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ABSTRACT

Feeding on Ultraplankton and Dissolved Organic Carbon in Coral Reefs: From the
Individual Grazer to the Community

Gital Yahel

Under the Supervision of Dr. Amatzia Genin

Department of Ecology, Systematics and Evolution and
The Interuniversity Institute for Marine Sciences of Eilat

Benthic grazing on phytoplankton is a principal trophic pathway in shallow, temperate coastal
habitats. Traditionally, studies of benthic-pelagic coupling in coral reefs, where the planktonic
community is dominated by minute prokaryotic cells, have focused on zooplankton, rather than
the smaller phytoplankton and bacteria, as the principal source of prey. My goal was to study the
trophic role of ultra-phytoplankton (<0.01 mm), bacteria, and dissolved organic matter in the
coral reef ecosystem on scales ranging from the individual grazer to the whole community.

Mapping the spatial distribution of phytoplankton near coral reefs (Limnol. Oceanogr., 43,
551) revealed the occurrence of a 1-3 m layer depleted of phytoplankton. The depleted layer was
found over several coral reefs but not over sandy sites with similar bathymetry. The extent of the
depletion was dependent upon the hydrodynamic conditions. Using state-of-the-art underwater
technology, we were able to apply the "Control Volume" approach to measure in situ
phytoplankton grazing on a scale of a whole coral-reef community (Oceanography, 15, 90). The
results indicate that the import of carbon and nutrients via phytoplankton grazing is a major,
previously underestimated, trophic pathway in coral reefs.

By developing new methods for in sifu measurements of feeding-rates (Limnol. Oceanogr.
Methods, 3, 46) 1 was able to measure the diet composition, prey preference patterns, and grazing
rates of 15 benthic suspension feeder taxa at the reef. Soft corals (Limnol. Oceanogr., 43, 354),
sponges (Limnol. Oceanogr., 48, 141), boring bivalves, and ascidians (Mar. Ecol. Progr. Ser.,
submitted) were found to be efficient phytoplankton grazers. Only sponges were efficient
bacteriovores. The yet un-described cryptic fauna inhabiting the outer surfaces of the so-called
"bare rocks" was found to be an important sink for phytoplankton (Coral Reefs, in press). The
preference for ultraplanktonic prey was similar for different grazers, exhibiting a general
selectivity for coccoid photosynthetic prokaryotes over both larger or similar-size eukaryotic
algae and smaller or similar- size non-photosynthetic bacteria. As this pattern does not maximize
carbon or energy gain, it is suggested that at the reef, where carbon is not a rare commodity,
suspension feeders have evolved to optimize the gain of other nutrients or to avoid harmful prey
taxa.

My new in situ technique allowed, for the first time, direct quantification of dissolved organic
matter removal by several active suspension feeders. The symbiont-bearing reef sponge Theonella
swinhoei removed up to 26% (12+8%, mean+1SD) of the total organic carbon (dissolved and
particulate) from the water it filtered during a single passage through its filtration system (Limnol.
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Oceanogr., 48, 141). The amount of carbon gained by the sponge from the dissolved pool was an
order of magnitude greater than that gained from the total living cells it removed. Evidence for
removal of dissolved organic matter (DOM) was also recorded for a coral boring bivalve, a
solitary ascidian, and two other sponges. My findings suggest that DOM may be a major
component in the nutrition of metazoan and that the role of metazoans in DOM cycling may have
been grossly underestimated.

This study revealed the previously overlooked fundamental role of minute phytoplankton and
dissolved organic matter in the nutrition of benthic suspension feeders and benthic-pelagic
coupling in the complex coral reef community.
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Chap. 1. Synopsis

1. Synopsis

This work was initiated about 8 years ago with the discovery that soft, asymbiotic corals
are apparently herbivores, ingesting and digesting minute, unicellular algae (phytoplankton) from
the flowing water (Fabricius, Benayahu, and Genin, Science, 268, 90, 1995). This finding was
rather surprising as corals were widely believed to be carnivores and phytoplankton grazing was
not considered significant in coral reef ecosystems. That discovery had triggered interest in the
ecological significance of phytoplankton as a nutritious source for soft corals and more generally
to the reef ecosystem. During the spring of 1994, when I was doing my bachelor studies in
biology, I approached Dr. Genin, seeking a subject for my BSc project. Within two days I found
myself in Eilat, diving deep (literally) into the beauty of the reef and the complexities involved
with underwater research. Soon after, I discovered that at the reef, no trivial answers were available
to even the simplest question, such as "what does that animal eat?" During my BSc project, we
discovered that the soft, asymbiotic coral Dendronephthya is able to remove significant amounts
of phytoplankton from the water passing through its branching colonies. The combination of this
field data with laboratory measurements of the rate of chlorophyll destruction within polyp's
lumen had allowed us to reevaluate Dendronephthya's feeding rates (Appendix I, Fabricius, Yahel,
and Genin, Limnology and Oceanography, 43, 354, 1998) which were previously grossly
underestimated.

Water samples collected in transects form the reef to the open sea indicated remarkable
phytoplankton depletion close to the reef bottom but not over a nearby sandy bottom site.
However, a significant unexplained variability existed between different sampling sessions. To
improve the accuracy of our phytoplankton measurements, and in order to gain more knowledge
of the planktonic community composition, we established a fruitful collaboration with Dr. D.
Marie and Prof. D. Vaulot from the CNRS institute in Rosscof, France, one of the worlds leading
groups in marine flow cytometry. After two more years, and much field work in Eilat and along
the western coast of the Sinai peninsula, we realize that it is mostly hydrodynamics (and not, for
example, shifts in grazers behavior or phytoplankton community) that controls the thickness of
the depleted layer over the reef (3, Yahel, Post, Fabricius, Marie, Vaulot, and Genin, Limnology
and Oceanography, 43, 551, 1998). By tracking water parcels flowing through the artificial
"perforated reef", which grows over old barbwires underneath the jetty of Eilat Oil Terminal, we
were able to estimate phytoplankton fluxes into that system as the product of water velocity and
phytoplankton depletion. Our estimates indicated that phytoplankton feeding can account for the
entire respiratory carbon demand of Dendronephthya and that phytoplanktonic carbon fluxes into the
"perforated reef" were comparable to the highest records of zooplankton fluxes into coral reefs.

Evaluating the role of phytoplankton as a nutritional source for the typical fringing reefs
of the Gulf of Aqaba, where soft, asymbiotic corals are sparse, was a much more complex task.
While phytoplankton depletion at the reef bottom was evident, the shear and turbulence created
by the rough micro-topography hindered simple rate measurements. To resolve this difficulty we
have decided to follow two complimentary approaches. One approach was holistic, i.e., we
wanted to establish a community scale methodology that will allow reliable quantification of
benthic-pelagic mass flux exchanges in the multifaceted environment of exposed reef slopes.
Soon, our preliminary flow measurements revealed, that on a meso-scale, the flow field over the
reef is even more complex, containing features such as vertical and cross-shore shears. We then
realized we needed the help of hydrodynamics engineers to properly design the community scale
methodology. This led to the establishment of a successful collaboration with Prof. J R. Kossef,
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Chap. 1. Synopsis

and Prof. S. G. Monismith form the Dept. of Civil and Environmental Engineering, Stanford
University. A joint grant from the BSF allowed us to develop and deploy the "Control Volume"
experiments (Appendix II, Genin, Yahel, Reidenbach, Monismith, and Koseff. Oceanography 15,
90, 2002). Using a suit of underwater pump arrays, acoustic current meters, and current profilers,
we were able to achieve simultaneous, high resolution, measurements of both the flow and
phytoplankton concentration fields over some deep open sections of the reef slope community.
The entire setup was replicated twice in the summer 1999 and once again in the winter of 2001.
Our preliminary results from the 1999 experiments indicate that the overall grazing rate at the reef
was substantial, exceeding previous estimates by an order of magnitude. Import of carbon and
nutrients via this grazing is thus a major, previously underestimated, trophic pathway in coral
reefs. Independent estimates based on Lagrangian studies, as well as mesocosms experiments
yielded similar clearance estimates (Yahel, unpublished data). Buoyancy driven cross-shore flows
seems to be an important factors, replenishing the reef with fresh oceanic waters. Data analysis is
still in progress as over 2,000 flow cytometry samples and 3,000 chlorophyll samples were
collected in these experiments along with a high-resolution data set of physical data. At least three
more publications are currently under preparation by the participants of this study.

As a complimentary method, we used a "scaling up" approach, in order to extrapolate
phytoplankton-grazing rates of individual grazers to the reef scale. Surprisingly, a comprehensive
literature search has found no explicit report of a phytoplanktivorous reef dweller, let alone
reports on phytoplankton grazing rates. Moreover, the application of standard method used to
measure phytoplankton-grazing rates in temperate and boreal habitats (namely, putting the
animals in a laboratory vessel and measuring plankton depletion in the vessel) was clearly
inappropriate in the reef environments where many suspension feeders are cryptic and all have
tight symbiotic relationships. What we needed was a nondestructive method that would allow us
to survey, in situ, the feeding rates of different suspension feeders. The reference unit of these
feeding rates should have been also readily quantified at the reef (obviously, traditional biomass
reference unit are inappropriate for [e.g.] endolithic taxa). To that end I developed end evaluated a
technique termed “InEx”. InEx is based on the simultaneous, pair-wise collection and comparison
of the water Inhaled and Exhaled by the animal. Calculations of feeding (or excretion) rates are
obtained by multiplying the concentration difference by pumping rate. The latter is concurrently
measured by recording the movement of a dye front in a transparent tube positioned within the
ex-current jet (Appendix III, Yahel, Marie, and Genin, Limnol. Oceanogr. Methods, submitted).

Using InEx we collected over 500 separate measurements of filtration efficiency, pumping
rates, diet composition, and selectivity patterns in four sponge species, three tunicate species and
five bivalve species, some in the Gulf of Aqaba, and others, in the Indian Ocean. All species
studied were found to be phytoplanktivores with varying degree of efficiency and with a distinct
preferences pattern for each grazer taxa. In addition to phytoplankton, and non-photosynthetic
bacteria removals, measured with a flow cytometer, we have also analyzed inorganic nutrients,
respiratory gasses, and total and dissolved organic carbon in many of the InEx pairs. An
important, unexpected finding was the discovery of a previously undocumented pathway of
carbon flux in benthic habitats. DOC (dissolved organic carbon) appeared to be a major
component in the diet of several active suspension feeders at the reef belonging to three remote
phyla (Sponges, Tunicates, Mollusks). While we first documented this phenomena back in 1997
(using an un-calibrated Dohrmann TOC analyzer), it required the dedicated help of the world
leading authority in DOC analysis, Prof. J.H. Sharp of the Graduates College for Marine Sciences
in Delaware, and almost three years of painstaking work (with many excluded samples) to refine
the methodology and get a reliable, no equivocal, quantitative measurements of this DOC removal
(Chapter 4, Yahel, Sharp, Marie, Hése, and Genin, Limnol. Oceanogr. 48, 150, 2003). Another
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Chap. 1. Synopsis

interesting and novel phenomenon revealed with InEx is the discovery that reef suspension
feeders (bivalves and tunicates) are highly selective in the planktonic bacteria they feed on. These
suspension feeders readily retain photosynthetic bacteria as well as non-photosynthetic bacteria
with high nucleic acid content but apparently reject other type of bacteria. This selectivity is
apparently size independent and thus should be based on a, yet unknown, cell recognition
mechanisms. Sponges in contrast are less selective but more efficient filter feeders. An in-depth
analysis of these phenomena for three representative species is presented in SChapter 5 (Yahel,
Marie, Eckstein, and Genin, Mar. Ecol. Progr. Ser., Submited).

Finally, phytoplankton-grazing estimates based on the individual based rate measurements
(InEx) and the actual abundance of active suspension feeders within the control volume area
yielded pumping rates estimates of <15% of the estimated total community grazing rate (Yahel et
al. in prep.). It was thus evident that the active suspension-feeders guild cannot be the sole, and
probably not even the major, sink for phytoplankton at the reef. Hydraulic phytoplankton
filtration through sand (Huettel and Rusch 2000) or reef framework (Haberstroh and Sansone
1999), as well as the activity of coelobite fauna, were all ruled out for Eilat reef slops. However,
laboratory experiments clearly demonstrate that the, yet un-described, cryptic fauna of reef rock
surfaces is a major sink for phytoplankton at coral reefs (Chapter 6, Yahel G., Zalogin T., Yahel
R. and Genin A., Coral Reefs, Submitted).

The studies presented here span over a six-year period. During that time, a few other
groups have published follow-up papers (e.g., Fabricius and Dommisse 2000; Richter et al. 2001)
or independent studies (e.g., Ribes et al. 1999; Roditi et al. 2000; van Duyl and Gast 2001)
related to aspects of phytoplankton grazing and DOC dynamics. In order to avoid confusion and
to maintain a clear flow of the scientific background and summary, the Introduction will review
the scientific background relevant to the time of the onset of the study and research-plan
formulation (1997). References for newer publications (after 1997) will be generally reserved for
the relevant chapters and to the concluding section, unless they pertain to recent reviews that
summarized older studies.



Chap. 2. Scientific background

2. Scientific Background

Fluxes of carbon, nutrients and phytoplankton in coral reefs

An assessment of biogenic import and recycling of nutritious elements is essential for
understanding trophic dynamics in ecological communities. In coral reefs, as in many other open
systems, heterotrophic animals utilize carbon from two sources (reviewed by Hatcher 1997):
allochthonous, that is, carbon they import into the ecosystem from outside (e.g., benthic predation
on pelagic zooplankton), and autochthonous, the consumption of carbon originated from members
of the local community (e.g., fish feeding on coral polyps or snails grazing on benthic algae). As
coral reefs typically flourish in clear oligotrophic waters, a fundamental question that motivated
ample research in this field is how the reef can be so much more productive than the surrounding
waters. In coral reefs, high primary production by zooxanthellate cnidarians and algae, together
with an occurrence of high abundance and most diverse assemblies of closely interacting species,
has led earlier researchers to suggest a tight recycling of autochthonous carbon and nutrients
(Odum and Odum 1955; reviewed by D’Elia and Wiebe 1990). Reports on nutrient leaks (D'Elia
1977; Crossland 1983; Erez 1990; Korpel 1991; Hatcher 1997) required explanations that involve
efficient mechanisms of net nutrient import from the ambient waters.

Zooplankton was considered the major source

Indeed, import mechanisms by which inorganic nutrients are brought into the reef,
primarily by autotrophic uptake from the dissolved pool, were recognized (Atkinson 1992;
Atkinson and Bilger 1992; Bilger and Atkinson 1992; Baird and Atkinson 1997). Heterotrophic
import of particulate carbon and nutrients was also thought to be significant, mainly in the form of
zooplankton predation by corals, fish and other planktivores (e.g., Tranter and George 1972;
Glynn 1973; Hamner et al. 1988; reviewed by Erez 1990). Such heterotrophic sources of “new”
nitrogen (sensu Dugdale and Goering 1967), for example, should compensate, at least partly (Erez
1990), for the advection and biogenic losses of nutrients, particularly in situations where physical
oceanographic sources (upwelling, mixing) are not significant. The potential of small living
water-born organisms such as protozoans, phytoplankton and bacteria, as a source for
heterotrophic import of allochthonous carbon and nutrients into coral reef ecosystems, was
acknowledged by some authors (Linley and Koop 1986; Sorokin 1973; Ayukai 1995). I have
noticed, however, an apparent gap in the reference to the latter mechanism (import from the living
pool), related to a traditional "bias" among coral-reef investigators to selectively address the role
of zooplankton, rather than phytoplankton, as an allochthonous source for carbon and nutrient in
this ecosystem. In that respect, this bias fundamentally contrasts the situation in temperate coastal
habitats, such as estuaries and bays, where phytoplankton is thought to be the key link in benthic-
pelagic couplings (Fréchette and Bourget 1985; Loo and Rosenberg 1989; Asmus and Asmus
1991; Chardy and Dauvin 1992; Graf 1992; Yamamuro and Koike 1994) and in extreme cases, to
be controlled by benthic grazing (Cloern 1982 1991; Fréchette et al. 1989; Hily 1991).

Phytoplankton was overlooked

A historical perspective may shed some light on the reason for the apparent scarcity of
studies of phytoplankton grazing at the coral reef. Three decades ago, Glynn (1973a), in a seminal
study that for years set the stage for our understanding planktivory in coral reefs, suggested that
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the import of carbon to the reef via zooplankton predation surpasses that of phytoplankton
removal by an order of magnitude. A set of important zooplankton-predation studies then
followed (reviewed by Sebens 1997). While evaluating the findings of Glynn (1973a) and other
earlier studies, one should be aware that in those days, neither epi-fluorescence microscopes nor
flow cytometers were available. Glynn, for example, indeed tested for phytoplankton removal, but
did so only for cells caught with his 76um mesh, we know now that such large cells constitute an
insignificant fraction of the total phytoplankton biomass in the typically warm oligotrophic
oceans which surround most of the world's coral reefs (Furnas and Mitchel 1987; Furnas et al.
1990; Chisholm 1992; see also Yahel et al. 1998).

