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INTRODUCTION

Symbiotic corals acquire carbon and other nutrients
via 2 pathways. The autotrophic pathway is provided
by the zooxanthellae, the symbiotic dinoflagellates liv-
ing in the coral tissue, which transfer most of the pho-
tosynthetically acquired carbon to the host (Muscatine
et al. 1981, McCloskey & Muscatine 1984). Plankton
capture and uptake of dissolved and detritic material
constitutes the heterotrophic pathway of acquisition of
energy (Sebens et al. 1996, Anthony & Fabricius 2000,
Ferrier-Pagès et al. 2003). In tropical healthy coral spe-
cies, living mainly in well-lit environments, autotrophy
is known to provide up to 100% of the host’s daily
metabolic energy requirements and is thought to pre-
vail over heterotrophic feeding (Muscatine et al. 1981,
Davies 1984, Falkowski et al. 1984, 1993). Temperate

corals, conversely, live in a seasonally changing envi-
ronment where light and temperature are low during
half of the year, reducing the autotrophic input
(Muller-Parker & Davy 2001). It has been therefore
suggested that temperate corals may rely more upon
heterotrophic feeding to sustain their metabolism com-
pared to tropical organisms (FitzGerald & Szmant
1988). Heterotrophy was indeed shown to sustain or
enhance the growth rate of the temperate corals
Oculina arbuscula, Astrangia poculata, and Cladocora
caespitosa (Miller 1995, Dimond & Carrington 2007,
Rodolfo-Metalpa et al. 2008), and to increase the rates
of respiration of A. danae (Szmant-Froelich & Pilson
1984). Temperate sea anemones and corals are also
able to survive, through heterotrophy, in complete
darkness for several weeks (Muller-Parker & Davy
2001, Hoogenboom et al. 2010).
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Despite this interesting difference in the functioning
of tropical and temperate symbioses, the natural diets
and grazing rates of temperate symbiotic scleractinian
corals has, to our knowledge, never been studied.
Existing data concern gorgonian octocorals (Coma et
al. 1994, Ribes et al. 2003, Rossi et al. 2004) and
sponges (Ribes et al. 1999), most of them asymbiotic.
The contribution of auto- and heterotrophy to the car-
bon budget of temperate scleractinians has also been
poorly studied, with experiments using only artificial
prey as the food source (Piniak 2002, Hoogenboom et
al. 2010). Both studies tested the relationship between
heterotrophic consumption and photosynthetic energy.
Piniak (2002) demonstrated that feeding in Oculina
arbuscula was independent of the symbiotic status.
Hoogenboom et al. (2010) showed that the Mediter-
ranean coral Cladocora caespitosa that was fed only
Artemia salina nauplii was able to increase its grazing
rates when maintained in the dark, to compensate for a
decrease in the rates of photosynthesis. In high light
condition, nauplii intake was lower, but still signifi-
cant, and was used to increase the tissue biomass as
well as the growth rates (Hoogenboom et al. 2010).

The first aim of the present study was to determine
qualitatively and quantitatively the diet of the symbio-
tic temperate coral Cladocora caespitosa (Linnaeus,
1767), in order to assess the importance of heterotro-
phy to its carbon budget. C. caespitosa is one of the
main endemic Mediterranean coral species, has a
large distribution, and can be found in 5 to 40 m
depths, in well-lit or in completely dark and turbid
environments (Peirano et al. 1998). How it acquires
energy in the low light environments is a question
worth examining. The waters of La Spezia, where
colonies of C. caespitosa used in the present study
were sampled, are particularly rich in particulate and
dissolved organic matter (POM and DOM) (Peirano et
al. 2005, Cupido et al. 2009), suggesting that heterotro-
phy can be important in the coral’s metabolism. We
therefore determined the grazing rates on pico-, nano-,
and microzooplankton, as well as the uptake rates of
POM in sediment, and data were used to assess the
amount of heterotrophic carbon available for the sym-
biotic association. We also assessed the percent contri-
bution of heterotrophically acquired carbon to daily
animal respiration (CHAR) (Grottoli et al. 2006),
because respiration constitutes one of the largest frac-
tions of the energy demand of benthic organisms
(Davy et al. 1996). The second aim of the present study
was to compare C. caespitosa grazing rates with those
of 2 other scleractinian coral species, one of Mediter-
ranean origin, Oculina patagonica Angelis, 1908 and
one of tropical origin, Turbinaria reniformis Bernard,
1896. O. patagonica is not well distributed in the North
Mediterranean Sea, but it constitutes large populations

in the south, especially along the Israeli coasts
(Zibrowius 1980), suggesting that this coral needs, for
its development, higher temperatures and/or higher
light levels (and a higher level of autotrophy) than C.
caespitosa. T. reniformis is a tropical species, thought
to mostly rely on autotrophy for its nutritional needs, as
with most tropical corals (Muscatine et al. 1981). The 3
coral species investigated should therefore represent a
gradient of heterotrophy and should differ in their
planktonic grazing rates.

