; Devlin and Brodie 2005; Fabricius 2005; Reopanichkul et al. 2009; Herbeck et al.
2012). Nutrients are taken up and used for growth by reef organisms, including hard and soft
corals, macroalgae, turf algae, benthic cyanobacteria and phytoplankton (Koop et al. 2001;
Kuffner and Paul 2001; Thacker et al. 2001; Furnas et al. 2005; Burkepile and Hay 2009;
Fabricius 2011). The extent to which reef phototrophic organisms can take up newly available
nutrients during an eutrophication event is dependent on the event’s periodicity, duration,
nutrient concentration, nutrient composition but also the organism’s physiology.
Unfortunately, eutrophication events are seldom quantified in the coral reef literature, because
nutrient sampling efforts are often limited to coarse temporal and spatial sampling scales (i.e.,
weeks to years at widely separated measuring sites and depths) (Leichter et al. 2003). As a
consequence, measured nutrient concentrations on the reef are frequently reported as ‘low and
static’ (Boyer and Jones 2002; Leichter et al. 2003). However, a few detailed studies indicate
that temporal variation in nutrient concentrations can actually be quite substantial on coral
reefs. For instance, Devlin et al. (2001) and Devlin and Brodie (2005) observed an up to 400
times higher nutrient influx into the Great Barrier Reef after heavy rainfall.

Figure 2. Land runoff that can be observed as brown-colored water masses (sediment plumes) after rainfall.
Photographs from above water (A) and under water while diving (B). Image credit: Hannah J. Brocke and
Joost den Haan

Figure 2 depicts an example of a short-term eutrophication event onto a reef on the island of
Curaçao, Southern Caribbean. In this example, heavy rainfall induced land runoff, which was
observed as a brown-colored water mass above the reef. Such brown-colored water masses
are often referred to as ‘sediment plumes’, as the water mass is enriched with fine sediment
particles originating from land. The occurrence of these sediment plumes is highly variable in
space and time, as it will depend on the duration and severity of the rainfall, the stability of
nearby landmasses (i.e., this will be affected by coastal buildup), coastal construction works,
and the local hydrodynamics of the coastal waters. As a consequence, sediment plumes can
pass by on the reef in less than an hour, although some sediment plumes can last for several
days up to weeks during prolonged rainfall or after large storms. Sediment plumes are often

8

Introduction
highly enriched in nutrients in comparison to open ocean waters, which may have major
effects on coral reef communities (D’Angelo and Wiedenmann 2014; Risk 2014).

COMPETITION BETWEEN
CYANOBACTERIA

CORALS,

BENTHIC

ALGAE

AND

Space and resources (e.g., nutrients) are generally limited on coral reefs, hence intense
competition exists between corals, benthic algae and cyanobacteria (McCook et al. 2001;
Barott et al. 2012). These organisms compete with one another via physical and chemical
pathways, including direct overgrowth, shading, space pre-emption, abrasion, stinging and
allelopathy (McCook et al. 2001; Chadwick and Morrow 2011). Since (intense) competition
is energy costly, it affects the organisms’ recruitment, growth and mortality. The outcome of
the competition between corals, benthic algae and cyanobacteria plays a major role in the
structuring of the reef’s benthic composition (Lang and Chornesky 1990; Chadwick and
Morrow 2011).
Corals thrive in nutrient-poor environments due to their efficient internal recycling and
retention of nutrients (Hallock and Schlager 1986), and their ability to feed heterotrophically
(Goreau et al. 1971). In such nutrient-poor environments, benthic algae and cyanobacteria
may experience severe nutrient limitation, which will affect their productivity (Delgado and
Lapointe 1994; Lapointe 1997) and thus may lead to decreased growth and development.
Consequently, at low nutrient levels, benthic algae and cyanobacteria are generally considered
to be weak competitors for space and resources against other organisms on the reef including
corals.
However, coastal eutrophication can disrupt the competitive balance in favor of benthic algae
and cyanobacteria (McCook 1999; Sotka and Hay 2009; Vermeij et al. 2010). Phase shifts
from coral to algal dominance are therefore often related to eutrophication of coral
ecosystems (Done 1992; Hughes 1994; Cheal et al. 2010). Benthic algae may particularly
benefit from eutrophication when grazing rates by herbivores are low, as intense grazing
would normally keep algal growth in check (Burkepile and Hay 2006). For opportunistic
benthic algae and cyanobacteria, coastal eutrophication is often essential in order to persist on
the reef (Smith et al. 1981; Schaffelke 1999; Fabricius 2005; Littler et al. 2006).
Coral-algal phase shifts are often associated with an increasing abundance of macroalgae
(Hughes 1994; McCook 1999; Hughes et al. 2007). However, macroalgae are not the only
algal group involved in this phase shift. Turf algae, in particular, also thrive on many
degraded reefs. Turf algae, also referred to as “turfs”, are small and often filamentous algae
and cyanobacteria that form multispecies communities with a canopy up to 10 mm in height.
Turfs can be very diverse, consisting of heterogeneous assemblages of Chlorophyta,
Phaeophyta, Rhodophyta and Cyanobacteria (Steneck and Dethier 1994; Diaz-Pulido and
McCook 2002; Fricke et al. 2011). Algal turfs are considered to have a high primary
productivity (Adey and Goertemiller 1987; Carpenter and Williams 2007) and they can
rapidly overgrow corals in response to nutrient enrichment (Littler et al. 2006; McClanahan et
al. 2007; Vermeij et al. 2010), thereby reinforcing the coral-algal phase shift. Turfs are
currently one of the most dominant benthic components on many reefs around the world,
including reefs in the Caribbean Sea (Kramer 2003; Vermeij et al. 2010), Pacific Ocean
(Barott et al. 2009; Barott et al. 2012), Red Sea (Haas et al. 2010) and Indonesia
(Wangpraseurt et al. 2012).
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NUTRIENT LIMITATION
According to Von Liebig’s (1840) “Law of the Minimum”, the growth of organisms is
controlled by the resource that is most limiting. On coral reefs, the growth of benthic and
pelagic phototrophic organisms is typically limited by nitrogen or phosphorus (Lapointe
1997; Larned 1998; Furnas et al. 2005). When sediment plumes such as depicted in Fig. 2
pass over a reef, the nitrogen and phosphorus contents of these plumes can be rapidly
absorbed by benthic and pelagic reef phototrophs (Furnas et al. 2005; Atkinson 2011). Hence,
if the growth of these organisms at the time of a passing nutrient pulse was indeed nutrientlimited, their nutrient-limited status can be (temporarily) relieved which can result in
enhanced growth. If eutrophication events occur frequently on the reef, they will often favor
the growth of benthic algae and cyanobacteria (Fong et al. 1993; Lapointe 1997; Larned 1998;
Burkepile and Hay 2006; Burkepile and Hay 2009; Smith et al. 2010). McGlathery et al.
(1996) and Larned (1998) showed that for certain benthic algae and cyanobacteria it is vital
that the time period between subsequent eutrophication events is not too long, otherwise
severe nutrient limitation can occur, which will diminish their competitiveness for space with
other benthic taxa that have a more efficient recycling and retention of nutrients, such as hard
corals.
Understanding which nutrient is limiting the growth of benthic algae and cyanobacteria is of
considerable importance to predict the potential effect of future nutrient enrichments. How
benthic organisms respond to increased nutrient concentrations will depend on their
physiological characteristics (Smith et al. 1981; Furnas 2003; Devlin and Brodie 2005;
Fabricius 2005). Knowledge on the nutrient status of nuisance benthic algae and
cyanobacteria will be of great value to coastal managers to better target nutrient reduction
programs on the reef. Unfortunately, a method to quickly detect which nutrient is limiting is
not available for benthic algae and cyanobacteria. Current methods include (1) the analysis of
nutrient concentrations in the reefs’ waters (Fong et al. 1994a; Lapointe 1997), (2) C:N:P
ratio analyses of algal tissues (Lapointe 1997; Beardall et al. 2001a; Townsend et al. 2008),
and (3) nutrient enrichment assays (Lapointe 1997; Larned 1998; Armitage et al. 2005;
Teichberg et al. 2008; Burkepile and Hay 2009). However, these methods are either not very
informative (i.e., nutrient concentrations in open water are not necessarily representative of
the nutrient availability for benthic organisms) or time consuming (i.e., enrichment assays
often last days to weeks). Therefore, there is a need for a method that can quickly and easily
detect nutrient limitation in benthic algae.
For microalgae, a quick and easy method to detect nutrient limitation is already available in
the form of Nutrient-Induced Fluorescence Transient (NIFT) experiments that allow the
quantification of nutrient limitation within minutes (Shelly et al. 2010). NIFT experiments are
based on the principle that the addition of a limiting nutrient induces transient changes in
chlorophyll a fluorescence upon uptake of these nutrients. This fluorescence signal is detected
with a Pulse Amplitude Modulation (PAM) fluorometer (Turpin and Weger 1988; Wood and
Oliver 1995; Beardall et al. 2001b; Holland et al. 2004; Petrou et al. 2008; Shelly et al. 2010).
In Chapter 2 we develop a new setup that adjusts this method to macroalgae and seagrasses.
We show that nutrient limitation in macroalgae and seagrasses can be quickly detected with
NIFT experiments using our new ‘PAM fluoroscope’.
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NUTRIENT UPTAKE KINETICS
Corals can take up inorganic nutrients directly from the surrounding water via their
zooxanthellae, yet this is generally insufficient for the coral’s upkeep (Bythell 1988;
Muscatine et al. 1989; Houlbrèque and Ferrier-Pagès 2009). Bythell (1988) determined that
heterotrophic feeding supplied 70% of the nitrogen demand in elkhorn coral (Acropora
palmata), and Anthony (1999) reported that heterotrophic feeding accounted for
approximately 30% of the total nitrogen demand in cauliflower coral (Pocillopora
damicornis). In contrast, macroalgae, turfs and benthic cyanobacteria usually do not feed
heterotrophically, but acquire nutrients via their thalli by means of diffusion and active
transport (Larned 1998; Kuffner and Paul 2001; Vermeij et al. 2010). Though several nutrient
uptake pathways exist for benthic algae and cyanobacteria, most nitrogen and phosphorus is
taken up directly from the water column in the form of DIN and DIP. The rate at which these
nutrients are taken up depends on the nutrient availability in the environment, but also on the
organism’s (1) morphology (Littler and Littler 1980; Rosenberg and Ramus 1984; Pedersen
and Borum 1997), (2) nutrient status of tissues (Fujita 1985; Lapointe 1989; Horrocks et al.
1995; Fong et al. 2003), (3) storage capacity (Fujita 1985; Lapointe 1989; Fong et al. 1994b;
Fong et al. 2004), and (4) efficiency of internal nutrient recycling (Duarte 1995).
Various models have been used to describe the kinetics of nutrient uptake by phototrophic
organisms. These models describe nutrient uptake as linear, non-linear or bi-phasic function
of the external nutrient concentration (D'Elia and DeBoer 1978; Muscatine and D'Elia 1978;
Friedlander and Dawes 1985; Fujita 1985; Fujita et al. 1988; Campbell 1999; Smit 2002;
Runcie et al. 2003; Abreu et al. 2011; Luo et al. 2012). In general, if nutrients are taken up by
passive diffusion, the rate at which nutrients are imported into the cell will increase linearly
with an increased external nutrient concentration (Hurd et al. 2014) (Fig. 3a). Facilitated
diffusion and active transport, however, can result into a maximum nutrient uptake rate, as
there is a limit to the amount of membrane transport proteins that can actively transfer the
nutrients across the cell membrane into the cell (Hurd et al. 2014). The latter uptake
mechanism will thus be non-linear and has often been described using the Michaelis-Menten
model (e.g. Campbell 1999; Runcie et al. 2003; Luo et al. 2012) (Fig. 3b). The MichaelisMenten model is described using the formula:

V = Vmax ×

N
Km + N

Here V is the nutrient uptake rate, N is the nutrient concentration, and Km is the halfsaturation constant (i.e., the nutrient concentration at which the uptake rate is at half of its
maximum). Additionally, the nutrient affinity (i.e., the slope α of the nutrient uptake rate at
low nutrient concentrations) can be calculated as α=Vmax/Km. Reef phototrophic organisms
with a high nutrient affinity will have higher nutrient uptake rates in oligotrophic waters than
those with a low nutrient affinity.
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Figure 3. Different nutrient uptake kinetics, including (a) linear, (b) Michaelis-Menten, and (c) bi-phasic uptake
kinetics (red arrow indicates the shift in uptake kinetics from phase I to phase II).

Sometimes, nutrient-starved algae respond to a nutrient pulse by rapidly taking up nutrients
within the first minutes of availability (a phenomenon often described as “surge uptake”),
while after this initial phase the uptake of nutrients proceeds at a slower rate (e.g., Fujita
1985; McGlathery et al. 1996; Dy and Yap 2001; Hurd et al. 2014). This can be described as a
bi-phasic uptake pattern, where the nutrient uptake kinetics switches from one function to
another function at a certain time point (Fig. 3c). Algae can also switch from a low-affinity
uptake system to a high-affinity uptake system when nutrient concentrations are depleted
(D’Elia and DeBoer 1978; Fujita 1985; Phillips and Hurd 2004; Hurd et al. 2014), hence this
would likewise result into a bi-phasic nutrient uptake pattern.
In Chapter 3, we mimic short-term nutrient enrichment events in a series of laboratory
experiments, to determine the nutrient uptake kinetics of different reef phototrophic organism
(benthic algae, cyanobacteria, corals). This information can be used to assess which species
can most quickly capitalize on NH4+, NO3- and PO43- at different concentrations, and hence
will profit most from the nutrient inputs provided by episodic eutrophication events.

N2 FIXATION
Since nitrogen is one of the key elements often limiting primary productivity on the reef
(Littler et al. 1991; Delgado and Lapointe 1994; Larned 1998), benthic organisms capable of
nitrogen fixation might have a competitive advantage over other benthic organisms (Charpy et
al. 2012). Nitrogen fixation is the process whereby dinitrogen (N2) is chemically reduced to
ammonia (NH3), which can be incorporated into organic compounds necessary for growth and
development (Capone 1988; Berman-Frank et al. 2003). Fixing N2 is an energetically costly
process, as it requires 16 ATP and 8 reducing equivalents to reduce one N2 molecule (Zehr
2011). However, it is an important pathway to acquire nitrogen in nitrogen-limited
environments. On coral reefs, many cyanobacterial species are capable of fixing N2 (Wiebe et
al. 1975; Wilkinson and Fay 1979; Williams and Carpenter 1997; Charpy et al. 2007; Fiore et
al. 2010; Charpy et al. 2012). These cyanobacteria can live solitary, in cyanobacterial mats, in
symbiosis with sponges or corals, or as part of the multispecies assemblages in turfs.
Fixed N2 can be released as dissolved inorganic and organic nitrogen through leakage from
the cells, cell death or lysis of the N2-fixing cyanobacteria (Berman and Bronk 2003;
Benavides et al. 2013). In this way, the dissolved inorganic and organic nitrogen may become
available to neighboring algae and cyanobacteria (Mulholland et al. 2006; Agawin et al. 2007).
Since turfs are often dominated by cyanobacteria, including many species that are potentially
12
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capable of N2 fixation (Fricke et al. 2011), turfs may play an important role in the nitrogen
acquisition of coral reefs (Charpy-Roubaud et al. 2001; Charpy et al. 2007; Fricke et al. 2011;
Charpy et al. 2012).
However, it remains largely unknown how much N2 turfs can actually fix, and whether this is
affected by environmental characteristics such as the level of eutrophication on the reef or the
depth at which the turfs occur. In general, eutrophication may alleviate nitrogen limitation,
and hence would diminish the need for N2 fixation (Smith 1983; Conley et al. 2009).
However, if nitrogen continues to be limiting (i.e., when nitrogen is utilized as quickly as it is
supplied via eutrophication events), N2 fixation may remain an important nitrogen source. In
Chapter 4 we quantify the N2 fixation potential of turfs at a eutrophied versus less eutrophied
site, and discuss the possible impact of N2 fixation on the proliferation of turfs.

PRIMARY PRODUCTIVITY OF REEFS
Primary productivity is the rate at which new organic matter is synthesized from CO2, H2O
and sunlight through photosynthesis. It can be determined by, e.g., measuring the evolution of
oxygen (Odum 1956; Hashimoto et al. 2005; Haas et al. 2011), or the incorporation of
inorganic carbon into particulate carbon using the stable isotope 13C (Slawyk et al. 1977;
Mateo et al. 2001; Hashimoto et al. 2005) and the radioactive isotope 14C (Steemann Nielsen
1952; Peterson 1980). Several factors affect the primary productivity of phototrophic
organisms on a coral reef. These include underwater light intensity (Muscatine et al. 1984;
Carpenter 1985; Hatcher 1990), temperature of the seawater Hatcher 1990; Wild et al. 2011),
hydrography (Adey and Goertemiller 1987; Atkinson 2011), and nutrient availability
(Delgado and Lapointe 1994; Larned 1998; Fabricius 2005; Furnas et al. 2005).
Coral reefs are inhabited by a wide diversity of different primary producers including corals,
sponges, macroalgae, turfs, crustose coralline algae, benthic cyanobacteria and pelagic
phytoplankton. Unfortunately, however, studies quantifying the contributions of these
different species to the total productivity of coral reefs are limited. A few studies have
investigated the primary productivity of coral reefs in great detail (e.g. Odum and Odum
1955; Wanders 1976; Hatcher 1990), but these studies have been performed long ago when
many reefs were still dominated by stony corals, prior to the coral-algal phase shift. Many
present-day reefs are now dominated by macroalgae and turfs (Barott et al. 2009; Haas et al.
2010; Vermeij et al. 2010; Wangpraseurt et al. 2012). Hence, macroalgae and turfs will
probably play a much more prominent role within the reef’s carbon cycle than previously
anticipated.
Therefore, in Chapter 5, we investigate the contribution of corals, macroalgae, turfs, benthic
cyanobacteria and phytoplankton to the overall primary productivity on a degraded coral reef
on the island of Curaçao. On this reef, a similar primary productivity study was conducted by
Wanders (1976) approximately 40 years ago. At that time, corals and crustose coralline algae
still dominated the reef, whereas nowadays most corals have been replaced by benthic algae
and cyanobacteria. The shift from a pristine reef to a degraded reef provided us with a unique
opportunity to compare our findings against a historic baseline to determine how the changes
in community structure have affected the contribution of different functional groups to the
overall primary productivity of the reef.
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OUTLINE OF THIS THESIS
The aims of this thesis are to (1) better understand the effect of nutrient limitation on
macroalgae and seagrasses, (2) study the impact of short-term eutrophication events on corals,
benthic algae and cyanobacteria, (3) determine whether eutrophication affects the N2 fixation
potential of turfs, and (4) estimate whether the coral-algal phase shift has affected the primary
productivity of the reefs. We chose to study these aspects at the island of Curaçao, in the
southern Caribbean, as this island has a clear eutrophication gradient along its leeward coast,
good laboratory facilities, and many records of changes in coral community composition over
the past 40 years (e.g., Wanders 1976; Bak et al. 2005; Nugues and Bak 2008; Vermeij et al.
2010).
In Chapter 2, we extend the Nutrient Induced Fluorescence Transient technique (Turpin and
Weger 1988; Holland et al. 2004; Shelly et al. 2010) by the development of a new
experimental setup to quickly detect nutrient limitation in macroalgae and seagrasses (Den
Haan et al. 2013). Using the ‘PAM Fluoroscope’, we first tested the applicability of our new
methodology on sea lettuce (Ulva lactuca) cultured in the laboratory. Subsequently, we
determined which nutrients (i.e., NH4+, NO3- or PO43-) limit the productivity of the seagrass
Thalassia testudinum and the brown macroalga Lobophora variegata. The latter is one of the
key algal species often involved in the degradation of coral reefs and currently one of the
most abundant macroalgae on the reefs of Curaçao (Nugues and Bak 2008). Our new
experimental setup can serve as a valuable tool in coastal management to predict the potential
effect of eutrophication events on coral reefs and seagrass meadows.
In Chapter 3, we measure the nutrient concentrations in a sediment plume formed after
rainfall (similar to the one shown in Fig. 2). Subsequently, we mimic short-term nutrient
enrichment events in a series of laboratory experiments with coral, macroalgae, benthic
cyanobacteria, turfs and phytoplankton, to determine which of these functional groups are
best in quickly capitalizing upon the newly available nitrogen and phosphorus. Nutrient
enrichment is known to alter the competitive relationships among reef phototrophic organisms
in favor of macroalgae, turfs and cyanobacteria (Done 1992; Paul et al. 2005; Cheal et al.
2010; Vermeij et al. 2010), hence our hypothesis is that these organisms will have the higher
nutrient uptake rates.
In Chapter 4, we study the N2 fixation activity of algal turf communities (Den Haan et al.
2014). Turfs are nowadays among the most dominant benthic components on many reefs
(Barott et al. 2009; Haas et al. 2010; Vermeij et al. 2010; Wangpraseurt et al. 2012). Although
several cyanobacterial species present within turfs might be capable of fixing atmospheric N2
(Fricke et al. 2011), only a few studies have actually measured N2 fixation rates of turfs (e.g.,
Wilkinson and Sammarco 1983; Larkum et al. 1988; Williams and Carpenter 1997; Davey et
al. 2008). In this study we compare the N2 fixation rates of turfs on a degraded reef close to
the densely populated city of Willemstad and a less degraded reef at a more remote site.
These results signify the importance of N2 fixation by cyanobacteria in turfs and aid to our
understanding why turfs are currently so successful on many reefs around the world.
In Chapter 5 we present primary productivity estimates of the degraded coral reef
community near the city of Willemstad. We specifically compare the primary productivity of
different functional groups, to determine which of these groups contribute most to the total
productivity of the reef. Furthermore, we assess how the primary productivity of the reef has
changed after the past 40 years by comparing our primary productivity data with those of
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Wanders (1976), who studied the same reef in the early 1970s. During this time period, the
percent cover by hard corals declined dramatically, especially in shallow parts of the reef,
from almost 40% in the 1970s to less than 10% now. At present, the reef is largely overgrown
by turfs and macroalgae (Den Haan et al. 2013), which may have led to major changes in the
primary productivity of this ecosystem.
Finally, in Chapter 6 I will discuss the results presented in this thesis and evaluate the effects
of nutrient enrichment on coral reefs.
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CHAPTER 2
Fast detection of nutrient limitation in macroalgae and
seagrass using nutrient-induced fluorescence
Joost den Haan, Jef Huisman, Friso Dekker, Jacomina L. ten Brinke, Amanda K. Ford, Jan
van Ooijen, Fleur C van Duyl, Mark JA Vermeij, Petra M Visser

ABSTRACT
Background: Rapid determination of which nutrients limit the primary production of
macroalgae and seagrasses is vital for understanding the impacts of eutrophication on marine
and freshwater ecosystems. However, current methods to assess nutrient limitation are often
cumbersome and time consuming. For phytoplankton, a rapid method has been described
based on short-term changes in chlorophyll fluorescence upon nutrient addition, also known
as Nutrient-Induced Fluorescence Transients (NIFTs). Thus far, though, the NIFT technique
was not well suited for macroalgae and seagrasses.
Methodology & Principal Findings: We developed a new experimental setup so that the
NIFT technique can be used to assess nutrient limitation of benthic macroalgae and seagrasses.
We first tested the applicability of the technique on sea lettuce (Ulva lactuca) cultured in the
laboratory on nutrient-enriched medium without either nitrogen or phosphorus. Addition of
the limiting nutrient resulted in a characteristic change in the fluorescence signal, whereas
addition of non-limiting nutrients did not yield a response. Next, we applied the NIFT
technique to field samples of the encrusting fan-leaf alga Lobophora variegata, one of the key
algal species often involved in the degradation of coral reef ecosystems. The results pointed at
co-limitation of L. variegata by phosphorus and nitrogen, although it responded more strongly
to phosphate than to nitrate and ammonium addition. For turtle grass (Thalassia testudinum)
we found the opposite result, with a stronger NIFT response to nitrate and ammonium than to
phosphate.
Conclusions & Significance: Our extension of the NIFT technique offers an easy and fast
method (30–60 min per sample) to determine nutrient limitation of macroalgae and seagrasses.
We successfully applied this technique to macroalgae on coral reef ecosystems and to
seagrass in a tropical inner bay, and foresee wider application to other aquatic plants, and to
other marine and freshwater ecosystems.
Contribution of authors:
Conceived and designed the experiments: JdH PMV MJAV. Performed the experiments: JdH FD JLtB AKF.
Analyzed the data: JdH FD JLtB AKF. Contributed reagents/materials/analysis tools: JdH JH JvO FCvD MJAV
PMV. Wrote the paper: JdH JH MJAV PMV.
This chapter is based on the paper:
Den Haan J, Huisman J, Dekker F, Ten Brinke JL, Ford AK, Van Ooijen J, Van Duyl FC, Vermeij MJA, Visser
PM (2013) Fast detection of nutrient limitation in macroalgae and seagrass with nutrient-induced fluorescence.
PLoS ONE 8(7): e68834. doi:10.1371/journal.pone.0068834.
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INTRODUCTION
Eutrophication can lead to highly adverse changes in the structure and functioning of
freshwater and marine ecosystems (Smith et al. 1999; Howarth et al. 2011; Brauer et al.
2012). Enrichment with nitrogen (N) and phosphorus (P) often relieves primary producers
from nutrient limitation, enhancing the productivity of micro- and macroalgae. This may
result in reduced water clarity, development of harmful algal blooms, nighttime oxygen
depletion, strong diel fluctuations in pH, and the smothering of coral reefs and other benthic
communities (Paerl 1988; Bell 1992; Smith et al. 2006; Howarth et al. 2011). Therefore, a fast
and easy method to identify which nutrients limit the primary production of micro- and
macroalgae can be of considerable value to assess potential effects of future nutrient
enrichments, and may help to increase the effectiveness of nutrient reduction programs in a
wide variety of different water bodies.
Existing methods to assess nutrient limitation in macroalgae and aquatic plants are based on
(1) analysis of ambient nutrient concentrations (Fong et al. 1994; Lapointe 1997), (2) element
ratio analysis of algal tissue (Lapointe 1997; Beardall et al. 2001a; Townsend et al. 2008), and
(3) nutrient enrichment assays (Lapointe 1997; Larned 1998; Armitage et al. 2005; Teichberg
et al. 2008; Burkepile and Hay 2009). Analysis of ambient nutrient concentrations in the
overlying water can be fast, but is not sufficiently informative to determine the nutrient status
of benthic organisms. Element ratio analysis of algal tissue and nutrient enrichment assays
may take considerable amounts of time to identify nutrient limitation in algae, often lasting
several hours or days. Furthermore, especially in nutrient enrichment assays, the organisms
are often studied under artificial conditions, possibly complicating the interpretation of
results. Hence, there is a need for a fast and informative technique that can be easily applied
in situ. For phytoplankton, such a method exists in the form of Nutrient-Induced Fluorescence
Transient (NIFT) experiments, where nutrient limitation can be detected within minutes
(Shelly et al. 2010).
NIFT experiments are based on the principle that addition of limiting nutrients induces
transient changes in chlorophyll a fluorescence, which can be detected with a Pulse
Amplitude Modulation (PAM) fluorometer (Turpin and Weger 1988; Wood and Oliver 1995;
Beardall et al. 2001b; Holland et al. 2004; Petrou et al. 2008; Shelly et al. 2010). Enhanced
uptake and assimilation of limiting nutrients increases the demand for ATP and/or reductants.
This relieves pressure on the photosynthetic electron transport chain, which can alter nonphotochemical quenching, the redox state of the plastoquinone pool, state transitions between
photosystems I and II, and the relative importance of linear versus cyclic electron transport
(Huot and Babin 2010). These changes affect the fluorescence signal since the processing of
absorbed light energy by photochemistry, fluorescence and heat dissipation occurs in
competition (Maxwell and Johnson 2000). Hence, a transient change in fluorescence upon
nutrient addition provides direct evidence for a change in algal nutrient status. When a nonlimiting nutrient or distilled water is added to a phytoplankton culture, generally no change in
fluorescence is observed (Beardall et al. 2001a).
Since the photosynthetic apparatus operates essentially in a similar way across all oxygenproducing phototrophic organisms, the NIFT technique should in principle be applicable not
only to phytoplankton but also to macroalgae, seagrasses and other aquatic plants. However, a
major obstacle for application of the NIFT technique to macroalgae and aquatic plants is that
they cannot be homogeneously resuspended in a cuvette, which is standard procedure for
microalgae (Beardall et al. 2001a; Shelly et al. 2010). The leaf clips commonly used in PAM
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fluorometry with macroalgae and seagrasses are not suitable for NIFT studies, because they
either cannot hold the sampled leaf at exactly the same position or they interfere with full
access of the leaf to the nutrients added during a NIFT experiment. To address this issue, we
developed a special set-up that we have called the PAM fluoroscope. This set-up uses a
magnetic leaf clip that allows easy and even addition of a nutrient pulse, while keeping the
sample in exactly the same position in front of the PAM sensor.
In this study, we tested the applicability of the NIFT technique to macroalgae and sea grasses.
We first used laboratory-controlled conditions to ensure that sea lettuce (Ulva lactuca)
became either N or P starved, and followed its fluorescence after re-supply of the limiting and
non-limiting nutrient to assess its NIFT response. After successful testing of the method, we
collected samples of the macroalga Lobophora variegata from a degraded and less degraded
coral reef, and assessed by which nutrient it was limited. Similar experiments were conducted
with the seagrass Thalassia testudinum, growing in a nearby bay.