Theoretically, phytoplankton grazing should be important

Given the presence of numerous taxa that are notorious phytoplankton grazers in
temperate habitats, including bivalves, sponges, ascidians and polychaetes (Jorgensen 1966), it
was somewhat surprising that the contribution of phytoplankton grazing has been overlooked in
community-wide, as well as taxon-specific investigations, of the coral reef. Theoretical
perspectives related to the topographical roughness of reef bottom (Baird and Atkinson 1997) and
the occurrence of high slenderness ratio (height over width) in numerous reef animals, suggest an
excellent adaptation for feeding on small-suspended particles such as phytoplankton (Abelson et
al. 1993). It was not until very recently, that evidence started mounting suggesting that
phytoplankton grazing may indeed play an important role in coral reefs trophic pathways. For
example, a study done at A. Genin's laboratory (Fabricius et al. 1995a,b) found that efficient
phytoplankton grazing by soft corals can fully support their extremely fast growth and Ayukai
(1995) documented a strong depletion of picoplankton (<2um) near some reefs in Australia.

Hydrodynamic control of mass transport

A major objective of this thesis was to test the hypothesis that phytoplankton is a major
allochthonous source of carbon and nutrients at the coral reef ecosystem. However, the supply,
renewal, and possibly removal rates of plankton at the reef are dependent on, and possibly
controlled by the flow (e.g., Fréchette and Bourget 1985; Fréchette et al. 1989; Monismith et al.
1990; Shimeta and Jumars 1991; Atkinson and Bilger 1992; Koseff et al. 1993; Carlson et al.
1994; Lenihan et al 1996; Sebens 1997). To adequately test the above hypothesis, a thorough
characterization of the hydrodynamics is required. In fact, ill characterization of the flow patterns
near the reef is probably the major shortcoming of past community-level studies on planktivory
(reviewed by Hatcher 1997). Near-bottom shear and mixing greatly affect the hydrodynamics
near corals (Denny 1988), making little value of primitive measurements, such as those where the
passage time of fluorescein-dyed waters is measured (e.g., Glynn 1973b; Hamner et al. 1988),
unless advanced "blob"-monitoring techniques are applied (Koehl et al. 1993, 1997). Even then,
the use of the data to infer mass transfer is quite limited. Detailed measurements of currents in
coral reefs are generally limited to either large-scale investigations or single-point measurements
(e.g., Roberts et al. 1975; Wolanski and Pickard 1983; Sebens and Done 1992; Helmuth and
Sebens 1993; Sebens 1997), and are typically lacking a thorough coverage of the complex
hydrodynamics near the bottom. Flow measurements appropriate for benthic studies must be
performed in multiple strata, a task rarely done in the coral reef (see Shashar et al.,1996, for
limited measurements of flow indices in the benthic boundary layer). Adequate in situ flow and
turbulence measurements in this hydrodynamically complex zone are a major challenge of
benthic ecology (Butman et al. 1994). In the case of benthic environments, flow patterns are
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complicated due to the interactions of several key factors operating on several scales, from the
meso-scale flow field (e.g., wind-driven cross-shore circulation) to small-scale boundary-layer
processes over rough topography (e.g., mixing and turbulence) (see Denny 1988; Koehl et al.
1993; Vogel 1994; Shashar et al. 1996 and references therein). A major challenge for coastal
hydrodynamics is to integrate the small- and meso-scale flow dynamics, together with biogenic
processes, to derive the overall mass exchanges between the benthic communities and adjacent
sea.

Individual based grazing rates

Almost no studies have been devoted to phytoplanktivory in coral reefs. In fact, little
research was devoted to the nutritional ecology of any non-anthozoan suspension feeders in coral
reefs. A notable exception was the pioneering work of H.M. Reiswig (see below) on the
nutritional ecology of some Caribbean's giant reef sponges back in the early sixties.
Unfortunately, there was hardly any follow-up to Reiswig outstanding works (see, Wilkinson
1978; Pile 1997). The only studies of the nutrition of actively pumping reef suspension feeders
were of the commercially reared giant clams (Klumpp et al. 1992; Klumpp and Lucas, 1994;
Klumpp and Griffiths, 1994; Hawkins and Klumpp, 1995) and pearl oysters (reviewed by Loret et
al. 2000). The paucity of research in these fields is most likely due to the remoteness of reefs from
the traditional centers of modern marine biology, and to a lesser extent the lack of proper
methodology for the study of the ultraplankton dominating oligotrophic waters. In a sharp
contrast to coral reefs, almost any aspect of the nutritional ecology and physiology of temperate
and boreal actively pumping suspension feeders (most notably bivalves) has been intensively
studied since the onset of modern marine biology (reviewed by Jorgensen 1966; Wildish and
Kristmanson 1997). Surprisingly, as reviewed below, very few of those methods are suitable for
in situ studies whereas, the application of in vitro methods was clearly inappropriate in the reef
environments where many suspension feeders are cryptic and all have tight symbiotic
relationships.

Laboratory studies

The vast majority of active suspension feeders’ nutritional ecology research was
conducted in closed laboratory vessels (Ribes et al., 2000; Riisgard, 2001a). The methodology
involved is reviewed in Jorgensen (1966), Wildish and Kristmanson (1997), and Riisgard (2001a).
Briefly, most laboratory studies as well as some field studies (e.g., Frost and Elias 1985;
Hopkinson et al. 1991; Ribes et al. 1998, 1999) adopted indirect techniques (see Jorgensen 1966)
where removal/excretion rates are deduced from temporal concentration shifts (of colored beads,
radioactive label, food items, or excretion products) in the vessels containing the experimental
organisms (but see, Mghlenberg and Riisgard 1979). A major drawback of these indirect methods
is the inability to differentiate between pumping rate and retention efficiency. Instead, both
parameters are indistinguishably combined and reported as “clearance rate”. As a result, clearance
rate based estimates of diet composition, selectivity, and feeding rates may be biased by
interactions between food concentration and pumping rate (Newell et al. 1989; Ward and
MacDonald 1996; Kryger and Riisgard 1988; Riisgird 2001a). In many experimental setups, the
lack of simple means to estimate pumping rates lead to the use of unduly small vessels where re-
filtration and accumulation of waste products cause further problems (Mehlenberg and Riisgérd
1979; Riisgard, 2001a). Wildish and Kristmanson (1997, page 49) discuss other drawbacks
associated with the indirect method.

10
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Biodeposition, gut content, and fecal pellet analysis were all used for the study of active
suspension feeders’ nutritional ecology in both field and laboratory conditions. The major
limitation of these techniques is that the differential digestion rates and extent of food component
in the digestive system of the studied specimen are unknown (review by Iglesias et al. 1998).

Wright and Stephens (1978) suggested a direct method for in vitro study of active
suspension feeders’ intakes and excretion that involve minimal interference. This method applies
direct sampling of the exhaled water after a single passage across the animal filtration apparatus.
Unfortunately, it has not gained much attention.

Indeed, in vitro experiments were highly effective in promoting our understanding of
active suspension feeders' nutritional ecology. Nevertheless, due to the numerous, well-
documented laboratory effects (e.g., Vogel 1974, 1977; Mgohlenberg and Riisgérd 1979; Famme
and Riisgard 1986, Riisgérd 2001a), inference from laboratory obtained rates to actual behavior at
the field is limited (Mghlenberg and Riisgérd 1979; Wildish and Kristmanson 1997; Ribes et al.
2000; Cranford 2001). Moreover, expensive and complicated experimental systems are required
for a proper laboratory simulation of even the most basic environmental factors (e.g., water flows,
O'Riordan et al. 1993; Nowell and Jumars, 1987), while accurate experimental reconstruction of
real world situations such as (e.g.) the complex web of symbiotic relationships maintained by
most coral reef active suspension feeders is unlikely.

In situ methods

H.M. Reiswig, in his comprehensive fieldwork on the ecology of Caribbean sponges
(1971a, 1971b, 1974) pioneered the use of direct in situ techniques for the study of active
suspension feeders diet composition, metabolic performance and water transport rates. His direct
methods were based on comparison of the content of the water inhaled and exhaled by the
sponges and therefore, were free of most of the methodological problems associated with both
indirect and in vitro experiments. Combined with pumping rate estimates obtained by hot wire
thermistors or hand held flow meters, Reiswig’s data allowed calculation of the sponge’s actual
grazing rates. Unfortunately, the methodology used by Reiswig for his giant Caribbean sponges is
not suitable for many smaller sponges (Wilkinson 1978) and even less so, for more sensitive
organisms such as bivalves and ascidians (Yahel, unpublished data). Water collection by syringes
from small or medium size ex-current jets (Reiswig 1974, 1985; Wilkinson 1978; Pile et al. 1996,
1997) offers no control over the risk of “contaminating” the exhaled water sample by sucking in
ambient water. Additionally, it is unclear how a 1 ml sample drawn by a syringe from a 10 mm
bivalve can be ensured to contain solely exhaled water. Indeed, retention efficiencies reported by
Pile and Young (1999) are suspiciously low, especially for their smaller size classes (<50 mm),
suggesting such contamination might have occurred (see also Reiswig 1985; Pile 1997).

Hopkinson et al. (1991) used bell jars in-situ to study the metabolism and nutrient fluxes
of benthic organisms. More recently, Ribes at al. (1998, 1999, 2000) introduced a re-circulating
bell jar system. While this indirect technique uses natural seawater under natural temperature and
illumination, it is still afflicted with most of the other drawbacks of its analogous pulse-chase
laboratory method as discussed above. The bell jar method is also quite demanding in terms of the
amount of equipment and work required per specimen sampled (Ribes et al. 2000).
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Pumping rates

A considerable effort was made throughout the last century to the study of water transport
rate by various active suspension feeders’ taxa (review by Jergensen 1966; Famme and Riisgard
1986; Joens et al. 1992; Wildish and Kristmanson 1997; Riisgard 2001a). Methodology ranged
from the straightforward quantification of dyed water movement within a tube inserted into a
sponge osculum (Parker 1914; Gerrodette and Flechsig 1979) via the constant-level tank method
where the ex-haled water is channeled into a measuring flask (Jorgensen 1966 and ref therein) to
complex mechano-optic devices (e.g., Jones et al. 1992; Famme and Riisgard 1986 ; Riisgéard
2001a). Tank head pressure (e.g., Jorgensen et al. 1990; Riisgard et al. 1993), temperature
differences between the animal interior and its environment (Defossez et al. 1997), algal clearance
rate (Mehlenberg and Riisgdrd 1979; Petersen and Riisgard 1992; Riisgérd et al. 1993), and
microscopic observations (Turon et al. 1997) were also used. Many workers used jet speed and
aperture area products to estimate water-transport rate, applying different techniques to measure
these parameters (e.g., Fiala-Medioni 1978; Jones et al. 1982). Clearance-rate based estimates of
pumping rates assume either 100% or at least an invariable retention efficiency, but this
assumption has rarely been tested (e.g., Riisgard et al. 1993). Jet speed based estimates assumed a
known distribution of water velocities across the ex-current aperture (Charriaud 1982). While this
latter assumption may be valid for some ascidians and bivalves, it does not hold for many sponge
species (e.g., Mycale fistulifera, Subarites clavatus) in which large exhalent canals are merged
from different directions just below the osculum opening. Experiments and observations with
dyed water revealed that ex-current jets in those sponges are frequently composed of several
independent jets (Yahel, personal observations).

In situ measurements of active suspension feeders pumping rates rely mostly on hot wire
or hot film thermistors (Reiswig 1974; Vogel 1974, 1977; Fiala-Medioni 1978; Savarese et al.
1997). These instruments are sufficiently small and allow a continuous record of ex-current speed,
but have a tendency to drift and require constant and tedious calibrations (LaBarbera and Vogel
1976; Charriaud 1982; Wildish and Kristamson 1997). As hot film probes measure only ex-
current jet speed, continuous information of aperture area and ambient flow are also required.
When such information is available, pumping rates can be recorded for prolonged periods.
Instantaneous pumping rates were estimated by Reiswig (1974) for the giant sponges he
investigated using a hand held flow meter, whereas Savarese et al. (1997) used dye injection to
the inhalant canals and subsequent measurements of the dye jet trajectories within the ambient
flow field.

The role of DOC

The dissolved organic pool is operationally defined as the organic carbon passing through
a fine filter, typically GF/F (Benner 2002; Carlson 2002) although a plethora of ranges (0.001 um
to 1.0 pm) is found in the literature (McCarthy et al. 1996). The vast majority (>97%) of the
organic carbon pool in seawater resides in the dissolved phase (Benner 2002). Only a small
fraction of the dissolved pool is labile, the rest is thought to be refractory and unavailable for
utilization by marine organisms (reviewed by Carlson 2002). While the methodology for accurate
DOC determination was still evolving when my thesis was initiated, the notation that DOC
concentrations are 10 to 100 fold higher than those accounted by both living and dead organic
particles (POC) was already generally accepted (Sharp 1997). Even in extreme cases, such as
those reported for the Antarctic by Martin and Fitzwater (1992), DOC still constitutes some 75%

12
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of total organic carbon (POC+DOC). Potential sources for DOC in coral reefs are numerous:
Algae excrete high proportions of their photosynthetically-assimilated carbon as DOC (e.g.,
Mague et al. 1980; Zlotnik and Dubinsky 1989). “Sloppy” feeding and grazing of benthic algae
and animals would also cause DOM leakage from broken prey (Thomas 1997). Moreover, corals
directly excrete substantial amounts of DOM (Muscatine et al. 1984), sometimes as free amino
acids (Schlichter and Liebezeit 1991) or mucus (Richman et al. 1975; Crossland et al. 1980).
Indeed, a substantial DOM increase was reported by Crossland and Barnes (1983) over a reef flat
in Lizard Island (Great Barrier Reef).

The paucity of in situ tests of the nutritious role of DOC is likely related to
methodological problems, which have long inflicted DOC measurements in the marine realm
(Peltzer and Brewer 1993; Suzuki 1993; Sharp 1997; reviewed in Sharp 2002). This gap in our
knowledge goes way beyond coral reefs to benthic communities in general. A decade ago,
Sugimura and Suzuki (1988) introduced a new technique for the oxidation of organic compounds
in seawater commonly referred as HTCO. Despite Suzuki’s later criticism of his earlier technique
(Suzuki 1993), the HTCO methodology has since been improved and is now acknowledged as the
most reliable method for DOC determination, with reported preciseness of +1-2% (Carlson 1994;
reviewed by Sharp 1997, Sharp 2002).

In a sharp contrast to the well-established role of DOC in the so-called “microbial loop” of
pelagic food webs (e.g. Azam et al. 1983, 1994; Fenchel 1988), the role of DOC in the nutrition
of benthic animals is still unresolved (Wright and Manahan 1989; Thomas 1997). Indeed, a role
for DOC in the nutrition of aquatic metazoans has been repeatedly proposed since the turn of the
century (Piitter 1909) and was recently suggested to explain the observed discrepancies between
the supply and demand of carbon in benthic suspension feeders (Reiswig 1981, 1985) and deep-
sea soft-bottom communities (Smith et al. 1989). However, except for bacteria (Azam et al.
1983, 1994) and some invertebrate larvae (Wright and Manahan 1989), direct evidence of bulk
utilization of DOC in the ocean is lacking. Indeed, numerous laboratory experiments have
demonstrated the ability of soft-bodied metazoans to take up specific components from the
dissolved pool (e.g., Stephens and Schinske 1961; Johannes et al. 1969; Jargensen 1976; Wright
and Manahan 1989; Thomas 1997) including sponges (Jaeckle 1995). We are not aware of direct
evidence for in situ, uptake of bulk DOC by benthic metazoans.

Research goals

In coral reefs, neither the heterotrophic import of organic matter, nor its recycling, are well
understood (Hatcher 1997). Specifically, two major pathways have been overlooked in coral reef
ecology: benthic grazing on small (<8u) phyto- and bacterio-plankton and consumption of
dissolved organic carbon (DOC) by benthic invertebrates. Addressing these two pathways and
their correspondence to hydrodynamic conditions were the principal goals of this thesis.

To address these questions we combined biological, physical and chemical investigations
to study the distribution and removal of ultraplankton and DOC by benthic suspension feeders in
coral reefs. Dictated by logistic limitations, the fieldwork focused on the reef slope, which is the
most unexplored (Hatcher 1997), largest and biologically most diverse part of coral reefs in the
Red-Sea (Loya 1972).