MATERIALS AND METHODS

Biological material. The present study was con-
ducted with 2 Mediterranean scleractinian species,
Cladocora caespitosa (Faviidae) and Oculina patago-
nica (Oculinidae), and 1 tropical species, Turbinaria
reniformis (Dendrophylliidae). Six colonies (ca. 7 cm in
diameter) of C. caespitosa were randomly collected in
the Bay of Fiascherino in the Gulf of La Spezia, Italy
(44° 03’ N, 9° 55’ E) at 7 to 10 m depth. In this area, the
species is very abundant and well distributed. It thrives
in very turbid waters and under low light conditions
most of the year (10 to 100 µmol photons m–2 s–1)
depending on the season (Peirano et al. 1999, 2005),
except in summer, when turbidity is reduced, allowing
more light to reach the corals (ca. 250 µmol photons
m–2 s–1; Peirano 2007). Colonies were cleaned of epi-
phytes and each divided into nubbins of 4 to 5 polyps
(n = 24 nubbins in total). Eighteen small samples of O.
patagonica were also collected at Albissola, 100 km
from La Spezia (Gulf of Genoa, 44° 17’ N, 8° 30’ E) at
5 m depth. At this location, O. patagonica covers sev-
eral m2 of surface area and grows on a vertical cliff fac-
ing north, which prevents exposure to direct sunlight.
Finally, 6 colonies of T. reniformis were collected in the
Red Sea, near Djibouti, at 10 m depth. Eighteen nub-
bins were prepared by cutting portions of the mother
colonies with a bone cutter. After collection, corals
were maintained for some time in aquaria under con-
trolled conditions (see ‘Experimental design’ below)
until they recovered.

Experimental design. Once prepared, nubbins of the
2 Mediterranean species were split into two 20 l tanks
(n = 12 for Cladocora caespitosa and n = 9 for Oculina
patagonica in each tank). These tanks were continu-
ously supplied with seawater pumped from 50 m depth
in front of the laboratory (renewal rate: 10 l h–1). This
seawater contained low levels of inorganic and organic
nutrients (Ferrier-Pagès et al. 1998). Corals were main-
tained at a temperature of 18 ± 0.5°C and at a light
level of ~50 µmol photons m–2 s–1 (12 h light:12 h dark
photoperiod), which are the conditions occurring in
spring and autumn in the Mediterranean Sea at 8 to

166



Tremblay et al.: Heterotrophy in a temperate coral

10 m depth where the corals live. Nubbins of Turbina-
ria reniformis were maintained in 2 other 20 l tanks
(n = 9 tank–1) with the same source of continuously
flowing seawater, in this case at 25.0 ± 0.5°C and
~120 µmol photons m–2 s–1 (12 h light:12 h dark pho-
toperiod), which are conditions more typical for a trop-
ical species. Light was maintained at a low level to
favor heterotrophy, and for each coral species, it was
set up to have approximately equivalent rates of photo-
synthesis (see ‘Results’), and therefore an equivalent
autotrophic input. Temperature was kept constant
using heaters connected to electronic controllers. Light
was provided by a 400 Watt HQI metal halide lamp.
Nubbins were not fed, except during the feeding
experiments.

Feeding experiments. Feeding experiments were
performed with 3 types of food for Cladocora caespi-
tosa: pico- and nanoplankton (heterotrophic bacteria
[BA], cyanobacteria [CYA], autotrophic pico- and
nanoflagellates [APF and ANF], heterotrophic pico-
and nanoflagellates [HPF and HNF]), microzooplank-
ton (Artemia salina nauplii), and detrital POM
(DPOM). Only the first 2 types of food were used for
comparison with Oculina patagonica and Turbinaria
reniformis, because these coral species do not en-
counter high levels of detrital organic matter in their
normal environments. Grazing was assessed using
clearance rates, as used in studies on gorgonians
(Ribes et al. 1998, 2003), sponges (Ribes et al. 1999),
and corals (Houlbrèque et al. 2004). Analysis of the
stomach contents of the polyps cannot be used because
the minute prey organisms degrade rapidly. Incuba-
tions were therefore performed in 900 ml Plexiglas
flow chambers (described in Levy et al. 2001, Houl-
brèque et al. 2004, Picciano & Ferrier-Pagès 2007),
incubated in a water bath maintained at a constant
temperature (either 18 or 25°C). Corals occupied only
ca. 20 to 50 ml of the total volume. Water was circu-
lated by a motor-driven propeller with a defined rota-
tional speed, equal to 1.7 cm s–1. Flow velocity was
measured by following the movement of brightly illu-
minated plastic beads added to the seawater. The bead
movements were recorded with a video camera and
the flow velocity was calculated as described by Trager
et al. (1990).