MATERIALS AND METHODS
Research sites
This study was conducted on the island of Curaçao, Southern Caribbean, at research sites
‘Buoy 0’ (12°7'N, 68°58'W), ‘Playa Kalki’ (12°22'N, 69°9'W), ‘Water Factory’ (12°6'N,
68°56'W), and ‘Boka Ascencion’ (12°16'N, 69°3'W) (Fig. 1). Buoy 0 and Playa Kalki are
both coral reef ecosystems. However, Buoy 0 is a more degraded reef, with a lower cover by
hard corals and higher cover by macroalgae and turf algae than Playa Kalki. The site Water
Factory is characterized by large beds of sea lettuce in the intertidal zone. Boka Ascencion is
a shallow inner bay with large beds of turtle grass. Permission to conduct our studies was
provided by the Ministry of Health, Environment and Nature (GMN) of the government of
Curaçao through their permit (#48584) to the Caribbean Marine Biological Institute
(CARMABI) at Willemstad.
Playa Kalki
Caribbean Sea

Boka Ascencion

Cu

Willemstad

rre

nt

0

5

Buoy 0
Water Factory

10 km

Figure 1. Map of Curaçao. Map with research sites Playa Kalki, Boka Ascencion, Buoy 0, and Water Factory on
the island of Curaçao, Southern Caribbean (12°10'N, 68°58'W). Shading indicates urban areas (dark grey zones)
and the commercial harbor (striped area).
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Laboratory incubation of Ulva lactuca
Samples (~2 cm2) of leaves of sea lettuce (Ulva lactuca Linnaeus) were manually collected
from the intertidal zone at the Water Factory. The sampled leaves were transported to the
laboratory facilities of CARMABI, where all NIFT experiments were conducted. During
transport from reef to laboratory, samples were kept at a temperature of 27-29 °C and shaded
using a small cool box with seawater collected at the sampling location.
To test the presence of a NIFT response under controlled laboratory conditions, the collected
U. lactuca leaves were starved of either N or P for three weeks. Samples were incubated in
300 ml glass incubators containing filtered seawater (Whatman cellulose acetate membrane
filters, pore size 0.22 µm, Ø 25 mm) collected from surface water at Buoy 0. The nutrient
concentrations in this seawater were 0.25 µM NO3-, 0.90 µM NH4+, and 0.07 µM PO43-. Each
sample received additional FeCl3 (0.16 µM) to ensure that iron did not become a limiting
factor. To prepare P-limited medium, NO3- and NH4+ were added to the filtered seawater at
final concentrations of 5.1 µM and 18.6 µM, respectively. To prepare N-limited medium,
PO43- was added at a final concentration of 1.4 µM.
Glass incubators with P-limited and N-limited medium were placed in triplicate inside an
aquarium, which was connected to a water pump that provided continuous water flow to keep
the samples at a similar temperature of 27-29°C as on the reef. The aquaria were placed
outdoors in full sunlight to mimic the natural high-light environment of U. lactuca. Water
from the aquarium could not mix with the mineral medium in the incubators. Each incubator
received continuous aeration using two Sera Precision Air 550R Plus membrane pumps (Sera
GmbH, Heinsberg, Germany). Each week, the incubation solution was renewed. The NIFT
responses of N-starved and P-starved U. lactuca leaves to the addition of NO3-, NH4+ and
PO43- were determined every other day for 19 days.
Field samples of macroalgae and seagrass
Individual leaves of the encrusting fan-leaf alga (Lobophora variegata (J.V. Lamouroux)
Womersley ex E.C. Oliveira) were collected from 20 m depth on the coral reefs of research
sites Buoy 0 and Playa Kalki by means of SCUBA diving. Leaves of turtle grass (Thalassia
testudinum Banks ex König) were collected from ~1 m depth at Boka Ascencion, and cut into
1 cm2 pieces. All sampled leaves were manually cleaned of epiphytes and detritus. The leaves
were kept at a temperature of 27-29 °C and shaded during transport to the laboratory using a
small cool box containing ambient seawater. NIFT measurements on the fresh L. variegata
and T. testudinum samples commenced directly after transportation from the field sites to the
laboratory, within 1-2 h after sampling. For L. variegata, we used 36 leaves per nutrient
treatment from Playa Kalki and 36 leaves per nutrient treatment from Buoy 0. For T.
testudinum, we measured the NIFT response of 20 leaves.
To interpret possible differences in NIFT response of L. variegata sampled from Buoy 0 and
Playa Kalki, we briefly compared the environmental growth conditions at these two research
sites. At both sites, we placed a 100 m horizontal transect line on the coral reef at 20 m depth.
Benthic cover of hard corals and macroalgae was determined from photographs of 60
randomly placed quadrates (1.5 m2) distributed along both sides of this transect line. The
photographs were analysed using the computer program Coral Point Count with Excel
Extensions (CPCe) (Kohler and Gill 2006). Furthermore, water samples were taken along the
horizontal transect at 10 cm above the reef using a 60 ml syringe (n=14 at Buoy 0, n=17 at
Playa Kalki). Water samples were quickly filtered at the dive site using a 0.22 µm Acrodisc
filter and stored in 6 ml polyethylene vials (PerkinElmer, MA, USA) at -20°C until further
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analysis. Concentrations of NO3- (Grasshoff et al. 1983), NH4+ (Helder and De Vries 1979),
and PO43- (Murphy and Riley 1962) were analysed at the Royal Netherlands Institute for Sea
Research (NIOZ), the Netherlands, using continuous flow analysis via a Quatro auto-analyzer
(Seal Analytical, UK).
Nutrient-Induced Fluorescence Transient (NIFT) experiments
Changes in variable chlorophyll a fluorescence in response to different nutrient additions
were measured with a Diving-PAM/B Underwater Fluorometer (Walz Mess- und
Regeltechnik, Effeltrich, Germany) using the experimental set-up shown in Fig. 2. Individual
U. lactuca, L. variegata, and T. testudinum leaves were placed between two 2 mm thick ¾
round magnetic rings (see insert in Fig. 2) and attached to a magnetic sensor head to ensure
that the samples were situated exactly 2 mm in front of the PAM sensor (Kromkamp et al.
1998). The sensor head with the attached sample was then placed inside a Ø 54 mm Petri dish
containing 15 ml of either enriched seawater (laboratory incubations of U. lactuca) or ambient
seawater (field samples of L. variegata and T. testudinum). The use of the ¾ magnetic rings
ensured that the nutrient solution always reached the entire leaf surface of the sample on both
sides.

3
3
4
2

1

5

2

1

6
Figure 2. PAM fluoroscope used for NIFT experiments. PAM fluoroscope, consisting of (1) two ¾ magnetic
rings for proper sample placement in front of PAM sensor; (2) magnetic PAM sensor head; (3) PAM sensor; (4)
adjustable holder for placement of PAM sensor; (5) adjustable Petri dish holder; (6) LED-light with adjustable
light intensity.
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Before each NIFT experiment, samples were incubated in the dark for 10 min. Subsequently,
at the start of the NIFT experiment, the weak measuring light of the PAM fluorometer was
switched on to determine (1) the initial fluorescence (F0) and (2) maximum fluorescence
following a saturating light pulse (Fm). Thereafter, samples were exposed to actinic light
(PAR, 400-700 nm) of 110 µmol photons m-2 s-1 provided by a LED-56 Microscope Ring
Light (AmScope Corp., Irvine, CA), to monitor (3) steady-state fluorescence (Ft), and (4)
maximum fluorescence following a saturating light pulse (F’m). Ft and F’m were measured at
30 s intervals (PAM settings: measuring light=10, gain=2, SW=0.4, SI=4). After 10 min, a 1.5
ml control solution (enriched seawater for U. lactuca from the incubation glass; ambient
seawater for L. variegata and T. testudinum) was added to the Petri dish to check whether the
addition itself caused a change in fluorescence. After another 5 min, different nutrient
solutions were added at 5-min intervals to assess changes in the fluorescence parameters (Ft
and F’m) upon nutrient resupply. A typical NIFT experiment lasted 30 to 60 min in total
(including the 10 min of dark incubation).
Nutrient uptake rates of macroalgae and seagrasses are often enhanced when nutrients are
supplied in combination with water movement. However, water movement is not desirable
during NIFT experiments, as our observations showed that mild movement of the leaves was
already sufficient to affect the fluorescence signal. To overcome the limited mass transfer of
nutrients across the boundary layer of leaves incubated in stagnant water, we therefore applied
relatively high nutrient concentrations in the nutrient additions, ranging from 10 to 250 µM of
NO3-, NH4+ and PO43-. These concentrations are similar to those applied in earlier microalgal
studies (Shelly et al. 2010). In pilot experiments we measured NH4 uptake rates and NIFT
responses of U. lactuca under controlled laboratory conditions at 10, 100 and 200 µM NH4
concentrations (unpublished data, J. den Haan), since it is known that NH4 can have toxic
effects at high concentrations. The results did not show any unusual NIFT responses.
Furthermore, NH4 uptake rates were not suppressed at the higher NH4 levels, and were of
similar magnitude as in previous studies with macroalgae (Fujita 1985; Luo et al. 2012). This
indicates that the added NH4 was not toxic across this concentration range. Our first NIFT
experiments, with U. lactuca, indicated that a dosage of 100 µM gave the most reliable
results. Hence, we chose 100 µM additions of NO3-, NH4+ and PO43- for our subsequent NIFT
experiments with L. variegata and T. testudinum.
The fluorescence measurements were used to calculate the quantum yield of photosystem II
(ΦPSII) according to (Genty et al. 1989):
ΦPSII = (F'm-Ft) / F'm

(1)

The quantum yield of photosystem II expresses the fraction of photons absorbed by
photosystem II that is used for photosynthetic electron transport. It can thus be interpreted as
a measure of photosynthetic efficiency, and is widely used as an index for the physiological
status of phototrophic organisms (Geider et al. 1993; Maxwell and Johnson 2000; Beardall et
al. 2001a; Lippemeier et al. 2001; Holland et al. 2004).
Non-photochemical quenching (NPQ) was calculated as (Maxwell and Johnson 2000):
NPQ = (Fm-F'm) / F'm

(2)

NPQ is a measure of the photoprotective capacity of phototrophic organisms to dissipate
excess energy as heat (Maxwell and Johnson 2000; Enríquez and Borowitzka 2010).
26

Fast detection of nutrient limitation

What is a true NIFT response?
NIFT responses to nutrient addition can sometimes be difficult to interpret, for instance when
changes in fluorescence are relatively small or when the control treatment without added
nutrient also induces a change in fluorescence (Beardall et al. 2001a; Beardall et al. 2001b;
Holland et al. 2004). We therefore developed two simple metrics to assess the NIFT response.
The first metric (Q1) compares the maximum instantaneous rate of change in maximum
fluorescence (dF’m/dt) induced by the nutrient addition versus that induced by the control
solution (Fig. 3):

Q1 =

(dF 'm / dt ) nutrient
(dF 'm / dt ) control

(3)

The second metric (Q2) compares the total change in maximum fluorescence (∆F’m) induced
within 5 min after the nutrient addition versus that induced by the control solution (Fig. 3):

Q2 =

(ΔF 'm ) nutrient
(ΔF 'm ) control

(4)

We judged the NIFT response as real, if the response to nutrient addition was at least twice as
large as the response to the control solution (i.e., Q1 ≥ 2 and/or Q2 ≥ 2). These criteria are of
course somewhat arbitrary. We could have focused on changes in Ft or ΦPSII (instead of F’m),
or we could have set the threshold values of Q1 and Q2 at another value (instead of 2).
However, in 95% of the NIFT experiments with L. variegata (n=108), assessment of the
NIFT responses based on these criteria matched our intuitive judgment, which indicated that
these criteria provided a useful guideline.
( F’ m)control

(dF’m/dt)control

(dF’m/dt)nutrient

( F’m)nutrient

Nutrient addition
(100 M)

Control addition
(0 M)

( F’m)nutrient

(dF’m/dt)nutrient
( F’ m)control

(dF’m/dt)control
Time

Figure 3. How to determine a NIFT response? Schematic overview of the two criteria used to assess the
presence or absence of a NIFT response upon nutrient addition during two possible NIFT reactions. The first
criterion compares the rate of change in maximum fluorescence induced by nutrient addition ((dF’m/dt)nutrient)
versus that induced by the control solution ((dF’m/dt)control). The second criterion compares the total change in
maximum fluorescence induced by nutrient addition ((ΔF’m)nutrient) versus that induced by the control solution
((ΔF’m)control).
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RESULTS
Laboratory incubations of nutrient-limited Ulva lactuca
Fig. 4A shows a typical NIFT response to NO3- addition of an U. lactuca sample that had
been N starved for 11 days. F’m was at its maximum at the first saturating light pulse (i.e., F’m
= Fm at t=0), since the sample had previously been dark adapted for 10 minutes. Hence, all
PSII reaction centers were ready to carry out photochemistry, while heat dissipation (NPQ)
was not yet operational (Eq. 2). After this first light pulse, actinic light was turned on. As a
consequence, F’m initially decreased while NPQ increased, indicating that the heat dissipation
mechanism was operational from the second light pulse (at t=0.5 min) onwards. After 20 light
pulses (t=10 min), a control solution with the same nutrient composition as in the incubation
glass was added, which did not result in a change in any of the fluorescence variables (Ft, F’m,
ΦPSII and NPQ). In contrast, after addition of 10 µM NO3- (t=15 min) and 100 µM NO3- (t=20
min), F’m and ΦPSII increased, whereas NPQ decreased. The addition of 250 µM NO3- after 25
min did not result in a response in any of the variables.
Addition of NH4+ to N-starved U. lactuca led to similar results as NO3- addition, with an
increase of F’m and reduction of NPQ (Fig. 4B). In contrast, addition of PO43- to N-starved U.
lactuca did not yield a NIFT response in 90% of the cases (n=10) (Fig. 4C). Conversely, Pstarved U. lactuca did not respond to the addition of NO3- and NH4+ (n=8) (Fig. 4D,E), but
showed a clear NIFT response to PO43- addition (Fig. 4F).
Effect of starvation period on the NIFT response
To assess whether the duration of the starvation period affected the results, we investigated
the NIFT response during three different time intervals of nutrient starvation (days 1-5, 6-10,
and 11-15). We focused on the NIFT response of N-starved U. lactuca to NO3- and NH4+
addition, and P-starved U. lactuca to PO43- addition, using the same sequence of nutrient
additions (10, 100 and 250 µM) as in Fig. 4. In some cases, we did not find a NIFT response
at the highest nutrient dosage of 250 µM (see, e.g., Fig. 4A), presumably because the uptake
systems were already nutrient-saturated from the earlier addition of 100 µM. Hence, we
decided that if the F’m of U. lactuca responded to at least one of the three nutrient dosages,
this was marked as a positive NIFT response, indicating that U. lactuca was indeed N or P
limited. Between days 1-5, approximately 50% of the N-starved U. lactuca showed a positive
NIFT response to NO3- and NH4+ addition, while 33% of the P-starved U. lactuca responded
to PO43- addition. This indicated that the samples were already nutrient limited from the start
of the experiments. The percentage of positive NIFT responses increased up to 60-70% for
both N-starved and P-starved leaves of U. lactuca after 6-10 days of nutrient starvation. After
11-15 days, the percentage of positive NIFT responses decreased slightly to 47-60%. This
coincided with a reduction of ΦPSII to 0.2-0.3 after 15 days of nutrient starvation. For
comparison, a healthy nutrient-replete U. lactuca leaf has a ΦPSII of 0.6-0.7.
Field samples of the macroalga Lobophora variegata
We investigated the NIFT response of L. variegata leaves collected from the research sites
Playa Kalki and Buoy 0. Playa Kalki is a coral reef ecosystem with ~25% cover by hard
corals and <50% cover by algae (including L. variegata) (Table 1). In contrast, Buoy 0 is a
more degraded reef ecosystem with only 10% cover by hard corals and almost 60% algal
cover. L. variegata was nearly twice as abundant at Buoy 0 as at Playa Kalki (Table 1).
Concentrations of dissolved NO3- and PO43- were significantly higher at Buoy 0 than at Playa
Kalki, while the NH4+ concentration was not significantly different between the two sites
(Table 1). The N:P ratio seemed slightly higher at Buoy 0 (16.5:1) than at Playa Kalki
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(14.4:1), indicating that the growth conditions might be relatively more P limited and less N
limited at Buoy 0 than at Playa Kalki, but the difference was not significant (Table 1).
Phosphorus limited

Nitrogen limited

A

B

C

D

+NO3-

E

+NH4+

F

+PO43-

Time (minutes)

+NO3-

+NH4+

+PO43-
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Figure 4. NIFT responses of nutrient-starved Ulva lactuca. Examples of the NIFT response of a N-starved U.
lactuca leaf to (A) NO3- addition, (B) NH4+ addition, and (C) PO43- addition, and a P-starved U. lactuca leaf to
(D) NO3- addition, (E) NH4+ addition, and (F) PO43- addition. The graphs show the time courses of steady-state
fluorescence, Ft (+); maximum fluorescence, F’m (×); the quantum yield of photosystem II, ΦPSII (∗); and nonphotochemical quenching, NPQ (○). Vertical dashed lines indicate the timing of the control addition (0 µM) and
three consecutive nutrient additions (10, 100 and 250 µM).
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Table 1. Comparison of environmental characteristics at the research sites Buoy 0 and Playa Kalki.
Buoy 0

Playa Kalki

U-value

n 1, n 2

Significance

Coral cover (%)

10.0 ± 8.3

24.5 ± 14.7

2987.5

60, 60

P<0.001

Algal cover (%)

58.8 ± 16.9

48.1 ± 14.7

1140.0

60, 60

P<0.001

Cover by Lobophora variegata (%)

20.3 ± 15.4

11.8 ± 11.2

1171.5

60, 60

P<0.001

Nitrate (µM)

0.261 ± 0.08

0.186 ± 0.23

57.0

14, 17

P=0.014

Ammonium (µM)

0.539 ± 0.39

0.422 ± 0.16

122.0

14, 17

P=0.905

Phosphate (µM)

0.053 ± 0.01

0.042 ± 0.02

55.0

14, 17

P=0.011

N:P ratio (molar)

16.5 : 1

14.4 : 1

125.5

14, 17

P=0.799

Comparison of coral cover (± s.d.), total algal cover (including macroalgae, turf algae and benthic cyanobacteria),
cover by the macroalga L. variegata, dissolved nutrient concentrations and N:P ratios at the coral reef
ecosystems of Buoy 0 and Playa Kalki. The data were collected at 20 m depth. Differences between the two
research sites were tested with the Mann-Whitney U Test using a significance level of P<0.05; n1 and n2 indicate
the samples sizes at Buoy 0 and Playa Kalki, respectively. Significant P-values are indicated in bold.

Typical NIFT responses of L. variegata to the addition of 100 µM of NO3-, NH4+, and PO43are illustrated in Fig. 5A, B and C, respectively. Interestingly, L. variegata showed positive
NIFT responses to both N and P additions, although a significantly larger percentage of
samples responded to PO43- addition (84%) than to NO3- and NH4+ addition (38%) (Fig. 6;
Two Proportion Z-test; Z=4.5, df=106, P<0.001). This indicates that L. variegata was colimited by N and P, but with a stronger limitation by P than by N. Moreover, the data suggest
that the nutrient limitation pattern was slightly different between the two research sites. That
is, although differences between the two sites were only marginally significant, L. variegata
seemed more strongly limited by PO43- (Two Proportion Z-test; Z=1.90; df=70; P=0.05) and
less strongly limited by NO3- (Two Proportion Z-test: Z=-1.79; df=70; P=0.07) at Buoy 0 than
at Playa Kalki (Fig. 6).
When combining all positive NIFT responses of L. variegata, NO3- addition resulted in an
increase in F’m and decrease of NPQ in 87% of all positive NIFT responses. In 13% of the
positive NIFT responses, F’m decreased while NPQ increased upon NO3- addition. Similar
results were obtained for NH4+ addition, where 72% of the positive NIFT responses showed
an increase in F’m, and 28% a decrease. Interestingly, the NIFT response of L. variegata to
PO43- addition showed the opposite pattern, with a decreasing F’m and increasing NPQ in 94%
of all positive NIFT responses. An example is shown in Fig. 5C. Conversely, F’m increased
while NPQ decreased in only 6% of the positive NIFT responses to PO43- addition.
In a series of extra NIFT experiments we added 100 µM of NO3-, NH4+ and PO43- in
randomized order at 5 min intervals to the same L. variegata sample. This showed that the
first nutrient added did not affect the response to the consecutive addition (P=0.93; Two
Proportion Z-test for data Buoy 0 and Playa Kalki combined, n=61). This can shorten the
duration of NIFT experiments substantially. Earlier we investigated each nutrient separately
in NIFT experiments of 20 min per nutrient (Fig. 5). Each of these experiments was preceded
by 10 min of dark adaptation. Hence, studying NO3-, NH4+ and PO43- in three separate NIFT
30

Fast detection of nutrient limitation
experiments took at least 90 min. Now all three nutrients can be investigated in one run of 10
min dark adaptation plus 30 min of NIFT measurements, reducing the total duration of the
experiment to only 40 min.

A

+NO3-

B

+NH4+

C

+PO43-

Time (minutes)

Figure 5. NIFT responses of Lobophora variegata collected from the reef. Examples of the NIFT response to
(A) NO3- addition of a L. variegata leaf collected at Playa Kalki, (B) NH4+ addition of a L. variegata leaf
collected at Buoy 0, and (C) PO43- addition of a L. variegata leaf collected at Buoy 0. The graphs show the time
courses of steady-state fluorescence, Ft (+); maximum fluorescence, F’m (×); the quantum yield of photosystem
II, ΦPSII (∗); and non-photochemical quenching, NPQ (○). Vertical dashed lines indicate the timing of the control
addition (0 µM) and different nutrient additions (all at 100 µM).
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P<0.001

Positive NIFT responses (%)
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Figure 6. Nutrient limitation of Lobophora variegata at two different research sites. Percentage of positive NIFT
responses of L. variegata leaves, collected from Playa Kalki and Buoy 0, to addition of 100 µM of NO3-, NH4+
and PO43-. Differences between the two research sites were tested with the Two Proportion Z-test. NS is not
significant at P≥0.10; n=36 per research site and nutrient treatment.

Field samples of the seagrass Thalassia testudinum
Fig. 7 shows a typical NIFT response of T. testudinum to the sequential addition of 100 µM
PO43-, NO3- and NH4+ at 5 min intervals. In total, 4 of the 20 T. testudinum samples collected
from research site Boka Ascencion responded to NO3- and/or NH4+ addition (as in Fig. 7),
while 1 sample responded only to PO43- addition. In all these cases, F’m increased while NPQ
decreased upon nutrient addition.
+ PO43-