Specifically, my major objectives were:

(1) To characterize the distribution of phytoplankton in two-dimensions horizontally, from the
reef slope to the open water, and vertically, from the bottom-water interface to the sea
surface.

13
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(2) To quantify in situ the rates of ultraplankton grazing and DOC removal by individual
benthic suspension feeders and to compare individual-based removal rates of DOC vs.
living POC (ultraplankton).

(3) To combine simultaneous measurements of the physical field (near-shore circulation,
benthic boundary flow and mixing) and biological processes (removal rates) over defined
sections of the reef community, together with in sifu manipulation experiments, in order to
quantify in situ phytoplankton removal rates by the coral-reef community.

(4) To compare the contribution of the mass fluxes mediated by the benthic grazers studied to
overall reef community mediated fluxes.

Due to space limitations, only four chapters are included in the thesis. Three other chapters are
included as external appendix.
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(%) = 0.239 — 24124 + 0.972C (multiple-adjusted R?> =
0.502, F,,; = 16.106, P < 0.0001) where A is the advection
distance (m) during the 2 h preceding the transect sampling
and C is the chlorophyll concentration (ug liter~') at the 25
mab sampling point of the transect.

No cross-shore gradients were observed at the sandy site
(P > 0.1, Page test, n = 19), where the concentrations of
both Chl a and pheopigment near the shore were either sim-
ilar or higher than those found in the open water (Table 2,
Fig. 4). Marginally significant higher concentrations of chlo-
rophyll were found at the nearshore sampling points com-
pared with the open water (Fig. 4). The Chl: pheopigment
ratios at 0 mab at the sandy site were similar to those found
at 25 mab, or 2—4 times higher than the values found at the
coral reef on the same sampling dates (Table 3, Fig. 6).

More than 80% of the total Chl a measured with GF/F
filters in the upper waters (0—20-m depth) in the Gulf of
Aqgaba was contributed by ultraphytoplankton (cell size <8
pm; Table 4). Direct cell counts with a flow cytometer
showed that the observed cross-shore gradients in chloro-
phyll reflected a decrease in both Synechococcus and eu-
karyotes (Fig. 7). Numerically, Synechococcus constituted

of the five drifter drogues released in this study, including
situations with weak (<{1.5 cm s™') and strong (>20cm s ')
currents. Pigments concentrations were similar to those
found at 1-3 mab in corresponding cross-shore transects.

Conversely, water parcels passing through the perforated
reef were significantly depleted of Chl a (Wilcoxon sign
ranks test, P < 0.01), with a mean removal efficiency of
21.5% (SE 3.0%), equivalent to a mean removal of 61 (SE
9) ng Chl a per liter of water passing through the 5-m-long
section of the reef (Table 5). Considering a cross section of
1 m? (5 m?) and a passage time of 40-80 s, the removal
rates ranged from 2.29 to 8.67 ug Chl a s '. Surprisingly,
the concentrations of pheopigment did not significantly
change during the passage through the perforated reef (Table
5).

Counts of Synechococcus and eukaryotes in 10 pairs of
samples taken in June 1995 indicated that the removal of
these two groups was nonselective and well represented by
values of Chl a removal (Table 6; Spearman rank correlation
between removal of ultraphytoplankton and chlorophyll, r,
= 0.833, n = 8).

The most abundant suspension-feeders in the coral reef of
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Introduction

Feeding by active pumping and filtration of the particles suspended in the water is a common
nutrition mode in many sessile invertebrates (Gili and Coma 1998). This mode of feeding has
received considerable attention since the onset of modern marine biology (review by Jergensen
1966). However, the vast majority of these studies have focused on temperate zone suspension
feeders (mostly bivalves) characterized by adaptations for feeding on relatively large food
particles (>4 pm) in a highly dynamic, turbid and productive environment (Hawkins et al. 1998).
Much less attention has been devoted to tropical suspension feeders adapted for clear oligotrophic
waters and for feeding on the picoplankton and bacteria that typically dominate these habitats
(e.g., Sommer 2002). With the advent of modern flow cytometry, fluorescent staining, and
tropical research, there is a growing appreciation of the fundamental significance of bacteria and
ultraphytoplankton as a trophic link in benthic-pelagic coupling in tropical communities such as
coral reefs (e.g., Ayukai 1995;Yahel et al. 1998; Fabricius and Domisse 2000; van Duyl et al.
2002). However, little progress has been made in the study of the nutritional ecology of
suspension feeders in these systems (Pile 1997; Hawkins et al. 1998; Fabricius and Domisse
2000).

Selective feeding is an important mechanism by which animals can maximize their energy gain,
avoid harmful or toxic food items, and satisfy their nutritional needs (e.g., for nutrients or rare
elements). In animals that actively pump waters through their feeding organs or filtration
apparatus, selection can take place at several levels (Shumway et al. 1985): 1. Differential
retention of particles by the filtration apparatus. Particles that are rejected or not retained will be
carried out in the exhalant currents. 2. Pre-ingestion sorting of trapped particles. Bivalves, for
example, eject unwanted particles as pseudofeces while ascidians may use squirting for this
purpose (Armsworhty et al. 2001). 3. Differential digestion. Unwanted particles will be excreted
undigested in feces (e.g., Cucci et al. 1985).

While the mechanisms underlying selective feeding in bivalves are still controversial (e.g.
Beninger and St Jean 1997; Bayne 1998, Ward et al. 1997, 1998b; Benninger 2000, Riisgard and
Larsen 2000, Silverman et al. 2000; Ward et al. 2000) there is a general agreement that post
trapping sorting (No. 2 above) occurs under certain conditions (Jergensen 1996; Bougrier et al.
1997; Ward et al. 1997, 1998a,b; Hawkins et al. 1998; Cranford and Hill 1999; Arifin and
Bendell-Young 2001). Differential retention in bivalves is mostly considered to be size dependent
with a decreasing filtration efficiency for particles < 4um (Jorgensen 1996; Hawkins 1998;
Yukihira et al. 1999; Kreeger and Newell 2001). A few laboratory studies have reported size-
independent differential retention (reviewed by Bougrier et al. 1997), e.g., for the oyster Ostrea
edulis (Shumway et al. 1985) and the mytilid Mytilus edulis (Newell et al. 1989), however, their
findings were criticized by Jergensen (1996). Moreover, the validity of laboratory-based studies
and artificial diets for field situations has been recently questioned by several authors (review by
Cranford and Hill 1999; Riisgérd 2001).

In comparison to a bivalve feeding that was addressed by numerous studies, much less attention
has been devoted to sponges and ascidian feeding and more to studies discussing sponge feeding
in tropical waters (reviewed by Yahel et al. 2003). Selective feeding in sponges was reported by
Reiswig (1971), Wilkinson et al. (1984), and Pile et al. (1996) (reviewed by Witte et al. 1997).
Ascidians removed particles from the water by continuously moving mucus sheets lining the inner
surface of the brachial basket. The filtration mechanisms of the ascidian Halocynthia pyriformis
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was recently described in detail by Armsworthy et al. (2001). As a group, ascidians are
considered non-selective filter feeders (Ribes et al. 1998) and whereas the possibility of selective
feeding was suggested by several authors it has not been conclusively established to date
(Armsworthy et al. 2001).

The objective of this study was to examine for selectivity patterns in undisturbed animals feeding
over a wide range of environmental conditions in their natural habitat. Three common reef
suspension-feeders were selected: the sponge Theonella swinhoei, the bivalve Lithophaga
simplex, and the ascidian Halocynthia gangelion.

Methods

Study site

The study was carried out in the northern Gulf of Agaba. Undisturbed animals were studied by
SCUBA diving in their natural habitat on the fore reef (3-18 m depth) of the Coral Reef Nature
Reserve of Eilat, Israel. For a full description of the study site see Yahel et al. (2002) and
references therein. Briefly, oceanographic conditions at the study site were calm with wave height
<0.3 m and bottom currents rarely exceeding 20 cm sec” . Temperature ranged from 20°C in
February to 26-28°C in August-September. Due to the steep bathymetry and lack of external
sediment sources, the water in the Gulf is clear. The low chlorophyll values (1988-1998 annual
average 0.35+0.09 pg liter’, measured daily at the reef, Genin, unpublished data), and low total
particulate organic carbon (0.09+0.02 mg litre”’, Yahel et al. 2003) are typical for oligotrophic
conditions. Total particulate carbonates amount to 0.7+0.9 mg liter' at night and are apparently
higher during the day (Yahel et al. 2002). The phytoplankton community in the Gulf of Aqaba is
dominated by ultraphytoplankton (<8um, Yahel et al. 1998, Sommer et al. 2002). In the northern
tip of the Gulf the ultraphytoplankton community exhibits large seasonal fluctuations
concurrently with seasonal changes in water-column conditions (Lindell and Post 1995).
Eukaryotic algae (0.6 — 4.0 um, Sommer et al. 2002) dominate in the nutrient-replete water during
the winter mixing. Synechococcus (0.9-1.2 um, Sommer et al. 2002) is the major component of
the ultraphytoplankton during the spring blooms and retained high concentration (>10* ml™")
throughout the year. Prochlorococcus (0.5-0.7 um, Partensky et al. 1999) dominates
(numerically) in nutrient-depleted summer-stratified waters, and is not detected at the height of
the mixing in late winter. Due to the bathymetry, the Gulf’s fringing reefs are constantly flushed
with open-sea water (Genin et al. 2002) so that the ultraplankton composition over the reef
closely follows that of the open water. However, a thick (1-3 m) phytoplankton-depleted layer is
usually found over the reef (Yahel et al. 1998), apparently due to intense benthic grazing. This
grazing was recently quantified at the community scale by Genin et al. (2002). Apart from the
corals themselves, the three most conspicuous suspension feeder at the reef are sponges, ascidians
and boring bivalves (Yahel et al. 1998).

Studied taxa

Theonella swinhoei (phylum porifera, class demospongiae, order lithistida, family
theonellidae) is a common sponge in coral reefs throughout the Indo-West Pacific. The barrel-
shape body has a single osculum at its apex. The sponge typically occurs in clusters. In the Gulf
of Aqaba, clusters are generally small (<6 specimens per cluster) and specimen dimensions are
around 5-15 cm in length, 3-8 cm in diameter. The body material is dense and contains large
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populations of symbiotic prokaryotic bacteria. Pumping rate average 230+69 ml specimen™ min™'
(Yahel et al. 2003). This sponge removed bulk quantities of dissolved organic matter from the
water it pumps (Yahel et al. 2003).

Lithophaga simplex (phylum mollusca, order bivalvia, family mytilidae) is a boring bivalve
that inhabits only two species of live massive corals in the Red Sea: Astreopora myriophthalma
and, less frequently, Goniastrea pectinata (Mokady et al. 1992) but is specific to other corals in
other localities (Morton 1983). L. simplex reach's a few cm in length and is hidden within the
corals with only the distal end of the siphons (1-3 mm in diameter) visible. In the Gulf of Aqgaba,
several hundred L. simplex specimens may colonize a single coral head with a mean density of
0.22+0.11 mussels per cm™ coral surface (Mokady et al. 1998).

Halocynthia gangelion (phylum: chordata, order stolidobranchia; family pyuridaeis) is the
most conspicuous solitary ascidian in the coral reef of Eilat (Yahel et al. 1998). Pumping is
continuous, and averages 112433 ml specimen™ min™ (Yahel, Marie and Genin, in prep).

Water sampling

An in situ, non-intrusive technique was used to directly measure the rate and efficiency of
prey removal from the water filtered by the studied animals. The technique, termed “InEx”, is
based on the simultaneous, pair-wise collection of the water Inhaled and Exhaled by the animal.
An important quality of the InEx technique is the lack of any manipulation of the studied
organisms, thus allowing realistic estimates of their feeding under natural conditions. The
difference in plankton cell characteristics (e.g. size) and concentration among a pair of samples
provides a measure of the retention efficiencies of different prey types by the animal.

A scuba diver sampled the exhaled water using an open-ended tube held within the exhalent
jet with the tube’s intake end positioned ~2 mm above the animal’s exhaling aperture (sponge’s
osculum, bivalve’s and ascidian’s siphons), using the ex-current jet to flush and then fill the tube.
Filling time was determined individually for each pair so that it would last 150% of the time it
took the exhalant jet to flush clear an identical tube pre-filled with fluorescein dye (measured a
few minutes prior to each sampling). A sample of the inhaled water was taken simultaneously by
slowly withdrawing water into an identical tube, attached at its proximal end to a syringe while
holding its open (intake) end 3-5 mm from the animal's inhaling apertures (sponge’s ostia,
bivalve’s and ascidian’s siphons). Sampling duration was at least two orders of magnitude longer
than the time (<2 seconds) it took the water to pass through the animal. Thus, each InEx pair
represented an integration of approximately 2-3 min of the animal's activity. Care was taken to
sample undisturbed and well-functioning individuals, i.e., fully open valves and extended siphons
(for bivalves and ascidians), indicating pumping in full capacity under optimal conditions
(Jorgensen 1996).

A total of 206 pairs of InEx samples were collected (87 for H. gangelion, 74 for L. simplex, and
45 for T. swinhoei) in 44 dives during 10 sampling sessions spanning October 1996 to September
2000 and covering all four seasons. An effort was made to sample 2-3 species per dive.

Flow cytometry
A flow cytometer was used to measure the concentration and cell characteristics of non-

photosynthetic bacteria (Bact) and the three dominant autotrophic groups in the studied waters
[Prochlorococcus (Pro), Synechococcus (Syn), and pico-eukaryotes (Euk)]. Taxonomic
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discrimination was made based on cell side-scatter (SSC, a proxy of cell volume, Simon et al.
1994), forward-scatter (FSC, a proxy of cell size, Robertson et al. 1998), orange fluorescence
(F12) of phycoerythrin and red fluorescence (F13) of chlorophyll (Marie et al. 1999). In a typical
pico-phytoplankton analysis some 150 to 300 ul of sample waters (>2.5¢10" cells) were analyzed
during 2-3 min on a FACSort (Becton Dickinson) with 15 mW laser power with the discriminator
set to the F13. A second run was used to analyze all DNA containing cells following a dark, 20
min incubation of 200 pl of sample water with the nucleic acid stain Syber Green I (1:10* of
commercial stock, Marie et al. 1999) at room temperature. About 50 pl of sample water (>4+10*
cells) were analyzed during a two minute run with the discriminator set to green fluorescence
(F11). Prochlorococcus has very weak chlorophyll fluorescence near the surface, especially in
summer. Thus in some cases, when full separation from the noise was not possible, it was
necessary to apply a Gaussian fit to a density distribution plot of the SSC or F13; this
extrapolation allows better estimates of cell concentration. Only samples where the non-
photosynthetic bacteria and Prochlorococcus populations could be fully resolved both from the
noise and from each other were used for subsequent analysis of cell attributes populations.

Yellow-Green Beads (Polysciences™ 0.95 um) were used as an internal standard in each
sample and (unless stated otherwise in the text) all cellular attributes were normalized to the beads

using the equation: Norm; ; = Pop .,/ Beads:; where the normalized mean (Norm) of a population

attribute j (e.g., side scatter) of population i (e.g. Synechococcus) was calculated as the ratio of the
ith population mean of the jth attribute and the mean of the respective attribute for the beads
(Marie et al. 1999). This normalization allows proper comparison of results obtained using
different instrument settings.

List mode data were recorded using 4 decades log scale and 256 bins (channels) and
analyzed using Cytowin (Version 4.1 developed by D. Valuot, http://www.sb-
roscoff. fr/Phyto/cyto.html#cytowin or WinMDI (Version 2.8 developed by J. Trotter,

http://facs.scripps.edu/software.html). Log to linear transformation was done using the
2567

equation X, = 10*+***"No normalization to beads was applied to the density distributions

examples presented below; thus care was taken to average and compare only a few (>12) samples
from adjacent water samples, which were run consecutively using exactly the same instrument
settings.

In order to test the hypothesis that active bacteria are positively selected for by the studied
suspension feeders, the redox dye CTC, 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) staining
technique (Sieracki, 1999) was used with aliquots of each of the InEx experiments undertaken in
September 2000. A third aliquot was taken from each water sample and incubated in the dark, at
room temperature with 2 mmol liter”" CTC (Polysciences). Incubation was terminated after 15
min by the addition of 0.1% glutaraldehyde. The sample was then analyzed as a third run. In a
positive control established by enriching sample water with (1%) LB medium CTC positive cells
concentration was doubled within 20 min.