Pico- and nanoplankton grazing rates: Experiments
were performed in autumn (September and October
2009). Four chambers were filled with surface sea-
water collected each morning in front of the laboratory
and concentrated on a 1 µm filter using a reverse-
filtration apparatus to avoid cell breakage and lysis
(Sheldon & Rassoulzadegan 1987). Three chambers
received a coral nubbin, while 1 chamber was kept as
a control (without coral). For each coral species, a total
of 9 incubations (with nubbins from all the different

colonies) were carried out over 6 h in the dark. The
incubation time needed to monitor a change in prey
concentration was determined in preliminary experi-
ments. The incubation started when polyps were ex-
panded (controlled using a red light for few seconds).
Control chambers (without corals) allowed us to esti-
mate the autogenic change in pico- and nanoplankton
concentrations resulting from internal grazing (within
the microbial loop), natural death, or growth. This
change is independent of coral predation and has to be
taken into account in the grazing-rate equations. For
all incubations, 10 ml seawater samples were collected
in triplicate from each chamber at the beginning and
end of the incubation (after having thoroughly mixed
the seawater) in order to determine pico- and nano-
plankton concentrations. They were fixed with form-
aldehyde (0.5% final concentration), stained with
DAPI (Porter & Feig 1980), filtered onto 0.2 µm black
Isopore membrane filters 25 mm (GTBP02500, Milli-
pore) and frozen at –20°C until further analysis. The
filters were used for the visual quantification of pico-
and nanoplankton on an epifluorescence microscope
according to Ferrier-Pagès & Gattuso (1998).

Grazing rates were calculated according to the equa-
tions of Ribes et al. (1998), derived from the equations
of Frost (1972), which take into account the growth or
the lysis of the prey during the incubations. All equa-
tions are also fully described in Houlbrèque et al.
(2004) and Picciano & Ferrier-Pagès (2007). Grazing
rates were either expressed as number of prey, or as µg
carbon and nitrogen ingested. For this purpose, carbon
and nitrogen contents of prey items were estimated
from literature conversion factors used in other studies
on anthozoan feeding (Houlbrèque et al. 2004, Pic-
ciano & Ferrier-Pagès 2007). Three normalizations
were performed: per polyp, per unit protein content,
and per unit skeletal surface area. While polyp (preda-
tion unit) is the most often used parameter in coral
feeding studies (Sebens et al. 1996, Ribes et al. 1998,
Piniak 2002), skeletal surface area (considered the
exchange surface) can be a good normalization unit in
the present experiment because of the different polyp
sizes of the species investigated (Table 1). Protein
(total tissue biomass) normalization allows additional
comparison between species.

Skeletal surface area was determined using the alu-
minum foil technique (Marsh 1970) for Oculina patag-
onica and Turbinaria reniformis, which have small
polyps and tissue between polyps, and mean polyp
surface area (Rodolfo-Metalpa et al. 2006) for Clado-
cora caespitosa, which has big independent polyps.
The total number of polyps was determined for each
colony. Protein content was measured using the BC
Assay Kit (Interchim) (Smith et al. 1985), after extrac-
tion in 1 N NaOH at 90°C for 30 min. The standard

167



Mar Ecol Prog Ser 422: 165–177, 2011

curve was established using bovine serum albumin
and absorbance was measured with a Xenius spectro-
fluorometer (Safas).

In parallel to the grazing rate experiments, pico- and
nanoplankton concentrations were also measured in
situ, near colonies of Cladocora caespitosa. Samples of
seawater were collected in triplicate in September
2009 at 2 locations in the Gulf of La Spezia, at 1 m
above the coral patches, and were treated and counted
as described bove, using DAPI staining and epifluores-
cence microscopy.

Microzooplankton grazing rates: For the determina-
tion of the microzooplankton grazing rates, the chambers
(3 chambers containing 1 coral nubbin each and 1 con-
trol) were filled with 0.45 µm-filtered seawater (FSW).
After polyps opened, ca. 2000 Artemia salina nauplii
were added to each chamber (concentration of 1671 ±
394 nauplii l–1). A total of 11 incubations were carried out
for 120 min in the dark for Cladocora caespitosa, and 6
incubations for Oculina patagonica and Turbinaria reni-
formis. Triplicate 10 ml seawater samples were taken at
30 min intervals (t0, t30, t60, t90, and t120) and A. salina nau-
plii counted using a binocular and replaced in the cham-
bers to avoid any artificial concentration decrease.
Therefore, food was always kept at a high enough con-
centration to saturate coral feeding. For C. caespitosa
only, grazing rates were also measured using different A.
salina nauplii concentrations in seawater: ca. 500, 900,
1300, 2400, and 3200 nauplii l–1. Regressing grazing
rates versus nauplii concentrations allowed us to esti-
mate the grazing rates of the natural in situ plankton
concentration and assess the in situ heterotrophic carbon
input for C. caespitosa.