+ NO3-

+ NH4+

Time (minutes)
Figure 7. Typical NIFT response of Thalassia testudinum. Example of the NIFT response of a T. testudinum leaf
collected at Boka Ascension. The graph shows the time courses of steady-state fluorescence, Ft (+); maximum
fluorescence, F’m (×); the quantum yield of photosystem II, ΦPSII (∗); and non-photochemical quenching, NPQ
(○). Vertical dashed lines indicate the timing of the control addition (0 µM) and the sequential addition of
different nutrients (all at 100 µM).
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DISCUSSION
Evaluation of the NIFT technique
Previous studies have shown that nutrient-induced fluorescent transients (NIFTs) provide an
easy and fast means to determine which nutrients limit phytoplankton productivity (Turpin
and Weger 1988; Wood and Oliver 1995; Beardall et al. 2001b; Holland et al. 2004; Petrou et
al. 2008; Shelly et al. 2010). Building upon this existing experience, we aimed to investigate
whether NIFT measurements can also assess nutrient limitation in macroalgae and seagrasses.
A key ingredient in our approach is the use of a special device that we have called the PAM
fluoroscope, which enables exposure of algal thalli and leaves to a series of nutrient additions
while keeping these leaves at exactly the same position in front of the PAM sensor.
Controlled laboratory experiments with N-starved and P-starved sea lettuce (U. lactuca)
showed that addition of the limiting nutrient resulted in characteristic changes in chlorophyll
a fluorescence (F’m), while addition of a non-limiting nutrient did not affect the fluorescence
signal. Furthermore, we showed that the NIFT technique could detect nutrient limitation of
the macroalga L. variegata and the seagrass T. testudinum directly after they were collected
from the field. Hence, our results demonstrate that the NIFT technique can be successfully
applied to macroalgae and seagrass, important representatives of the benthic primary
producers inhabiting many coastal waters, coral reefs and shallow lakes.
Surprisingly, even during controlled nutrient starvation in the laboratory, the percentage of
positive NIFT responses in U. lactuca never exceeded 70%. That is, even under stringent
limitation, approximately one third of the U. lactuca leaves did not show a NIFT response.
This contrasts with phytoplankton studies, where laboratory experiments have shown positive
NIFT responses in up to 100% of the assays (Holland et al. 2004). In our field samples, the
maximum percentage of positive NIFT responses was 92% for L. variegata but only 25% for
T. testudinum. The low percentage of positive NIFT responses for T. testudinum may indicate
that either this species is not very responsive to NIFT measurements, or that it was not
strongly nutrient limited at its sampling site in the bay of Boka Ascencion. In contrast to
macroalgae, seagrasses like T. testudinum can also extract nutrients from the sediment
through their root system (Patriquin 1972; Touchette and Burkholder 2000). Hence, they may
be less subjected to nutrient limitation than macroalgae that acquire their nutrients only from
the surrounding water column. Further studies comparing nutrient limitation in macroalgae
and seagrasses will be required to investigate this hypothesis in more detail. All in all, these
results indicate that studies of nutrient limitation in macroalgae and seagrasses using the NIFT
technique should always sample a sufficient number of leaves (say, at least 10-20 leaves) to
obtain reliable results.
The nature of the NIFT response
A somewhat naive but straightforward explanation for nutrient-induced changes in
fluorescence would be that enhanced nutrient assimilation increases the demand for ATP and
NADPH. This relieves pressure on photosynthetic electron transport, and, hence, one would
expect a decrease in chlorophyll fluorescence. However, our results show that fluorescence
can either increase or decrease upon nutrient addition, depending on the nutrient being added
and the species being studied. For instance, we found that maximum fluorescence (F’m) of U.
lactuca, L. variegata, and T. testudinum increased upon NO3- addition, while nonphotochemical quenching (NPQ) decreased. Similar variation in the NIFT response has also
been observed in previous studies with microalgae (Shelly et al. 2010). An increase in
chlorophyll fluorescence and drop in NPQ upon NO3- addition was reported for the
unicellular green alga Dunaliella tertiolecta (Young and Beardall 2003), but another green
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alga, Chlorella emersonii, showed the opposite response (Shelly et al. 2007). NO3- uptake and
assimilation requires both ATP and NADPH. Shelly et al. (2010) therefore hypothesized that
the rise in fluorescence and drop in NPQ might be explained by state transitions between PSI
and PSII. State transitions are rapid physiological adaptation mechanisms that adjust the way
absorbed light is distributed between the two photosystems. A state transition from State 2 to
State 1 will increase the contribution of PSII, and hence linear electron transport to produce
both ATP and the required reduction equivalents (Shelly et al. 2010). Since nearly all
chlorophyll fluorescence comes from PSII, such a state transition would increase the
fluorescence signal.
Addition of NH4+ to N-limited Dunaliella tertiolecta and Chlorella emersonii resulted in an
initial rise in fluorescence, which subsequently dropped sharply, before recovering to a new
steady state (Young and Beardall 2003; Holland et al. 2004; Shelly et al. 2007). Conversely,
NH4+ addition to N-limited cultures of the green alga Monoraphidium minutum (formerly
known as Selenastrum minutum) and the cyanobacterium Oscillatoria sp. showed an initial
drop in fluorescence, followed by an increase towards a new steady state (Turpin and Weger
1988; Holland et al. 2004). Such initial oscillations in fluorescence signal were not observed
in our experiments with U. lactuca, L. variegata, and T. testudinum, where the fluorescence
increased monotonically upon NH4+ addition.
Upon PO43- addition, a drop in fluorescence is described as the most common NIFT response
in P-limited microalgae (Shelly et al. 2010). The mechanism of a NIFT response to PO43addition has been studied in P-limited D. tertiolecta (Petrou et al. 2008). The drop in
fluorescence appeared to be caused by (1) a state transition from State 1 to State 2, which
leads to higher cyclic electron flow around PSI to meet the higher ATP demand for P uptake,
and (2) increased non-photochemical quenching by an enhanced xanthophyll cycle activity,
which dissipates excess light energy as a protective mechanism to avoid photo damage to the
photosynthetic machinery (Petrou et al. 2008). Yet, we observed a drop in fluorescence upon
PO43- addition only in L. variegata, while U. lactuca and T. testudinum showed a rise in
fluorescence upon PO43- addition. Clearly, the exact underlying mechanisms explaining the
variation in NIFT response between different species and nutrient additions are yet to be
further determined (Shelly et al. 2010).
Earlier studies with microalgae indicated that the magnitude of the NIFT response increases
with the severity of nutrient limitation (Young and Beardall 2003; Holland et al. 2004). For
instance, Holland et al. (2004) sampled natural phytoplankton populations from several
Australian waters, and did not observe any positive NIFT responses on the day of collection.
Positive NIFT responses appeared only after the samples had been exposed to several days of
nutrient starvation under controlled laboratory conditions. This contrasts with our findings,
where U. lactuca, L. variegata and to a somewhat lesser extent also T. testudinum all showed
positive NIFT responses on the day of collection. Moreover, freshly collected U. lactuca
showed relatively mild changes in the percentage of positive NIFT responses during the
subsequent two weeks of nutrient starvation in controlled laboratory incubations. This
indicates that U. lactuca, and probably also the other two species that we investigated, were
already strongly nutrient limited prior to sampling, i.e., in their natural habitat.
Co-limitation by nitrogen and phosphorus
Our results indicate that at least part of the natural population of L. variegata was co-limited
by nitrogen and phosphorus. Previous NIFT studies with phytoplankton grown under
controlled nutrient conditions have shown that addition of the limiting nutrient produces a
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positive NIFT response, whereas addition of non-limiting nutrients generally does not cause a
change in fluorescence (Beardall et al. 2001a). The same pattern was observed in our
laboratory incubations with the macroalga U. lactuca, where addition of nitrogen to N-starved
leaves and addition of phosphorus to P-starved leaves resulted in a positive NIFT response,
while addition of non-limiting nutrients did not affect the fluorescence signal. Hence, the
observation that freshly collected leaves of L. variegata showed positive NIFT responses to
both nitrogen and phosphorus addition points at co-limitation by these two nutrients. Colimitation by N and P is consistent with the low concentrations of dissolved inorganic
nitrogen and phosphorus, at a N:P ratio close to the Redfield ratio of 16:1, measured in
ambient seawater at both research stations Playa Kalki and Buoy 0 (Table 1). Interestingly,
the NIFT data even picked up a subtle difference in co-limitation between the two research
sites, as L. variegata was somewhat more P limited and less N limited at Buoy 0 than at Playa
Kalki.
Co-limitation by N and P has also been observed for several macroalgal species of the Great
Barrier Reef, Australia, including Sargassum baccularia, Hydroclathrus clathratus,
Turbinaria ornata, and Padina tenuis (Schaffelke and Klumpp 1998a,b; Schaffelke 1999),
where the addition of short-term N and P pulses resulted in increased primary production
and/or incorporation of these nutrients into their thalli as temporary storage to sustain growth
during periods of low nutrient availability. Since co-limitation has not been investigated in
earlier NIFT studies (Shelly et al. 2010), our study seems to be the first to demonstrate that
co-limitation by two nutrients can be detected with NIFT measurements.
Perspectives for application
Our results show that the NIFT technique can be successfully applied to macroalgae and
seagrass. The method is relatively fast and straightforward, and provides important
information on the nutrients limiting the photosynthetic rates of primary producers. For
instance, the macroalga L. variegata is one of the key algal species involved in large-scale
shifts from coral to macroalgal dominance in coral reef ecosystems across the globe,
including the Caribbean Sea (Mumby et al. 2005; Nugues and Bak 2008) and the Great
Barrier Reef (Diaz-Pulido et al. 2009; Cheal et al. 2010). Our finding that L. variegata is colimited by nitrogen and phosphorus on the coral reefs of Curaçao, and reaches higher
abundances in more nutrient-rich waters near urbanized areas (Table 1), indicates that
eutrophication of these coastal waters is likely to enhance the capacity of this algal species to
overgrow coral reefs. Further expansion of L. variegata and other algal species involved in
the degradation of coral reef ecosystems may be curtailed by reductions in nitrogen and
phosphorus loads from terrestrial sources, for instance by more extensive wastewater
treatment. These results illustrate that use of the NIFT response to assess the nutrient status of
primary producers can serve as a valuable tool in coastal management. While we worked on
macroalgae and seagrass in tropical marine ecosystems, we foresee a wider application of this
method to other benthic algae and submersed aquatic plants in other marine and freshwater
habitats.
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CHAPTER 3
Nitrogen and phosphorus uptake by a coral reef community
in response to episodic eutrophication events after rainfall
Joost den Haan, Jef Huisman, Hannah J Brocke, Henry Goehlich, Kelly RW Latijnhouwers,
Seth van Heeringen, Saskia AS Honcoop, Tanja E Bleyenberg, Stefan Schouten, Chiara Cerli,
Leo Hoitinga, Mark JA Vermeij, Petra M Visser

ABSTRACT
Coral reefs are often associated with clear waters with chronically low nutrient levels.
However, after rainfall events, terrestrial runoff resulted in a sharp increase of the nitrate (75fold), phosphate (31-fold) and ammonium concentrations (3-fold) in waters overlying a
fringing reef at the island of Curaçao (Southern Caribbean). To better understand how much
benthic reef organisms can use of such nutrient pulses, we determined uptake rates of
ammonium, nitrate and phosphate by one coral species, turf algae, six macroalgal and two
benthic cyanobacterial species. The filamentous macroalga Cladophora spp., turf algae and
the benthic cyanobacterium Lyngbya majuscula had the highest nutrient uptake rates per unit
biomass, whereas the coral Madracis mirabilis had the lowest. For most benthic taxa,
ammonium uptake was characterized by a biphasic uptake pattern whereby initial surge
uptake was followed by slower concentration-dependent uptake. Phosphate uptake showed a
biphasic pattern for turf algae and benthic cyanobacteria, but for all other taxa a monophasic
pattern with only concentration-dependent uptake was found. Combining nutrient uptake rates
with species’ standing biomass on the reef, we found that ammonium and phosphate delivered
through the nutrient pulse were foremost taken up by turf algae and the two macroalgae
Lobophora variegata and Dictyota pulchella. Our results demonstrate large differences
among benthic functional groups in their capacity to take up nutrients, and support the often
articulated but rarely tested assumption that turf algae and opportunistic macroalgae
particularly benefit from episodic high nutrient inputs to coral reefs.
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INTRODUCTION
Due to coastal eutrophication, the availability of essential nutrients such as nitrogen and
phosphorus has increased above historic baselines in many coastal waters, with major impacts
on the species composition of these ecosystems (Smith et al. 1999, Cloern 2001, Howarth et
al. 2011). Coastal eutrophication can result from a variety of processes, such as the discharge
of domestic and industrial sewage, runoff from nearshore sites with coastal construction or
agriculture, or the effluent from aquaculture facilities (Smith et al. 1981, Bell 1992, Devlin &
Brodie 2005, Fabricius 2005, Reopanichkul et al. 2009, Herbeck et al. 2012).
Effects of eutrophication events on benthic macroalgal communities have been extensively
studied in temperate coastal waters (e.g., Cohen & Fong 2004, Fong et al. 2004, Menéndez
2005, Kennison et al. 2011). Nitrogen and phosphorus enrichment of these waters have in the
past resulted in large-scale macroalgal blooms (Valiela et al. 1997, Raven & Taylor 2003),
especially of the genera Enteromorpha, Ulva, Cladophora, and Chaetomorpha. These
macroalgal species quickly capitalize on the excess nutrients, even when high nutrient levels
are available only for a short period of time (i.e., minutes to hours) (e.g., Fujita 1985, Raven
& Taylor 2003, Fong et al. 2004). The increased proliferation of macroalgae fundamentally
alters the benthic community structure of these aquatic ecosystems (Valiela et al. 1997).
In contrast to temperate coastal waters, the effects of eutrophication events on coral reefs
remain largely understudied. Concentrations of dissolved inorganic nitrogen (DIN) and
phosphorus (DIP) in waters overlying coral reefs are often assumed to be low and relatively
constant throughout the year. Sampling efforts are consequently conducted on relatively
coarse temporal and spatial sampling scales (i.e., weeks to years at widely separated sites and
depths; Leichter et al. 2003). Short-term eutrophication events lasting only a few hours would
remain unrecorded under aforementioned sampling regimes, however, and only few studies
have quantified the actual duration and magnitude of nutrient increases during eutrophication
events on coral reefs (Lapointe et al. 1990, Shinn et al. 1994, Lapointe et al. 2004, Costa et al.
2006). Figure 1 shows examples of short-term eutrophication events on the coral reefs of
Curaçao, Southern Caribbean, after heavy rainfall. Here, brown-colored sediment plumes
generated by terrestrial runoff (often augmented by coastal construction) after heavy rainfall
are clearly visible, both above (Fig. 1A,B) and below the water surface (Fig. 1C,D). These
sediment plumes have a lower salinity and likely elevate local DIN and DIP concentrations,
as nutrient input from terrestrial runoff can be substantial. For instance, Devlin & Brodie
(2005) observed an up to 400 times higher nutrient concentration on the Great Barrier Reef
caused by terrestrial runoff after periods of heavy rainfall.
It is often argued that coastal eutrophication enables macroalgae, turf algae and benthic
cyanobacteria to replace corals as the dominant phototrophs within reef communities (Done
1992, Paul et al. 2005, Cheal et al. 2010, Vermeij et al. 2010), especially when levels of
herbivory are low (Burkepile & Hay 2006). Increased nutrient availability alleviates nutrientlimited growth experienced by benthic algae and cyanobacteria (Lapointe 1997, Larned 1998,
Kuffner & Paul 2001, Smith et al. 2001, Den Haan et al. 2013), and increases their ability to
occupy space by overgrowing neighboring corals (Smith et al. 1981, Vermeij et al. 2010).
Benthic species capable of quickly capitalizing on newly available nutrients are more likely to
gradually overtake space within a community than species that cannot. Surprisingly, not much
is known about differences in nutrient uptake rates among the species inhabiting coral reefs,
and how these rates depend on the periodicity, duration, nutrient concentration, and nutrient
composition of episodic eutrophication events.
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To improve our understanding of how episodic eutrophication events could benefit certain
benthic functional groups within coral reef communities, we determined the nitrogen and
phosphorus uptake rates of corals, macroalgae, benthic cyanobacteria, and turf algae after a
strong nutrient pulse. This enabled us to assess how the short-term nutrient inputs of raininduced sediment plumes such as the one shown in Fig. 1 become distributed among different
benthic species and may influence the outcome of their competitive relationships.

Figure 1. Short-term eutrophication events. (A,B) Sediment plume at the outlet of Piscadera Bay on the island of
Curaçao (12°7'21.42"N, 68°58'12.52"W) after a period of heavy rainfall on 23 November 2011; the arrows
indicate the front between the sediment plume and clear oceanic water. (C,D) An underwater view of the
sediment plume extending from the water surface to ~3 m depth at dive site ‘Pest Bay’ (12°9'59.77"N,
69°0'43.91"W) on 21 October 2010. Image credit: Hannah J. Brocke and Joost den Haan.

MATERIALS AND METHODS
Research site and community composition
This study was conducted during the spring (March-May) of 2012 and 2013 at the fringing
reef of research site ‘Buoy 0’ on the leeward side of the island of Curaçao, Southern
Caribbean (12°7'29.07"N, 68°58'22.92"W; Fig. 2). The research site is ~500 m from the
opening of Piscadera Bay, a semi-enclosed and highly eutrophied bay receiving nutrients
from coastal residencies and the emergency overflow of a sewage treatment plant (Govers et
al. 2014). In shallow water (5 m depth), the benthic community at Buoy 0 consists foremost
of turf algae (estimated cover: 44%) and bare sand (28%), interspersed by benthic
cyanobacterial mats (11%), hard corals (7%) and macroalgae (6%; mainly Dictyota
menstrualis). In deeper water (20 m depth), the benthic community consists of macroalgae
(43%; mainly Lobophora variegata and Dictyota pulchella), hard corals (17%), turf algae
(10%), cyanobacterial mats (9%) and bare sand (12%) (Den Haan et al. 2014). The standing
biomass (in g DW per m2 of reef area) of the species considered here was calculated by
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multiplying the percent cover of each species with their dry weight per unit of area according
to Den Haan et al. (Chapter 5 of this thesis).
N
Caribbean Sea

Cu

rre

nt

Willemstad
B

Saliña Sint Michiel
Piscadera Bay
0

Buoy 0
0

1

2 km

5

10 km

A

Figure 2. Map of the island of Curaçao, Southern Caribbean. Shading indicates urban areas (dark grey zones).
The inset shows the research site Buoy 0 and the locations of the sediment plumes observed at Piscadera Bay (A)
and Pest Bay (B) (see photographs in Fig. 1).

Nutrient analysis
Ambient nutrient concentrations were determined by analyzing water samples taken
approximately once every 2 days at 10 cm above the bottom using a 50 ml Terumo syringe
(Terumo Europe, Leuven, Belgium) during the period 31 October – 10 December 2011
(n=29). Nutrient concentrations in a sediment plume originating from the nearby Piscadera
Bay (Fig. 2) after heavy rainfall were sampled in a similar fashion (n=6) on 23 November
2011. The 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.
Concentrations of NH4+ (Helder & De Vries 1979), NO3- (Grasshoff et al. 1983) and PO43(Murphy & Riley 1962) were analyzed using a QuAAtro continuous flow auto-analyzer (Seal
Analytical, UK).
Collection of benthic organisms
Benthic organisms dominating the community at Buoy 0 were collected at 5 and 20 m depth
to determine their nutrient uptake rates. We selected one abundant coral species (Madracis
mirabilis), six macroalgal species (Cladophora spp. (only at 5 m depth), Dichotomaria
marginata, Dictyota menstrualis (only at 5 m depth), D. pulchella (only at 20 m depth),
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Halimeda opuntia, L. variegata (only at 20 m depth)), two benthic cyanobacteria (Dichothrix
spp. (only at 5 m depth) and Lyngbya majuscula) and turf algae. Turf algae were not collected
directly from the reef, because scraping them off the rocky surface would damage their tissue.
Turf algae were instead grown on the exterior of 1.5 L square plastic bottles (FIJI Water
Company, CA, USA), which were placed inside 1 m3 chicken-wired cages (mesh Ø2.5 cm) to
prevent grazing by large herbivores. The caged bottles were placed at 5 and 20 m depth, about
0.5 m above the reef to avoid overgrowth by benthic cyanobacterial mats and macroalgae.
After 6 weeks the bottles were covered by turf algal communities comprising all major taxa of
natural turf communities observed on the reef, including Chlorophyta, Rhodophyta,
Phaeophyceae and Cyanobacteria (Fricke et al. 2011). The turf algae were subsequently
collected by cutting out plastic strips (± 25 cm2) from these turf algal-covered bottles.
After collection, benthic organisms were first gently cleaned from epiphytes and detritus
using tweezers and put into darkened plastic Ziploc bags. These bags were then placed in a
cool box filled with ambient seawater (27-29°C) to transport the samples to the lab within 15
min. Here, they were immediately used for nutrient uptake experiments, with the exception of
M. mirabilis, that was collected one day earlier to ensure the polyps had at least 24 hrs to
recover from sampling.
Nutrient uptake experiments
In a series of laboratory experiments, we measured the nutrient uptake rates of all the
collected organisms in response to elevated nutrient availability. Five different nutrient
treatments were investigated: an ammonium pulse was mimicked by adding NH4Cl to
seawater to create a 5 µM (‘low’) or a 50 µM (‘high’) ammonium treatment. Similarly, we
mimicked a nitrate pulse with 25 µM NaNO3 (i.e., ‘high’ only) and phosphate pulses with a
0.88 µM (‘low’) or a 1.75 µM (‘high’) KH2PO4 concentration. For each species and each
nutrient treatment, we used ten 300 ml glass jars that were acid-washed (10% HCl) prior to
usage. The glass jars were filled with 0.22 µm filtered (Whatman Cellulose acetate membrane
filters) natural seawater that was enriched with NH4+, NO3- or PO43- depending on the nutrient
treatment. Benthic organisms were placed in 9 of the 10 glass jars, and the tenth jar served as
a control to ensure that nutrient concentrations remained constant when organisms were
absent. For experiments involving turf algae, a clean plastic strip was added to the control
glass to check if the plastic on which turf algae were propagated did not adsorb nutrients.
Nutrient concentrations in the controls always remained constant (data not shown), so that
observed changes in nutrient concentration during the experiments could be attributed to the
organisms placed in the jars.
The ten glass jars were placed in a large aquarium (80 x 40 x 20 cm) that was constantly
replenished with fresh seawater. The water level in the aquarium was too low to enter the jars,
but the circulating fresh seawater ensured that all samples experienced temperatures similar to
those on the reef (27-29°C). Each jar was individually aerated using Vibra-Flo 2 or 3
aquarium air pumps (Blue Ribbon Pet Products, NY, USA) equipped with 0.22 µm Acrodisc
filters to minimize potential aerial contamination during the experimental runs. Ten 50 W
spotlights provided a constant light intensity of 200 µmol photons m-2 s-1, which is similar to
the light conditions measured at 20 m depth at Buoy 0 at midday (Den Haan et al. 2014).
Uptake rates of NH4+ and PO43- were determined by monitoring the decrease in NH4+ and
PO43- concentrations in each jar. The first water sample was taken before an organism was
placed inside the jar. After adding the organism, 5 ml water samples were taken at 10 min
intervals and were subsequently filtered through 0.22 µm sterile Acrodisc filters (Pall
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Corporation, NY, USA) into 6 ml Polyethylene vials (PerkinElmer, MA, USA). Water
samples were immediately analyzed for NH4+ and PO43- according to Holmes et al. (1999)
and Murphy & Riley (1962), respectively, using a T60 UV/VIS Spectrophotometer (PG
Instruments Ltd, Wibtoft, UK). For each species, maximum uptake rates (Vmax) of NH4+ and
PO43- were estimated as the uptake rate observed during the first 10-min interval after a high
nutrient pulse was added.
At Curaçao we did not have the opportunity to measure the uptake of NO3spectrophotometrically, because we lacked cadmium, titanium chloride and hydrazine for the
required NO3- reduction assays. Hence, the NO3- uptake rate was determined from the
incorporation of the stable isotope 15N. At the onset, 25 µM Na15NO3 (98 at%) was added to
nine glass jars with benthic organisms, whereas the tenth glass jar only contained the
organism but did not receive 15N to control for potential changes in background 15N levels of
the organisms. After 2 hrs, the organisms were quickly rinsed with distilled water and stored
in pre-weighed aluminum foil at -20°C. The samples were freeze-dried overnight in a
Scanvac CoolSafe Freeze-dryer (Scala Scientific B.V., Ede, The Netherlands) to determine
their dry weight. The 15N content was determined by isotopic analysis.
To estimate NO3- uptake by the endosymbiotic zooxanthellae in the coral M. mirabilis, coral
tissue was removed from the underlying skeleton using a toothbrush and suspended in a 15 ml
test tube containing filtered seawater (Whatman GF/F). This suspension was centrifuged
twice at 4000 rpm for 20 min in an EBA 21 Centrifuge (Hettich Laborapparate, Bäch,
Germany), so that zooxanthellae concentrated at the bottom of the tube. The zooxanthellae
were pipetted out of the tube, filtered onto a Whatman GF/F filter that was pre-combusted at
450°C for 4 hrs using an Air Recirculating Chamber Furnace (Carbolite, Hope Valley, UK),
and stored at -20°C for at least three days. Filters were subsequently freeze-dried using a
Scanvac CoolSafe Freeze-dryer to determine their 15N content. The dry weight of M. mirabilis
was approximated from its surface area according to Hardt (2007).
The tissue N content and δ15N content of the samples were determined using a
Thermofinnigan Delta Plus isotope ratio mass spectrometer (Bremen, Germany) connected to
a Carlo Erba Instruments Flash 1112 Element Analyzer (Milan, Italy). Each sample was first
ground into powder and packed inside a tin capsule that was folded into a small pellet. For M.
mirabilis, Whatman GF/F filters loaded with zooxanthellae were directly packed into the tin
capsule and folded into a small pellet. The pellets were weighed and their δ15N content (in ‰)
was quantified as:
𝛿 !" N =

!!"#$%&
!!"#$%#&%

   − 1 ×1000

(1)

where Rsample is the isotope ratio 15N/14N of the sample and Rstandard is the isotope ratio of
atmospheric N2 (i.e., Rstandard = 0.0036765). The δ15N measurements were calibrated against
the laboratory standards urea (δ15N = -40.81‰) and acetanilide (δ15N = 1.3‰). The NO3uptake rate (in µmol N g-1 DW h-1) of each species was calculated as:
𝑉=

!!
!

×𝑅!"#$%#&% ×(𝛿 !" N!"#$!%#&! − 𝛿 !" N!"#$%"& )×

!""
!"

(2)

where QN is nitrogen content of the tissue (in mmol N g-1 DW), t is the incubation time of 2
hrs, δ15Ntreatment is the δ15N of 15N-enriched samples, δ15Ncontrol is the δ15N of the control
sample, and at is the at% of 15N in the nitrate pulse we supplied. Because we applied a high
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NO3- concentration in the uptake experiments, we defined Vmax for NO3- as the V calculated
from equation 2.
To determine the P content of the organisms’ tissues, ground samples were first treated with 6
M HNO3, 30% H2O2, 2 M H2SO4, 48% HF, and 2 M HCl inside platinum crucibles that were
gently heated to ~300ºC using a Cimarec 3 ceramic-top plate to dissolve all the P inside the
samples (Barnstead-Thermolyne Corp., Iowa, USA). P contents were then measured in an
inductively coupled plasma optical emission spectrometer (ICP-OES; Optima 3000XL,
Perkin Elmer, Waltham, MA, USA).
Nutrient uptake rates were calculated from changes in nutrient concentration in the medium
over 20 min time intervals. Changes in N and P contents of the tissue during the uptake
experiments were calculated from the initial tissue nutrient content measured at the start of the
experiment plus the uptake of nutrients during the experiments.
Distribution of nutrient uptake over the different species
The nutrient uptake experiments were used to estimate how the nutrients delivered by
episodic nutrient pulses would be distributed over the different species in the community. The
intake of nutrients by a coral reef community consisting of n species can be described by the
following set of differential equations:
!"
!"
!"!
!"

=−

!
!!! 𝑢!

𝑁 𝐵! − 𝐷𝑁

(3a)

= 𝑢! 𝑁 𝐵!

i=1,…,n

(3b)

where N is the nutrient concentration in the nutrient plume, Qi is the total amount of nutrient
in species i, ui(N) is the biomass-specific nutrient uptake rate of species i as a function of the
ambient nutrient concentration N, Bi is the biomass of species i, and D is the rate at which the
nutrient concentration in the plume decreases through other processes (e.g., mixing with open
ocean water, denitrification). Because it was not feasible to measure the nutrient uptake
kinetics of all species, we assume that the nutrient uptake rate of M. mirabilis is representative
for all hard corals at our study site. Similarly, we assume that the nutrient uptake rates of the
cyanobacteria Dichothrix spp. and L. majuscula are representative for all benthic
cyanobacterial mats at our study site.
If the nutrient uptake rates of the species depend linearly on ambient nutrient concentration
(i.e., ui(N)=aiN), differential equation (3a) can be solved, and the decrease of the ambient
nutrient concentration through time can be written as:
𝑁 𝑡 = 𝑁! e!(

!! !! !!)!

(4)

where N0 is the initial nutrient concentration in the nutrient plume. Nutrient acquisition by
each species in the community is then obtained by inserting equation (4) into equation (3b)
and subsequent integration, which gives:
𝑄! 𝑡 = 𝑄!,! +

!! !!
!! !! !!

1 − e!(

!! !! !!)!

𝑁!

(5)

where Qi,0 is the initial amount of nutrients in the tissue of species i.
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Equation (5) shows that each species acquires a fraction aiBi/(ΣajBj+D) of the nutrients
delivered by the pulse. Hence, species with more biomass and/or higher nutrient uptake rates
will acquire a larger fraction of the total nutrient input. The magnitude of parameter D is
unknown for our research site. Therefore, we cannot accurately estimate which fraction of the
nutrients from the sediment plume is not taken up but vanishes into the open ocean. However,
from the measured nutrient uptake rates and biomasses of the different species we can
calculate the fraction aiBi/ΣajBj, which indicates how those nutrients that are taken up by the
coral reef community are distributed over the different species.
Statistical analyses
A two-sample Student’s t-test (for equal variances) or the Welch’s t-test (for unequal
variances) was used to test whether nutrient concentrations in normal oceanic water differed
from those in sediment plumes after heavy rainfall. We applied a two-way analysis of
variance to test if maximum nutrient uptake rates (Vmax) differed among species and between
depths. The data were log-transformed if this improved homogeneity of variance, as tested by
Levene’s test. Post-hoc comparisons of the means were based on Tukey’s HSD test using a
significance level (α) of 0.05. Nutrient uptake rates can follow a biphasic pattern, whereby
nutrient uptake is highest immediately after a nutrient pulse, but subsequently shifts to a lower
uptake rate (D’Elia & DeBoer 1978, Dy & Yap 2001). We tested for the presence of such
biphasic patterns by determining if nutrient uptake rates during the first 10 min of the
experiments (time interval t0-10) were significantly higher than uptake rates during the next 10
min (time interval t10-20) using the paired samples t-test. Linear regression was used to test
whether nutrient uptake rates increased significantly with the ambient nutrient concentration.

RESULTS
Nutrient enrichment after rainfall
Ambient nutrient concentrations (mean ±SE) in seawater collected at 0.5 m above the reef
surface were normally low: 1.45 ± 0.14 µM for NH4+, 0.15 ± 0.02 µM for NO3- and 0.032 ±
0.003 µM for PO43-. In contrast, seawater collected from the sediment plume after heavy
rainfall on 23 November 2011 was characterized by a 75-fold higher NO3- concentration
(Welch’s t-test: t=-36.1, df=29.1, p<0.001), 31-fold higher PO43- concentration (Welch’s ttest: t=-44.6, df=28.3, p<0.001), but only a 3-fold higher NH4+ concentration (Student’s t-test:
t=-5.2, df=33, p<0.001) compared to background concentrations (Fig. 3). The N:P ratio of
dissolved inorganic nutrients in seawater was under ambient conditions nearly 50:1, whereas
the N:P ratio in the sediment plume approached the Redfield ratio of 16:1. During our study,
similar sediment plumes were observed at least once per month near Buoy 0 during the wet
season (October-February), and were visible from the surface only for a few hours at most.
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Figure 3. Nutrient enrichment after heavy rainfall. Ambient nutrient concentrations at Buoy 0 (light grey bars)
are compared against the nutrient concentrations in the sediment plume observed at the outlet of Piscadera Bay
on 23 November 2011 (dark grey bars). Error bars represent s.d. of the mean. Differences between the ambient
nutrient concentrations and those in the sediment plume were tested by the two-sample Student’s t-test (for equal
variances) or the Welch’s t-test (for unequal variances).