Statistical analysis
The sampling design (InEx) was specifically developed as a "pairwise comparison". Therefore, a
"within subject" design (i.e., paired t-test, repeated measure ANOVA, and their nonparametric

alternatives) was used throughout the analysis to test the null hypothesis of unselective filtration.
Unlike classical grazing experiments where the suspension feeder activity affects food
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concentrations in the experimental vessel (Chesson 1983, Riisgard 2001), measuring grazing
using the InEx technique allows estimation of Chesson selectivity index (o) as the maximum

-1
likelihood estimator ¢/, = FI(Z Flj (case 1 in Chesson 1983) where m is the number of prey
i=1

types and F; is the filtration efficiency for the ith prey type, calculated as F;=(In;-Ex;)/In; (Where
In; and EXx; are the concentrations of the ith prey type in the water inhaled and exhaled by the
studied animal, respectively). A separate o; was calculated for each InEx sample (pair). For better
visualization and in order to allow comparison of periods when Prochlorococcus was absent the
a; were rescaled to g using the equation g=(ma;-1)/[(m-2)a;+1] where m is the number of prey
type available (Chesson 1983). Values of g range from -1 when none of the ith prey type is taken,
to 1 when the ith prey type is the only one selected for. However, since the statistical properties of
the g; are not fully resolved, statistical inference was done solely with the a;s' (Chesson 1983).
Filtration efficiency and o;s' were arcsine and square root transformed, respectively, to meet
ANOVA requirements of homogeneity of variance and normality (verified by Cochran and
Lilliefors tests, respectively). Pairwise, post-hoc comparisons were made using Tukey HSD test
for unequal n. Statistical analyses were done using STATISTICA for Windows (Ver 6.0, StatSoft,
Inc. 2002). Note that the terms "selectivity" and "preference" are used here in the narrow sense to
denote differential retention. Neither the underlying mechanisms nor assimilation or utilization of
the removed cells were addressed.

Results

The water temperature at the study site was relatively stable throughout the four years of data
collection, normally ranging between 20° —26° C with rare peaks up to 28°C. Seasonal variations
in ultra-planktonic prey abundance and community composition was considerable, spanning
several order of magnitude, especially for Prochlorococcus (null to 2.5¢10° cells ml™) and the
eukaryotic algae (10° to 1.5¢10* cells mI™). Synechococcus and the non-photosynthetic bacteria
demonstrated much less variability and (except for a few days during the spring blooms) ambient
concentrations ranged from 110" to 3+10* Synechococcus cells ml™ and 5¢10° to 10+10° non-
photosynthetic bacteria cells ml™”. Phytoplankton seasonal succession generally followed the
pattern described by Lindell and Post (1995). The ambient (inhaled) concentration of CTC
positive cells in September 2000 was 6¢10*+3+10% mI™” (n=32). Over the entire study period, the
mean forward scatter (FSC, a proxy for cell size, units are fraction of calibration beads mean in
the same run, see methods) of non-photosynthetic bacteria averaged 0.28+0.13 (N= 140) and
those of the Prochlorococcus and Synechococcus were 0.44+0.13 and 0.82+0.13, respectively.
Within each water sample the Prochlorococcus forward scatter distributions had typically »25%
overlap with the bacteria on the one hand and with the Synechococcus on the other.
Synechococcus scatter showed similar overlap with both the Prochlorococcus from below and the
eukaryotic algae from above. This size overlap between populations is reflected by the large CVs'
(>75%) of the population means (average 262%, 173%, and 206% for the non-photosynthetic
bacteria, Prochlorococcus, and Synechococcus, respectively).

Plankton removal was evident in each of the InEx samples undertaken with each of the
three suspension feeders studied. Synechococcus concentrations, for example, were reduced by >
30% in each of the 206 cases. Diet composition, food preferences, and the level of selectivity
varied considerably between the three suspension-feeders studied (Fig. 1). These interspecific
differences previaled despite large seasonal variations in ambient prey abundance and
composition. Comparison of the CTC positive cells in the InEx samples from each of the three
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suspension feeders (n=13 for H. gangelion, 12 for T. swinhoei, and 8 for L. simplex, September
2000) showed no significant difference (paired z-test, P>0.05) or a trend in any of the grazers.

L. simplex

The bivalve L. simplex removed ultraplankton from the water it pumped in a highly
selective manner (repeated measure ANOVA, F3 117 =254.5; P<0.0001 Fig. 1B). Synechococcus
(FSC, 0.89+0.10 of beads FSC) was the preferred prey type with removal efficiencies of up to
90% (69+14%, Fig. 1A). Larger eukaryotic algae (FSC 7.443.28) were removed with somewhat
reduced efficiency (62+14%) but comparison of selectivity indices indicated they were not
significantly less preferred (Tukey HSD, P=0.066). The minute photosynthetic bacterium
Prochlorococcus (FSC 0.40+0.08) was also readily taken by the bivalve (41£19%) but its
removal was significantly lower (Tukey HSD, P<0.001) than that of the other two photosynthetic
groups. Surprisingly, only a small proportion of the non-photosynthetic bacteria (FSC 0.3140.08)
was removed by the bivalve (5£19%) despite the large size overlap between Prochlorococcus and
the non-photosynthetic bacteria (Fig. 2, A and B). In fact, removal of more than 20% of the
Prochlorococcus population was evident in 50 (88%) of the 57 InEx samples when
Prochlorococcus was present (Fig. 3B) whereas removal of at least that magnitude of the non-
photosynthetic bacteria was recorded only in seven cases (10% of the 71 samples, Fig. 3D). In
34% of the sample 10-20% of the non-photosynthetic bacteria cells were removed and in 15% of
samples 5-10% removal efficiency was recorded. Null to "negative" (elevation of cell counts in
the exhaled waters) removal of non-photosynthetic bacteria was found in ~25% of the InEx
samples (whereas Prochlorococcus was always removed).

Despite the marked seasonal changes in prey abundance, the removal of photosynthetic prey
remained nearly constant, resulting in a quasi linear functional response (Fig. 3 A-C) and the food
preference ranking did not change throughout the different sampling seasons (Fig. 3E). Seasonal
variations in filtration efficiencies were evident only for the eukaryotic algae (Kruskal-Wallis
ANOVA, P<0.05) exhibiting no clear pattern. Filtration efficiencies of the non photosynthetic
bacteria were correlated with ambient (inhaled) concentrations (r,=0.58, P<0.001), indicating that
removal occurred mostly in higher than average bacterial concentrations (>5¢10° ml”, Fig. 3D).

The optical properties of the cells retained by the bivalve indicated a surprising selectivity
within prey populations. The examples in Fig. 4 clearly show a shift to the left in both the scatter
and fluorescence of the Synechococcus exhaled by the bivalve, indicating a preferential retention
of high scatter, high fluorescence cells. Cell distributions were always peaked (Kurtosis >0) with
a long right tail (Skewness>0) in both the inhaled and the exhaled waters, but the exhaled
populations were significantly less skewed and less peaked (except for the red chlorophyll
fluorescence). The same trend was also evident for the more diverse group of eukaryotic algae
(Fig. 5). Fig. 6A summarizes L. simplex preferences within each prey type for each of the relevant
cellular attributes as recorded by the flow cytometer. Most notable is the preferential retention of
Prochlorococcus and eukaryotic algae with higher chlorophyll content (Wilcoxon Matched Pairs
test, P<0.001). Larger (higher forward scatter) Synechococcus and eukaryotic algae but not
Prochlorococcus cells were also preferentially retained. No significant change was evident for the
chlorophyll and phycoerythrin content (orange fluorescence) of Synechococcus populations
exhaled by the bivalve. Further, the small fraction (5%) of non photosynthetic bacteria retained by
the bivalve had significantly higher green fluorescence (nucleic acids content).
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T. swinhoei

The sponge 7. swinhoei was the most efficient grazer studied, removing up to 100% of
certain prey types from the water it pumped (Fig. 1A, Fig. 7A,B) with averages ranging from
73+28% for eukaryotic algae to 95+7% for Prochlorococcus. T. swinhoei was also the only grazer
that removed a considerable portion of the non-photosynthetic bacteria populations (84+8%, Fig.
1A, Fig. 7D). Due to its high filtration efficiency, selectivity in the sponge diet was less prominent
(Fig. 1B) but still significant (repeated measures ANOVA, F334=19.9, P<0.001). The sponge's
preferred prey types were pico-cyanobacteria with some predilection for Prochlorococcus (Tukey
HSD test P<0.001, Fig. 1B). In September 1998 an usually large eukaryotic algae population
dominated (FSC 18.34+4.9) and were the less preferred food type for the sponge ((Tukey HSD test
P<0.001, Fig. 7C, E), which removed only 31£10% of these algae. In July and September 2000,
however, removal efficiencies resembled those of the other prey types (90+4% and 82+6%,
respectively) and preference ranking was Pro>Syn>Euk>Bact (repeated measures ANOVA,
F54=717.5, P<0.001). Relationships between prey removal and ambient prey concentration were
remarkably linear over the entire range of ambient concentrations encountered (R*>0.87, Fig. 7A-
D), indicating constant removal efficiencies.

The most notable feature of the sponge's selection for specific cell attributes within prey
type was the discrimination against larger (high scatter) photosynthetic cells (Fig. 6C). This
pattern was consistent throughout the three sampling seasons for both the larger eukaryotic algae
and the minute coccoid cyanobacteria (Prochlorococcus and Synechococcus). The selection
pattern for chlorophyll content (red fluorescence) was more complex with significant interaction
between the sampling period and the removal effcincies (repeated measure ANOVA F, 3,=13.2,
P<0.001). In September 1998, the removed eukaryotic algae had, on average, higher chlorophyll
content (despite their reduced scatter), whereas in 2000, the removed algae had reduced scatter
and reduced chlorophyll fluorescence.

H. gangelion

The filtration pattern of the ascidian H. gangelion resembled that of the bivalve (Fig. 1A, B)
with some subtle differences (Fig. 8). Removal efficiencies of photosynthetic cells were
intermediate, slightly higher than those of L. simplex and lower than those of 7. swinhoei.
Average efficiencies ranged from 55+21% for eukaryotic algae to 76+16% for Synechococcus
(Fig. 1A, Fig. 8). Similar to the bivalve, the ascidian was highly selective (Friedman ANOVA,
x2(61,3)=140.6, P<0.001) but its selectivity showed a significant interaction with sampling period
(repeated measure ANOVA, Fis,141=11.8, P<0.001). Synechococcus (FSC, 0.78+12) was the
most preferred prey throughout the research and this preference was elevated in the absence of
Prochlorococcus (Fig. 8E). In contrast to the high preference for the minute photosynthetic
bacterium Prochlorococcus (FSC, 0.50+0.13, a,,,= 0.32+0.06), and its efficient removal
(65+19%, Fig. 1A, Fig. 8B), only a small fraction of the non-photosynthetic bacteria (FSC,
0.36+0.16, removal, 8+7%, Fig. 8D) was retained by the ascidian. The retention of
Prochlorococcus exceeded 20% in 63 of the 64 cases when Prochlorococcus was present,
whereas filtration of non-photosynthetic bacteria exceeded that value in only four of the 87
samples, with null to "negative" removals in about a third.

In H. gangelion, filtration efficiencies of Prochlorococcus and eukaryotic algae varied
considerably between different sampling periods (Kruskal-Wallis ANOVA, P<0.05, Fig. 8E). For
example, Prochlorococcus removal in fall (82+14%) and winter 1988 (77+£6%), was significantly
higher (Tukey HSD test, P<0.01) than in the 1997 and 2000 summer sampling sessions (42%-
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63%). Similarly, removal efficiency for eukaryotic algae in March 1997 (234+11%) was
significantly lower than those of several other sampling seasons (January and September 1998,
April and September 2000, Tukey HSD test, P<0.001) but not of July 1997, September 1997, and
February 2000. Moreover, while in most cases preference ranking was Syn>Pro>Euk>Bact, in
September 2000 eukaryotic algae were preferred over Prochlorococcus (Fig. 8E). The removal of
coccoid cyanobacteria remained remarkably constant despite the seasonal shifts in planktonic
community composition. The ascidian functional response with respect to Prochlorococcus and
Synechococcus was remarkably linear over the large range of ambient concentrations encountered
(R>>0.62, Fig. 8A, B, Fig. 8A, insert).

Similar to the bivalve, the small fraction (8%) of non photosynthetic bacteria retained by the
ascidian contained significantly higher nucleic acid than the ambient (inhaled) population (Fig.
6B). However, no selectivity for specific cell attributes within photosynthetic prey population was
found (Fig. 6B). The only exception was a preference for smaller Synechococcus (lower forward
scatter) that was evident in about two thirds of the cases (Wilcoxon Matched Pairs test, P<0.001).

Discussion

This study demonstrates selective, size-independent capture of planktonic heterotrophic and
autotrophic microorganisms by coral reef suspension feeders belonging to different phyla, each
with markedly different water transport and filtration systems. Selection for different types of
cells was evident both between (e.g., photosynthetic versus non-photosynthetic prokaryotes) and
within (e.g. cells with higher pigment content) taxa. The sponge 7. swinhoei was the most
efficient and the least selective filterer. It was also the only one to remove large proportions of
non-photosynthetic bacteria. The bivalve L. simplex was the least efficient and most selective,
preferring the coccid cyanobacteria Synechococcus (~1 pm) over both the larger eukaryotic algae
and the smaller non-photosynthetic bacteria. The ascidian H. gangelion showed intermediate
filtration efficiency and selectivity. In contrast to the bivalve and sponge, H. gangelion exhibited
significant seasonal variation in prey preferences.

To minimize artifact, which confounded laboratory studies in temperate waters (review by
Jorgensen 1966; Riisgard 2001), this study was based on an in situ sampling technique. Direct
filtration efficiencies were measured in the field with undisturbed animals. Remote observations
and measurements using an online video system and acoustic current measurements of the ex-
current jet velocities confirmed that the animal behavior was not affected by the sampling (Yahel
et al. 2003 and unpublished data). Our study tested only the first step in the feeding process,
namely, particle trapping and retention from the highly diluted medium in which the suspension
feeders reside. Post-trapping (pre- and post-ingestion) sorting was reported for bivalves (Ward et
al. 1997, 1998a,b; Cranford and Hill 1999), sponges (reviewed by Witte et al. 1997) and to some
extent for ascidians (Armsworthy et al. 2001). These mechanisms may provide the organisms
with further control of their diet but were beyond the scope of the present study.

The planktonic community in the water overlying the studied coral reefs in Eilat was typical for
warm oligotrophic surface waters (Shalapyonok et al. 2001) and both cell concentrations and
optical properties resembled those described in the nearby open waters by Lindell and Post (1995)
and Sommer et al. (2002). Since seasonal changes in filtration efficiencies and pumping rate were
relatively minor, changes in carbon or nitrogen gain were driven mostly by seasonal changes in
the plankton community. In-depth discussion of these aspects of the studied suspension feeders'
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ecology is beyond the scope of the present article and will be presented elsewhere (Yahel, Marie
and Genin, in prep.)

The assertion that cell removal efficiency was not size-dependent was based upon the following
observations:

1.  The ascidian and bivalve efficiently removed the minute photosynthetic bacterium
Prochlorococcus but not the non-photosynthetic bacteria despite a large overlap in the
scatter distribution of these two populations.

2. All three grazers significantly preferred the pico-planktonic coccoid autotrophs
(Synechococcus and Prochlorococcus) over both larger eukaryotic algae and the somewhat
smaller non-photosynthetic bacteria.

3. Cell size (scatter) distribution of the four prey taxa examined (non-photosynthetic bacteria,
Prochlorococcus, Synechococcus, and eukaryotic algae) typically overlapped by much more
than 25% (Fig. 2, compare also the scatter distribution of Synechococcus and the eukaryotic
algae in Fig. 4 and Fig. 5, respectively).

4.  The patterns of size (scatter) and type selection did not match (Fig. 1, Fig. 6). For example,
among prey types, L. simplex preferentially selected Synechococcus over the eukaryotic
algae (that on average were larger); however, within the eukaryotic algae the bivalve
preferred the larger cells (Fig. 5, note the log scale on the x axis). Similarly, H. gangelion
rejected non-photosynthetic bacteria and preferred the smallest Synechococcus cells but
exhibited no size selection within either Prochlorococcus or eukaryotic algae (Fig. 6B).

Selective grazing in the micron and sub micron range has been documented in the pelagic realm
(Christaki et al. 1999, Sommer et al. 2002). The preference for Synechococcus by the benthic
suspension feeders reported here was also evident in nine other reef suspension feeders' taxa we
examined with the InEx technique, both in the Gulf of Agaba and in the Indian Ocean (3 sponge
species, 3 bivalve species, 2 solitary ascidians, and a colonial tunicate, Yahel et al. in prep). The
only exception was Tridacana squamosa, which preferred larger eukaryotic algae. In Curacao,
van Duyl et al. (2002) reported that the concentration of Synechococcus pigments was
significantly reduced in comparison with other algal pigments in the water flowing over the reefs,
indicating its selective grazing. These findings are in sharp contrast to theoretical models
predicting that particles in the size range of 0.2-1 um have the lowest probability to encounter
planktonic grazers feeding appendage (Shimeta 1993). Indeed, in a recent pelagic grazing sample,
Sommer et al. (2002) found Synechococcus to be the least preferred cell type in the open waters
of the Gulf of Aqaba. As the phytoplankton supply to the reef is mostly affected by pelagic
processes (van Duyl et al. 2002; Genin et al. 2002) it could be speculated that actively pumping
suspension feeders are more suitably adapted to filter ~1 um cells in comparison to pelagic
suspension feeders. This adaptation may have evolved in response to the relatively high
abundance and persistent populations of Synechococcus in oligotrophic waters.