Nutrient uptake kinetics
During the nutrient uptake experiments, NH4+ and PO43- concentrations in the glass jars
decreased, and concomitantly the tissue N and P contents of the organisms increased (see Fig.
4 and Fig. 5 for a few selected examples; Figs. S1-S4 in the Supplement for all sampled
species). Uptake rates of NH4+ and PO43- gradually decreased as external nutrient
concentrations became reduced. In general, NH4+ and PO43- were not completely exhausted
over the 2-hr experimental period, yielding residual concentrations of 1.5-8 µM NH4+ and
0.03-0.5 µM PO43- depending on the species (Fig. 4 and 5; Figs. S1-S4 in the Supplement).
We note that the ‘low initial NH4+ concentration’ in Fig. 4 and ‘low initial PO43concentration’ in Fig. 5 were comparable to the NH4+ and PO43- concentration in the sediment
plume, whereas the high initial nutrient concentrations in the uptake experiments were
substantially higher than in the sediment plume.
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The maximum nutrient uptake rates (Vmax) differed significantly among species (Table 1).
Turf algae had the highest Vmax for NH4+, followed by the macroalgal species. The coral M.
mirabilis had the lowest Vmax for NH4+ (Fig. 6A). The benthic cyanobacterium L. majuscula
and green macroalgae of the genus Cladophora had the highest Vmax for NO3-, whereas the
calcified green alga H. opuntia had the lowest (Fig. 6B). For PO43-, L. majuscula and
Cladophora spp. again had the highest Vmax, whereas H. opuntia and M. mirabilis had the
lowest (Fig. 6C). Furthermore, we found a significant main effect of depth on the Vmax for
NO3- and PO43- and a significant interaction effect of species × depth on the Vmax for all three
nutrients (Table 1). However, post hoc comparison of the means revealed that M. mirabilis
was the only species for which the Vmax (for NO3-) differed between 5 and 20 m depth. For all
other species that occurred at both depths, Vmax was not significantly different between depths
(Fig. 6).
Except for M. mirabilis and D. marginata, the uptake of NH4+ was biphasic for all benthic
taxa, with significantly higher NH4+ uptake rates during the first 10 min of the experiments
than during the subsequent time interval (Table 2). After this initial surge uptake, NH4+
uptake rates of nearly all species were linear functions of the ambient NH4+ concentration (Fig.
7). Surge uptake of PO43- was observed only for turf algae and the benthic cyanobacteria
Dichothrix spp. and L. majuscula (Table 2). For 6 of the 10 species, the PO43- uptake rate
showed a significant linear increase with the ambient PO43- concentration (Fig. 8).
Table 1. Two-way analysis of variance of the maximum nutrient uptake rates, with species and depth as
independent variables
Effect

df1, df2

F

P

Species

8, 91

99.284

<0.001

Depth

1, 91

2.091

0.152

Species × Depth

3, 91

11.592

<0.001

Species

6, 80

101.306

<0.001

Depth

1, 80

23.688

<0.001

Species × Depth

2, 80

11.593

<0.001

Species

8, 103

319.737

<0.001

Depth

1, 103

5.038

0.027

Species × Depth

4, 103

2.465

0.050

+

NH4 :

NO3-:

PO43-:

Columns indicate the investigated effects, degrees of freedom (df1 and df2), the F-statistic (Fdf1,df2) and the
corresponding probability (p). Significant results (p<0.05) are indicated in bold.
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Table 2. Comparison of nutrient uptake rates (for NH4+ and PO43-) between the initial time interval t0-t10 and the
subsequent time interval t10-t20 using the paired samples t-test
PO43-

t

NH4+
df

p

3.743

33

Lobophora variegata

df

p

<0.001

t
3.176

31

0.003

3.320

16

0.004

0.102

15

0.920

Cladophora spp.

4.075

16

<0.001

1.324

17

0.203

Dichotomaria marginata

1.619

26

0.118

0.921

35

0.363

4.869

33

<0.001

2.015

31

0.053

Dictyota menstrualis

2.954

16

0.009

1.007

15

0.330

Dictyota pulchella

2.408

16

0.028

1.889

17

0.076

Lyngbya majuscula

5.418

25

<0.001

4.972

26

<0.001

2.502

16

0.024

2.322

17

0.033

-0.892

33

0.379

0.605

35

0.549

Species
Turf algae

Halimeda opuntia

Dichothrix spp.
Madracis mirabilis

For each species, nutrient uptake rates were obtained from 9 replicate time series at 5 and/or 20 m depth and for
2 initial nutrient concentrations. Significant results (p<0.05) are indicated in bold.
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Figure 4. Examples of the NH4 uptake experiments. Decrease of NH4 concentrations in the glass jars (solid
black circles) and increase of tissue N content (open squares) due to NH4+ uptake by (A,B) the macroalga
Dictyota menstrualis (from 5 m depth) and (C,D) the benthic cyanobacterium Lyngbya majuscula (from 20 m
depth). The species were incubated at low (A,C) and at high (B,D) initial NH4+ concentrations. Error bars
represent s.d. of the mean. NH4+ uptake experiments of the other species are shown in Supplement 1 (specimens
collected at 5 m depth) and Supplement 2 (specimens collected at 20 m depth).
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Figure 5. Examples of the PO4 uptake experiments. Decrease of PO4 concentrations in the glass jars (solid
black circles) and increase of tissue P content (open squares) due to PO43- uptake by (A,B) the macroalga
Dictyota menstrualis (from 5 m depth) and (C,D) the benthic cyanobacterium Lyngbya majuscula (from 20 m
depth). The species were incubated at low (A,C) and at high (B,D) initial PO43- concentrations. Error bars
represent s.d. of the mean. PO43- uptake experiments of the other species are shown in Supplement 3 (specimens
collected at 5 m depth) and Supplement 4 (specimens collected at 20 m depth).

Distribution of nutrient uptake over the different species
We used our nutrient uptake measurements and standing biomass estimates to calculate how
the nutrients taken up by the coral reef community would be distributed over the different
species. In line with our observations, we assume that the nutrient uptake kinetics of the
species were the same at 5 and 20 m depth (Fig. 6). Furthermore, our results showed that after
10 min of initial surge uptake, the nutrient uptake rates of most species depended linearly on
the ambient nutrient concentrations (Figs. 7 and 8). Hence, the use of equation (5) appears
justified. Since we were not able to obtain uptake-concentration relationships for NO3-, we
focus on NH4+ and PO43- uptake only. For some functional groups (e.g., sponges) we did not
have nutrient uptake data, and they were therefore not taken into account in the calculation.
The calculation reveals that, while corals made up 44% of the total community biomass at 5
m depth (Fig. 9A), they accounted only for 8% of the total NH4+ and 2% of the total PO43uptake from nutrient plumes (Fig. 9B,C). In contrast, turf algae made up 40% of the total
biomass (Fig. 9A), but largely dominated (80%) the NH4+ and PO43- uptake from the nutrient
plumes (Fig. 9B,C). At 20 m depth, corals had a higher share in the biomass (73%; Fig. 9A),
but still obtained only a small share of the total NH4+ and PO43- uptake (12% and 7%,
respectively; Fig. 9B,C). At this depth, turf algae were less abundant and the brown
macroalgae L. variegata and D. pulchella were responsible for the majority of the NH4+
uptake (62% and 17%, respectively) and PO43- uptake (41% and 29%, respectively) (Fig.
9B,C).
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DISCUSSION
Interspecific variation in nutrient uptake rates
Our results show that sediment plumes generated by rainfall events greatly elevate the local
nitrate, ammonium and phosphate concentrations in waters overlying fringing reefs. This high
but episodic nutrient input is not shared equally among the different primary producers on the
reef, because species differ in their nutrient uptake rates and standing biomass on the reef.
The coral M. mirabilis had the lowest NH4+, NO3- and PO43- uptake rates of all species
considered here. This is not surprising, because corals not only take up dissolved inorganic
nutrients, but can also acquire nutrients through heterotrophic feeding (Goreau et al. 1971,
Szmant-Froelich & Pilson 1984, Houlbrèque & Ferrier-Pagès 2009). The latter is often
essential, as direct uptake of inorganic nutrients by zooxanthellae is generally insufficient to
meet corals’ nutritional demands (Bythell 1988, Muscatine et al. 1989, Houlbrèque & FerrierPagès 2009). Bythell (1988) reported that heterotrophic feeding supplied 70% of the nitrogen
demand in the Elkhorn coral Acropora palmata, and Anthony (1999) showed that about 30%
of the nitrogen required for coral tissue growth of Pocillopora damicornis was obtained
heterotrophically. Since M. mirabilis is known for its high zooplankton capture rate (Sebens
et al. 1996), its low uptake rates of dissolved inorganic nitrogen and phosphorus are likely
partially explained by its heterotrophic feeding behavior.
Macroalgae, turf algae and benthic cyanobacteria acquire nitrogen and phosphorus by means
of diffusion and/or active transport (Lapointe 1997, Larned 1998, Kuffner & Paul 2001,
Vermeij et al. 2010). A more filamentous morphology increases an alga’s surface:volume
ratio, which in turn improves its capacity to take up nutrients from its surroundings (Littler &
Littler 1980, Rosenberg & Ramus 1984, Pedersen & Borum 1997). Our results confirm that
taxa with high surface:volume ratios were characterized by high nutrient uptake rates per unit
biomass. Filamentous turf algae had the highest NH4+ uptake rate, whereas filamentous
Cladophora spp. and the filamentous cyanobacterium L. majuscula had the highest NO3- and
PO43- uptake rates (Fig. 6). Dichothrix spp., which is also a filamentous cyanobacterium,
showed lower uptake rates than L. majuscula, but its tightly clumped morphology may cause
nutrient competition among neighboring thalli resulting in lower overall nutrient uptake rates
(Littler & Littler 1980). We note that, in addition to a high surface:volume ratio, other species
traits such as nutrient storage capacity (Fujita 1985, Lapointe 1989, Fong et al. 1994, 2004)
and efficiency of internal nutrient recycling (Duarte 1995) will also affect nutrient uptake
rates, but these aspects were not investigated in the present study.
Nutrient uptake kinetics
Our results indicate that even the high nutrient concentrations in episodic sediment plumes do
not saturate the nutrient uptake rates of primary producers on the reef. The NH4+ uptake
kinetics of most species followed a biphasic pattern, whereby rapid initial ‘surge uptake’ was
followed by a slower, concentration-dependent uptake rate. Surge uptake is often observed
when N-starved algae are offered a NH4+ pulse (e.g., Fujita 1985, Thomas & Harrison 1987,
Pedersen 1994, Dy & Yap 2001, Raikar & Wafar 2006), and likely represents the rapid
reloading of depleted intracellular nitrogen pools (Hurd et al. 2014). At the pH of seawater
(pH 8.1), 7% of the total ammonium-N comes in the form of NH3 (i.e., the pKa of NH3 ≈
9.25). Since plasma membranes are permeable for NH3 but not for NH4+ ions, passive
diffusion of NH3 over the plasma membrane may contribute to the initial surge uptake.
After the initial surge uptake, the subsequent NH4+ uptake rates of most species in our study
were linear functions of the ambient NH4+ concentration. This is in agreement with previous
54

Nutrient uptake by benthic reef organisms
studies reporting linear uptake kinetics for NH4+ (Friedlander & Dawes 1985, Fujita 1985,
Smit 2002, Abreu et al. 2011). It is unlikely that these linear uptake kinetics can be explained
solely by passive diffusion of NH3 over the cell membrane, because most macroalgae possess
active NH4+ transporters (Hurd et al. 2014). One possible explanation might be that the
combination of active NH4+ transport (with saturating enzyme kinetics) and passive NH3
diffusion leads to nearly linear uptake kinetics. Another explanation might be that the uptake
kinetics were in fact saturating, but that the NH4+ concentrations that we used in our
experiments (0-50 µM) were too low to induce a saturating response. This is consistent with
several studies in which saturation of the uptake rate became apparent only at NH4+
concentrations above 50 µM (Pedersen 1994, Runcie et al. 2003, Luo et al. 2012), although
saturation at lower NH4+ concentrations has also been found (Campbell 1999). In any case, at
an NH4+ concentration of 5 µM (as observed in the sediment plume), the NH4+ uptake rates of
the species that we have investigated were still far below their maximum uptake rates.
In our study, turf algae and the cyanobacteria Dichothrix spp. and L. majuscula showed initial
PO43- surge uptake, but macroalgae and M. mirabilis did not. We are not aware of other
studies reporting PO43- surge uptake by cyanobacteria and turf algae. However, surge uptake
has been observed during the first few min of PO43- uptake in P-deficient macroalgae (Hurd &
Dring 1990, Martínez & Rico 2004). It has been hypothesized that this initial high uptake rate
may represent diffusion of PO43- into the organism’s extracellular space, a process that may
take only a few min and can be seen as surge uptake (Hurd & Dring 1990, Hurd et al. 2014).
Several species showed only a weak or no relationship between their PO43- uptake rate and the
ambient PO43- concentration (Fig. 8). This may reflect to some extent the difficulties of
working with field material, and may also be indicative of the limited possibilities of some of
these species to respond to a phosphate pulse. However, particularly turf algae and the
cyanobacteria Dichothrix spp. and L. majuscula showed a strong linear increase of their PO43uptake rate with the ambient PO43- concentration across the entire concentration range
investigated. Half-saturation constants for PO43- uptake by benthic algae are typically in the
range of 0.5–15 µM of PO43- depending on the species (Wallentinus 1984, Luo et al. 2012).
This suggests that the PO43- concentrations investigated in our experiments (0-1.75 µM) and
measured in the sediment plume (ca. 1 µM) were not sufficiently high to saturate the P uptake
rates of these benthic species. The combination of initial surge uptake and a strong linear
dependence of the subsequent PO43- uptake rate across the relevant concentration range
indicates that turf algae and benthic cyanobacteria can rapidly respond to the temporarily
enhanced PO43- concentrations during sediment plumes.
Implications of episodic eutrophication events
Of all reef organisms considered here, the highest nutrient uptake rates per unit biomass were
found for turf algae, benthic cyanobacteria (i.e., L. majuscula) and Cladophora spp., which
are all species capable of forming large algal blooms (Lapointe 1997, Albert et al. 2005, Paul
et al. 2005, Smith et al. 2005, Dailer et al. 2012). The ability of these species to quickly
capitalize on newly available nutrients foremost explains their capacity to proliferate almost
uncontrollably in eutrophic coastal waters (Kuffner & Paul 2001, Smith et al. 2005). We
combined the nutrient uptake rates with the standing biomass of the species to calculate the
distribution of the supplied nutrients over the different species. We note that these model
calculations are based on a series of simplifying assumptions, for instance nutrient uptake
kinetics in the field may differ from uptake rates determined under laboratory conditions,
uptake data were obtained for only one of the coral species, and some functional groups (e.g.,
sponges) were not investigated. Hence, the model calculations should be interpreted with
caution and provide at best a first approximation. Nevertheless, the results show that turf
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algae dominated the total nutrient uptake of the community on the shallow reefs at 5 m depth,
whereas the macroalgae L. variegata and D. pulchella took up most nutrients at 20 m depth.
At both depths, corals were important components of the benthic community in terms of total
biomass, but obtained only a small fraction of the nutrients supplied by sediment plumes.
Benthic cyanobacteria and Cladophora spp. were less abundant, and despite their high uptake
rates per unit biomass they therefore had only a small share in the total nutrient uptake by the
community. Hence, in conclusion, our results indicate that particularly turf algae and
opportunistic macroalgae (e.g., L. variegata, Dictyota spp.) benefit disproportionally from
episodic eutrophication events, which may contribute to their competitive success at the
expense of coral species.
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ELECTRONIC SUPPLEMENTARY MATERIALS
Supplement. Additional data from the NH4+ and PO43- uptake experiments (conducted at both
5 and 20 m depths), included are those species that have not been displayed in the main text.
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Figure S1. NH4+ uptake experiments of the species collected from 5 m depth.
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Figure S4. PO43- uptake experiments of the species collected from 20 m depth.
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CHAPTER 4
Nitrogen fixation rates in algal turf communities of a
degraded versus less degraded coral reef
Joost den Haan, Petra M Visser, Anjani E Ganase, Elfi E Gooren, Lucas J Stal, Fleur C van
Duyl, Mark JA Vermeij, Jef Huisman

ABSTRACT
Algal turf communities are ubiquitous on coral reefs in the Caribbean, and are often
dominated by N2-fixing cyanobacteria. However, it is largely unknown (i) how much N2 is
actually fixed by turf communities, and (ii) which factors affect their N2 fixation rates.
Therefore, we compared N2 fixation activity by turf communities at different depths and
during day and night time on a degraded versus a less degraded coral reef site on the island of
Curaçao. N2 fixation rates measured with the Acetylene Reduction Assay (ARA) were
slightly higher in shallow (5-10 m depth) than in deep turf communities (30 m depth), and N2
fixation rates during the daytime significantly exceeded those during the night. N2 fixation
rates by the turf communities did not differ between the degraded and less degraded reef.
Both our study and a literature survey of earlier studies indicated that turf communities tend
to have lower N2 fixation rates than cyanobacterial mats. However, at least in our study area,
turf communities were more abundant than cyanobacterial mats. Our results therefore suggest
that turf communities play an important role in the nitrogen cycle of coral reefs. N2 fixation
by turfs may contribute to an undesirable positive feedback that promotes the proliferation of
algal turf communities while accelerating coral reef degradation.
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33:1003-1005. doi: 10.1007/s00338-014-1207-5.
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INTRODUCTION
During recent decades, many coral reefs have shifted from coral to algal dominance (Done
1992; McManus and Polsenberg 2004; Hughes et al. 2007; Cheal et al. 2010). The algaldominated state often consists of macroalgae, but small turf algae have also increased (Barott
et al. 2009; Vermeij et al. 2010). Algal turf communities (henceforth called ‘turfs’) are
heterogeneous assemblages of Chlorophyta, Phaeophyta, Rhodophyta and filamentous
Cyanobacteria (Steneck and Dethier 1994; Diaz-Pulido and McCook 2002; Fricke et al.
2011). Turfs are important primary producers on reefs that are intensively grazed (Adey and
Goertemiller 1987; Carpenter and Williams 2007), compete for space against corals (Barott et
al. 2009; Vermeij et al. 2010), provide shelter for various meiofauna (Zeller 1988; Logan et
al. 2008), and may play a key role in the recycling of nutrients (Charpy-Roubaud et al. 2001;
Charpy et al. 2007; Fricke et al. 2011; Charpy et al. 2012). Turfs currently represent the
single-most dominant benthic component on many coral reefs in the Caribbean (Kramer
2003; Vermeij et al. 2010), Central Pacific (Barott et al. 2009; Barott et al. 2012), Red Sea
(Haas et al. 2010), and Indonesia (Wangpraseurt et al. 2012).
Many of the cyanobacteria in turfs are capable of nitrogen (N2) fixation (Charpy et al. 2012).
Nitrogen (N) is one of the key elements often limiting primary productivity on coral reefs
(Littler et al. 1991; Delgado and Lapointe 1994; Larned 1998; Den Haan et al. 2013), and
hence N2 fixation provides access to an important additional N source. N2 fixation is very
sensitive to oxygen, and diazotrophic cyanobacteria evolved various strategies to
accommodate the incompatible processes of oxygenic photosynthesis and N2 fixation (e.g.,
Bergman et al. 1997; Zehr 2011). Some cyanobacteria developed specialized cells known as
heterocysts to separate N2 fixation from oxygen production, and these heterocystous species
often show higher N2 fixation activity during daytime than at night (Mullineaux et al. 1981;
Staal et al. 2002). In contrast, many non-heterocystous diazotrophic cyanobacteria fix N2
during the night, fuelled by respiration of the carbohydrates built up by photosynthesis during
the preceding daytime (Schneegurt et al. 1994; Dron et al. 2012; Brauer et al. 2013). The N2
fixed by cyanobacteria may be released as dissolved inorganic and organic N through leakage
from the cells, cell death or lysis (Berman and Bronk 2003; Benavides et al. 2013), and
thereby becomes available for other organisms in the community (Mulholland et al. 2006;
Agawin et al. 2007).
Eutrophication of coastal waters is a major problem in many densely populated (sub)tropical
regions (Nyström et al. 2000), and is often associated with a phase shift from coral to algal
dominance (Done 1992; Hughes 1994; Cheal et al. 2010). To what extent eutrophication may
affect the relative importance of N2 fixation on coral reefs is still an open question. Generally
speaking, N enrichment may alleviate ecosystems from N limitation, which would diminish
the need for N2 fixation, and hence decrease the abundance of N2-fixing cyanobacteria (Smith
1983; Conley et al. 2009). However, if N continues to be limiting (e.g., if externally supplied
N is utilized as quickly as it is supplied), then N2 fixation will not be suppressed and N2fixing organisms may still prevail. Indeed, lake studies have shown that N2 fixation rates can
be high in eutrophic waters, especially during episodes with a relative shortage of N (Howarth
et al. 1988; Paerl 2009; Scott et al. 2009).
N2 fixation on coral reefs has been studied for almost 40 years (Webb et al. 1975; Wiebe et al.
1975). Most studies have focused on N2 fixed by solitary or mat-forming benthic
cyanobacteria (e.g. O'Neil and Capone 1989; Charpy-Roubaud et al. 2001; Charpy et al. 2007;
Charpy et al. 2010), whereas only a few studies have investigated N2 fixation in turfs
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(Wilkinson and Sammarco 1983; Wilkinson et al. 1984; Larkum et al. 1988; Williams and
Carpenter 1997, 1998; Davey et al. 2008). Little is known about the major environmental
determinants of N2 fixation by turfs. For instance, it is not known to what extent depthdependent variation in cyanobacterial composition and light conditions affect the N2 fixation
activity of the turfs. Furthermore, it is not known whether turfs fix N2 mainly during the day
or night, or whether N2 fixation by turfs is affected by the degradation of coral reefs
associated with coastal eutrophication. The main goals of this study were therefore (i) to
quantify N2 fixation by turfs in relation to water depth and the day-night cycle, and (ii) to
compare N2 fixation by turfs on a degraded reef near a densely inhabited area versus a less
degraded coral reef at a more remote site. We compared our results with published data from
solitary cyanobacteria, mat-forming cyanobacteria and turfs on reefs elsewhere in the world.

MATERIALS AND METHODS
Research sites and composition of turfs
This study was conducted on the leeward side of the island of Curaçao, Southern Caribbean,
during June-August of 2011. We investigated two sites: ‘Buoy 0’ (12°7'29.07"N,
68°58'22.92"W) and ‘Playa Kalki’ (12°22'30.9"N, 69° 9'31.49"W) (Fig. 1). Buoy 0 is a
degraded reef only a few kilometers downstream of the capital Willemstad with its industrial
harbor and near the outlet of the eutrophied Piscadera Bay. Over the past 40 years, coral cover
of the shallow reefs at Buoy 0 has decreased dramatically (Bak et al. 2005). Playa Kalki is
located ~35 km from the major population center of Willemstad. It is a less degraded reef
with higher hard coral cover, lower algal and cyanobacterial cover and slightly lower
dissolved nutrient concentrations than at Buoy 0 (see Results).
N
Playa Kalki
Caribbean Sea

Cu

0

5

rre

nt

Willemstad
Buoy 0

10 km

Figure 2. Map indicating research sites Buoy 0 and Playa Kalki on Curaçao, Southern Caribbean (12°10'N,
68°58'W). Dark-grey zones are urbanized areas, including the capital Willemstad and its industrial harbor
(hatched area).

Turfs on the reefs at Buoy 0 consist of a mixed community of algae belonging to the
Chlorophyta, Rhodophyta, Phaeophyta and Cyanobacteria (Fricke et al. 2011). At 5 m depth,
the turf community at Buoy 0 was dominated by Cyanobacteria, notably the heterocystous
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species Dichothrix utahensis (Fricke et al. 2011). At 15 m depth, the relative abundances of
Cyanobacteria, Chlorophyta, Rhodophyta and Phaeophyta were more evenly distributed
(Fricke et al. 2011). At 25 m depth, Cyanobacteria represented ~40% of the turf community,
dominated by the non-heterocystous cyanobacteria Lyngbya spp. and Oscillatoria spp.,
whereas the heterocystous species D. utahensis was rare (Fricke et al. 2011). At Playa Kalki,
we observed the same N2-fixing cyanobacteria as at Buoy 0 (i.e., with Dichothrix spp. near
the surface, and Lyngbya spp. and Oscillatoria spp. in deeper parts of the reef).
Reef characteristics
Surveys comparing the dominant benthic communities at both Buoy 0 and Playa Kalki were
conducted along 100 m transects, placed alongside the 5, 10, 20, and 30 m isobath. Benthic
cover of hard corals, macroalgae, turfs, and cyanobacterial mats was determined from
photographs of 60 quadrates (1.5 m2) randomly placed along both sides of the transects. The
photographs were analyzed using the program Coral Point Count with Excel Extensions
(CPCe) (Kohler and Gill 2006).
Light profiles were measured with a Hydrolab DS5 Sonde (OTT Messtechnik GmbH & Co.,
Kempten, Germany) (n=5 at both Buoy 0 and Playa Kalki). Furthermore, water samples for
nutrient analysis were taken along each horizontal transect at 10 cm above the reef using a 50
ml Terumo syringe (Terumo Europe, Leuven, Belgium) (n=9 at both Buoy 0 and Playa Kalki).
Water samples were immediately filtered at the diving site using 0.22 µm Acrodisc filters and
stored in 6 ml polyethylene vials (PerkinElmer, MA, USA) at -20°C until further analysis.
Concentrations of NO3- (Grasshoff et al. 1983), NH4+ (Helder and De Vries 1979) and PO43(Murphy and Riley 1962) were analyzed at the Royal Netherlands Institute for Sea Research
(NIOZ), Texel, The Netherlands, using continuous flow analysis via a Quatro auto-analyser
(Seal Analytical, UK).
Sampling and incubation of turfs
The N2 fixation measurements required controlled incubation of turf samples. For this
purpose, turfs were not collected directly off the reef, because scraping turfs off the rocks
would damage the algal tissue and the rock underneath. Instead, turfs were grown on the
exterior of 1.5 L square plastic bottles (FIJI Water Company, CA, USA), which were placed
inside 1 m3 chicken-wired cages (mesh Ø2.5 cm). Growing turfs on plastic bottles ensured
that the turfs were of approximately similar size and age, and resulted in minimal damage to
the live tissue of the turfs. Encaging prevented grazing by large herbivores (i.e., >2.5 cm in
diameter) to ensure sufficient turf growth on the bottles. In May 2011, the encaged bottles
were positioned at depths of 5, 10, 20 and 30 m using SCUBA diving. The bottles were
placed 0.5 m above the reef to avoid overgrowth by benthic cyanobacterial mats or
macroalgae, and remained on the reefs of Buoy 0 and Playa Kalki for 63-79 d and 49-77 d,
respectively. This growth period provided ample time for the establishment of turf
communities with benthic cyanobacteria.
Plastic bottles were retrieved from each depth (5, 10, 20 and 30 m) between 23 June and 3
August 2011. Small strips (1.5 x 2.0 cm; six strips per depth) containing turfs were cut out of
the plastic bottles using scissors. In the laboratory, each strip was placed inside a 10-ml
headspace crimp vial (VWR, The Netherlands) containing 7 ml of 0.22 µm filtered ambient
seawater (Whatman cellulose acetate membrane filters, Ø 25 mm). Vials were then sealed
with a gas tight liner and aluminum cap (Agilent Technologies, Santa Clara, CA, USA) using
a vial crimper, and stored in a flow-through aquarium to keep the turfs at the same
temperature as on the reef (27-29°C). The average light intensity inside the aquarium,
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measured with a Hydrolab DS5 Sonde (OTT Messtechnik GmbH & Co., Kempten,
Germany), was ~100 µmol photons m-2 s-1 during daytime. This light level is comparable to
light intensities measured at the reefs at 20-30 m depth during sunny days. However, it is
below the saturation light intensity of 200 µmol photons m-2 s-1 of the in situ photosynthetic
activity of the turfs, measured according to Ralph and Gademann (2005) with a DivingPAM/B Underwater Fluorometer (Walz Mess- und Regeltechnik, Effeltrich, Germany) (J.
Den Haan, unpublished results). The vials were acclimated inside the flow-through aquarium
until the acetylene reduction assay (ARA, see below) commenced at 1900 hrs on the day of
collection.
We incubated six strips per depth and per research site, each in a separate vial. In addition, we
used one clean strip (without turfs) per depth and per research site as negative control.
Furthermore, the mat-forming cyanobacterium Oscillatoria spp. (n=6) were collected off
sandy sediments at Buoy 0 and solitary tufts of Symploca spp. (n=6) were collected from
rocks at Playa Kalki, both at 5 m depth. Oscillatoria and Symploca spp. are known to be
active N2 fixers (Charpy et al. 2010), and their N2 fixation rates were compared to the turfs.
Acetylene Reduction Assay
The Acetylene Reduction Assay (ARA) was used to measure the nitrogenase activity of the
N2-fixing organisms residing in the turfs (Stewart et al. 1967; Charpy et al. 2007). Briefly, 2.5
ml acetylene gas was injected into the vials using a 2.5 MR-GT gas tight syringe (SGE
Analytical Science, UK) giving an acetylene concentration in the headspace of 33% (Stal
1988; Zuckermann et al. 1997). Directly after injecting the acetylene, which was always at
1900 hrs (sunset), a 1 ml gas sample was taken from the vial using the same syringe to correct
for background ethylene. Subsequent samples were taken after 12 hrs (at 0700 hrs; sunrise)
and after 24 hrs (at 1900 hrs the next day) to quantify N2 fixation during nighttime and the
full 24-hour period, respectively. Daytime N2 fixation was calculated by subtracting the
nighttime N2 fixation from the total N2 fixation after 24 hrs. Once a gas sample was taken
from a vial, the sample was immediately transferred into a 6 ml Vacuette (Greiner Bio-One,
The Netherlands), which was completely filled with a saturated salt (NaCl) solution, to
properly conserve the gas samples until further analysis.
The ethylene content of the gas samples was analyzed with a gas chromatograph (GC-14B,
Shimadzu, Kyoto, Japan), using acetylene as an internal standard (Stal 1988). The gas
chromatograph was equipped with a flame ionization detector and a 3 m Porapak R column (2
mm inner diameter; Chrompack). The temperatures of the injector and detector were set to 70
and 90°C, respectively. From the headspace of each Vacuette, 0.1 ml was injected into the gas
chromatograph using a gas-tight disposable syringe. The retention time for ethylene (C2H4)
and acetylene (C2H2) were 1.9 and 2.7 min, respectively. Ethylene production was converted
to N2 fixation using a conversion factor of 4 (Stal 1988; Mulholland et al. 2004).
Chlorophyll a analysis
After 24 hrs of incubation, the plastic strips were removed from the vials to determine the
amount of chlorophyll a as a measure of turf biomass. Chlorophyll a was extracted by
grinding the samples in 10 ml of 100% methanol using mortar and pestle in an ice bath and
under dim light. Extraction was continued for 24 h in a refrigerator (4°C) inside test tubes
covered with aluminum foil. Subsequently, the extracts were centrifuged for 15 min at 3500
rpm to separate the plastic particles from the extraction solvent. The chlorophyll a
concentration of the extracts was measured on a T60 UV/VIS Spectrophotometer (PG
Instruments Ltd, Wibtoft, UK) according to Porra et al. (1989).
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Statistical analysis
We used a two-way analysis of variance to test whether the measured nutrient concentrations,
turf cover and turf biomass varied significantly with depth (5, 10, 20, 30 m) and research site
(Buoy 0 vs. Playa Kalki). A three-way analysis of variance was applied to test whether N2
fixation rates varied significantly with depth, research site and time of day (day vs. night). We
used type III Sum of Squares to account for unbalanced data, because some strips were
damaged or lost during the N2 fixation analysis. The dependent variables were logtransformed if this improved the homogeneity of variance, as tested by Levene’s test. Post
hoc comparisons of the means were based on Tukey’s HSD test using a significance level (α)
of 0.05.

RESULTS
Reef characteristics
The coral reef ecosystem at Buoy 0 had a significantly lower cover of corals and the
macroalga Dictyota spp. than Playa Kalki, and a significantly higher cover of the macroalga
Lobophora variegata and cyanobacterial mats (Table 1). The water at Buoy 0 was slightly but
significantly more turbid than at Playa Kalki, as revealed by comparison of the slopes of the
log-transformed light profiles (ANCOVA: F1,59=20.176, p<0.001) (Fig. 2a). NO3concentrations were significantly higher at Buoy 0 than at Playa Kalki at 5 and 10 m depth,
but not at 20 and 30 m depth (Figs. 2b,d; Table 2). PO43- concentrations were significantly
higher at Buoy 0 than at Playa Kalki at 5 m depth only (Fig. 2d; Table 2). NH4+
concentrations were similar at both sites (Fig. 2c; Table 2). The ambient N:P ratio of 21.2 ±
1.7 (mean ± SE) at Buoy 0 was significantly higher than the N:P ratio of 15.3 ± 1.0 at Playa
Kalki (Table 2).
Table 1. Comparison of percentage cover by hard corals, macroalgae (dominated by Lobophora variegata and
Dictyota spp.), turfs and cyanobacterial mats at research sites Buoy 0 and Playa Kalki (mean ± SE).
Research sites
Buoy 0 (degraded)

Playa Kalki (less degraded)

Depth

Corals

(m)
5
10
20
30
5
10
20
30

(%)
7.4 ± 1.7
5.5 ± 1.3
16.5 ± 1.5
14.0 ± 1.5
4.1 ± 0.8
17.0 ± 1.9
30.5 ± 2.3
28.3 ± 2.2

Macroalgae
Lobophora
Dictyota
(%)
(%)
0.0
6.3 ± 0.9
0.0
16.6 ± 1.4
28.5 ± 1.9
14.0 ± 1.0
24.2 ± 2.2
22.3 ± 1.5
0.0
38.3 ± 2.1
0.0
23.8 ± 1.9
3.7 ± 0.8
32.1 ± 1.4
18.7 ± 1.6
27.4 ± 1.5

Turfs
(%)
43.5 ± 3.3
27.0 ± 2.1
10.3 ± 0.8
13.8 ± 1.0
26.2 ± 1.6
38.8 ± 2.1
13.2 ± 1.5
6.6 ± 0.7

Cyanobacterial
mats
(%)
10.6 ± 2.3
21.7 ± 2.2
9.3 ± 1.2
1.2 ± 0.5
1.6 ± 0.5
6.8 ± 1.6
5.5 ± 0.8
2.0 ± 0.6

p<0.001
p=0.014

p<0.001
p<0.001

Significance test
Depth
Location

p<0.001
p<0.001

p<0.001
p<0.001

p=0.014
p<0.001

Differences between the two research sites were tested with two-way analysis of variance, with depth and
research site (location) as the independent variables. Significant p-values (p< 0.05) are indicated in bold.

Algal turfs
Turf cover on the reef decreased significantly with depth at both Buoy 0 and Playa Kalki (Fig.
3a; Table 3). We did not find systematic differences in turf cover between the two research
sites. Turf cover at 5 m and 30 m depth was significantly higher at Buoy 0, whereas turf cover
at 10 m was significantly higher at Playa Kalki. A similar pattern was found for turfs
collected from the plastic bottles incubated on the reef, which showed a significant decrease
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of turf biomass (expressed as mg Chl a per m2) with depth that was comparable at both
research sites (Fig. 3b; Table 3).
N2 fixation by turfs
N2 fixation by turfs did not differ significantly between Buoy 0 and Playa Kalki (Fig. 4; Table
4). However, we found significant main effects of depth and time (day vs. night) on N2
fixation by turfs (Table 4). More specifically, post hoc comparison of the means showed that
daytime N2 fixation was significantly higher than nighttime N2 fixation at each of the four
depths (Fig. 4). Furthermore, during daytime, the post hoc comparison showed a tendency for
higher N2 fixation activity at 5 and 10 m depth than at 30 m depth at a significance level of p
< 0.10, but did not reveal significant differences at p < 0.05 between depths (Fig. 4; for details
of the post hoc comparison see Electronic Supplementary Material, ESM Table 5). Averaged
across all four depths and both research sites, the mean N2 fixation by turfs was 17.4 ± 2.8
(mean ± SE) mg N2 m-2 12h-1 during daytime and 2.9 ± 0.4 mg N2 m-2 12h-1 at night.
Combined, this resulted in a total daily N2 fixation of 20.3 ± 2.9 mg N2 m-2 d-1.
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Figure 2. Light and nutrient conditions. (a) Light profiles at Buoy 0 (open diamonds with dashed trend line) and
Playa Kalki (circles with solid trend line). (b) Nitrate, (c) ammonium, and (d) phosphate concentrations in water
samples from different depths at Buoy 0 (dark grey bars) and Playa Kalki (light grey bars). Error bars represent
SE of the means. Bars that do not share the same letter are significantly different, as tested by two-way analysis
of variance followed by post hoc comparison of the means (Table 2; ESM Tables 1 and 2).
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Table 2. Two-way analysis of variance of the nutrient concentrations, with depth and location as independent
variables.
Effect
NO3Location
Depth
Location × Depth

df1, df2

F

p

1, 156
3, 156
3, 156

42.901
10.340
4.634

<0.001
<0.001
0.004

NH4+
Location
Depth
Location × Depth

1, 158
3, 158
3, 158

0.245
1.286
1.194

0.622
0.281
0.314

Dissolved inorganic nitrogen
Location
Depth
Location × Depth

1, 156
3, 156
3, 156

34.482
6.576
3.800

<0.001
<0.001
0.012

PO43Location
Depth
Location × Depth

1, 156
3, 156
3, 156

5.300
6.356
1.586

0.023
<0.001
0.195

N:P ratio
Location
Depth
Location × Depth

1, 168
3, 168
3, 168

4.785
0.221
1.646

0.030
0.882
0.181

Columns indicate the main and interaction effects, the degrees of freedom (df1 and df2), the F-statistic (Fdf1,df2)
and the corresponding probability (p). Significant results (p<0.05) are indicated in bold.

For comparison, we also measured N2 fixation by two benthic non-heterocystous
cyanobacteria collected at 5 m. Mat-forming Oscillatoria spp. collected off sandy sediments
at Buoy 0 fixed substantially more N2 than the turfs, with a N2 fixation of 153.0 ± 60.3 mg N2
m-2 12h-1 during daytime and 13.7 ± 2.8 mg N2 m-2 12h-1 at night. Solitary-growing Symploca
spp. collected from rocks at Playa Kalki also showed high N2 fixation activity, of 66.9 ± 45.7
mg N2 m-2 12h-1 during daytime and 4.9 ± 2.7 mg N2 m-2 12h-1 at night.
We calculated the total N2 fixation of turfs on a reef-wide scale as the product of their daily
N2 fixation and the cover of turfs on the coral reef. This revealed that total N2 fixation at the
reef scale was higher in the top 10 m than at greater depths, but did not differ between the
degraded reef at Buoy 0 and the less degraded reef at Playa Kalki (Fig. 5).
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Figure 3. (a) Percentage cover by algal turfs on the reefs (based on n=60 quadrates per depth and research site).
(b) Biomass of algal turfs growing on incubated plastic bottles (n=6 bottles per depth and research site). Data are
from the research sites Buoy 0 (dark grey bars) and Playa Kalki (light grey bars). Error bars represent SE of the
means. Bars that do not share the same letter are significantly different, as tested by two-way analysis of
variance followed by post hoc comparison of the means (Table 3; ESM Tables 3 and 4).
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hoc comparison as indicated by the braces
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Table 3. Two-way analysis of variance of the turf cover on the reef and turf biomass on the plastic bottles, with
depth and location as independent variables
Effect
Turf cover on the reef
Location
Depth
Location × Depth
Turf biomass on the plastic bottles
Location
Depth
Location × Depth

df1, df2

F

p

1, 463
3, 463
3, 463

6.035
110.064
18.606

0.014
<0.001
<0.001

1, 38
3, 38
3, 38

3.417
29.227
5.580

0.072
<0.001
0.003

Columns indicate the investigated effects, degrees of freedom (df1 and df2), the F-statistic (Fdf1,df2) and the
corresponding probability (p). Significant results (p<0.05) are indicated in bold.

Table 4. Three-way analysis of variance of the N2 fixation rate by turfs (mg N2 m-2 turf 12 h-1), with depth,
location (Buoy 0 vs. Playa Kalki) and time of day (day vs. night) as independent variables.
Effect
Location
Depth
Time (day vs. night)
Location × Depth
Location × Time
Depth × Time
Location × Depth × Time

df1, df2

F

p

1, 68
3, 68
1, 68
3, 68
1, 68
3, 68
3, 68

0.006
5.979
66.089
1.527
0.659
0.678
0.972

0.940
0.001
<0.001
0.215
0.420
0.568
0.411

Columns indicate the investigated effects, degrees of freedom (df1 and df2), the F-statistic (Fdf1,df2) and the
corresponding probability (p). Significant results (p<0.05) are indicated in bold.
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Figure 5. Total daily N2 fixation on 100 m2 of reef at Buoy 0 (dark grey bars) and Playa Kalki (light grey bars).
Error bars represent SE of the means
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DISCUSSION
N2 fixation in algal turf communities
Our results show substantial N2 fixation activity in algal turf communities on the reefs of
Curaçao, extending to a depth of at least 30 m. At the reef-scale, the highest N2 fixation
activity by turfs was in the upper 10 m, which was mainly due to the higher cover of turfs in
these shallow parts of the reef. The strong proliferation of turfs in shallow waters was
confirmed by the high turf biomass that developed on the plastic bottles incubated within the
upper 10 m of the water column. The incubated bottles were protected from grazing by
herbivores larger than 2.5 cm, and therefore the prevalence of turfs in shallow waters was
probably not due to depth-dependent variation in grazing rates of mid- and large-sized
herbivores. Several studies have pointed out that turfs have high light requirements (e.g.
Carpenter 1985; Klumpp et al. 1987), and therefore at greater depth they have difficulties to
compete with other algae (Steneck and Dethier 1994). This would offer a plausible
explanation for the observed depth distribution of turfs, and is also consistent with the higher
abundances of turfs in the shallower parts of other reefs (Van den Hoek et al. 1975; Adey and
Goertemiller 1987; Steneck and Dethier 1994).
We observed a much higher N2 fixation activity during the day than at night. This contrasts
with several studies of microbial mats in the temperate zone, which typically show higher
nighttime N2 fixation activity (Villbrandt et al. 1990; Severin and Stal 2008). However,
cyanobacterial mats dominated by heterocystous species showed higher levels of N2 fixation
during daytime on coral reefs in St. Croix and New Caledonia (Williams and Carpenter 1997;
Charpy-Roubaud et al. 2001; Charpy et al. 2007). Heterocystous cyanobacteria were also the
main diazotrophs at our sites, especially in turfs growing in the upper 10 m of the reef, where
Dichothrix utahensis dominated the turf communities (Fricke et al. 2011). Although most
heterocystous cyanobacteria can fix N2 in the dark, they usually exhibit higher N2 fixation
activity during daytime (Mullineaux et al. 1981; Staal et al. 2002). Hence, the dominance of
heterocystous cyanobacteria in the turfs likely explains the observed higher daytime N2
fixation.
The data were obtained by growing turf algae on artificial substrates incubated at different
depths. Main advantages of this approach are (i) that the plastic bottles offered controlled and
replicated conditions, as the turfs were grown on an identical substrate and were of similar
size and age, (ii) damage to algal tissues during sampling was minimal, and (iii) the plastic
strips could be easily handled during subsequent laboratory analyses. However, the use of an
artificial substrate might have selected turf communities different from those found on the
surrounding reef. We observed a similar composition of algae and cyanobacteria on the
bottles as described by Fricke et al. (2011) for colonized turf algae on ceramic tiles in the
same study area and after similar incubation times. The bottles were incubated for more than
7 weeks prior to sampling, which ensured the establishment of turf communities comprising
all major taxa that were also observed in natural turfs, including Chlorophyta, Rhodophyta,
Phaeophyceae and Cyanobacteria (J. den Haan, personal observation). Hence, although future
studies may consider a more detailed taxonomic analysis, the turf communities that developed
on the bottles seemed representative of the natural turf assemblages on the reefs.
Non-heterocystous diazotrophic cyanobacteria, including Lyngbya spp. and Oscillatoria spp.,
prevailed in the turfs at 20-30 m depth (Fricke et al. 2011). Most non-heterocystous
cyanobacteria avoid the problem of oxygen inhibition of nitrogenase by fixing nitrogen
during the night (Gallon 1992; Bergman et al. 1997). Interestingly, however, in our study the
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non-heterocystous cyanobacteria Oscillatoria spp. and Symploca spp. showed highest rates of
N2 fixation during the day. In a laboratory study, Fredriksson et al. (1998) demonstrated that
the nitrogenase activity of Symploca PCC 8002 was indeed highest during daytime, consistent
with our field observations.
In addition to cyanobacteria, many other Bacteria and Archaea are also capable of N2 fixation
and diazotrophic microbial communities are known to be highly diverse (Zehr et al. 1995;
Olson et al. 1999; Severin and Stal 2010). Hence, it is possible that not only cyanobacteria but
also other bacterial groups contributed to the N2 fixation activity that we observed in algal
turfs at Curaçao. However, the observation that the N2 fixation activity was much higher
during daytime than at night suggests that phototrophic organisms played a major role. Given
the high abundance of diazotrophic cyanobacteria, it is therefore likely that most N2 fixation
activity in the turfs can be attributed to cyanobacteria.
Comparison with coral reefs around the world
The rates of N2 fixation in the benthic cyanobacterial mats of Oscillatoria spp. and the
solitary tufts of Symploca spp. on the reefs of Curaçao were higher than those of the turfs, and
are also high compared to those of turfs, cyanobacteria and bacteria on coral reefs in other
parts of the world (Table 5). Similarly high N2 fixation rates by tropical benthic cyanobacteria
have been reported from the Marshall Islands (Wiebe et al. 1975), the Red Sea (Shashar et al.
1994), La Réunion (Casareto et al. 2008) and the Ryukyu Islands (Casareto et al. 2008).
These findings are consistent with a recent review of benthic N2 fixation on coral reefs, which
revealed that microbial (cyanobacterial) mats tend to have higher rates of N2 fixation than
other benthic reef components (Cardini et al., 2014).
Algal turf communities comprise a mixture of diazotrophic and non-diazotrophic organisms,
and it is therefore not surprising that their rates of N2 fixation were lower than those of the
cyanobacteria Oscillatoria spp. and Symploca spp. (Table 5). The N2 fixation rates of the turfs
in our study are in a similar range as those reported for other algal turf communities (Table 5).
We note that the high N2 fixation rates of turfs reported by Carpenter et al. (1991) and
Williams and Carpenter (1998) were associated with high flow rates, which tend to enhance
N2 fixation activity, whereas our study was performed under stagnant conditions. Although
turfs tend to have lower N2 fixation rates than cyanobacterial mats, algal turfs are likely to
play an important role in the nitrogen budget of coral reefs. In particular, cyanobacterial mats
and tufts are of a relatively ephemeral nature (Nagle and Paul 1998; Kuffner and Paul 2001;
Albert et al. 2005; Paul et al. 2005) whereas algal turfs are present throughout the year.
Moreover, at least in our study area, algal turfs cover a much larger area of the reefs than
cyanobacterial mats (Table 1).
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*based on daytime N2 fixation measurements only.
All data (means ± SE) in this table are based on Acetylene Reduction Assays; we used a conversion factor of 4 to convert acetylene reduction to N2
fixation.

Table 5. Nitrogen fixation rates by turfs and benthic (cyano-) bacteria from other coral reefs around the world.
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Relationship with coastal eutrophication
Several decades ago turfs were already recognized as important primary producers and
potential N2 fixers on coral reefs in the Caribbean (e.g., Adey and Goertemiller 1987). Since
then, many Caribbean reefs have shown a decrease in coral cover (Gardner et al. 2003; Burke
et al. 2011) and are now often dominated by turfs (Kramer 2003; Vermeij et al. 2010). Our
results show that the coastal waters of Buoy 0 are more eutrophic than those of Playa Kalki.
This conclusion is based on the fact that Buoy 0 shows significantly higher concentrations of
nitrate and phosphate in the upper layers of the water column, a significantly higher N:P ratio,
and its water is significantly more turbid in comparison to the more remote site of Playa
Kalki. Moreover, Buoy 0 has a lower cover of hard corals and higher cover of the macroalga
Lobophora variegata and cyanobacterial mats than Playa Kalki. Over the past 40 years, the
live coral cover of shallow reefs in the vicinity of Buoy 0 has decreased by more than 50%
(Bak et al. 2005).
One might hypothesize that eutrophication would result in lower rates of N2 fixation. High N
availability (especially in the form of ammonium) usually decreases N2 fixation, because the
assimilation of combined N is energetically cheaper than acquiring N via the energy-costly N2
fixation process (Zevenboom et al. 1981; Holl and Montoya 2005; Brauer et al. 2013). N
enrichment indeed decreased N2 fixation of benthic cyanobacteria in a field study on One
Tree Island, Great Barrier Reef (Koop et al. 2001). Interestingly, in our study, we did not find
differences in the rate of N2 fixation between the turfs of Buoy 0 and Playa Kalki, despite the
apparent differences in trophic status of the two reef systems. Similarly, no relationship was
found between N2 fixation by benthic cyanobacteria and N enrichment from sewage discharge
in the Kaneohe Bay, Hawaii (Hanson and Gundersen 1976). An explanation for the high N2
fixation activity in these degraded reefs is that the utilization of N might be close to its supply
rate, thus maintaining low concentrations of dissolved inorganic N in the overlying water
column. The dense cover by turfs, macroalgae and cyanobacterial mats may enable effective
removal of externally supplied N. In addition, phytoplankton above the reefs may also rapidly
assimilate N (Van Duyl et al. 2002; Furnas et al. 2005), and denitrification may contribute to
N losses from the system (Gruber and Sarmiento 1997; Deutsch et al. 2007). Even at Buoy 0,
near the city of Willemstad and its industrial harbor, the concentrations of ammonium and
nitrate remained below 1 µmol L-1, which is sufficiently low for continued N2 fixation by
marine diazotrophic cyanobacteria (Mulholland et al. 2001; Agawin et al. 2007). These results
mirror observations in eutrophic lakes, which also show high N2 fixation rates by
cyanobacteria during periods of low N availability, despite the high nutrient loads to these
systems (Howarth et al. 1988; Scott et al. 2009).
Previously, we showed that the photosynthetic activity of the macroalga L. variegata is colimited by N and P at both Buoy 0 and Playa Kalki (Den Haan et al. 2013), which is in
agreement with the low concentrations of dissolved inorganic N and P at a N:P ratio close to
the Redfield ratio of 16:1. Co-limitation by N and P has also been reported for primary
producers in other marine ecosystems (Elser et al. 2007), including macroalgae on the Great
Barrier Reef (Schaffelke and Klump 1998; Schaffelke 1999). The high N2 fixation activity in
combination with low ambient N and P concentrations and co-limitation by N and P indicates
that, even at Buoy 0, the N input from N2 fixation and land-derived sources does not yet meet
ecosystem N demands. Hence, enhanced inputs of N and P will most likely lead to further
expansion of cyanobacterial and algal communities. Dual reduction of both N and P loads
from terrestrial sources may offer a valuable management strategy (Paerl 2009; Lewis et al.
2011) that may help to curtail further degradation of these valuable reef ecosystems.
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ELECTRONIC SUPPLEMENTARY MATERIALS
ESM Table 1. Post hoc comparison of the means of NO3- concentrations (µM) in waters of Buoy 0 and Playa
Kalki at 5, 10, 20 and 30 m depths
p values in post hoc test (Tukey HSD)
Buoy 0

Buoy 0

Playa
Kalki

Playa Kalki

Depth
(m)
5

5

10

20

30

5

10

20

30

1.000

1.000

0.858

<0.001

<0.001

0.505

0.997

10

1.000

1.000

0.896

<0.001

<0.001

0.509

0.999

20

1.000

1.000

0.977

<0.001

<0.001

0.472

1.000

30

0.858

0.896

0.977

<0.001

<0.001

0.133

0.999

5

<0.001

<0.001

<0.001

<0.001

1.000

0.009

<0.001

10

<0.001

<0.001

<0.001

<0.001

1.000

0.007

<0.001

20

0.505

0.509

0.472

0.133

0.009

0.007

30

0.997

0.999

1.000

0.999

<0.001

<0.001

0.445
0.445

ESM Table 2. Post hoc comparison of the means of PO43- concentrations (µM) in waters of Buoy 0 and Playa
Kalki at 5, 10, 20 and 30 m depths
p values in post hoc test (Tukey HSD)
Buoy 0

Buoy 0

Playa
Kalki

Playa Kalki

Depth
(m)
5

5

10

20

30

5

10

20

30

0.904

0.863

0.870

0.011

0.471

0.999

0.810

10

0.904

0.271

0.373

0.470

0.997

1.000

0.303

20

0.863

0.271

1.000

0.001

0.070

0.677

1.000

30

0.870

0.373

1.000

0.009

0.141

0.702

1.000

5

0.011

0.470

0.001

0.009

0.916

0.332

0.006

10

0.471

0.997

0.070

0.141

0.916

0.959

0.106

20

0.999

1.000

0.677

0.702

0.332

0.959

30

0.810

0.303

1.000

1.000

0.006

0.106

0.628
0.628
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ESM Table 3. Post hoc comparison of the means of turf cover (%) on the reef at Buoy 0 and Playa Kalki at 5,
10, 20 and 30 m depths
p values in post hoc test (Tukey HSD)
Buoy 0

Buoy 0

Playa
Kalki

Playa Kalki

Depth
(m)
5

5

10

20

30

5

10

20

30

<0.001

<0.001

<0.001

0.004

1.000

<0.001

<0.001

10

<0.001

<0.001

<0.001

0.995

<0.001

<0.001

<0.001

20

<0.001

<0.001

0.553

<0.001

<0.001

1.000

0.017

30

<0.001

<0.001

0.553

<0.001

<0.001

0.670

<0.001

5

0.004

0.995

<0.001

<0.001

0.013

<0.001

<0.001

10

1.000

<0.001

<0.001

<0.001

0.013

<0.001

<0.001

20

<0.001

<0.001

1.000

0.670

<0.001

<0.001

30

<0.001

<0.001

0.017

<0.001

<0.001

<0.001

0.011
0.011

ESM Table 4. Post hoc comparison of the means of turf biomass (mg Chl a m-2) on plastic bottles at Buoy 0 and
Playa Kalki at 5, 10, 20 and 30 m depths
p values in post hoc test (Tukey HSD)
Buoy 0

Buoy 0

Playa
Kalki

Playa Kalki

Depth
(m)
5

5

10

20

30

5

10

20

30

0.757

0.001

<0.001

0.530

0.996

0.029

<0.001

10

0.757

0.067

0.036

1.000

0.983

0.540

<0.001

20

0.001

0.067

1.000

0.230

0.006

0.940

0.007

30

<0.001

0.036

1.000

0.144

0.003

0.849

0.013

5

0.530

1.000

0.230

0.144

0.886

0.855

<0.001

10

0.996

0.983

0.006

0.003

0.886

0.114

<0.001

20

0.029

0.540

0.940

0.849

0.855

0.114

30

<0.001

<0.001

0.007

0.013

<0.001

<0.001

<0.001
<0.001
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ESM Table 5. Post hoc comparison of the means of N2 fixation (mg N2 m-2 12 h-1) during daytime and nighttime
at 5, 10, 20 and 30 m depths (data from Buoy 0 and Playa Kalki are lumped)
p values in post hoc test (Tukey HSD)
Daytime

Daytime

Nighttime

Nighttime

Depth
(m)
5

5

10

20

30

5

10

20

30

1.000

0.878

0.078

<0.001

0.009

<0.001

<0.001

10

1.000

0.893

0.078

<0.001

0.008

<0.001

<0.001

20

0.878

0.893

0.744

0.027

0.239

<0.001

<0.001

30

0.078

0.078

0.744

0.531

0.987

0.065

0.015

5

<0.001

<0.001

0.027

0.531

0.953

0.989

0.902

10

0.009

0.008

0.239

0.987

0.953

0.417

0.169

20

<0.001

<0.001

<0.001

0.065

0.989

0.417

30

<0.001

<0.001

<0.001

0.015

0.902

0.169

1.000
1.000
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CHAPTER 5
Shifts in primary productivity during the transition from
coral to algal dominance in a reef community
Joost den Haan, Petra M Visser, Hannah J Brocke, Jelmer Pander, Ramona Brunner,
Maureen de Wit, Daan Mes, Milo L de Baat, Maggy M Nugues, Benjamin Mueller, Stefan
Schouten, Chiara Cerli, Mark JA Vermeij, Jef Huisman

ABSTRACT
During recent decades, many coral reef ecosystems have shifted from coral to algal
dominance. To what extent this shift in dominance pattern alters the primary productivity of
reefs has received relatively little attention. In this study we assessed the contribution of
different benthic primary producers and phytoplankton in the above water column to the total
primary productivity of a degraded coral reef in the Caribbean using 13C-labelling. This
showed that primary productivity per unit biomass was highest for benthic cyanobacteria,
followed by macroalgae and turf algae. Corals had the lowest primary productivity per unit
biomass. To calculate primary productivity at the reef scale, we assessed the cover of the
different benthic species at 5 and 20 m depth, converted this to biomass and subsequently
calculated their productivity per m2 of reef surface. Our results show that benthic productivity
decreased with depth, but still exceeded pelagic productivity even at 20 m depth. Due to their
high abundance, turf algae contributed most (more than 60%) to the total primary productivity
of shallow reef communities. In deeper parts of the reef, hard corals, macroalgae and
phytoplankton each contributed ~30% to the total primary productivity whereas the
contribution of turf algae and benthic cyanobacteria was minor (<5%). In comparison to a
similar study conducted at the same research site 40 years ago, the total primary productivity
of the entire reef community has not increased but turf algae and macroalgae have replaced
corals and crustose coralline algae as the main primary producers.