Light scatter and cell size determination

Light-scatter of single cells as a proxy of size in natural planktonic assemblages analyzed by a
flow cytometer is widely used either as a relative measure (Cavender-Bares et al. 2001) or as an
absolute measure after proper calibration for cultured strains (Shalapyonok et al. 2001). The
scatter signal of large eukaryotic algae is sometimes obscure (e.g., Cavender-Bares et al. 2001),
largely due to the fact that these algal cells have complex shapes, and their component parts have
a wide range of refraction and absorption characteristics (Cunningham and Buonnacorsi 1992).
Simon et al. (1994) found that preservation severely affects the correlation of forward scatter, but
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not side scatter, with cell size in pico-eukaryotic algae. These limitations, however, are much less
severe for the small, simply shaped pico-prokaryotes studied by us (Cunningham and
Buonnacorsi 1992, Robertson et al. 1998). In this study we made no attempt to calibrate the
scatter signal to cell volumes or size, rather we conservatively infer a positive, roughly linear
relationship of the forward scatter with picoplankton (<2um) cell volume (e.g., Simon et al. 1994,
Cavender-Bares et al. 2001). This assumption may, however, underestimate smaller cell size (e.g.
coccid bacteria) as discussed by Shalapyonok et al. (2001). For the larger eukaryotic algae only a
monotonic, positive, relationship was assumed.

Grossart and Simon (2002) used DAPI staining and image analysis to record 20 size classes of
bacteria between <0.2 um and 2 pm in the open water of the Gulf of Aqaba; however, only 15%
of all measured bacteria were larger than 0.4 um. According to H.P. Grossart (pers. com.), larger
bacteria prevailed in the photic zone whereas in the a-photic zone bacteria were significantly
smaller. Thus the above size range may grossly underestimate the actual size range of surface
bacteria. In contrast Gundersen et al. (2002) using electron microscopy, found that >30% of the
bacteria in the Bermuda Atlantic Time-series Study (BATS) were larger than 0.65 pm and >12%
were larger than 0.85um (calculated from Fig. 1 in Gundersen et al. 2002).

Our cell properties comparisons were especially robust due to the paired sampling design applied
in this study (the same populations are compared in the same water prior to and after the passage
via a grazer filtration apparatus). The normalization to the calibration beads provided additional
protection against instrumental drifts and shifts in sheath fluid properties. Discrimination between
the four prey types was not on the same taxonomic level. Moreover, the accuracy of
discrimination was also variable; it was close to 100% for Synechococcus and the eukaryotic
algae but much lower for Prochlorococcus and non-photosynthetic bacteria that on occasion
merged with the noise. To be conservative we have omitted from the cell property analysis any
samples where the non-photosynthetic bacteria, Prochlorococcus, and noise could not be fully
resolved (see methods). As a result, we have most likely overestimated the actual differences
between the non-photosynthetic bacteria and Prochlorococcus populations. Population size has an
important effect on the accuracy of statistical description of cell properties. Thus, larger
confidence intervals were usually associated with smaller populations such as the eukaryotic
algae (and in some seasons also Prochlorococcus), as well as with the decimated populations in
the exhaled water (especially for 7. swinhoei).

L. simplex

L. simplex preferentially retained specific cell types, such as Synechococcus, over both larger
eukaryotic algae and smaller bacteria (Fig. 1, Fig. 3E). The minute Prochlorococcus was also
efficiently removed (up to 88%) despite a considerable size overlap with non-photosynthetic
bacteria that were retained in null to very low efficiencies (Fig. 1, Fig. 3A-D). Larger cells and
cells with higher chlorophyll content were preferred both within Synechococcus and eukaryotic
algae. These selectivity patterns prevailed regardless of large seasonal shifts in the planktonic
community composition and abundance. The most notable exception was the reduced removal
efficiency of Prochlorococcus in September 2000 (Fig. 3B, E).

A size-independent retention of phytoplankton was reported for some bivalves feeding on large
particles in temperate zones (e.g., Ostrea edulis, Shumway et al. 1985; Mytilus edulis, Newell et

al. 1989, Bougrier et al. 1997; juvenile scallops, Shumway et al. 1997; and Crassostrea gigas
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Bougrier et al. 1997, reviewed by Bougrier et al. 1997). Based on gut content analysis, Loret et al.
(2000) report on selective, quality-based feeding by the tropical pearl oyster Pinctada
margaritifera with high preference for Cryptophytes (5-10 um) and against similar sized
Chlorophytes and Prymnesiophytes. Synechococcus type cyanobacteria were only weakly
retained, presumably due to their small size (see also Yukihira et al. 1999). The methodology
used by Loret et al. did not allow discrimination between preferential retention and post trapping
(preingestive) selection. It should be noted that while only a insignificant portion of the non-
photosynthetic bacteria was retained by L. simplex, other bivalves such as Geukensia demissa
were capable of efficient filtration of such small cells (Kreeger and Newell, 2001). Most
interestingly, Pile and Young (1999), using a method similar to ours, found that median size
specimens of a cold seep symbiotic mussel (25-90 mm) showed a bimodal filtration efficiency,
preferentially retaining bacteria over the larger protozoans, but removing none of the intermediate
size Synechococcus cells.

A decrease in clearance rate in response to elevation in the supply of particulate organic matter
was commonly reported for suspension feeding bivalves (e.g., Yukihira et al. 2001 and references
therein). This reduction can be a consequence of reduced filtration efficiency, reduced pumping
rate, or both. Using direct filtration efficiency measurements, we found no reduction in filtration
efficiencies over the entire range of plankton concentration encountered. Thus, if L. simplex is
reducing its food intake under natural conditions, it should do so primarily by variation of
pumping rates. However, pumping rate measurements carried out concurrently with our InEx
measurements (averaged 10+3 ml specimen™ min™") indicated no correlation with particulate food
availability (Yahel, Marie, and Genin, in prep).

A full understanding of the mechanism underlying the above selectivity patterns is not possible at
this stage, as the fine details of particle capture are still being debated even for temperate bivalves
that feed on relatively large phytoplankton (Ward et al. 2000, and references therein). Earlier
reports on differential, size-independent selection by bivalves suggested that differences in algae
shape and flexibility may affect its capture. As the coccid Synechococcus was removed with the
highest efficiency, such an explanation seems less plausible in the case of L. simplex. Shimeta
(1993) suggested that the clearance of sub-micrometer particles should be greatly enhanced by
cells motility. Indeed swimming behavior was found in several cultured Synechococcus strains
(Brahamsha 1999). On the other hand, similar motility is not known in Prochlorococcus cells,
which appear to be lacking the necessary genes (A. F. Post, pers. com.). Thus some sort of cell
recognition mechanism may operate at the sites of cell interception on the bivalve gills.

T. swinhoei

The sponge T. swinhoei was the most efficient grazer studied, removing up to 100% of
Prochlorococcus and Synechococcus cells from the water it pumps. 7. swinhoei was also the only
grazer that removed a considerable portion of the non-photosynthetic bacteria (Fig. 1A, Fig. 7D).
Both non-photosynthetic bacteria and eukaryotic algae were significantly less preferred. Similar
in situ feeding efficiency and preference patterns were found by Pile et al. (1996) in the boreal
sponge Mycale lingua. Interestingly, the reduced filtration efficiency of eukaryotic algae was
associated with a preferential retention of smaller cells (Fig. 6C).

Sponges utilize a unique filtration system, allowing a removal of a diverse spectrum of food
ranging from DOC (Yahel et al. 2003) to zooplankton (reviewed by Ribes et al. 1999). While we
are not aware of any study refuting selective feeding in sponges, the notion that sponges are
unable to filter selectively is common in the literature (e.g., Pile and Young 1999; Kowalke
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2000). In fact, close examination of Fig. 2B in Pile et al. (1996) and Fig. 2 in Kowalke (2000)
indicate clear differential retention in both cases. Selective retention with preference for smaller
particles was reported by (e.g.) Reiswig (1971), Witte et al. (1997), and Ribes et al. 1999.
Wilkinson et al. (1984) used radioactive labeling to demonstrate discrimination between
symbiotic and 'food- type' bacteria in two tropical sponges. Some of the above ambiguity may
stem from the ability of sponges to ingest (into specialized phagocytes) many types of particles
(reviewed by Witte et al. 1997) and subsequently release unwanted ones into the exhalent currents
(reviewed by Wilkinson et al. 1984).

The comparison of within prey type selectivity in 7. swinhoei should not be over applied to
Synechococcus and Prochlorococcus, as almost all cells were usually removed by the sponge.
Within the eukaryotic algae, however, a clear negative selection of larger cells was always
evident, in fact, in September 1998, when most of the eukaryotic algae were large (FSC
18.3+3.4); filtration efficiency of these cells was reduced by more than two-fold. (Note that
prescreening of larger cells due to ostia size would have resulted in apparent elevated filtration
efficiency for these cells.) Assuming that all the exhaled cells are captured by the sponge and
actively transported by archaeocytes to the exhalent canals, some changes in cell properties may
be a consequence of partial digestion during transport (Reiswig 1971; Wilkinson et al. 1984).
Nevertheless, some cell types have been reported to pass intact through some tropical sponges
(Reiswig 1971).

InEx samples with three other reef sponges (Mycale fistulifera, Subarites clavatus, Cliona sp.)
showed similar selectivity patterns, with prokaryotic phytoplankton being preferred over both
non-photosynthetic bacteria and eukaryotic algae, although M. fistulifera filtration efficiencies
were much lower than those of 7. swinhoei whereas those of the boring sponge Cliona sp. were
significantly higher (Yahel, Marie and Genin, in prep.). As discussed above, carbon is not
necessarily a rare commodity in the reef and filtration mechanisms may have been adapted to
supply suspension feeders with other required nutrients. This is especially likely for 7. swinhoei,
as living cells comprise only >10% of the sponge's diet whereas most of its respiratory demand is
supplied by the uptake of dissolved organic carbon (Yahel et al. 2003).

H. gangelion

The overall mean filtration efficiency of the H. gangelion ranged from 8% for non-photosynthetic
bacteria to 76% for Synechococcus, with the latter resembling published values for other solitary
ascidian (Fiala-Medioni 1978; Armsworthy et al. 2001). Filtration efficiencies in the range of 95-
100% such as those reported by Robins (1984) for some phleobranchiate ascidians were recorded
only 10% of our measurements and only for Synechococcus and/or Prochlorococcus. Similar to
the bivalve, the ascidian was highly selective, retaining only a few non-photosynthetic bacteria
but as much as 97% of the photosynthetic bacterium Prochlorococcus (Fig. 1, Fig. 2, Fig. 8).
Unlike the bivalve, which selected for larger eukaryotic algae, and the sponge, which preferred
smaller eukaryotic algae (Fig. 6 A, C, respectively), the ascidian showed no consistent overall
preference for a characteristic eukaryotic alga.

Using a recirculating bell jar, Ribes et al. (1998) found that the ascidian H. papillosa
indiscriminately removed all living particles ranging from non-photosynthetic bacteria up to 60
um pennate diatoms. Indiscriminate feeding was also reported by Robbins (1984) for
phleobranchiate ascidians. Kowalke (1999) measured the size spectrum of particles retained by
four Antarctic ascidian species and reported decreasing removal efficiency below a certain size
threshold. In contrast, Armsworthy et al. (2001) found clear shifts in the retention efficiency by H.
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pyriformis from preferential removal of large particles (>5 pm) in low sediment loads to small
particles (<3 um) in higher sediment loads. Armsworthy et al. suggested that H. pyriformis was
capable of altering the structure and retentive capabilities of the mucus net through squirting.
Selective rejection of unwanted particles by squirting and evacuation of the atrial cavity was
noted in other ascidians (reviewed by Armsworthy et al. 2001). In the present study we tested
only the first step of filter feeding, namely, the capture of particles from the flowing waters.
Hence, we did not discriminate between ingested particles and those that may have been
subsequently rejected by squirting. On the fore-reef of Eilat, squirting by H. gangelion is rare (<3
squirts hour™, Yahel, unpublished online video monitoring). In fact we noted correspondence
between squirting and disturbance and therefore in the few cases when squirting occurred, the
samples were discarded.

Active versus inactive bacteria

Gasol et al. (1995) reported that active bacteria (cells that take up and reduces the redox dye
CTC) were more likely to be larger and therefore should be most likely cropped if grazers select
for larger prey. A test of this hypothesis during a period (September 2000) when CTC positive
cells comprised 11+7% of the total bacterial population indicated no significant selectivity. This
observation is in accordance with the general lack of evidence for size-based selectivity in the
studied grazers. It should be noted, however, that the reliability of the CTC method in
discriminating active versus inactive cells was recently questioned (e.g., Servais et al. 2001).
There is also increasing evidence that high nucleic acid content is a better predicator for bacteria
activity and viability (Lebaron et al. 2001). Recently Bernard et al. (2000) suggested that the most
active bacteria are actually those with medium cell-size. Indeed, while the small fraction of non-
photosynthetic bacteria removed by both L. simplex and H. gangelion had a medium size (i.e.,
scatter) it had a significantly higher nucleic acid content (Fig. 6), suggesting that it corresponded
to the actively multiplying bacteria of Lebaron et al. (2001).

Conclusions

Significant, size-independent selectivity was exhibited by all three benthic tropical picoplankton
grazers examined. Filtration efficiency was generally invariable over a large range of ambient
concentrations but was affected by apparent shifts in the ultraplankton species composition. We
suggest that selectivity is not size-dependent and probably relies on other cell attributes such as
motility and/or cell surface properties. The mechanisms underlying the observed selectivity in the
different phyla are still unresolved. The overall preference pattern in the three phyla is
surprisingly similar, exhibiting preferences of coccoid photosynthetic prokaryotes over both
larger or similar sized eukaryotic algae and smaller or similar sized non-photosynthetic bacteria.
This preference pattern appears to control the planktonic community structure over coral reefs
(van Duyl et al. 2002). As the observed selectivity did not appear to maximize carbon or energy
gain, it is suggested that at the reef, where carbon is not a rare commodity, suspension feeders
have evolved to optimize other factors such as the gain of nutrients or avoidance from harmful
toxins.
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Figure legends

Fig. 1 A. The average filtration efficiency of the bivalve L. simplex, the ascidian H. gangelion,
and the sponge 7. swinhoei,. Error bars, 95% confidence intervals.

B. Average selectivity index (o, Chesson, 1978) calculated for all InEx pairs where data for all 4
prey items were available. The expected value for non selective predation was 0.25 (dotted line).
Error bars, 95% confidence intervals.

Fig. 2 A representative comparison of the normalized frequency distribution of the cellular
properties of Prochlorococcus (open symbols) and non-photosynthetic bacteria (filled symbols) in
the ambient water next to the studied specimens based on 10 inhaled water samples collected on
four different days in September 1998. The samples were stained with the nucleic acid stain Syber
Green 1. Prochlorococcus was distinguished from the non-photosynthetic bacteria on the side
scatter vs. red fluorescence cytogram based on their red chlorophyll fluorescence. Bin averages
were calculated for cell frequencies within each of 256 logarithmically spaced bins (channels) and
normalized as the percentage off the total number of cells in the respective population. A. Side
scatter is related primarily to cell volume and texture and to some extent also to cell fluorescence.
B. Forward scatter is related to cell size. Horizontal axes are plotted using arbitrary, log scale
units. Shaded area, 95% confidence interval of the mean

Fig. 3 Lithophaga simplex: A-D, Removal of each of the four ultra-planktonic preys plotted
against its ambient (inhaled) concentration. Pro — Prochlorococcus, Syn — Synechococcus, Euk -
Eukaryotic algae, Bact- non-photosynthetic bacteria. Dotted lines (X=Y) represent 100% removal.
Different symbols denote different sampling periods (¢ October 1996, o March 1997, e
September 1997, o January 1998, A September 2000). R* and slope are the linear regression
statistics for all data pooled.

E. Prey preference in the different sampling periods. Chesson a;s were rescaled to g; so that it
would be independent of the number of prey types available. g range from -1 to 1, where -1
indicate none of the i™ prey type is taken and €; of 1 indicate cases when the i prey type is the
only one selected for. Zero is the expected value for € if there is no preference. Error bars were
omitted for clarity of presentation (Chesson 1983).