Contribution of authors:
Conceived and designed the experiments: JdH PMV HJB MMN MJAV JH. Performed the experiments: JdH HJB
JP RB MdW DM MLdB BM. Analyzed the data: JdH PMV DM JH. Contributed reagents/materials/analysis
tools: PMV SS CC MJAV JH. Wrote the paper: JdH PMV MJAV JH.
This chapter is based on the submitted manuscript:
Den Haan J, Visser PM, Brocke HJ, Pander J, Brunner R, de Wit M, Mes D, de Baat ML, Nugues MM, Mueller
B, Schouten S, Cerli C, Vermeij MJA, Huisman J (2014) Shifts in primary productivity during the transition from
coral to algal dominance in a reef community. Status: In Review
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INTRODUCTION
Coral reefs occur in oligotrophic waters, but represent one of the most productive ecosystems
in the world (Odum and Odum 1955; Hatcher 1990; De Goeij et al. 2013). A wide variety of
different species including corals, sponges, macroalgae, turf algae, crustose coralline algae,
benthic cyanobacteria and pelagic phytoplankton all contribute to the primary productivity of
coral reef ecosystems. Because photosynthetic rates differ among these functional groups
(e.g., Odum and Odum 1955; Jantzen et al. 2013; Naumann et al. 2013), changes in their
relative abundances can affect the total productivity of the entire reef community. However,
studies quantifying the contributions of different phototrophic species to the total productivity
of coral reefs are limited. Furthermore, primary productivity estimates rarely focus on both
the benthic and pelagic community (e.g., Charpy 1996; Furnas et al. 2005; Lefebvre et al.
2012; Naumann et al. 2013). Interestingly, however, a few classic studies have quantified the
primary productivity of coral reefs in great detail, at a time that corals still dominated reef
communities (e.g., Odum and Odum 1955; Gordon 1971; Wanders 1976).
Many coral reefs have undergone major shifts in community composition in recent decades
(McManus and Polsenberg 2004; Hughes et al. 2007; Cheal et al. 2010). Coral abundance has
declined (Gardner et al. 2003; Bruno and Selig 2007; Rogers and Miller 2013), phytoplankton
concentrations in the water column have increased due to enhanced nutrient availability
(Furnas et al. 2005) and macroalgae have come to dominate many reef communities (Done
1992; Cheal et al. 2010; Hughes et al. 2010). In addition, turf algae and benthic cyanobacteria
have also increased in abundance in many coral reef communities (Paul et al. 2005; Barott et
al. 2009; Haas et al. 2010; Vermeij et al. 2010; Wangpraseurt et al. 2012). Therefore, primary
productivity assessments made in the past provide useful historic reference points, but are
likely no longer representative of present-day reef communities due to the changed
abundances of the dominant primary producers.
In this study, we aimed to determine the contribution of different benthic and pelagic primary
producers to the total primary productivity of a once coral dominated, but now degraded
Caribbean coral reef. To quantify the relative contribution of each functional group to the
primary productivity of the entire community, we (1) determined the cover of the most
abundant benthic primary producers at 5 and 20 m depth, (2) determined phytoplankton
concentrations in the overlying water column, (3) measured the photosynthetic light-response
of different phototrophic species, and (4) estimated their primary productivity based on the
incorporation of 13C-labelled bicarbonate. The primary productivity of the different functional
groups was also investigated at our study site about 40 years ago (Wanders 1976), before this
reef shifted from a coral-dominated to an algal-dominated ecosystem, which offered a unique
opportunity to compare our findings to a historic baseline.

MATERIALS AND METHODS
Research site
This study was conducted during the spring (March–May) of 2012 and 2013, on a degraded
coral reef at research site ‘Buoy 0’ on the leeward side of the island of Curaçao, Southern
Caribbean (12°7'29.07"N, 68°58'22.92"W; Figure 1A). Buoy 0 is near the island’s capital
(Willemstad) with its industrial harbor and situated just at the outlet of the eutrophied
Piscadera Bay.
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Figure 1. A Map indicating the location of research site Buoy 0 on the island of Curaçao, Southern Caribbean.
Dark-grey zones are urbanized areas, including the capital Willemstad and its industrial harbor (hatched area). B
Schematic of the reef investigated at Buoy 0. The two vertical columns indicate that the primary productivity per
unit surface area was calculated for phytoplankton in the water column and for benthic organisms on the reef at 5
m and at 20 m depth.

Community composition
Percent cover of dominant benthic taxa was determined from photographs of 60 quadrates
(1.5 m2), randomly placed along both sides of a 100 m transect line laid along the 5 and 20 m
isobath. Photographs were analyzed using the program Coral Point Count with Excel
Extensions (CPCe) (Kohler and Gill 2006).
We determined the areal density of each benthic taxon as the dry weight per m2 cover of this
species. The areal density of the coral Madracis mirabilis was obtained from Hardt (2007).
For macroalgae, we photographed 25 small quadrates of 0.25 m2 placed on patches of
Halimeda opuntia, Dictyota spp. and Lobophora variegata. The photographs were analyzed
for total algal surface area using the program ImageJ (Abràmoff et al. 2004). Subsequently,
the macroalgae were collected from the quadrates, manually cleaned from epiphytes and
detritus, and dried at 60ºC for at least 3 days to determine their dry weight. The areal density
of turf algae was obtained from 35 strips cut from plastic bottles incubated at 5 and 20 m
depth for six weeks (see below). Each strip was photographed and the surface area covered by
turf algae was measured. Turf algae were scraped off the plastic strips after freeze-drying in a
Scanvac CoolSafe Freeze-dryer (Scala Scientific B.V., Ede, The Netherlands) to determine
their dry weight. We multiplied the dry weight of turf algae with a factor 1.5 to correct for the
fact that the actual reef surface is topographically more complex than the plastic strips from
which we sampled turf algae (Jantzen et al. 2013).
Cyanobacterial mats and attached sediment were collected at both 5 and 20 m depth, from 10
small quadrates of 0.01 or 0.04 m2 with 100% cyanobacterial cover using a 50 ml Terumo
syringe (Terumo Europe, Leuven, Belgium). The cyanobacteria were freeze-dried using a
Scanvac CoolSafe Freeze-dryer, and combusted at 450°C for 4 h using an Air Recirculating
Chamber Furnace (Carbolite, Hope Valley, UK). Their areal density was determined from the
weight loss of the combusted samples.
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To quantify phytoplankton abundance, water samples from 5 and 20 m depth were filtered
through Whatman GF/F filters for chlorophyll extraction with 80% acetone. Chlorophyll a
was measured spectrophotometrically (T60 UV/VIS Spectrophotometer, PG Instruments Ltd,
Wibtoft, UK) at 647 and 664 nm according to Porra et al. (1989).
Light conditions
Light profiles of the water column (0-20 m depth) were measured on 6 different days in
January-April with a Hydrolab DS5 Sonde (OTT Messtechnik GmbH & Co., Kempten,
Germany). Light attenuation coefficients were calculated as the slope of the linear regression
of ln-transformed light intensities versus depth.
Photosynthesis-irradiance curves
We measured photosynthesis-irradiance relationships of the dominant taxa in situ using a
Diving-PAM/B Underwater Fluorometer (Walz Mess- und Regeltechnik, Effeltrich,
Germany). Rapid Light Curves (RLCs) (Ralph and Gademann 2005) were measured at both 5
and 20 m depth (n=5 per depth) between 08:45 and 09:45 AM to minimize interference from
day-dependent light acclimation (Serôdio et al. 2005). We used pre-determined positions on
the tuft, thallus or stalk of the benthic organisms that were larger than the PAM sensor itself
to ensure RLCs were conducted consistently.
Phytoplankton concentrations in the water column were too low to measure RLCs in situ.
Therefore, the RLCs of phytoplankton were determined from GF/F filters loaded with
phytoplankton collected at both 5 and 20 m depth (n=10 per depth).
Prior to each RLC measurement, samples were dark adapted for at least 1 min to relax
photochemical quenching (Iglesias-Prieto et al. 2004). After dark adaptation, the actinic light
intensity of the PAM fluorometer was increased by eight incremental steps of 10 seconds
each, from 4 to 974 µmol photons m-2 s-1. Each 10-second intensity was followed by a
saturating light pulse to estimate the quantum yield of photosystem II (ΦPSII) according to
Genty et al. (1989). The quantum yield is a measure of photosynthetic efficiency, and
expresses the fraction of absorbed photons utilized for photosynthetic electron transport (e.g.,
Maxwell and Johnson 2000). The relative electron transport rate (rETR) was obtained by
multiplying the quantum yield with irradiance (Ralph and Gademann 2005). The rETR is
closely related to photosynthetic activity, as it reveals the overall shape of the photosynthesisirradiance relationship but not its absolute value.
A saturating photosynthesis-irradiance model was fitted to our rETR data according to Platt et
al. (1980):
𝑟𝐸𝑇𝑅 = 𝑟𝐸𝑇𝑅!"# × 1 − 𝑒

!  

!"
!"#$!"#

(1)

where rETRmax is the maximum electron transport rate at saturating light and α is the initial
slope of the RLC at low light conditions. The saturation irradiance (Ek) represents the
intersection between α and rETRmax, and was calculated as Ek = ETRmax / α.
Field incubations of benthic organisms
Collection of benthic organisms To determine the primary productivity based on 13C
incubations, benthic organisms were collected at 5 and 20 m depth. We selected branches (~5
cm length) of the most abundant coral species (M. mirabilis), leaves (~10 cm2 per sample) of
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six macroalgal species (Cladophora spp., Dichotomaria marginata, Dictyota menstrualis,
Dictyota pulchella, H. opuntia, L. variegata), and tufts (~10 cm2 per species) of two benthic
cyanobacteria (Dichothrix spp., Lyngbya majuscula). We also collected turf algae but
scraping them off the rocks resulted in damage to the algal tissues. To prevent this problem,
turf algae were grown on the exterior of 1.5 L square plastic bottles (FIJI Water Company,
CA, USA). The bottles were placed 0.5 m above the reef to avoid overgrowth by benthic
cyanobacterial mats and macroalgae, and were placed inside cages (1x1x1m) made of
chicken-wire (mesh Ø2.5 cm) to prevent grazing by large herbivores. Leaving the bottles for 6
weeks under these conditions ensured the establishment of turf algal communities comprising
all major taxa including Chlorophyta, Rhodophyta, Phaeophyceae and Cyanobacteria (Fricke
et al. 2011). Subsequently, turf algae were collected by cutting out plastic strips (~6 cm2).
Immediately after collection, all sampled organisms were cleaned from loosely attached
epiphytes and detritus, and put into darkened plastic Ziploc bags that were placed in a cool
box filled with ambient seawater (27-29 °C) for transport to the lab within 15 min. In the
laboratory, remaining epiphytes and detritus were removed using forceps, after which each
species was incubated in a separate acid-washed (10% HCl) glass jar (0.175 L) that was
completely filled with filtered seawater (0.22 µm pore size Whatman cellulose acetate
membrane filters). The jars were then placed inside a flow-through aquarium for one night to
allow sampled organisms to recover from collection and cleaning (water from the aquarium
could not mix with water inside the jars). Samples were kept at 27-29°C and under shaded
conditions (~100 µmol photons m-2 s-1 as measured with a Hydrolab DS5 Sonde).
Field incubations The following day, the samples were transferred to new acid-washed glass
jars containing freshly filtered seawater (similar as above). To determine the primary
productivity of each sample, the stable isotope 13C was added by dissolving NaH13CO3 (98%
Sigma Aldrich, Zwijndrecht, The Netherlands) at a final concentration of 180 µM 13C. The
amount of stable isotope corresponded to ~10% of the total dissolved inorganic carbon (DIC)
in the reef’s waters, which is a recommended value for primary productivity measurements
(Mateo et al. 2001; Mulholland and Capone 2001; Hashimoto et al. 2005). Controls consisted
of samples without added 13C, so that the natural abundance of 13C in all sampled groups
could be determined.
At Buoy 0, all glass jars containing benthic organisms originating from 5 m depth (M.
mirabilis, Cladophora spp., D. marginata, D. menstrualis, H. opuntia, Dichothrix spp., L.
majuscula, turf algae) were tied down horizontally onto a PVC-frame platform (1.5 x 0.8 m)
deployed at 5 m depth. A second platform was deployed at 20 m depth for benthic organisms
collected from 20 m depth (M. mirabilis, D. marginata, D. pulchella, H. opuntia, L.
variegata, L. majuscula, turf algae). Each platform hovered horizontally at ~1 m above the
reef, connected to cement blocks on the sediment and a buoy at the surface. This construction
ensured gentle movement of three acid-washed glass marbles (Ø10 mm) that had been added
to the jars to enhance mixing and minimize nutrient-depleted boundary layers around the
incubated organisms. The small size of the glass marbles ensured that the organisms were not
damaged during the field incubations. The light intensity in the glass jars was ~98% of the
ambient light intensity (measured with a LI-250 light meter; LI-COR, Lincoln, Nebraska,
USA), and the light spectrum remained unchanged (measured with a miniature fiber optic
spectrometer USB4000; Ocean Optics, Dunedin, Florida, USA).
The glass jars were left on the platform from 11:00 AM to 2:00 PM, and a Hydrolab DS5
Sonde was placed directly next to the platform to measure light intensity (PAR, 400-700 nm)
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at 30-second intervals during this 3-hour incubation. At 2:00 PM, all glass jars were collected,
placed inside a black plastic bag, and returned to the laboratory. The field incubations were
repeated on six different days within a two-months period, resulting in six replicates (n=6) per
phototrophic group at both depths.
Post-incubation In the laboratory, each sample was rinsed with distilled water to remove salts
and stored in pre-weighed aluminum foil at -20°C for at least two days. Samples were
subsequently freeze-dried overnight using a Scanvac CoolSafe Freeze-dryer to determine their
dry weight and 13C content. Turf algae were collected by scraping them off the plastic strips
after freeze-drying. The coral M. mirabilis was processed differently. Live tissue of M.
mirabilis was removed from its skeleton using a toothbrush and suspended in a 15 ml tube
containing filtered seawater (Whatman GF/F). This suspension was centrifuged twice at 4000
rpm for 20 min in an EBA 21 Centrifuge (Hettich Laborapparate, Bäch, Germany), so that the
zooxanthellae, but not the coral tissue, concentrated at the bottom of each tube. The
zooxanthellae were pipetted out of the tube and filtered onto a pre-weighed Whatman GF/F
filter that was pre-combusted at 450°C for 4 hrs using an Air Recirculating Chamber Furnace
(Carbolite, Hope Valley, UK). The loaded filters were dried at 60°C to determine dry the
weight and 13C content of the zooxanthellae.
Field incubations of phytoplankton
Collection of phytoplankton Phytoplankton was collected directly above the reef slope at
Buoy 0. At both 5 and 20 m depth, two custom-made 5.3 L Plexiglas incubation tubes (∅ 10
cm; Röhm GmbH & Co KG, Darmstadt, Germany) were filled with seawater. The incubation
tubes were darkened with a towel and transported to the laboratory where they were filtered
within one hour after collection through a double-mesh filter (50 and 150 µm) to remove
zooplankton and other large debris. The filtered seawater containing phytoplankton was again
put in 5.3 L Plexiglas incubation tubes and returned to Buoy 0 to start the incubation.
Field incubations Prior to each incubation, one of the tubes collected at each depth was
enriched (10%) with 13C-labelled bicarbonate following the procedures mentioned above,
whereas the other tube served as control. A vertical rope was spanned from the sediment to
the water surface, and the two tubes with water collected at 5 m depth were attached to the
rope at 5 m depth while the other two tubes were attached at 20 m depth. Light transmission
through the Plexiglas tubes was ~92% and the light spectrum was again unaffected. A
Hydrolab DS5 Sonde was attached to the rope at 5 m depth to monitor light intensity at 30second intervals. The field incubations were conducted from 11:00 to 14:00 hrs, and repeated
on five different days over a two-week period to obtain five independent replicates.
Post-incubation After three hours, the incubation tubes were taken off the rope, darkened
using a towel and returned to the laboratory within 15 min. In the laboratory, the contents of
each incubation tube were filtered over a pre-combusted, pre-weighed Whatman GF/F filter
placed in a Ø25 mm Polycarbonate filter holder (Cole Palmer, Chicago, IL, USA). The loaded
filters were then stored in pre-weighed aluminum foil at -20°C for two days and freeze-dried
in a Scanvac CoolSafe Freeze-dryer, so that their dry weight could be determined.
Analysis of 13C content
To determine their 13C content, the freeze-dried samples were grinded to powder using mortar
and pestle. The powder was packed in tin capsules that were folded into small pellets. For
filtered samples (M. mirabilis zooxanthellae and phytoplankton), small pieces (Ø 7 mm) of
the loaded filters were used. The 13C content of the benthic samples was analyzed using an
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Isoprime 100 Isotope Ratio Mass Spectrometer (IRMS) (Manchester, United Kingdom)
connected to a VarioIsotope Cube Element Analyzer (Hanau, Germany). The 13C content of
phytoplankton samples was analyzed using a Thermofinnigan Delta Plus IRMS (Bremen,
Germany) connected to a Carlo Erba Instruments Flash 1112 Element Analyzer (Milan, Italy).
All samples were measured in duplicate and 13C abundances were reported as atom%.
Isotopic data were calibrated using a two-point calibration curve and linear regression (Paul et
al. 2007; Skrzypek 2013) with IAEA-CH6 sucrose (δ13C = -10.449±0.033) and IAEA-309B,
UL-glucose (δ13C = 535.3±4.75) as reference standards.
The primary productivity (P, in mg C g-1 DW h-1) was calculated according to Hama et al.
(1983):
!

𝑃 = ! ×𝑓×

!"! !!"!
!"! !!"!

(2)

where C is the total organic carbon content of the sample (in mg C g-1 DW), t is the duration
of the 13C incubation (three hours), f is the fractionation factor correcting for the preference of
the Rubisco enzyme for 12C instead of 13C (f=1.025; Hama et al. 1983), ate is the atom% of
13
C in the 13C-enriched sample, atc is the atom% of 13C in the control sample, and atw is the
sum of the atom% of 13C present naturally in seawater of Curaçao (1.11%) and 13C added as a
tracer.
Primary productivity per unit surface area
To estimate primary productivity per unit surface area, we projected an area of 1 m2 extending
from the water surface to the benthic reef community at 5 and 20 m depth (Figure 1B), where
the footprint of this column was 1.25 m2 due to the sloping reef bottom (53°). For each
benthic species, primary productivity per m2 was calculated from the product of primary
productivity per unit dry weight based on 13C incorporation, areal density (dry weight per m2
of cover) and percent cover of that species. For phytoplankton, primary productivity per unit
surface area was calculated from the product of their primary productivity per m3 based on
13
C incorporation and the depth of the water column. For the 5-m water column we used the
phytoplankton productivity measured at 5 m depth; for the 20-m water column we averaged
their productivity at 5 m and 20 m depth.
Statistics
For each species, we used the two-sample Student’s t-test to determine whether their
photosynthetic parameters and primary productivity estimates differed between 5 and 20 m
depth. The data were log-transformed if this improved homogeneity of variance, as tested by
Levene’s test. In the few cases without homogeneity of variance, we applied the two-sample
Student’s t-test for unequal variances (also known as Welch’s t-test).

RESULTS
Reef community composition
The benthic composition of research site Buoy 0 differed between 5 and 20 m depth (Figure
2A). The cover of turf algae (43.5±3.3% (SE)) and sand (28.3±2.7%) dominated the reef at 5
m depth, whereas the macroalgae L. variegata (28.5±1.9%) and Dictyota spp. (14.0±1.0%)
dominated the reef at 20 m depth. Hard coral cover was low at 5 m depth (7.4±1.7%), but
higher at 20 m depth (16.5±1.5%). Corals consisted mainly of M. mirabilis and Diploria spp.
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at 5 m depth, Agaricia spp. were more abundant at 20 m depth, while Montastraea spp.,
Porites spp. and Colpophyllia natans were found at both depths. Crustose coralline algae
were rare at both 5 m depth (0.5±0.2%) and 20 m depth (0.9±0.3%).
Total biomass per m2 reef area of each benthic species was calculated using the areal densities
reported in Table 1. Mean total biomass of hard corals, turf algae, macroalgae and benthic
cyanobacteria per m2 reef area was lower at 5 m depth (137 g DW m-2) than at 20 m depth
(185 g DW m-2), mainly due to the lower abundance of corals at 5 m depth (Figure 2B). At 20
m corals dominated total reef biomass, while at 5 m corals and turf algae contributed
similarly. The chlorophyll a concentration (±SD) of ambient seawater was 0.11±0.01 µg l-1
(n=4).

Figure 2. Composition of the benthic community. A Percent cover of hard corals, turf algae, macroalgae
(Dictyota spp., Halimeda opuntia, Lobophora variegata), benthic cyanobacteria, other benthic organisms (e.g.,
sponges) and sand at 5 m and at 20 m depth. B Biomass distribution per unit surface area of the same functional
groups.
Table 1. Areal density (i.e., dry weight per unit of area) of the different benthic species.
Benthic species

Depth
Areal density
(m)
(g DW m-2)
Hard corals*
5
820
20
820
Turf algae
5
127
20
68
Halimeda opuntia
5
2590
20
2590
Dictyota menstrualis
5
70
Dictyota pulchella
20
70
Lobophora variegata
20
100
Cyanobacterial mats
5
11.1
20
6.2
*
Based on estimates for Madracis mirabilis by Hardt (2007)
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Light conditions
Vertical light profiles revealed that the light intensity at each depth was about two times
higher during sunny than during cloudy days (Figure 3). Water clarity showed little variation
throughout the study, with light attenuation coefficients (±SD) of Kd=0.098±0.017 m-1 (n=6)
during both sunny and cloudy days. The average (± SD) light intensity that the phototrophic
species experienced during our field incubation was three times higher at 5 m depth (641 ±
341 µmol photons m-2 s-1) than at 20 m depth (203 ± 158 µmol photons m-2 s-1).

Figure 3. Light profiles measured at midday during (A) a sunny day and (B) a cloudy day. Solid lines are based
on linear regression of ln-transformed irradiance versus depth.

Photosynthesis-irradiance curves
The RLCs revealed substantial variation in photosynthetic traits among species (Table 2;
Figure 4 and Electronic Supplementary Material (ESM)). Turf algae were best adapted to low
light intensities as their saturation irradiance (Ek) was lowest for all species (53 µmol photons
m-2 s-1 at 20 m depth). Macroalgae and the cyanobacterium L. majuscula had intermediate
saturation irradiances of 100-300 µmol photons m-2 s-1. High saturation irradiances of 414,
657 and 834 µmol photons m-2 s-1 were found at 5 m depth in the cyanobacterium Dichothrix
spp., the coral M. mirabilis and the phytoplankton community, respectively.
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Table 2. Photosynthetic parameters of the phototrophic species on the reef.
Species
Madracis mirabilis
Turf algae
Halimeda opuntia
Dictyota spp.
Cladophora spp.
Dichotomaria marginata
Lobophora variegata
Lyngbya majuscula
Dichothrix spp.
Phytoplankton

Depth (m)
5
20
5
20
5
20
5
20
5
5
20
20
5
20
5
5
20

α
0.583±0.009
0.639±0.019
0.261±0.029
0.251±0.039
0.632±0.025
0.644±0.049
0.751±0.032
0.792±0.039
0.406±0.030
0.486±0.026
0.515±0.030
0.867±0.062
0.278±0.054
0.312±0.018
0.662±0.088
0.054±0.011
0.058±0.004

rETRmax
382±29
242±17
23.2±5.9
13.4±3.5
181±26
76.9±11.1
195±23
125±16
50.9±7.4
115±10
65.1±10.3
94.0±4.7
40.4±8.8
43.0±9.1
255±29
27.1±7.8
11.3±2.3

Ek
657±52
382±37
85.9±17.7
53.6±13.9
292±51
120±17
258±23
155±14
131±24
236±13
124±14
112±13
191±64
136±27
414±71
834±309
206±53

R2
1.000
0.999
0.980
0.930
0.998
0.998
0.999
0.999
0.988
0.999
0.998
0.999
0.935
0.990
1.000
0.790
0.729

The photosynthetic parameters (estimate ± SE) are based on n=5 (for benthic organisms) and n=6-8 (for
phytoplankton) rapid light curves per depth, fitted to Eqn (1) using nonlinear regression.

For all 7 species that we had sampled at both depths, the saturation irradiance (Ek) was lower
at 20 m than at 5 m depth, although this difference was significant at P<0.05 only for M.
mirabilis, H. opuntia, Dictyota spp. and D. marginata (Student’s t-test). Similarly, all species,
except L. majuscula, had a lower maximum electron transport rate (rETRmax) at 20 m than at 5
m (Table 2), and this difference was again significant at P<0.05 for M. mirabilis, H. opuntia,
Dictyota spp. and D. marginata (Student’s t-test). This depth-related variation in the
photosynthetic parameters indicates that the species were acclimated to the local light
conditions at 5 and 20 m depth (Table 2; Figure 4). In contrast, the initial slope of the RLCs
(α) was similar at 5 and 20 m depth for most species. However, the coral M. mirabilis had a
significantly higher α at 20 m depth (Student’s t-test, P<0.05) indicating that it was more
efficient in capturing low light intensities at 20 m than at 5 m depth.
Primary productivity
Primary productivity rates measured by 13C incubation varied among the different species
(Figure 5). Primary productivity per unit biomass was lowest for the coral M. mirabilis and 20
times higher for the cyanobacterium L. majuscula, which had the highest primary productivity
per unit biomass of all species. For most species, the primary productivity per unit biomass
tended to be higher at 5 m than at 20 m depth (Figure 5). Yet, for many species this pattern
was not statistically significant, presumably because the light conditions at 20 m depth were
still sufficient to sustain relatively high photosynthetic rates (cf. Figures 3 and 4). The
decrease of primary productivity with depth was significant only for turf algae, whose
primary productivity was two times lower at 20 m than at 5 m depth (Student’s t-test with
unequal variances: t=6.626, df=5.44, P<0.001). On a volumetric basis, primary productivity
(±SD) of phytoplankton was 2.2±0.9 µg C l-1 h-1 at 5 m depth and 2.0±0.4 µg C l-1 h-1 at 20 m
depth.
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Figure 4. Rapid light curves of (A,B) the coral M. mirabilis, (C,D) turf algae, (E,F) the macroalga H. opuntia,
and (G,H) two species of the macroalgal genus Dictyota. Data points show photosynthetic rates (expressed as
relative electron transport rate, rETR) as function of irradiance, measured in situ on the reefs with a PAM
fluorometer. Error bars represent s.e. of the mean (n=5); solid lines represent photosynthesis-irradiance curves
fitted to the rETR data using Eqn (1).

We combined the primary productivity rates of the different species with their biomass on the
reefs (Figure 2B) to calculate the depth-integrated primary productivity per unit surface area
(Figure 6). Pelagic primary productivity of the phytoplankton above the deep reef was much
higher than above the shallow reef (41 vs. 12 mg C m-2 h-1, respectively), essentially because
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pelagic productivity was integrated over a larger depth range. Conversely, benthic primary
productivity of the deep reef was substantially lower than of the shallow reef (103 vs. 172 mg
C m-2 h-1, respectively; Figure 6). The total depth-integrated primary productivity of the
benthic and pelagic combined was higher at the shallow reef than at the deep reef (184 vs. 144
mg C m-2 h-1, respectively).
At the shallow reef, turf algae were the major primary producers accounting for 63.5% of the
total productivity, whereas hard corals, macroalgae and benthic cyanobacteria contributed
only 14.9%, 10.5% and 4.8%, respectively. At the deep reef, hard corals, macroalgae and
phytoplankton each contributed an equal share of about 30% to the total productivity, whereas
the contribution of turf algae (4.9%) and benthic cyanobacteria (2.2%) was only minor
(Figure 6).

DISCUSSION
Changes in community structure
The reef community at our research site was investigated in the 1970s, when Wanders (1976,
p. 238-239) wrote enthusiastically:
“along the south-west coast a luxuriant coral reef system composed of mainly scleractinian
corals, hydrocorals and gorgonians covers the submarine plateau. Crustose coralline algae
are conspicuous, but other algae constitute only an unobtrusive vegetation … corals,
including fragile species such as Madracis asperula Milne-Edwards & Haime, form extensive
aggregates ... Gorgonians are characteristic for the depth zone of 3-7 m … The shallowest
part … is covered by a solid reef dominated by Acropora palmata Lamarck (elkhorn coral),
Millepora spec. (fire coral) and the encrusting coralline alga Porolithon pachydermum
(Fosl.) Fosl.”
During the past 40 years, the reef community composition at Buoy 0 has changed completely.
According to Wanders (1976, Table V), hard corals comprised 38% of the total benthic cover
at 5-10 m depth. Hard corals now cover less than 10% at 5 m depth, gorgonians and
Millepora spp. less than 1%, and elkhorn coral has almost completely disappeared from Buoy
0 and its surroundings. The decline of crustose coralline algae (CCA) is particularly dramatic.
CCA comprised almost 40% of the benthic cover in the 1970s, but nowadays they cover less
than 1% of the surface. Corals and CCA have largely been replaced by turf algae and
macroalgae, which have increased from an “unobtrusive vegetation” comprising only ~15%
of the total benthic cover 40 years ago to their present-day dominance with more than 50%
cover for turf algae and macroalgae combined.
In deeper parts of the reef, at 20 m depth, hard corals still persist with a cover of 17%,
although also at this depth the coral cover at our research site was much higher in the 1970s
(40%; Bak et al. 2005). The reef community at 20 m depth is now dominated by L. variegata,
a macroalga that has increased in percent cover from only 1% in 1998 to 18% in 2006
(Nugues and Bak 2008) and to 28.5% in the present study.
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Figure 5. Primary productivity per unit biomass of the different phototrophic species on the reef, measured by 13C incorporation at 5 m depth (light grey bars) and 20 m
depth (dark grey bars). Error bars represent s.d., *** represents a significant difference between 5 m and 20 m depth (Student’s t-test; P<0.001); for the other species we
did not find a significant depth effect.
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Figure 6. Contributions of different functional groups to the primary productivity per unit surface area, for a
shallow part (5 m) and deep part (20 m) of the reef.

Implications for primary productivity
Our results show that the shift from a coral-dominated to an algal-dominated community is
reflected in a redistribution of the primary productivity among the different species. Wanders
(1976, Table X) estimated primary productivity of the dominant functional groups based on
net oxygen production of field samples incubated at 0.5 - 3 m depth. At the time, corals
contributed ~65% of the total primary productivity, while CCA and other algae contributed
16% and 19%, respectively. In our study, 40 years later, the roles are completely reversed:
68% of the total primary productivity at 5 m depth is now due to turf algae, whereas corals
contribute only 16%.
Interestingly, the total benthic primary productivity measured in our study was lower than the
total benthic primary productivity measured by Wanders (1976). We found a benthic primary
productivity of 172 mg C m-2 h-1 at 5 m depth based on 13C incorporation. Wanders (1976)
estimated a benthic primary productivity of 265 mg C m-2 h-1 at 0.5–3 m depth based on O2
production, where we assume that one molecule of CO2 is fixed for each molecule of O2
released. The difference could of course be methodological. However, Wanders’ estimate
compares well with the productivity range of other reef ecosystems described in the older
literature (e.g., Sargent and Austin, 1949, 1954; Odum and Odum 1955, Kohn and Helfrich
1957). Mateo et al. (2001) have shown that results from 13C incorporation and O2 production
can be directly compared when the incubation period is shorter than 4 hours. A possible
explanation for the higher primary productivity in Wanders (1976) might be that he
investigated shallower parts of the reef with a higher light availability. Furthermore,
nowadays, almost 30% of the surface area of the reef at 5 m depth is not occupied by living
organisms but covered by sand. If we would consider only the vegetated area, the total
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benthic primary productivity estimated by our study is 240 mg C m-2 h-1, which is remarkably
close to Wanders’ estimate of the 1970s.
Although Wanders (1976) did not estimate the primary productivity of phytoplankton above
the reef, our estimates of phytoplankton productivity (ca. 2 µg C l-1 h-1) are comparable to
values reported by other studies, e.g. in the Great Barrier Reef (Furnas et al. 1990) and at the
fringing reef of Miyako Island, Japan (Ferrier-Pagès and Gattuso 1998). When expressed per
unit of projected surface area, benthic productivity greatly exceeded pelagic productivity at
the shallow reef, where phytoplankton contributed only 6.4% to the total primary
productivity. However, benthic productivity decreased with depth, whereas phytoplankton
productivity per unit surface area increased when it was integrated over a deeper water
column. As a consequence, phytoplankton provided a much larger contribution (almost 30%)
to the total primary productivity of the reef at 20 m depth.
The proliferation of turf algae
In the last decades, many Caribbean coral reefs experienced a major loss of live coral cover
(Gardner et al. 2003; Burke et al. 2011). The degradation of coral reef communities is often
associated with increasing abundances of macroalgae (Done 1992; McManus and Polsenberg
2004; Hughes et al. 2007). At our study site, however, turf algae have become the single-most
dominant benthic component of shallow reefs. This strong proliferation of turf algae has also
been observed on many other shallow reefs in the Caribbean (Kramer 2003; Vermeij et al.
2010), and also on degraded reefs in, e.g., the Red Sea (Haas et al. 2010), Central Pacific
(Barott et al. 2009; Barott et al. 2012) and Indonesia (Wangpraseurt et al. 2012).
The prevalence of turf algae in shallow waters is in agreement with previous studies (Van den
Hoek et al. 1975; Adey and Goertemiller 1987; Steneck and Dethier 1994), and confirmed by
a much larger biomass development of turf algae on plastic bottles placed within the upper 10
m of the water column than on deeper bottles (Den Haan et al. 2014). These bottles were
protected from grazing by herbivores larger than 2.5 cm in diameter, and therefore the
prevalence of turf algae in shallow waters cannot be attributed to depth-dependent variation in
grazing by, e.g., fish. Several studies have pointed out that turf algae have relatively high light
requirements (e.g., Carpenter 1985; Klumpp et al. 1987). This is contradicted by the RLCs,
which indicated that the turf algae in our study had the lowest saturation irradiance (Ek) of all
functional groups (Figure 4C,D). However, the RLCs do show a strong reduction in
maximum photosynthetic activity (rETRmax) of turf algae grown at greater depths. This
matches our 13C measurements, which showed a relatively large reduction in the primary
productivity of turf algae at greater depth in comparison to other species. In fact, turf algae
were the only functional group that showed a significantly higher primary productivity at 5 m
than at 20 m depth (Figure 5), which may offer a plausible explanation for their prevalence at
shallow reefs.
Possible causes for the shift to algal dominance
A phase shift from coral to algal dominance is often associated with coastal eutrophication
(Smith et al. 1981; Fabricius et al. 2005, Bell et al. 2014). In view of the proximity of our
study site to an expanding city with extensive coastal development and one of the largest
industrial harbors in the Caribbean, it is indeed likely that eutrophication has contributed to
degradation of the reef community. Field experiments at our research site have shown that
nutrient enrichment enables turf algae to overgrow corals (Vermeij et al. 2010). A recent
spatial comparison showed that the coastal waters at our study site had significantly higher
concentrations of nitrate and phosphate in the upper layers of the water column, and a slightly
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but significantly higher turbidity than the more remote site of Playa Kalki at the northwest
point of the island, indicating that Buoy 0 is more eutrophied than Playa Kalki (Den Haan et
al. 2013, 2014).
Unfortunately, data on changes in nutrient levels, water clarity and phytoplankton
concentrations during the shift from coral to algal dominance are scarce. In 1994, an average
chlorophyll a concentration of 0.27 µg l-1 was measured at our study site (Van Duyl et al.
2002), which exceeds the chlorophyll concentration in our present data (0.11±0.01 µg l-1 at 010 m depth). Vertical light profiles were measured in 1998, and revealed a light attenuation
coefficient (±SD) of Kd=0.093±0.010 m-1 (PAR range; Visser et al. 2002), which is very
similar to the light attenuation coefficient of Kd=0.098±0.017 m-1 that we found in our study.
Hence, comparison with the available data do not point at a major reduction in water clarity or
increase in chlorophyll concentration during the past 20 years. This is remarkable since the
common expectation is that eutrophication of coral reefs will result in substantially higher
phytoplankton concentrations and lower water clarity (Bell 1992; Cheal et al. 2013). Our data
do not support this paradigm.
High water clarity does not refute the possibility that eutrophication contributes to the phase
shift from corals to turf algae at our research site. Extensive exchange with the open ocean
may continuously refresh the water column above the reef with clear oceanic water, while
high abundances of turf algae, cyanobacterial mats and macroalgae may effectively absorb the
surplus of externally supplied nutrients. However, in addition to eutrophication, other factors
might also play a role in the shift to algal dominance, such as the mass mortality of the black
sea urchin Diadema antillarum across the Caribbean in 1983/1984 (Bak et al. 1984; Lessios et
al. 1984; Edmunds and Carpenter 2001) or the collapse of herbivorous fish populations that
kept algal growth under control (Hughes 1994; Jackson et al. 2001). In particular, field
experiments by Wanders (1977) performed at our research site point at the major significance
of grazing fish, as their experimental exclusion led to rapid overgrowth of CCA by turf algae.
In conclusion, although we did not find a major change in total primary productivity of the
entire reef community, our results show a large shift from corals and CCA to turf algae and
macroalgae as the dominant primary producers. This shift is likely to have a major impact on
numerous other species, in particular on the herbivores that ultimately depend on the
productivity, species composition and nutritional quality of the primary producers on the reef.
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ELECTRONIC SUPPLEMENTARY MATERIAL

ESM Figure. Rapid light curves of several additional phototrophic species. Data points show photosynthetic
rates (expressed as relative electron transport rate, rETR) as function of irradiance, measured in situ on the reefs
with a PAM fluorometer. Error bars represent s.e. of the mean (n=5); solid lines represent photosynthesisirradiance curves fitted to the rETR data using Eqn (1).
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CHAPTER 6
Discussion: Effects of nutrient enrichment the primary
producers of a degraded coral reef

The aim of this thesis is to better understand how nutrient enrichment contributes to changes
in the productivity and species composition of coral reef communities. In Chapter 2 we
developed a new technique for the rapid determination of nutrient limitation in macroalgae
and seagrasses, which revealed that the primary productivity of the brown alga Lobophora
variegata was co-limited by nitrogen and phosphorus. In Chapter 3 we found that turf algae,
Dictyota spp. and L. variegata took up the largest share of nutrients from sediment plumes
originating from terrestrial runoff. In Chapter 4 we showed that turfs are capable of fixing
notable amounts of nitrogen, regardless of the eutrophication status of the reef. In Chapter 5
we found that during the past several decades turfs have replaced corals as the main
contributors to the total primary productivity of a Caribbean reef community. In this chapter, I
will discuss the wider implications of these key findings and explain how these results have
contributed to an improved understanding of the effects of nutrient enrichment on coral reefs.

THE CORAL-ALGAL PHASE SHIFT
Over the last four decades, many coral reef communities have shifted from a coral-dominated
to an algal/cyanobacteria-dominated state (Gardner et al. 2003; Hallock 2005; Paul 2008;
Jackson et al. 2014). While reefs on the island of Curaçao are still considered among the
healthiest reefs in the Caribbean region (Jackson et al. 2014), large declines in coral cover
have also occurred here. For example, live coral cover at our study site (‘Buoy 0’) has
decreased from almost 40% in the 1970s to ~20% in the early 2000s (Bak et al. 2005), and
has further declined to a present-day cover of only 10% in shallow and 17% in deeper parts of
the reef (Chapter 5). The community composition is now dominated by turfs in the shallow
reef and macroalgae in the deeper parts (Chapters 2 and 4). This is in stark contrast to 40
years ago, when the shallow reefs were dominated by huge colonies of the coral genus
Acropora, large beds of Millepora (fire corals), massive colonies of the genus Diploria (brain
corals), and crustose coralline algae (Wanders 1976). At that time, hard corals (38% cover)
and crustose coralline algae (40% cover) were abundant and contributed most to the total
primary productivity of the shallow reef community (Wanders 1976). Turfs occurred in low
abundance in these communities 40 yrs ago, but have recently become the most abundant
benthic group on shallow reefs and account for the majority of the community’s overall
primary productivity today (Chapter 5).
A strong increase of turfs is not unique for Curaçao. Many shallow coral reefs have become
increasingly dominated by turfs, including reefs in the Caribbean (Kramer 2003; Vermeij et al.
2010), the Red Sea (Haas et al. 2010a), Central Pacific (Barott et al. 2009, 2012) and
Indonesia (Wangpraseurt et al. 2012). Hence, it seems likely that turfs have become main
contributors to the total primary productivity of many reef communities.
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In the 1970s, the total primary productivity of the shallow reef community at location Buoy 0
at 0.5-3 m depth was 265 mg O2 m-2 h-1 (Wanders 1976). In our study, we found that the total
primary productivity at the same reef at 5 m depth was 172 mg C m-2 h-1 (Chapter 5). It is
important to note that Wanders (1976) conducted his primary production studies using the O2
production method, whereas we determined the incorporation of 13C into the tissues (Chapter
5). If we assume that one molecule of CO2 is fixed for each molecule of O2 produced, we can
compare the primary productivity rates from both methods. This suggests that the primary
productivity has decreased considerably over the past 40 years. However, since the two
studies were conducted with different methods and at different depths, this comparison has to
be interpreted with some caution. For instance, the light intensity at 0.5-3 m depth is ~25%
higher than at 5 m depth at Buoy 0 (Chapter 4, Fig. 2A), which, to some extent, may explain
why Wanders (1976) observed a higher total primary productivity than we did.
The apparent decrease in primary productivity might also be associated with the dramatic
changes in benthic community composition at Buoy 0 over the past four decades (Bak et al.
2005), which likely has affected the total productivity of the reef. In Chapter 5 we noted that
the productivity of benthic algae and cyanobacteria is generally higher than that of stony
corals. Therefore, one would expect an increase of the productivity with increased algal and
cyanobacterial cover. Yet, this does not necessarily have to be true. Nagelkerken et al. (2005)
noted that the coral-algal phase shift observed on many reefs on Curaçao was accompanied by
a remarkable drop in structural complexity of those reefs between 1973 and 2003. A loss in
structural complexity decreases the total space available for reef phototrophic organisms per
projected m2 reef area, hence might contribute to the decrease of the overall primary
productivity of the reef. As noted by Wanders (1976), the reefs of Buoy 0 were formerly
occupied by large coral formations with a high architectural complexity. Since the 1970s,
Curaçaoan coral reefs have experienced white-band disease outbreaks (Peters et al. 1983;
Bries et al. 2004), mass mortality of the herbivorous sea urchin Diadema in 1983 (Bak et al.
1984), and coral bleaching events (Woodley et al. 1997). These events likely contributed to
the decline in coral cover on Curaçao (Bak et al. 2005), which in turn opened up new
substrate to coral-excavating sponges (Rützler 2002) that might render these degrading reefs
more susceptible to physical disturbances such as storm events. For example, in 1999,
hurricane Lenny inflicted severe damage to many Curaçaoan coral reefs, which decreased the
architectural complexity of the reef via coral fragmentation, toppling and tissue damage
(Bries et al. 2004). Alvarez-Filip et al. (2009) confirmed that many other Caribbean coral
reefs likewise experienced a sharp decline in architectural complexity over the last 40 years.
On average, the rugosity index of Caribbean reefs declined from 2.5 in 1969-1985 to 1.2 in
the mid 2000s (i.e., a rugosity index of 1 represents a perfectly flat reef surface, a rugosity
index of 3 represents the highest reef complexity) (Alvarez-Filip et al. 2009). As a
consequence, the total surface area available for phototrophic organisms decreased
dramatically on many Caribbean coral reefs (Nagelkerken et al. 2005). This likely decreased
the maximum coral, algal and cyanobacterial biomass on the reefs, which would consequently
result in a decreased overall productivity (Chapter 5).
Photosynthesizing benthic organisms, including corals, turfs, macroalgae and benthic
cyanobacteria can release part of their fixed carbon into the water column as dissolved
organic carbon (DOC) (e.g. Haas et al. 2010b,c, 2013). Benthic algae release more DOC than
corals (e.g., Haas et al. 2010b, 2011, 2013), hence a reef dominated by turf or macroalgae will
release more DOC into the water column than a coral-dominated reef. The released DOC
fuels the growth of heterotrophic microbes associated with corals and algae (Smith et al.
2006; Gregg et al. 2013; Haas et al. 2013; Nelson et al. 2013), which influences the outcome
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of coral-algal interactions. High DOC availability can cause coral-associated microbial
communities to become dominated by pathogenic bacteria (Dinsdale et al. 2008; Nelson et al.
2013) and the respiration of increasing numbers of bacteria can cause local hypoxia leading to
coral tissue mortality (Barott et al. 2009; Wild et al. 2010; Haas et al., 2011). Pathogenic
microbes can also be transferred from algae to corals via direct contact and via the water
column when the corals are downstream of the algae (Nugues et al. 2004; Barott and Rohwer
2012). Barott et al. (2012) argued that turfs do more damage to live coral than macroalgae, as
turfs are characterized by (1) higher DOC release rates, (2) the presence of more opportunistic
pathogens, and (3) more direct contact due to a higher density at the coral-algae boundary. As
turfs increase in abundance on many coral reefs, including the reefs on Curaçao (Vermeij et al.
2010), corals will suffer increasingly more from turf algal overgrowth and algal-induced coral
diseases, which may ultimately result in an accelerating rate of coral decline (Barott et al.
2009).
Whether a reef community shifts from a coral-dominated to an algal/cyanobacteria-dominated
state depends on the local levels of nutrient enrichment (bottom-up control) and herbivory
(top-down control) (e.g., Lapointe 1997; Burkepile and Hay 2006; Littler et al. 2006; Smith et
al. 2010). Littler and Littler (1984) proposed a rather simple model, the “Relative Dominance
Model” (RDM), to predict the composition of the algal community in response to various
degrees of nutrient availability and herbivory. The RDM states that turfs will become
abundant even at low nutrient levels when herbivores have been removed (e.g., by fisheries).
When nutrient concentrations increase, macroalgae will replace turfs as the dominant algal
functional group (see also Littler et al. 2006). Many studies argue that the level of herbivory
plays a prominent role in determining the outcomes of coral-algal interactions by suppressing
algal growth, which subsequently promotes coral growth and recruitment (e.g., Lewis 1986;
Jompa and McCook 2002; Hughes et al. 2007; Burkepile and Hay 2008; Rasher et al. 2012),
even when the level of nutrient enrichment is high (Burkepile and Hay 2006; Heck and
Valentine 2007). Other studies, however, argue that nutrient enrichment plays a more
prominent role, as it increases algal proliferation, even when herbivores are present (e.g.,
Lapointe 1997; Smith et al. 2001; Lapointe et al. 2004).
The lack of consensus on the relative importance of herbivory and nutrient enrichment might
be attributed at least in part to the way nutrient enrichment experiments have been conducted.
Although enrichment studies have enhanced our understanding of how nutrient loading
affects algal-coral interactions on coral reefs, they often have a very simple design based on
agricultural slow-release fertilizers that are placed in the direct vicinity of algae, corals and
cyanobacteria on the reef (e.g., Smith et al. 2001; Thacker et al. 2001; McClanahan et al.
2003; Burkepile and Hay 2009; Rasher et al. 2012). Slow-release fertilizers cannot represent
the temporal variability of eutrophication events, as they will release nutrients more or less
continuously during the course of the enrichment experiment. In Chapter 3 we noted that
eutrophication is often based on very episodic events, for instance in the form of sediment
plumes generated by terrestrial runoff after rainfall. Although we have not measured the
duration of these plumes in detail, usually they were visible from the surface for only a few
hours at most. In our nutrient uptake experiments in the laboratory, we could clearly
demonstrate that benthic species greatly differ in their ability to quickly take up nutrients such
as NH4+, NO3- and PO43-. Nutrient enrichment experiments using slow-release fertilizers
cannot mimic this short-term nutrient availability, which is unfortunate, as important traits
such as fast uptake kinetics, nutrient storage and efficiency of nutrient usage might not be
fully tested, and consequently these experiments do not adequately represent how nutrient
enrichment affects competition among benthic organisms on coral reefs. Furthermore, slow-
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release fertilizers will release nutrients in a predetermined N:P ratio, yet consecutive
eutrophication events may have dissimilar nutrient compositions. In the case of coastal runoff,
the intensity and duration of rainfall will determine the amount of sediment that enters a reef,
and thus affect the nutrient composition of the sediment plume. Since nutrient uptake rates of
corals, macroalgae, turfs and benthic cyanobacteria were dependent on the type of nutrient
and also on its initial concentration (Chapter 3), future nutrient enrichment experiments
should take possible alterations of the N:P ratio of the nutrient source into account to better
represent (short-term) eutrophication events. Improving the way we conduct our nutrient
enrichment experiments will increase our understanding of the actual effects of nutrient
enrichment on coral reefs, both at a physiological and ecological level.

COMPETITION FOR LIMITING NUTRIENTS
The intense competition among benthic phototrophic organisms on coral reefs is often
described in terms of competition for space and light, whereas competition for nutrients is less
often mentioned and less well understood. In this thesis, we studied competition for nutrients
among corals, macroalgae, turfs and benthic cyanobacteria, in terms of their nutrient uptake
rates (Chapter 3) and by determining which nutrients limit their productivity on the reef
(Chapter 2). Short-term eutrophication events by, e.g., land runoff after heavy rainfall likely
play a substantial role in shaping coral-algal interactions on the reef, as these episodic events
strongly increase the availability of dissolved inorganic nitrogen (DIN) and phosphorus (DIP)
in otherwise oligotrophic reef waters (Chapter 3).
There is considerable debate on how anthropogenic nutrient inputs from coastal
eutrophication should be regulated in order to prevent nuisance algal blooms in coastal marine
environments, be it through the reduction of nitrogen loads, phosphorus loads or a
combination of both (Schindler et al. 2008; Conley et al. 2009; Paerl 2009; Howarth et al.
2011). Conley et al. (2009) concluded that “alleviation of eutrophication in aquatic
ecosystems along the land-ocean continuum requires a balanced and strategic approach to
control both nutrients [N and P] appropriately”. Hence, they propose a reduction of both N
and P to minimize the occurrence of harmful algal blooms (Huisman et al. 2005) as well as
so-called hypoxia zones in coastal waters (Diaz and Rosenberg 2008).
For coral reefs, there is little consensus on whether the reduction of nitrogen or phosphorus
should be prioritized (Brodie et al. 2012). The lack of consensus can partly be explained by
the different outcomes of the many nutrient-limitation experiments that have been conducted
in the past. Multiple studies indicated that nitrogen foremost limits benthic primary
productivity on coral reefs (e.g., McGlathery et al. 1992; Delgado and Lapointe 1994; Larned
1998), whereas other studies showed that phosphorus was the primary limiting nutrient (e.g.,
Lapointe et al. 1987, 1992; Littler et al. 1991). Ultimately, which nutrient is limiting may
depend on the species involved and the extent to which nutrient availability is modified by the
environment. For instance, Littler et al. (1991) found that the primary productivity of
macroalgae was much less limited by P on granitic islands than on carbonate islands, which
they attributed to binding of P to carbonate sediments. Using our PAM Fluoroscope (Chapter
2), we found that the productivity of the nuisance brown macroalga L. variegata (Nugues and
Bak 2008) was co-limited by nitrogen and phosphorus on Curaçaoan reefs. This is consistent
with the low DIN and DIP concentations in the reef’s waters, which were close to the
Redfield ratio of 16:1, and hence were indicative of co-limitation. Our results agree with
several studies on the Great Barrier Reef, where the primary productivity of four different
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brown macroalgae also proved to be co-limited by N and P (Schaffelke and Klumpp 1998a,b;
Schaffelke 1999). Apparently, co-limitation by N and P suppresses the capacity of L.
variegata and other macroalgae to proliferate and smother coral communities, which is one of
the key reasons why coastal eutrophication by N and P should be prevented.
Whether benthic species profit from short-term eutrophication events will depend on the
characteristics of the events in terms of duration, nutrient concentration and nutrient
composition, and on the physiology of the species involved in terms of their nutrient uptake
kinetics, storage capacity and nutrient use efficiency (Fujita 1985; Lapointe 1989; Fong et al.
1994, 2004; Duarte 1995). In Chapter 3, we found that turfs, the green macroalga Cladophora
spp. and the benthic cyanobacterium Lyngbya majuscula had the fastest NH4+, NO3- and PO43uptake rates per unit biomass. Interestingly, these species are known to cause nuisance
blooms on eutrophied reefs around the world (Lapointe 1997; Albert et al. 2005; Paul et al.
2005; Smith et al. 2005). Fast nutrient uptake thus appears an advantageous trait, increasing
an organism’s competitiveness on the reef.
However, opportunistic benthic algae and cyanobacteria are often unable to store excess
nutrients. During periods of low nutrient availability (i.e., between eutrophication events),
benthic organisms with an efficient storage capacity and/or internal nutrient recycling
pathways may become competitively superior. McGlathery et al. (1996) showed that if the
period between two eutrophication events is too long, severe nutrient limitation occurs in the
opportunistic green macroalga Chaetomorpha linum, reducing its ability to compete for space.
Since the ability to sustain competitive dominance between eutrophication events likely plays
an important role in coral-algal interactions, we highly recommend that future studies
examining the effect of nutrient enrichment on the proliferation of benthic organisms not only
include the nutrient uptake kinetics of the species, but also include their longevity and nutrient
storage capacity. This will result in a more comprehensive understanding of the long-term
effects of episodic nutrient enrichment on the structure and dynamics of benthic reef
communities.