Fig. 4 An example of the normalized frequency distribution of the optical cell properties of
Synechococcus in the water inhaled (filled symbols) and exhaled (open symbols) by 12
Lithophaga simplex. As each sample was internally normalized, similar relative frequencies (Y
position) do not indicate similar concentrations (exhaled concentrations were significantly lower).
Samples were collected during two days in the 1997 eukaryotes spring bloom (18 and 25 March
1997). List mode data were transformed from log to linear and the Skewness (Sk) and Kurtosis
(Ku) were calculated separately for each sample before normalization. The difference in the
location of the distribution (population mean) was highly significant in all cases (paired #-test,
P<0.001). The shape of the distributions was also significantly different for all but the
phycoerythrin fluorescence distribution (Wilcoxon Matched Pairs test, P<0.05 for the comparison
of both the Skewness and Kurtosis within each pair). Orange fluorescence is related to
Synechococcus phycoerythrin content (a light harvesting and nitrogen storage pigment).
Horizontal axes are plotted using arbitrary, log scaled units. Symbol size roughly resembles the
standard error.
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Fig. 5 As Fig. 4 but for eukaryotic algae (<8um) cells. Since these cells normally do not contain
phycoerythrin, the orange fluorescence signal was not plotted. The difference in the location of
the distribution (population mean) was highly significant in all cases (paired z-test, P<0.001). The
shape of the distributions was also significantly different for all but the side scatter distributions
(Wilcoxon Matched Pairs test, P<0.05).

Fig. 6 The average (+SE) normalized differences of cells characteristics between the inhaled and
exhaled waters within each prey type. (A) L. simplex, (B) H. gangelion, (C) T. swinhoei.
Normalized difference was calculated separately for each InEx pair as 100 (A;-Agy) A 1,,‘1 where
A, and Ag, denote the average attribute of the respective cell population in the water inhaled and
exhaled by the studied taxa, respectively. Positive values indicate selection for prey with higher
cell attributes (fluorescence or scatter) with values indicating the percent deviation from the
respective inhaled population. The significance of the difference between inhaled and exhaled
population attributes was tested using Wilcoxon Matched Pairs test: ns, no significant difference,
*<0.05, **, P<0.01, *** <0.001. Attributes that were not relevant for the respective prey
population are indicated as “er”. Error bars, SE. Note the scale differences between the panels.

Fig. 7 Theonella swinhoei: A-D, Removal of ultra-plankton plotted against its ambient (inhaled)
concentrations. (m September-October 1998, ¥ July 2000, A September 2000). E. Comparison of
prey preference patterns for each of the sampling periods. See Fig. 3 legend for details).

Fig. 8 Halocynthia gangelion: A-D, Removal of ultra-plankto plotted against their ambient
(inhaled) concentrations (0 March 1997, e July-September 1997, o January-February 1998, m
September-October 1998, ® November 1999, A February 2000, V April 2000, A September
2000). E. Comparison of prey preference patterns for each of the sampling periods. See Fig. 3
legend for details).
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Fig. 2
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Fig. 3 Lithophaga simplex
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7 Theonella swinhoei
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Fig. 8 Halocynthia gangelion
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Phytoplankton grazing by epi- and in-fauna inhabiting
exposed rocks in coral reefs
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Abstract

Exposed rocks with no visible macro-fauna are abundant in all coral reefs. Depletion of
phytoplankton cells and pigments by the minute crypto fauna inhabiting the outer few centimeters
of such rocks was experimentally studied over an annual cycle in the Gulf of Agaba, Red Sea.
Different substrata were introduced into small (3.6 L), well mixed, tanks that were fed by running
seawater pumped directly from the reef at a rate of 11+1 L hr™'. A steady-state reduction in
phytoplankton abundance and chlorophyll @ concentration of 38+26% (mean + 1 SD) was found
for untreated rocks but not for sand, gravel, or killed controls. Average areal clearance rate by
untreated rocks was 17.3+8.0 ml cm™ hr™'. Conservative extrapolation of this rate to the whole
reef community, suggests that the fauna inhabiting exposed rocks clears 2.1+ 0.9 m* m™> d™ at
Eilat. Phytoplankton removal by untreated rocks varied from 1.5 ng chlorophyll ¢ cm™ hr”' during
the oligotrophic summer conditions to 6 ng chlorophyll ¢ cm™ hr' during the spring bloom. These
values correspond to a potential nitrogen gain of 1.3 and 5.2 mmol N m™ day™, respectively.
Cryptic reef-rock fauna can have a key role in the biogeochemical functioning of coral reef
communities.
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Introduction

Benthic grazing on phytoplankton is a principal trophic pathway in shallow, temperate coastal
habitats (Riisgédrd et al. 2004 and references therein). The dominant grazers (phytoplanktivores) in
those communities include bivalves, ascidians and polychaetes (Riisgard 1998 and references
therein). Studies of benthic-pelagic coupling in coral reefs, where the phytoplanktonic community
is dominated by minute prokaryotic cells (Ferrier-Pages and Gattuso 1998), have focused on
zooplankton, rather than phytoplankton, as the principal source of prey (reviewed by Yahel et al.
1998). However, following the advent of technologies that allow identification and counting of
micron-size picoplankton in aquatic ecosystems, many recent studies demonstrated the significant
role of phytoplanktivory and bacteriovory in the trophic dynamics of coral reefs (Ayukai 1995;
Ferrier-Pages and Gattuso 1998; Gast et al. 1998; Yahel et al. 1998; Richter and Wunsch 1999;
Fabricius and Dommisse 2000; Richter et al. 2001; van Duyl and Gast 2001; van Duyl et al. 2002;
Genin et al. 2002; Houlbreque et al. submitted). Nevertheless, unlike temperate and boreal coastal
habitats, the identification of the key benthic phytoplanktivores and the assessment of their
feeding rates have, by and large, remained elusive. To our knowledge, phytoplanktivory has been
investigated only in 5 coral reef dwellers: an Octocoral (Fabricius et al. 1998), two sponges (Pile
1997; Yahel et al. 2003) and commercially reared bivalves (Yukihira et al. 1999; Loret et al.
2000).

Potential sinks for phytoplankton in coral reefs could be physical mechanisms such as
entrainment and burial by high pressure surge in the reef framework (Haberstroh and Sansone
1999) and wave driven filtration via sand ripples (Huettel and Rusch 2000). However, such
mechanisms pertain primarily to the surge zone and cannot account for removal processes
occurring in moderate and low flow environments below the wave action zone (Genin et al. 2002;
Reidenbach et al. submitted). Several biotic guilds have been suggested by various authors to be
the dominant phytoplankton grazers in different reefs. For instance, following the discovery of
phytoplanktivory in the octocoral Dendronephthya hemprichi (Fabricius et al. 1995),
phytoplankton depletion over soft coral dominated reefs was attributed to the corals (Yahel et al.
1998; Fabricius and Dommisse, 2000). Yahel et al. (1998) have speculated that epibenthic active
suspension-feeders may be responsible for the phytoplankton depletion over fringing reefs at the
Gulf of Agaba where soft corals are scarce. In follow-up studies, Richter and Wunsch (1999) and
Richter et al. (2001) suggested that the entire removal of phytoplankton can be accounted for by
cavity-dwelling fauna, primarily sponges. Yet, reef cavities were extremely rare at the
experimental sites of Genin et al. (2002) in the Gulf of Aqaba where intense phytoplankton
grazing was documented. Moreover, up scaling calculations of individual grazing rate
measurements made at the same sites (Yahel et al. in prep.) suggest that visible active suspension
feeders (including, sponges and boring sponges, Lithophaga and other bivalves, and tunicates)
account for only ~15% of the observed phytoplankton removal.

In a recent compilation of >1000 surveys of different coral reefs, Hodgson and Liebeler (2002)
reported that "exposed" rocks, that is, hard substratum (excluding recently killed corals) not
occupied by live corals, sponges, fleshy algae, or other conspicuous macrofauna, comprise on
average 26% of the Indo-Pacific and 18% of the Atlantic reefs surface area, compared with mean
live coral cover of 35% and 23%, respectively. Sand patches and coral rubble (0.5-15 cm) are the
two other predominant exposed substrata in coral reefs (Hodgson and Liebeler 2002). Aside from
the role infauna and epifauna have in reef bioerosion, their ecological functioning in the reef
community is poorly understood (Hutchings 1978, 1983; Gischler 1997). Several reports
describing the community inhabiting exposed rocks in coral reefs indicated that populations of
minute suspension feeders (such as polychaetes, foraminifers, tunicates, and boring sponges) are
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highly abundant in this microhabitat (e.g., Bonem 1977; Peyrot-Clausade 1977; Vasseur, 1977;
Hutchings 1978, 1983; Gischler 1997, Holmse et al. 2000 and references therein). In reefs under
stress, where the abundance of dead coral, rocks and rubble is high (e.g., Edinger et al. 2000) and
where sometime anthropogenic eutrophication co-occurs, bioerosion becomes intense and the
abundance of boring sponge increases (Holmes et al. 2000 and references therein).

The objective of this study was to experimentally test the hypothesis that the cryptic fauna that

inhabits exposed rocks in coral reefs removes considerable amounts of phytoplankton from the
overlying waters, rendering significant its role in pelagic-benthic coupling in coral reefs.
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Methods

Phytoplankton removal by the fauna inhabits different reef substrata (exposed rocks, gravel, and
sand) was studied at the fringing coral reef in front of the Steinitz Marine Laboratory of Eilat,
Gulf of Agaba, Red Sea (29°30°N, 34°56’E). Reef substrata were brought to the laboratory and
placed in small tanks fed by running waters pumped from the reef. Phytoplankton concentration
was measured by using either chlorophyll a or cell counts with a flow cytometer. The sampling
period spanned the seasonal variation in the northern tip of the Gulf of Aqaba (Lindel and Post
1995) starting during summer stratification (August 2001) and extending through autumn
(September 2001) and the winter mixing (October-December 2001), to the spring bloom (March
2002). See Yahel et al. (1998, 2002) and references therein, for a description of the study site.

Experimental setup

The setup included 10 polypropylene tanks (3.6 L, Figure 1) into which different reef substrata
(untreated rock, gravel, sand, and controls, see below) were randomly allocated in each
experiment (Table 1). Each tank was supplied with running seawater via a 1 m long, 6 mm
diameter pipe from a common header tank (20 L) that supplied a constant flow of 11+1 L hr
(mean + SD). To ensure thorough mixing of the water in the tanks (Riisgard, 2001), an adjustable
aquarium pump (100-300 L hr'', Chosen Aquarium Equipment Corp. model AT005) was
mounted in each tank, and the tank water outlet was installed near the tank bottom (Figure 1). To
simulate natural flows, the pumps were adjusted so that the flow around the substratum surfaces
would be in the natural range encountered in the reef (5-15 cm sec”, Yahel et al. 2002). It took a
few seconds for drops of fluorescein dye injected with a syringe to the tanks to be thoroughly
mixed. The water was pumped to the header tank from the near bed boundary layer, 0.5 m above
the reef surface, in front of the Marine Biology Laboratory of Eilat (Yahel et al. 2002). To
minimize the effect of fouling organisms within the pipes, a dual water supply system was
installed. Every few days, the systems were switched and the recently used system was flushed
for 30-60 min with fresh water to kill the fouling fauna. The tanks were immersed in a shaded
water table that was filled by the overflow from the header tank. The temperature and
illumination in the tanks were similar to those at the adjacent reef at 5 m depth.

Rocks, sand, and gravel

For each experiment, a fresh set of substrata was collected from 6-14 m depth on the fore reef and
transferred submerged in seawater to the tanks. Untreated rocks without visible macro-fauna
(mean displacement volume of individual rocks 390+209 ml, range 80-750 ml) covered most of
the tank bottom with a vertical relief of 5 — 15 cm. Whenever possible, the original vertical
orientation of the rock was maintained. To facilitate haphazard selection, volunteer divers were
asked to collect the rocks from the reef surface. In order to avoid unnecessary damage, no chisels
were used so that only loosely attached rocks were collected. Therefore, most rocks were
degraded coral skeletons, some still retaining the original coral form, while several were large
reef rubble (>10 cm e.g., Gischler 1997). Few rocks were a conglomerate composed of dead coral
skeleton together with non-carbonated cobbles originating from the nearby mountains. The
volume of the rocks in each tank was measured by the displacement volume method. In
September 2001 and March 2002, the entire surface area of each rock was also measured by
carefully fitting an aluminum foil to the rock surface and subsequently weighing the dried foil.
Gravel (408+181 ml per tank) and sand (414+239 ml per tank) were collected by scooping the
upper 5 cm of the substratum into a plastic bag at the same site of the rock collection. The gravel
(~0.5-5 cm) and sand (0.3-0.05 cm) at our site both contained more than 50% of non-carbonated
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material. As these substrata are routinely perturbed by burrowing fish (Yahel et al. 2002), no
effort was made to retain their original orientation in the tanks.

For the control, untreated rock fauna was killed by drying the rocks outdoor for several days or
baking them at 350°C for three hours. In September and October 2001, control rocks were treated
with 0.5% NaOClI for 24 hours to minimize nutrient release from decomposing organic matter
(see below).

Water sampling and analysis

Each experiment lasted 2-4 days, with one sampling session during the day (see below),
sometimes followed with a second sampling session during the night starting 1-3 hrs after sunset
(Table 1). The only exception was the September experiment where sampling session were
disperse over a three weeks time.

After setting up the experimental setup, the substrata were allowed to acclimate within the tanks
for at least 24 hours. An hour before the beginning of a sampling session, the tanks inflows were
cleaned by mean of injecting tank water at high pressure through the tubing. Sampling
commenced by collecting duplicate water samples from the common header tank. Then duplicate
tank water samples were collected from the outflows of all tanks simultaneously into 300 ml
opaque BOD glass bottles. A second duplicate water sample was collected from the header-tank
by the end of the sampling session (~10 min). The mean of the four header-tank water samples
was considered representative of the inflow concentration for all tanks. The volume of the BOD
bottles was individually measured to the nearest 10 pl. Water samples were immediately
transferred to the laboratory, pre-filtered using a 100 um net to remove large zooplankton and
fragments of benthic algae, filtered on GF/F filters and analyzed for chlorophyll a by cold acetone
extraction and fluorometric determination on a TD-700 (Turner design) fluorometer as in Yahel et
al. (1998). The precision of our method (measured as the average deviation of duplicate
chlorophyll measurements from their mean) was 5 ng chlorophyll L™ (<2%, N=214).

In March 2002 a flow cytometer (FACScan, Becton Dickinson) was used to measure the
concentration of the two dominant autotrophic groups in early spring at our study site
(Synechococcus, and pico-eukaryotes) and the non-photosynthetic bacteria as described by Marie
et al. (1999). Taxonomic discrimination was made on the basis of cell side scatter, orange
fluorescence of phycoerythrin, and red fluorescence of chlorophyll (Marie et al. 1999).

In order to detect possible remineralization processes, ammonium concentrations were measured
during a daytime sampling session in September and October 2001 using the fluorometric method
(Holmes et al., 1999). Ammonium concentration was determined on a DyNA Quant 200
fluorometer (Hoffer) after 3 hours dark incubation with the reaction mixture in room temperature.
To improve the method accuracy, an internal standard curve was obtained for each sample by
adding 0, 100, 200, and 300 pl of a standard ammonium solution (2.5 pmol L) into 4 ml aliquots
of the original water sample (David, 2003).

Using a thoroughly mixed system, plankton concentrations in the tanks outflow were equal to the
concentration within the tank. Assuming steady state condition for the duration of the sampling
(Riisgérd, 2001), we could calculate the substratum clearance rate in each tank (a virtual volume
of water filtered clear of plankton per a time unit) as CR =Q*(C-C,)/C, (see equation 6 in
Riisgérd, 2001) where Q [L hr''] is the flow rate through the system and C; and C,, are the
plankton concentrations in the inflow and the outflow respectively (measured either as ng
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chlorophyll L™ or cell counts with a flow cytometer). Following a standard engineering approach
for calculating mass transfer rates (plankton or ammonium) between the rough rock surfaces and
the overlying water (Wildish and Kristmanson 1997; Thomas and Atkinson 1997), we scaled the
observed clearance rate to the planar area occupied by the rocks in the tank (~240 cm?). Thus,
unless stated otherwise, CR was normalized to the planar tank area and is reported as ml seawater
cleared per cm® area per hour.