NITROGEN FIXATION
In addition to high nutrient uptake rates and an efficient nutrient storage capacity, the ability
to fix atmospheric nitrogen can also be an advantageous trait from a competition perspective.
Because nitrogen is one of the key limiting nutrients on many coral reefs (Lapointe 1997;
Larned 1998; Chapter 2), species that can fix atmospheric N2 would have a competitive
advantage over those that cannot. In Chapter 4 we found that cyanobacteria within turfs have
high N2 fixation rates. Iron is an essential element in the nitrogenase enzyme, and hence low
iron availability may limit the capacity for nitrogen fixation (Kustka et al. 2002; Zehr 2011).
However, it seems unlikely that the productivity of turfs in the Caribbean basin is iron limited,
as the Caribbean region is known to be a hotspot for pelagic nitrogen fixation (Luo et al.
2012). In particular, iron input via Saharan aeolian dust is believed to provide an ample
supply of iron in the region (Roff and Mumby 2012). Our results showed that solitary and
mat-forming cyanobacteria exhibited even higher N2 fixation rates than turf communities,
which is consistent with previous reports (e.g., Shashar et al. 1994; Casareto et al. 2008;
Cardini et al. 2014). However, because turfs remain present on the reef throughout the year,
whereas solitary and mat-forming cyanobacteria are often seasonal (Nagle and Paul 1998;
Kuffner and Paul 2001; Albert et al. 2005; Paul et al. 2005), we hypothesize that at an annual
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time scale the nitrogen input by turfs is of similar magnitude as that by the solitary and matforming cyanobacteria.
Previous studies estimated that N2 fixation supplied 20-40% of the total nitrogen required for
the primary productivity of benthic cyanobacteria in coral reef ecosystems (Charpy-Roubaud
et al. 2001; Charpy et al. 2007; Casareto et al. 2008). In this thesis we did not determine how
much N2 fixation contributes to the primary productivity of benthic cyanobacteria and turfs.
However, by comparing the N2 fixation rates (Chapter 4) with the DIN uptake rates (Chapter
3), our results can be used to identify the relative importance of both nitrogen acquisition
pathways under ambient nutrient conditions. We note that such a back-of-the-envelope
calculation provides at best a first rough estimate, because it is based on several uncertainties.
For instance, the Acetylene Reduction Assays from Chapter 4 measured the potential rather
than the actual nitrogenase activity of the N2-fixing organisms. Furthermore, we made several
simplifying assumptions in order to calculate the relative importance of N2 fixation vs. direct
DIN uptake (see footnotes Table 1). Nevertheless, the calculation indicates that N2 fixation is
probably a highly important pathway for both turfs and benthic cyanobacteria (Table 1).
Especially for benthic cyanobacteria N2 fixation provides the dominant nitrogen source, as it
contributes almost 100% of their total nitrogen acquisition. For turfs approximately half of
their nitrogen acquisition is obtained by N2 fixation, while NH4+ uptake makes a similar
contribution (Table 1). The relatively high contribution of NH4+ uptake can be attributed to
the substantial amount of non-N2 fixing Chlorophyta, Phaeophyta and Rhodophyta that are
harboured by the turf community (Fricke et al. 2011) that cannot fix N2, and thus will be
dependent on other sources of nitrogen in order to persist on the reef.
Table 1. Contribution of N2 fixation to total nitrogen acquisition by turfs and benthic cyanobacteria
Functional group
Turf algae
Benthic cyanobacteria

Depth
(m)
5
20
5

N2 fixation
rate
1.79
0.71
11.91

NH4+ uptake
rate
1.72
0.92
0.12

NO3- uptake
rate
0.01
0.01
0.01

Contribution
of N2 fixation
51%
43%
99%

Notes:
1. N2 fixation rates, NH4+ uptake rates and NO3- uptake rates are expressed as mM N m-2 day-1
2. N2 fixation rates are based on Chapter 4, using Oscillatoria spp. as benthic cyanobacteria
3. NH4+ and NO3- uptake per g DW are converted to NH4+ and NO3- uptake per m2 based on the areal densities
in Table 1 of Chapter 5
4. NH4+ uptake rates are based on the linear regressions in Figure 7 of Chapter 3, assuming the ambient NH4+
concentration reported in Figure 3 of that chapter
5. NO3- uptake rates are based on the linear regressions for NH4+ in Figure 7 of Chapter 3 scaled with the ratio
Vmax(NO3-)/Vmax(NH4+) derived from Figure 6 of that chapter, assuming the ambient NO3- concentration
reported in Figure 3 of that chapter
6. NH4+ uptake and NO3- uptake of benthic cyanobacteria were averaged over Dichothrix spp. and Lyngbya
majuscula

In Figure 1, we propose how diazotrophic cyanobacteria contribute to the nitrogen acquisition
of coral reef communities. Diazotrophic cyanobacteria living on the reefs (i.e., solitary, matforming and within turfs) and in the water column fix atmospheric N2 (Charpy et al. 2012)
(yellow dashed arrows in Fig. 1). They can release a large fraction of their fixed N2, in some
cases even up to up to 90%, into the water column in the form of dissolved inorganic nitrogen
(DIN) and organic nitrogen (DON) (Jones and Stewart 1969; Berman and Bronk 2003;
Mulholland and Bernhardt 2005; Benavides et al. 2013) (white arrows in Fig. 1). Released
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DON consists of e.g., urea, amino acids, nucleic acids, and N-containing humic and fulvic
substances that can be taken up by plankton (Berman and Bronk 2003) and benthic organisms
including hard corals (Ferrier 1991; Hoegh-Guldberg and Williamson 1999), sponges
(Maldonado et al. 2012), macroalgae (Fong et al. 2003), and cyanobacterial mats (Rondell et
al. 2000) (black arrows in Fig. 1). DON can also be converted to DIN by autotrophs and
heterotrophs via several pathways, including photochemical and bacterial ammonification
(Berman and Bronk 2003). This way, DIN and DON produced by diazotrophic cyanobacteria
becomes available to other organisms (Ohlendieck et al. 2000; Mulholland et al. 2006;
Agawin et al. 2007). However, a large fraction of the DIN and DON released by N2-fixing
cyanobacteria within the turfs will probably not diffuse into the water column, but will be
directly accessible for neighboring members within the algal turf community (red arrow in
Fig. 1), thus promoting further turf growth. This positive feedback of N2-fixing cyanobacteria
on their own community may increase the proliferation of turfs and promote further reef
degradation.

Figure 1. Hypothesized fate of nitrogen fixation in turfs. Green blocks represent the benthic components of the
reef, the light blue circle represents the available DIN and DON in the water column. The yellow bar at the top
represents atmospheric N2 that is fixed by pelagic and benthic cyanobacteria (yellow dashes arrows). Black and
white arrows represent the various pathways by which nitrogen is taken up and released by the benthic and
pelagic components of the reef. The red arrow indicates the direct transfer of fixed N2 from diazotrophic
cyanobacteria to neighboring members in the algal turf community.

FUTURE DIRECTIONS
Coastal eutrophication is among the largest threats to coral reefs worldwide (Bell 1992; Smith
et al. 1999; Herbeck et al. 2012; Jessen et al. 2013; Bell et al. 2014). On some reefs, local
upwelling of nutrient-rich oceanic deep water can provide an additional source of nutrients for
deeper reef communities (Wolanski et al. 1988; Szmant 1997; Diaz-Pulido and GarzónFerreira 2002), but to what extent this may play a role on Curaçaoan coral reefs is not yet
known. Coastal eutrophication results in excessive growth of phytoplankton, benthic algae
and bacteria, which ultimately results in an altered composition of coral reef communities
(e.g., Smith et al. 1981; Bell 1992; Barott and Rohwer 2012). Coastal eutrophication also
occurs on Curaçao. Fringing reefs around the island, including those at our study sites, are
increasingly impacted by coastal eutrophication resulting from coastal development, sewage
overflows, terrestrial run-off and the presence of a large industrial harbor (Gast et al. 1999;
Nagelkerken 2006; Vermeij 2012, Govers et al. 2014). In addition to other factors such as
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overfishing and storm impacts, coastal eutrophication surely contributed to the rapid decline
in live coral cover at our study site and other sites around Curaçao (Bak et al. 2005). Coral
cover is particularly declining on certain shallow reefs that lie between depths of 0 and 5 m,
including those at our main study site. Sediment plumes resulting from terrestrial runoff after
rainfall tend to spread out across the top few meters of the water column (Chapter 3), so that
benthic communities in shallow waters experience greater nutrient inputs from sediment
plumes compared to those in deeper parts of the reefs. Turfs that occur within these shallow
parts of the reef obtained the largest fraction of the NH4+ and PO43- (80%) that is present in
these sediment plumes (Chapter 3). Consequently, turfs and benthic cyanobacteria benefit
disproportionally from these episodic nutrient pulses, which likely contributed to their
competitive success, at the expense of crustose coralline algae and scleractinian corals.
Fertilization experiments have confirmed that nutrient enrichment increases the capacity of
turfs to overgrow hard corals (Vermeij et al. 2010). Macroalgae (particularly L. variegata)
have strongly increased over the past two decades at deeper (> 10 m) parts of the reef where
turfs are less abundant. While coral cover has also declined at these depths (Bak et al. 2005),
coral cover remains relatively high compared to shallow water reefs (Nagelkerken et al. 2005;
Nugues and Bak 2008; Vermeij et al. 2010). Similar to turf algae, macroalgae also benefit
from coastal eutrophication as particulate nutrients in sediment plumes will eventually sink
from the surface layer into deeper layers and become available to the benthic community.
Eutrophication events on coral reefs are episodic and often dissipate within hours (Chapter 3).
Consequently, such events are likely to remain unnoticed or might be considered unimportant
by park managers and coral reef scientists. Yet, in this thesis, we show that these events can
play an important role determining the outcome of coral-algal interactions on reefs, ultimately
favoring benthic algae and cyanobacteria at the expense of live coral. Reducing nutrient
enrichment onto coral reefs, as has been recommended by many researchers before, should
therefore be one of the most important conservation goals to ensure nuisance algae and
cyanobacteria do not become competitively superior at the expense of reef-building corals
(Wiedenmann et al. 2012; D’Angelo and Wiedenmann 2014; Risk 2014). Terrestrial runoff
and excessive release of sewage water often occur after heavy rainfall, when sewage facilities
cannot process the increased amount of inflowing water. Possible measures include the
stabilization of nearby landmasses to minimize land runoff after rainfall, and an enhanced
capacity for the efficient treatment of raw sewage during peak hours, before it is released in
near-shore waters. We therefore strongly support earlier recommendations made to coastal
managers to minimize any type of nutrient enrichment (i.e., NH4+, NO3- and PO43-) onto coral
reefs, to restore their original state of nutrient-limited productivity.
To better understand the effects of nutrient enrichment on coral reefs, it is essential to
document (short-term) eutrophication events in the future. At the moment, these events
remain largely unrecorded, and eutrophication is vaguely described as ‘nutrient enrichment’.
Eutrophication events are highly episodic, can last minutes to multiple days, and have
variable nutrient concentrations and nutrient compositions. The frequency and intensity of
these eutrophication events will affect competitive relationships among corals and benthic
algae/cyanobacteria and we therefore recommend that high-resolution (automated)
measurements of nutrient concentrations on coral reefs become part of existing monitoring
programs to properly record the occurrence and consequences of coastal eutrophication.
Ideally, this should co-occur with monitoring of individual species abundances, such that
changes in their abundances can be linked to possible eutrophication events.
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Finally, nutrient enrichment experiments in the field should be designed so they better
represent actual eutrophication events. Nutrient enrichment experiments often use methods
(i.e., use of slow-release fertilizers) without knowing to what degree such form of enrichment
resembles actual eutrophication events on the reef. To better understand eutrophication events,
laboratory and field experiments should be conducted where periodicity, duration and
composition of nutrient pulses of naturally occurring eutrophication events are mimicked.
Such experiments can be performed at different levels of herbivory, and in combination with
other threats to corals reefs such as rising CO2 levels or sea surface temperatures. With such
novel approaches we will gain a more comprehensive understanding of the effects of coastal
eutrophication on the productivity and species composition of coral reefs around the world.
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SUMMARY

Coral reefs are highly diverse and productive ecosystems, teeming with life in often very
nutrient-poor waters. However, during the past decades various human activities, including
sewage discharge and land runoff augmented by coastal construction, have enriched the
waters overlying many reefs around the world with nutrients such as nitrogen and phosphorus.
This process is known as eutrophication. Benthic algae and cyanobacteria thrive in eutrophied
waters, presumably because the enhanced nutrient availability increases their competitiveness
for space and resources at the expense of slow-growing corals. Scientific evidence to support
this view is scarce, however, as only surprisingly few studies have investigated how nutrients
affect different species on coral reefs. The goal of this dissertation is to better understand the
effects of eutrophication on corals, benthic algae and cyanobacteria inhabiting coral reefs. Our
study site was located on the island of Curaçao, Southern Caribbean.
As a first step, we determined whether the productivity of the brown macroalga Lobophora
variegata was nutrient-limited. If so, nutrient enrichment can (temporarily) increase the alga’s
nutrient-limited productivity and thus enhance its growth. In our study we chose L. variegata,
because this species is very abundant and often associated with the degradation of coral reefs,
especially in the Caribbean region. Using a newly developed fluorescence technique, which
we called the ‘PAM Fluoroscope’, we found that the primary production of L. variegata was
co-limited by nitrogen and phosphorus. Our results signify that nitrogen and phosphorus
loading onto the reef will likely relieve this limitation and enhance the capacity of L.
variegata to overgrow the reef. Therefore, reducing both nitrogen and phosphorus enrichment
on the reef is essential to minimize the proliferation of L. variegata. Our PAM Fluoroscope
can serve as a valuable tool for coastal managers to quickly detect nutrient limitation in
various nuisance benthic algae and aid to develop nutrient-reduction programs on coral reefs.
Our PAM Fluoroscope can also be applied to benthic primary producers in other marine and
freshwater ecosystems.
Heavy rainfall may induce land runoff onto fringing reefs in the form of extensive sediment
plumes. We found that these temporary sediment plumes contained high concentrations of
nitrate (75-fold), phosphate (31-fold) and ammonium (3-fold) in comparison to the usual
background concentrations, thus enriching coral reef’s waters with nutrients. Especially
nuisance benthic algae and cyanobacteria are thought to profit disproportionally from these
eutrophication events. Corals are less dependent on external nutrient supplies, as they are
capable of heterotrophic feeding and have a highly efficient internal recycling and retention of
nutrients. To study the effect of enriched nutrients on the benthic community on reefs, we
investigated the nutrient uptake rates of the ecologically most relevant benthic organisms,
which included corals, turfs, macroalgae, and benthic cyanobacteria. In the laboratory, we
mimicked short-term eutrophication events using nutrient concentrations that were in a
similar range as those observed in sediment plumes. The results showed that benthic species
known to cause nuisance blooms on the reefs, such as the green macroalga Cladophora spp.,
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the cyanobacterium Lyngbya majuscula and turf algae, had the highest nutrient uptake rates
per unit biomass, whereas the coral Madracis mirabilis had the lowest nutrient uptake rate per
unit biomass. When we combined the nutrient uptake rates of the species with their actual
biomass on the reef at our study site, we found that turf algae and the two macroalgae L.
variegata and Dictyota pulchella obtained the largest shares of NH4+ and PO43- from the
sediment plumes. Hence, our laboratory results provide experimental evidence supporting the
common assumption that particularly turf algae and opportunistic macroalgae (e.g.,
Cladophora spp., L. variegata, D. pulchella) benefit from high nutrient inputs to coral reefs.
Turf algae (also known as ‘turfs’ or ‘turf communities’) are currently the most dominant
benthic component on many reefs around the world. They are heterogeneous assemblages of
green, brown and red algae intermixed with cyanobacteria, and are typically less than 1 cm in
height. Several of the cyanobacterial species within turfs are capable of N2 fixation, and thus
have access to a highly abundant nitrogen source that is not available to other species. In our
study, we investigated how much nitrogen the turfs potentially fix, and whether N2 fixation is
affected by depth, day vs. nighttime, and the degree of eutrophication on the reef. We found
that turfs fix most nitrogen at the shallow parts of the reef (i.e. 5-10 m depth) during daytime.
Contrary to expectation, the nitrogen fixation rate by turfs did not differ between a eutrophied
and less eutrophied reef. Although turfs have a lower N2 fixation activity than solitary and
mat-forming cyanobacteria, they often cover a larger area of the reef. Hence, N2-fixing
cyanobacteria within turfs appear to play an important role in the nitrogen cycle of coral reefs,
and their nitrogen input may contribute to an undesirable positive feedback that promotes the
proliferation of turf communities while accelerating coral reef degradation.
Changes in species composition may lead to changes in the productivity of coral reefs. We
therefore compared the primary productivity of different functional groups using the 13C
method. This revealed that benthic cyanobacteria had the highest primary productivity per
unit biomass, followed by macroalgae, turfs and phytoplankton. Corals had the lowest
primary productivity rates. Using the standing biomass of the different benthic species on the
reef and the phytoplankton concentration in the water column, we calculated the total primary
productivity per m2 of projected reef surface. This showed that in the shallow parts of the reef
(at 5 m depth) turfs contributed the most to the reef’s total primary productivity (~60%),
whereas on the deeper reef (at 20 m depth) hard corals, macroalgae, and phytoplankton each
contributed approximately one third (~30%) to the total productivity. We compared these
results to a study conducted by Wanders (1976) on the same reef approximately 40 years ago.
This historical comparison did not point at an increase in the total productivity of the reef
ecosystem. However, 40 years ago corals were the main contributors to the total primary
productivity of the reef across the entire depth gradient, whereas nowadays they have largely
been replaced by turfs as dominant primary producers on the shallow parts while macroalgae
have acquired a more prominent role on deeper parts of the reef.
In conclusion, this thesis shows that algal growth on the coral reefs of our study site was colimited by nitrogen and phosphorus. Episodic runoff from land after heavy rainfall transports
high concentrations of nitrogen and phosphorus to the reefs. Owing to their high nutrient
uptake rates and primary productivity, these nutrient inputs stimulate the increasing
proliferation of turf algae, macroalgae (e.g., L. variegata, Dictyota spp., Cladophora spp.) and
cyanobacteria. In addition, cyanobacteria within turfs and benthic cyanobacterial mats have
the ability to fix atmospheric N2, which will give them a competitive advantage over other
benthic reef species (e.g., corals, macroalgae) in nitrogen-limited environments. We therefore
recommend minimizing any type of nutrient enrichment (i.e., both nitrogen and phosphorus)
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onto coral reefs, in order to restore the reef’s original state of a coral-dominated ecosystem in
nutrient-depleted waters.
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SAMENVATTING

Koraalriffen zijn bijzonder soortenrijke en productieve ecosystemen die groeien in de
voedselarme wateren van de tropische oceaan. In de afgelopen decennia hebben menselijke
activiteiten echter in veel tropische kustwateren geleid tot een toename van nutriënten, met
name in de vorm van stikstof en fosfaat. Dit proces wordt eutrofiëring genoemd. Voorbeelden
van eutrofiëring zijn het direct lozen van afvalwater in zee en toenemende afspoeling van
regenwater verrijkt met voedingstoffen naar het rif door kustbebouwing. Benthische algen en
cyanobacteriën gedijen goed in geëutrofieerde wateren. Vermoedelijk zorgt een hogere
beschikbaarheid van nutriënten ervoor dat deze organismen sterkere concurrenten worden,
waardoor ze sneller een deel van de beperkte ruimte op het rif kunnen innemen, veelal ten
koste van de langzaam groeiende koralen. Er is echter verrassend weinig onderzoek gedaan
dat deze algemene verklaring wetenschappelijk onderbouwd door de effecten van nutriënten
op verschillende soorten met elkaar te vergelijken. Het doel van dit proefschrift is om de
effecten van eutrofiëring op koralen, benthische algen en cyanobacteriën die aanwezig zijn op
tropische riffen beter te begrijpen. Dit onderzoek is uitgevoerd op het eiland Curaçao, in het
zuiden van de Caribische Zee.
Als eerste hebben we bepaald of de productiviteit van het bruinwier Lobophora variegata
door nutriënten gelimiteerd wordt. In dit geval kan een toename van nutriënten leiden tot een
verhoogde productiviteit, wat weer kan leiden tot een hogere groeisnelheid. In ons onderzoek
hebben we gekozen voor L. variegata omdat deze soort vaak voorkomt op koraalriffen en
regelmatig wordt geassocieerd met de degradatie van koraalriffen, met name in het Caribisch
gebied. Met behulp van een door ons ontwikkelde fluorescentietechniek, die we de ‘PAMfluoroscoop’ hebben genoemd, konden we aantonen dat de productiviteit van L. variegata
gelimiteerd wordt door zowel stikstof als fosfaat. Deze resultaten betekenen dat zowel een
toename van stikstof als een toename van fosfaat de nutriëntlimitatie van L. variegata zal
verminderen, wat kan leiden tot een hogere groeisnelheid van L. variegata. Een reductie van
zowel de stikstof als fosfaat concentratie op het rif is essentieel om de groei van L. variegata
op het rif in te tomen. De PAM-fluoroscoop kan ook elders door kustmanagers worden
gebruikt om te bepalen of dit soort plaagalgen door nutriënten worden gelimiteerd, en biedt
daarmee een belangrijk hulpmiddel voor de ontwikkeling van efficiënte nutriëntreductieprogramma’s voor koraalriffen. Daarnaast kan de PAM-fluoroscoop ook worden
toegepast op benthische primaire producenten in andere mariene en zoetwater ecosystemen.
Zware regenval kan ervoor zorgen dat sediment van het land afspoelt en op het koraalrif
terechtkomt in de vorm van aanzienlijke ‘sedimentpluimen’. We hebben ontdekt dat dit soort
pluimen hoge concentraties van nitraat (75-voudig), fosfaat (31-voudig) en ammonium (3voudig) bevatten in vergelijking met de gebruikelijke achtergrondconcentraties. Algemeen
wordt verondersteld dat met name benthische algen en cyanobacteriën sterk profiteren van
deze eutrofiëring. Koralen zijn minder afhankelijk van de toevoer van opgeloste nutriënten,
aangezien koralen ook als heterotroof aan voedsel kunnen komen en vaak heel zuinig met de
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opgenomen nutriënten omgaan. Om het effect van nutriëntverrijking op de benthische
gemeenschap van een koraalrif te bestuderen, hebben we de opnamesnelheid van nutriënten
bepaald voor de ecologisch meest relevante benthische organismen zoals koralen, turfalgen,
macroalgen en cyanobacteriën. In het laboratorium hebben we een kortstondige eutrofiëring
nagebootst, waarbij de soorten werden blootgesteld aan nutriëntconcentraties die
vergelijkbaar waren met die van de sedimentpluimen. De resultaten tonen aan dat met name
benthische soorten waarvan bekend is dat zij koraalriffen kunnen overwoekeren, zoals het
groenwier Cladophora spp., de cyanobacterie Lyngbya majuscula en de turfalgen, het snelst
de beschikbare nutriënten tot zich nemen. Het koraal Madracis mirabilis had de laagste
nutriënt opnamesnelheid per eenheid biomassa. Als we de gemeten opnamesnelheden
combineren met de biomassa van de verschillende benthische soorten op het rif, dan zien we
dat turfalgen en de macroalgen L. variegata en Dictyota pulchella het grootste aandeel hebben
in de opname van ammonium en fosfaat uit de sedimentpluimen. Onze laboratoriumresultaten
bieden hiermee experimenteel bewijs ter ondersteuning van de algemene veronderstelling dat
met name turfalgen en opportunistische macroalgen, zoals Cladophora spp., L. variegata en
D. pulchella, profiteren van een hoge toevoer van nutriënten naar koraalriffen.
Turfalgen (ook wel bekend als ‘turfgemeenschappen’) zijn momenteel de meest voorkomende
benthische organismen op veel riffen in de wereld. Ze bestaan uit een heterogene groep van
groen-, bruin- en roodwieren en cyanobacteriën, met een maximale hoogte van ongeveer 1 cm.
Benthische cyanobacteriën binnen de turfgemeenschap kunnen stikstofgas (N2) fixeren en
hebben daarom toegang tot een overvloedige hoeveelheid stikstof die niet beschikbaar is voor
benthische organismen die geen stikstof kunnen fixeren. In ons onderzoek hebben we bepaald
hoeveel stikstof de turfalgen kunnen fixeren en of dit afhankelijk is van de diepte waarop ze
aanwezig zijn op het rif, de tijd van de dag (dag versus nacht) en de mate van eutrofiëring op
het rif. We vonden dat de turfalgen overdag in het ondiepe deel van het rif (5-10 m diepte) het
meeste stikstof fixeerden. Tegen onze verwachting in was de stikstoffixatiesnelheid van
turfalgen vrijwel hetzelfde in een geëutrofiëerd versus een minder geëutrofiëerd rif. Verder
bleken turfalgen een lagere stikstoffixatie activiteit te hebben dan benthische cyanobacteriële
matten, maar de turfalgen bedekten wel een groter deel van het koraalrif. Turfalgen spelen dus
een belangrijke rol in de stikstofkringloop van het rif. Dit kan resulteren in een ongewenste
positieve terugkoppeling, waarbij de inbreng van gefixeerd stikstof de groei van de
turfgemeenschappen bevordert met een toenemende degradatie van het koraalrif als gevolg.
Veranderingen in de soortensamenstelling kunnen leiden tot veranderingen in de
productiviteit van een rif gemeenschap. Daarom hebben we de primaire productiviteit van de
belangrijkste functionele groepen op het rif met elkaar vergeleken met behulp van de 13Cmethode. Hieruit bleek dat de benthische cyanobacteriën de hoogste primaire productie per
eenheid biomassa hadden, gevolgd door macroalgen, turfalgen en fytoplankton. Koralen
hadden de laagste primaire productie. Op basis van de aanwezige biomassa van de
verschillende benthische soorten op het rif en de biomassa van het fytoplankton in de
waterkolom konden we de totale primaire productie per m2 geprojecteerd rifoppervlak
uitrekenen. Hieruit bleek dat op de ondiepere delen van het rif (op 5 m diepte) turfalgen de
grootste bijdrage (~60%) aan de totale primaire productiviteit van het rif leverden, terwijl op
het dieper gelegen rif (op 20 m diepte) de koralen, macroalgen en fytoplankton elk ongeveer
een derde deel (~30%) bijdroegen aan de totale productiviteit. We hebben onze resultaten
vergeleken met die van Wanders (1976), die een soortgelijke studie had uitgevoerd op
hetzelfde rif ongeveer 40 jaar geleden. Uit deze vergelijking bleek dat de totale productiviteit
van het rif niet was toegenomen. Echter, 40 jaar geleden leverden de koralen de grootste
bijdrage aan de totale productiviteit van het rif, terwijl tegenwoordig de turfalgen het meeste
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bijdragen aan de productiviteit van de ondiepere delen van het rif, terwijl macroalgen een
prominentere rol zijn gaan spelen in de diepere delen van het rif.
Kortom, dit proefschrift toont aan dat algengroei op de koraalriffen van onze
onderzoekslocatie gelimiteerd wordt door zowel stikstof als fosfaat. Afspoeling van
regenwater na periodes van zware regenval verrijkt de wateren van het koraalrif met stikstof
en fosfaat. Dankzij hun hoge nutriënt opnamesnelheid en grote productiviteit leidt dit tot een
toenemende groei van turfalgen, macroalgen (met name L. variegata, Dictyota spp. en
Cladophora spp.) en benthische cyanobacteriën op het rif. Daarnaast hebben cyanobacteriën
binnen de turfgemeenschap en benthische cyanobacteriële matten de mogelijkheid om
atmosferisch stikstofgas te fixeren, waardoor ze in stikstofarme wateren een competitief
voordeel hebben ten opzichte van andere benthische soorten op het rif (zoals koralen en
macroalgen). Het advies dat uit dit onderzoek voortvloeit is daarom om elke vorm van
nutriëntbelasting (van zowel stikstof als fosfaat) op het rif te minimaliseren, om zo het rif te
herstellen in haar oorspronkelijke staat van een koraal-gedomineerd ecosysteem in zeer
voedselarm water.
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