Algal growth experiments

The hypothesis that phytoplankton grazing and subsequent nutrient mineralization by the
untreated rock fauna would facilitate the growth of benthic algae was tested in September and
October 2001 by incubating four small transparent plastic cylinders within each experimental
tank. Cylinders were prepared by chopping 1.5 ml Eppendorf microtubes that were suspended
with small plastic coated wires 5 cm below water surface. After 14 or 6 days incubations (in
September and October, respectively) the cylinders were removed and the algae chlorophyll was
extracted by soaking the cylinder in 90% buffered acetone for 24 hours at 4°C in the dark.
Chlorophyll was measured fluorometrically as above. Chlorophyll a accretion was used as a
proxy for the benthic algae standing crop developed on the cylinder during the incubation.

Rock fauna

Attaining a full quantitative taxonomic description of infauna and the epifauna on the substrata
was beyond the scope of this study. In order to quasi-quantitatively describe the fauna, each rock
was visually examined and photographed and then a sub-sample (0.5-16 ml) was carefully
chiseled from the outer 3 cm of the rock surface and examined under a dissecting microscope.
Sub samples were carefully taken apart within a seawater bath, using a small chisel, and the
dismantled material was filtered (200 um) and preserved in 4% buffered formalin for later
microscopical analysis. This procedure was repeated for each tank in the first three experiments
(August-October 2001). To examine the natural faunistic variability, three rock samples were
taken and screened in three cases. No attempt was made to quantify the numerous algae
(endolithic, coralline, encrusting) found on the rocks. For sand and gravel, a 10 ml sample was
preserved as above and the infauna inhabiting one ml aliquot was microscopically counted.

The dismantled rocks were sorted under a dissecting microscope and identifiable organisms were
photographed and counted (Hutchings et al. 1992). The separation and isolation of the organisms
was difficult as many animals were fractured or deformed during rock dismantling (Hutchings
1978, 1983). Since colonial organisms could not be quantified (Kiene and Hutchings 1994), only
presence/absence was noted for these taxa. The organisms were identified to the species level
whenever possible; however, more often we were able to sort organisms only to order or family.
Polychaetes with mouth parts indicating a suspension feeding mode of feeding were counted
separately.

Statistical analysis

Throughout the text, means are reported +1 standard deviation (SD) unless otherwise stated. Each
experiment was analyzed separately using a Repeated Measures ANOV A with the sampling
sessions as repeated measures crossed with the substratum type. As ANOVA assumptions of
homogeneity of variance and normality were usually met, no transformation was used. We used
planned comparisons to compare the clearance rates of sand and gravel with the control, and of
untreated rocks with all other substratum types pooled. Nighttime clearance rates were compared
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with the preceding daytime results using Wilcoxon match paired test when the comparison was
carried only once (experiment 1 and 2) or a two levels repeated measured ANOVA when the
comparison was repeated twice (experiments 4 and 5) with Day/Night as first repeated measure
level and the sampling sessions as a second repeated measure. The countable organisms'
abundance in each tank was estimated as the product of normalized abundances of each taxon in
the corresponding sub-samples and the rocks volume in each tank. To examine possible
relationships between the fauna of each tank and the mean tank clearance rate we used a multiple
backward stepwise linear regression analysis. A complete analysis of residuals was performed to
validate the robustness of the resulting model. Statistical analysis was undertaken using Statistica
6.0 (2002, Statsoft Inc.). The faunistic composition of the different substratum was compared
using the ANOSIM (Analysis of Similarity) routine and the Primer statistical package (Ver. 5.22,
Primer-e Ltd.).
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Results
Ambient condition

Typical oligotrophic conditions prevailed at our study site during summer stratification period
(August -October 2001), with surface water temperature (SST) ranging from 25° - 26°C and
chlorophyll concentration ranging from 150-220 ng L™'. Prokaryotes dominated the
phytoplanktonic community. With the deepening of the winter mixing at the Gulf, eukaryotic
algae became more abundant and in December 2001 (SST, 21°C) chlorophyll concentration rose
above the annual mean (400 ng L™). The spring bloom (>600 ng chlorophyll L") followed the
initiation of water warming in March 2002 (SST, 21.9°C). Typical bloom conditions were evident
in March 2002 when the Prochlorococcus abundance was extremely low (Lindel and Post 1995,
Yahel unpublished data), Synechococcus (1.65x10° cells ml™) were 4-16 fold the non-bloom
concentration (1—4 x10* Synechococcus cells ml™") and eukaryotic algae (1.1x10* cells ml™") were
3-10 times above the non bloom concentration (1-4 x10° cells ml™, Yahel, unpublished data).

Phytoplankton removal

Throughout the experiment, substantial phytoplankton removal was evident only in the tanks
containing untreated rocks (38+26% , clearance rate of 17.3+8.0 ml cm™ hr'!, N=23; Figure 2).
Due to the lack of phytoplankton removal by any of the baked, bleached, or sun dried rocks, these
controls were pooled in subsequent analyses. Planned comparisons indicated that the clearance
rate in the tanks containing untreated rocks was significantly higher than in the tanks containing
other substrata in each of the experiments (£>12.5, P<0.05). The tanks with gravel showed some
removal in the summer but barely any later on. In all five experiments, both sand (areal clearance
rate: 0.7+7.9 ml cm™ hr', N=8) and gravel clearance rates (4.5+7.6 ml cm™ hr', N=8, Figure 2)
were not significantly different from the controls (Planed comparison, P>0.1). Averaging the
clearance rates of each tank over all sampling sessions in each experiment (N=3-7) yielded a
measure of the mean uptake of the corresponding substratum. A Kruskal-Wallis test over these
means indicated a significant difference in the clearance rates of the different substratum types (H
3.N=47 =33.4, P <0.001). As in the parametric test, a post-hock, non-parametric (pairwise) multiple
comparison of the medians indicated that the clearance in the tanks containing untreated rock was
significantly higher than all other treatments (P<0.001) while the gravel and the sand were not
significantly different from each other or from the control (P=1.0).

Differences in chlorophyll concentration greater than three times the precision of our method (i.e.,
>15 ng chlorophyll L™") occurred in 97 of the total of 103 individual measurements carried with
tanks containing untreated rocks. Mean clearance rate in the tanks containing untreated rocks
ranged from 5.0+2.5 ml cm™ hr'' to 37.8+13.3 ml cm™ hr’' and the average difference between
inflow and outflow (tank water) concentrations was 86+75 ng chlorophyll L' (38+26%). Gravel
showed detectable phytoplankton removals in 67% of the cases, but the average difference
between inflow and outflow was only 9+46 ng chlorophyll L™.

In March 2002 the removal of Synechococcus sp. and eukaryotic algae was highly correlated
(=0.90, P<0.001, N=16). Phytoplankton clearance measured as cell counts was significantly
correlated with chlorophyll clearance rate (r> 0.57, P<0.01, N=16) and the three measures were
not significantly different (Two level Repeated Measures ANOVA, F, 47 = 0.4, P=0.69). Mean
clearance rates were 15+8, 13+7, and 14+7 ml cm™ hr'! for Synechococcus, eukaryotic algae, and
chlorophyll, respectively. The grazing rates of non-photosynthetic bacteria was also considerable
(8+6 ml cm™ hr'"), although significantly lower (Two Level Repeated Measures ANOVA, F 1.7=8,
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P=0.02) in comparison to phytoplankton grazing. Clearance rates of non-photosynthetic bacteria
were well correlated with chlorophyll clearance (»=0.60, P=0.01, N=16) but less so with
phytoplankton cell counts (#<0.3, P>0.2, N=16).

Clearance rates in the untreated rock tanks varied significantly among sampling sessions in all but
the spring experiment. The comparison of the nighttime and daytime clearance-rates did not
reveal any difference except in December 2002 when nocturnal grazing was significantly higher
(F12=39, P=0.02, data not shown). It should be noted that the statistical power associated with
this null observation is low due to the small number of day/night comparison (1-2 per
experiment). Clearance rates were positively correlated with rock surface area (Figure 3a,
Spearman Rank Order Correlation r=0.65, N=12, P=0.02), but not with its displacement volume
(Figure 3b, r=0.25, N=23, P=0.2) or ambient (inflow) chlorophyll (r;=-0.22, N=23, P=0.3). The
same trend was also evident when each experiment was analyzed separately. Since clearance rates
were not correlated with ambient chlorophyll, the phytoplanktonic biomass gained by the rock
fauna (ng chlorophyll ¢ cm™ hr™', calculated as the product of clearance rate and the average
chlorophyll concentration in the tank) was mainly determined by ambient concentration (Figure 4,
r=0.78, N=23, P<0.001). Thus, during the spring bloom, the rock fauna removed four times more
phytoplankton than during the oligotrophic summer (Figure 4).

Rock fauna

The rocks were inhabited with a highly diverse and rich fauna (Table 2, Figure 5). Most of the
animals were found in the outer ~3 cm. The average density of individual animals (excluding
colonial taxa) in samples taken from the outer (<3 cm) layer was 15.6 per ml, reaching up to 60
individuals per ml. Foraminifera and polychaetes were the most abundant non-colonial taxa
(>80% occurrence), followed by nematodes, gastropods, and other worms. The abundances of
nematodes and polychaetes were highly correlated (Spearman r=0.80, P<0.05). Encrusting
sponges had an overall low coverage with high abundance (> 30% cover) found only in 3 of the
18 rocks examined. Boring sponges were present in 88% of the sub-samples microscopically
examined (Table 2) but were absent in five of the tanks showing clear phytoplankton removal.
Boring bivalves, a highly abundant occupant on living corals (Yahel et al. 1998, Holmes et al
2000), were almost absent in the rocks. Different rocks varied in their faunistic composition
(Figure 5), with no correlation between the abundances of the different taxa (except nematodes
and polychaetes). However, similarity analysis (Bray Curtis similarity of untransformed counts,
Clark 1993) indicated that the rock surface fauna (average similarity 40.5%) had unique
characteristics that differed significantly from the communities living in both the sand and gravel
(Analysis of Similarity, R=0.3, P=0.001, Clark 1993). The sand and gravel communities were
more diverse (within groups similarity <23%) and thus, the two groups were not significantly
different from each other at the crude taxonomic resolution used (Analysis of Similarity, pairwise
comparison P>(0.5). The gravel, dominated by pebbles of magmatic origin, was the poorest
substratum in our study site. The fauna of the few non-carbonate rocks examined was also rather
sparse with very few infaunal organisms.

Despite the low taxonomic resolution employed, multiple regression analysis indicated the
existence of a relationship between the faunistic composition of the tanks (estimated as the
product of organism densities in sub-samples and the substratum volume) and the clearance rate
(Adjusted R?=0.39, F»,3=9.0, p=0.001). When the entire data set was analyzed, regression
analysis suggested that the abundance of polychaetes (B=1.39), and crustaceans (f=-1.1)
accounted for 39% of the observed clearance rate variability between tanks. When untreated rock
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tanks were considered separately, polychaete (3=1.7) and crustacean (f=-1.6) abundances
accounted for 50% of the variability (Adjusted R*=0.50, F,¢=6.7, p=0.016).

Ammonium

Ammonium concentrations in the inflow were in the typical range of the reef bottom water during
the stratified season (Rasheed et al. 2002). In September, ammonium concentrations were
somewhat higher (median 205 nmol NH, L") than in October (181 nmol NH, L™). Chlorophyll a
concentration showed the same trend (197 and 156 ng L™, respectively). Three of the four
untreated rock tanks examined in each experiment showed small ammonium regeneration
(median 0.5 and 7.4 nmol cm™ hr™' for September and October, respectively) whereas a fourth
tank showed net uptake (<3.8 nmol NH,; cm™ hr'"). These values corresponded to a regeneration
of 0.3 and 2.0 nmol NH4 per ng chlorophyll removed in the September and October experiments,
respectively. Gravel and sand (n=4 for each treatment) showed net NH,4 uptake in one experiment
and net increase in the other.

Algae growth experiments

Benthic algal growth rate on plastic cylinders in the untreated rock tanks (56+40 ng chlorophyll
cylinder” day™) were the lowest, compared with 10770, 148+135, and 211+184 ng chlorophyll
cylinder” day™ on cylinders in tanks containing sand, bleached control, and gravel, respectively
(Two Way ANOVA over tank's means, F3s4=11.5, P<0.001). The latter three substrata were not
significantly different from each other (Tukey Unequal N HSD post hock pairwise comparison,
P>0.8).
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Discussion

The crypto fauna that inhabits exposed reef rocks removed up to 60 % of the phytoplankton from
the water flowing above it in our laboratory tanks (Figure 2, Figure 3). The 95% confidence
interval for the annual mean clearance rate of untreated rock was 13.9 —20.7 ml cm™ hr''. The
lack of removal by the control (killed) rocks (Figure 1. An illustration (side view) of an
experimental tank with 3 rocks (r). Tank dimensions are 15.5 x 15.5 x 15 cm. The water inlet is
via a 6 mm hose from a common head tank, water outlet is from near the tank bottom via a 20
mm hose. An electric pump (p) ensured through mixing of the tank water. Each experiment
consisted of 10 identical tanks attached to the common head tank.

Figure 2) clearly ruled out hydraulic filtration or other abiotic removal mechanisms as a
significant phytoplankton sink under the experimental conditions. Such mechanisms may,
however, have a significant role in situ, primarily within the wave action zone and in high flow
environments (Haberstroh and Sansone, 1999; Huettel and Rusch, 2000). We therefore conclude
that the observed plankton removal in the tanks was due to a biotic process, most likely grazing
(phytoplanktivory) by minute, unidentified, phytoplanktivorous suspension-feeders that inhabit
the outer few cm of the rocks. Due to the small sample size, the statistical power of our
experimental design was insufficient to reject H; of significant plankton removal by the gravel or
sand. However, the low to null removals recorded for these substrata indicate that they are far less
important sinks for phytoplankton in comparison with exposed rock surfaces on the Eilat fringing
reef.

The reef rocks we studied were selected by many volunteer divers asked to choose rock samples
with no visible macro-fauna cover (e.g., corals, sponges, tunicates, and fleshy algae). Thus it is
most probable that these rocks would have been classified as 'rock' in most reef surveys (e.g.,
Reef Check, Hodgson and Liebeler, 2002). As in previous reports (e.g., Bonem 1977; Peyrot-
Clausade 1977; Vasseur, 1977; Hutchings 1978, 1983; Gischler 1997, Holmse et al. 2000 and
references therein), close examination of the rocks' surface under the dissecting microscope
revealed a highly diverse and rich fauna (Table 2, Figure 5) with a mean total density of 15.6
individuals per ml of rock surface (outer 3 cm, excluding colonial forms). However, the cryptic
nature of many rock dwellers precluded accurate visual counts of all the specimens present in a
sample (Hutchings, 1983). For example, serpulid polychaetes create a maze of microscopic tubes
within minute rock crevices. It was sometimes impossible to separate individual tubes or to verify
whether the tube contained a living worm. Boring sponges (e.g., Cliona spp.) posed another
complication as there was no simple measure for their abundance (Kiene and Hutchings 1994).
Moreover, due to methodological limitations (Wickham et al. 2000), ciliates and flagellates were
not enumerated. Thus, data reported here should be considered conservative. As indicated by the
multivariate analysis, rock surface fauna had unique characteristics and was both richer and more
diverse in comparison with the gravel and sand communities. The regression analysis suggests a
dependence of removal rate on the substratum community composition.

Robust inference from the experimental results to the field should rely on a proper measure of the
amount of rock surface or phytoplanktivorous grazers in the experimental tanks, establishing
proper methodology for measuring these parameters in the field, and good replication of field
hydrodynamics in the lab. Unfortunately, none of the above can be easily established. Rock
volume was clearly irrelevant as the vast majority of the fauna was found within five cm from the
rock surface (see also Hutchings et al. 1992 and references therein). Indeed, rock volume and
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clearance rate were not correlated (Figure 3b). Rock surface area is probably a better predictor of
the grazing rates as indicated by the significant, albeit not very high (r,=0.65), correlation with
clearance rates (Figure 3a). This low correlation may have partly been a result of the inclusion of
rocks bases and measurement inaccuracies; however, the most likely explanation is the high
variability of the grazer's abundance and community composition (Figure 5).

Due to the aforementioned limitations, our laboratory data can not be directly applied to infer
grazing rates in the field. Nevertheless, scaling the observed clearance rate to the planar area
occupied by the rocks in the tank can provide reasonable first order estimate for the potential of
reef rock fauna to remove phytoplankton at the field. Note that since the relief of rocks within the
tanks was limited to 0.15 m, our calculated areal clearance rates for the reef should be considered
as a lower bound estimate. Moreover, the rather high difference in phytoplankton concentration
between the inflow and outflow waters (38+26%) may indicate that the rate of consumption by
the fauna in the tanks was limited by phytoplankton availability. If the feeding by the rock surface
fauna was indeed limited by insufficient supply of planktonic food (as suggested by Figure 4),
then potential grazing rates were further underestimated.

Scaled up, the annual mean clearance rate by untreated rock fauna was 4.2+1.9 m* m? day™ (95%
confidence interval: 3.3 — 5.0 m® m™ day™"). Considering a 50% rock cover at our study site
(Yahel et al. 1998) and boundary layer flow similar to the field (Yahel et al 2002, Reidenbach et
al., submitted) the exposed rock fauna may be estimated to have cleared 1.6-2.5 m®> m™ day™. This
clearance rate is in the lower range of reported values for beds of benthic suspension feeders in
temperate eutrophic waters (e.g., Riisgérd 1998) and accounts for a small percentage of the
observed phytoplankton removal reported by Genin et al. (2002) for the same study site. Clearly,
other suspension feeders such as macro-sponges and tunicates and the fauna inhabit live corals
(e.g., Lithophaga spp.) contribute substantially to the total grazing by the reef community. In
March 2001 when direct cell counts were available, nitrogen and carbon gain via plankton
removal (including bacteria) could be estimated using published conversion factors (Caron et al.
1995). The nitrogen removal rate was 5.27 mmol m™ reef day ™, exceeding values reported by
Fabricius and Dommisse (2000) for the total particulate nitrogen removal by a soft coral
dominated reef, whereas the phytoplanktonic carbon removal rate was 0.14 g C m™ reef day ™,
about half the Fabricius and Dommisse (2000) value. It should be noted that the March
experiment was done during a spring bloom with elevated plankton concentrations. A more
realistic estimate of the annual carbon gain was calculated using the annual chlorophyll average
for 1988-1998 (353+91 ng L™, daily measured at the reef, Genin et al. 1995) and chlorophyll:
carbon ratio of 60 (Yahel et al. 1998). Using these values the estimated annual import of
phytoplanktonic carbon to the reef via rock surfaces fauna was at least 16 ¢ C m™ year. While
this value is an order of magnitude lower than those recorded over soft corals dominated reefs
(Yahel et al. 1998; Fabricius and Dommisse, 2000), it is comparable to values reported for
oligotrophic barrier reefs in Australia (4-20 g C m™ year, Ayukai 1995).

In contrast to reports of nutrient release in coral reefs rock cavities (Gast et al. 1998; Richter and
Wunsch 1999), ammonium regeneration within the untreated rock tanks was marginal, and no
enhancement of benthic algae growth could be detected. Dense populations of epilithic and
endolithic algae were present in all the rocks examined. Such algal population are usually absent
or diminished in reef cavities (Richter et al. 2001). It is therefore possible that the majority of the
remineralized nitrogen (and phosphorus) was consumed by autotrophic and microbial
communities on the untreated rocks and could not be available to the experimental plastic tubes
located few cm from the rocks.
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In areal terms, exposed rock is the second most important niche in coral reefs world wide
(Hodgson and Liebeler, 2002). Although the presence of a diverse infauna in these rocks had been
known for several decades (reviewed by Hutchings 1983, Holmes et al. 2000), only little attention
had been devoted to its ecological function. This study demonstrates the potential importance of
rock surface fauna in importing allochtoneous nutrients (as phytoplankton) into the reef. Further
studies are required to establish the role of different taxa and the overall contribution of reef rocks
fauna to biogeochemical fluxes in coral reefs.
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Figures

and tables

Figure captions

Figure 1.

Figure 2.

Figure 3.

An illustration (side view) of an experimental tank with 3 rocks (r). Tank dimensions
are 15.5 x 15.5 x 15 cm. The water inlet is via a 6 mm hose from a common head tank,
water outlet is from near the tank bottom via a 20 mm hose. An electric pump (p)
ensured through mixing of the tank water. Each experiment consisted of 10 identical
tanks attached to the common head tank.

Average areal phytoplankton clearance rate (ml of seawater filtered clear of chlorophyll
a per cm” of the tank bottom per hr) in tanks containing three different coral reef
substrata (reef-rocks, gravel, and sand) and a control (baked, sun-dried or bleached
rocks) during 5 independent experiments. Averages were calculated over tank means
clearance rate. Error bars, SE, N=3-8 tanks containing rocks and 2-3 tanks containing
sand and gravel per experiments (see Table 1 for more details).

Areal phytoplankton clearance rate by untreated rocks as a function of: a - surface area
of the untreated rocks and b - volume of untreated rock in the experimental tanks. Each
point indicates the average of 3-7 repeated measures of the same tank. Error bars, SE.
See Table 1 for number of replicates. Rock displacement volume was measured in all
experiments, while surface area was measured only in September and March. ¢ August
2001 A September 2001 mOctober 2001 ¥ December 2001 eMarch 2002. Phytoplankton
clearance rate was positively correlated with the rock surface area during both
September 2001 and March 2002 (Spearman r >0.66) but no correlation with rock
volume was found in any of the experiments.

Figure 4. Average rate of phytoplankton grazing by the rocks fauna (ng chlorophyll a cm™ hr'),

Figure 5.

calculated as the product of clearance rate and the average chlorophyll concentration in
the tank, as a function of ambient phytoplanktonic biomass. Vertical error bars are SE
calculated over tank means. Horizontal error bars are SE calculated over the mean
ambient chlorophyll of all sampling sessions in an experiment (period). See Table 1 for
number of replicates.

An example of the faunistic composition in sub samples (1-3) taken from the untreated
rock surface of tanks 7(A), 8(B), and 10 (C) used in the August 2000 experiment. Note
the high intra rock variability.
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Table 1.

The dates and design of the tank experiments carried out during the study.

No. of Sampling sessions No. of experimental tanks
Date Day Night Total Rocks Gravel Sand  Control Total
August 2001 4 1 5 4 3 3 a 10
September 6 1 7 4 2 2 2° 10
2001°
October 2001° 3 0 3 4 2 2 2° 10
December 2001 2 2 4 3 1 1 24 7
March 2002 2 2 4 8 0 0 24 10
Total 17 6 23 23 8 8 8 47

a. In August 2001 sun dried and empty controls were run prior to substratum experiments.
b. Benthic algae growth experiment

c. Bleached controls

d. Combusted controls
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Table 2

Average (SE) and maximum densities (# ml™ of rock) of the fauna identified in sub-samples taken
from the outer 3 cm of reef rocks surfaces used in the August, September, and October 2001
experiments. Percent values indicate the proportion of the sub-samples in which the taxon was
present (sub-sample volume ranged 0.5-16 ml). Colonial organisms, such as sponges, ascidians,
and bryozoans were not quantified, thus only presence/absence data are reported for these taxa.
Endolithic, encrusting, and coralline algae were present in most rocks but were not quantified.
Visual observations of the rocks indicated the occurrence of additional taxa that were absent in
the sub-samples, including: boring bivalves (Lithophaga spp.), holothurians, unidentified
ophiuroids, nemerteans, small sea anemones and a few coral polyps (new recruits).

Untreated rock
(N=18) Gravel (N=7) Sand (N=7)
Taxon Density Max % Density Max % Density Max %
Foraminifers 5417 21 82 0.4 (0.2) 1 43 4.7(2.2) 15 71
Polychaetes 3.8(1.0) 19 94 0 0 0 2.6 (1.1) 6 57
gg{;ﬁgj:f;;’g 08(02) 3 59 0302 1 29 0.3 (0.3) 2 14
Nematodes 34(14) 19 76 0.3 (0.2) 1 29 0.6 (0.3) 2 43
Other worms 0.7 (0.2) 3 59 0.1 (0.1) 1 14 0.3 (0.2) 1 29
Mollusks 0.8 (0.2) 4 71 0.1 (0.1) 1 14 1.7 (0.8) 5 43
Crustaceans 1.1 (0.5) 8 76 0.1 (0.1) 1 14 0.6 (0.2) 1 57
Sponges 88 29 0
Tunicates 47 29 0
Bryozoans 23 0 0
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Figure 3
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Figure 5

25

BX Foraminifers

(1]
R Polychaetes

— 20 - Nematodes o

=4 LT KXXX] Other worms

2 [0 Mollusks

75 Crustaceans

g 15 - %

N

2

R7

S 10 -

o]

-

=

E K

=) _

£ 5

O T T T T T T T T T

Al A2 A3 Bl B2 B3 Cl C2 (3

93




Chap. 7. Conclusions

7.

Discussion and conclusion

The significance of this interdisciplinary study spans several scientific disciplines and
ecological scales. The major findings and their significance are presented and outlined below.

Phytoplankton grazing in coral reefs

During this work, we have comprehensively investigated phytoplankton-grazing processes
at the coral reef on several levels, from individual phytoplankter-grazer interactions, to whole
community fluxes. At the level of the individual grazer we have extensively documented in situ
phytoplankton grazing rates, selectivity pattern and annual dynamics for a diverse group of
passive (2 soft- and one stony-corals), and active (4 sponges, 3 tunicates, 5 bivalves) suspension
feeders. The yet un-described cryptic fauna inhabits the upper surfaces of apparently "bare" reef
rock was also found to be an important sink for phytoplankton. Phytoplankton fluxes into large
reef section, dominated by either asymbiotic octo-corals or stony corals, were quantified, and the
spatial distribution of phytoplankton over and around coral reefs was thoroughly described.
Phytoplankton was demonstrated to be a major allochthonous source of carbon and nutrients to
the coral-reef community, constituting an important link in the benthic-pelagic coupling of this
ecosystem. The idea that phytoplankton grazing (and not only zooplankton), is an important
source for allochthonous carbon in coral reefs would require a new outlook at the way we budget
benthic-pelagic coupling in this community.

Fabricius and Dommisse (2000) had recently used a Lagrangian method to measured
fluxes of phytoplankton and small particulate matter into coastal reef communities dominated by
zooxanthellate soft corals in Australia. Their estimated phytoplankton fluxes were in the range of
fluxes measured by us for different reef communities. Gast et al. (1998), have reported intense
mineralization and enhanced bacterial growth rates but reduction in bacteria abundance within
reef cervices. They suggested that filter-feeders activity might underlie these observations.
Indeed, Richter et al. (2001) confirmed this suggestion in their recent study of phytoplankton
grazing by coelobite (caves) communities in the Gulf Aqaba. Their finding suggests that,
wherever such cavities are abundant, their cryptic dwellers are an important sink for
phytoplankton (and presumably bacteria) at the reef.
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Table 1. Reported phytoplanktonic fluxes into coral reefs (reproduced from Yahel et al. 1998). Number in
bold were originated from subsequent studies (after 1998) and were add to the original table.
* denotes contributions of this work.

Carbon Carbon Flux  Size and properties Reference
Source gCm?yr'
Phytoplankton 719 Soft-corals “Perforated” reef *Yahel et al., 1998
414 Dendronephthya thicket *Fabricius et al., 1997
124 By reef dominated by Fabricius and Dommisse,
zooxanthellate soft corals (GBR) 2000
109 By a fringing reef slop community
(Control volume exp.) *Genin et al. 2002
30 By active suspension feeders (Using InEx)
at an Indian Ocean atoll lagoon *Yahel unpublished
4-20 GBR reef Ayuaki, 1995
4 Diatoms > 68 um Glynn, 1973

Bulk DOC removal by marine metazoans

Our study of bulk dissolved organic matter removal by reef suspension feeders indicated
that DOC is a major carbon source for a reef sponge and possibly some tunicates and bivalves. To
the best of my knowledge, a robust quantification of DOC removal in situ by invertebrates has
not been reported. This discovery of a previously undocumented nutritious pathway would require
a reformation in our understanding of trophic dynamics in coral reefs communities and beyond.

Benthic-boundary hydrodynamics characterization

An additional, important novelty of this research lies within the realm of the physical-
oceanographic investigations. Complementing the biological work, our detailed hydrodynamic
measurements (Reidenbach, Monismith, Koseff, Yahel, and Genin, Submitted to J. Phys.
Oceanogr.) elucidated the role of flow patterns in controlling phytoplankton supply and removal
on a wide range of scales, from hydrodynamics in the benthic-boundary layer up to the regional
coastal circulation. To the best of my knowledge, this hydrodynamic study was the most
advanced study to date of the detailed structure of near-bed turbulence and flow over coral reefs.
Our finding indicated that the coral reef is several times hydrodynamically rougher than a flat
sandy bottom. The topographic roughness greatly enhances turbulence and mixing, replenishing
the depleted benthic boundary layer with plankton-rich waters from above. This study also
supplied the first ever documentation of the physics of meso-scale flow variability that drives
overall exchanges between the reef and the adjacent sea. The mechanism is a thermal flow, driven
by differential heating and cooling of the shallow water column over a slope, much like the
pattern observed in lakes (Monismith et al 1990). The cross-shore flows, although much weaker
than the predominant long-shore currents, play a special role in maintaining the overall flux of
phytoplankton biomass to the reef from offshore.
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Methodological innovation

Although this was not our major objective, we believe this work conveys a significant
contribution to the methodological arsenal of benthic marine ecology in two fields.

At the individual level, we consider the development and evaluation of an in situ
technique (the InEx) to measure feeding rates in active suspension feeders an important
contribution. Leading authors currently hotly debate this field (e.g., Riisgird and Larsen 2000;
Beninger 2000; Silverman et al. 2000; Ward et al. 2000; Riisgard 2001a; Riisgard 2001b;
Cranford 2001). A key point repetitively rose in these discussions is the urgent need for a reliable
in situ technique - one we believe our InEx provides. The InEx technique is also suitable for
sampling small and/or cryptic suspension feeders that are specifically common in coral reefs. It is
often impossible to sample some of them (e.g., boring sponges and bivalve) using traditional
laboratory techniques.

At the community level, we have adapted a standard, well-established engineering control
volume approach to measure mass fluxes over a complex benthic community (e.g., Hatcher
1997). The application of a control volume approach over other reef localities (as well as other
benthic habitats) will allow the first ever, reliable assessment of community metabolism for
habitats other than reef flats (e.g., Barnes 1983) and mad flats (e.g., Asmus and Asmus 1991).

Selectivity among picoplanktonic prey

Our individual based studies are the first modern and detailed account of the feeding of
active tropical benthic suspension feeders feeding on picoplankton. The combination of flow
cytometry with our InEx technique had furnished us with unprecedented resolution, and yielded
some unexpected results. Most striking was the selective, size-independent removal of certain
bacterial types (photosynthetic and those with higher DNA content). Regardless of the underlying
evolutionary and ecological driving forces (e.g., adaptation for the selection of active bacteria),
this size independent selectivity must rely on a yet unknown cell recognition mechanism.

Analysis in progress

Due to the large scope of this study, few papers are still in various stages of preparation.
Due to time limitation, these will not be included in the submitted thesis. These include:

1. Yahel G., Marie D., and Genin A. The role of bivalves, tunicates, and sponges as a
sink for ultra-plankton in coral reefs: Abundance, grazing rates, diet composition, and
functional response.

2. Monismith S.G., Reidenbach M.A., Koseff J.R., Yahel G and Genin A. Boundary
Layer Mixing and Circulation Over Rough Topography: Flow over Coral Reefs

3. Reidenbach M.A., Monismith S.G., Koseff J.R., Yahel G., Ohevia M. and Genin A.,
Flow and plankton dynamics in the rough boundary layer over coral reefs: I: Effects of
topographic roughness on turbulent transport and mixing processes

4. Genin A, Reidenbach M.A., Yahel G., Ohevia M., Monismith S.G., and Koseff J.R.
Flow and plankton dynamics in the rough boundary layer over coral reefs: II:
Phytoplankton fluxes
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Unresolved questions and future work

The work on DOC was limited to testing whether or not ‘bulk’ DOC is removed (or
produced) by the animals, without an attempt to examine the chemical/molecular composition and
the structural characteristics of the removed fraction (which is a task for another PhD thesis). It is
my sincere hope that studies of the latter subject will follow this pioneering work. Likewise, I did
no attempt to address the biological aspects of DOC uptake by invertebrates. For example, very
interesting questions such as whether symbiotic bacteria facilitate DOC uptake by invertebrates
(e.g., Ilan and Abelson, 1985), an examination of the morphological structures and/or biochemical
mechanisms that allow such an uptake (Reiswig 1985), and whether (or what proportion of) the
removed DOC and ultraplankton end up being assimilated by the animals, will be left for follow-
up studies. Most importantly, we still do not know whether, and to what extent, DOC feeding is
unique to the reef. I see the accomplishment of InEx DOC experiments with sponges and other
suspension feeders from other benthic habitats as my first priority for the near future. Similarly,
neither the mechanism, nor the exact nature of bivalve's, ascidians, and sponge's preference
patterns has been resolved.

The finding of intense phytoplankton grazing in "bare" reef rocks seems to be only the 'tip
of the iceberg'. The role of live-rock fauna in mediating phytoplankton fluxes in the reef, the
identity of the grazers, and the role of this fauna other geochemical fluxes in coral reefs awaits
future study.
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