Grazing rates were calculated as the decrease in nau-
plii concentration for a given amount of time. They
were also expressed as µg of carbon or µg nitrogen in-
gested. For this purpose, ca. 2000 nauplii were filtered
on pre-combusted GF/F glass microfiber filters 25 mm
(1825-025, Whatman) and carbon and nitrogen con-
tents were determined using a CHN analyzer as de-
scribed below (‘DPOM grazing rates’). The nauplii con-
tained 1.24 ± 0.5 µg C nauplii–1 and 0.25 ± 0.01 µg N
nauplii–1. The natural concentration of microzooplank-
ton was also determined in situ, near Cladocora caespi-

tosa colonies, using plankton nets. Copepods and cope-
podites were counted under a binocular microscope.

DPOM grazing rates: To evaluate the grazing on
DPOM contained in the sediment surrounding Clado-
cora caespitosa beds, sediment samples were collected
within the coral patches at 11 m depth in the Gulf of La
Spezia. The sediment was then successively filtered onto
180 µm and 40 µm filters to discard sandgrains and
pieces of coral skeleton and to keep most of the organic
matter fraction. This fraction was freeze-dried and its
carbon and nitrogen content per mg dry weight of pow-
der determined using a Perkin Elmer 2400 Series II
CHNS/O Elemental Analyzer. The calibration was con-
ducted with standards (K-factor) of glycine (32.00% of
carbon and 18.66% of nitrogen) and the carbon and ni-
trogen value of the filters (blank) was also determined.
The sediment contained 12.9 ± 1.6 µg C mg–1 and 1.7 ±
0.2 µg N mg–1.

Three chambers, all containing a coral nubbin, were
filled with FSW. When the polyps opened, a known
amount of powder was added into 2 chambers, the last
one being kept as a control (for release of POM by the
corals). The experiment was repeated 3 times in the
dark, with 1 nubbin from each mother colony each time
(n = 6). At the end of the incubation, the entire incubation
medium of each chamber was filtered onto pre-com-
busted GF/F glass microfiber filters 25 mm (1825-025,
Whatman). The carbonate in the samples was eliminated
with 10% HCl and the filter was rinsed with distilled
water, and dried at 60°C. The remaining DPOM carbon
and nitrogen was assessed as described above using a
CHNS/O Elemental Autoanalyser.

Grazing rate of detrital particulate carbon (Ic) by
Cladocora caespitosa was calculated according to the
following equation:

Ic = µg C added – (µg C remaining – µg C excreted)

where ‘µg C added’ is the total amount of carbon
added at the beginning of the incubation; ‘µg C
remaining’ is the amount of carbon remaining in the
incubation medium at the end of incubation, and ‘µg C
excreted’ is the amount of carbon excreted (in the form
of mucus), by the coral colony in the control chamber
during the incubation time. This carbon excreted was

168

Species Polyp Protein concentration Chl a + c2 concentration Zooxanthellae
Size (mm) Density (cm–2) (mg polyp–1) (mg cm–2) (µg cm–2) (× 10–6 µg zoox.–1) (× 106 cm–2)

C. caespitosa 3.93 ± 0.10 2.07 ± 0.12 2.09 ± 0.15 4.01 ± 0.22 10.84 ± 0.83 5.13 ± 0.51 2.16 ± 0.27
O. patagonica 2.97 ± 0.05 4.24 ± 0.16 0.51 ± 0.03 2.13 ± 0.09 6.03 ± 0.38 1.58 ± 0.58 3.84 ± 0.32
T. reniformis 2.47 ± 0.04 4.42 ± 0.13 1.12 ± 0.06 4.94 ± 0.28 4.11 ± 0.22 6.10 ± 0.61 0.69 ± 0.10
Sample size (n) 66 18–24 15–18 15–18 6 6 6

Table 1. Cladocora caespitosa, Oculina patagonica, Turbinaria reniformis. Characteristics of the coral species used for the
grazing and photosynthesis rate measurements. Data are mean ± SE. zoox.: zooxanthellae
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calculated by subtracting the amount of carbon in the
FSW blank from the amount of carbon in the control
chamber at the end of the incubation time. The same
calculations were performed for the grazing rate of
detrital particulate nitrogen.

Rates of photosynthesis. The rates of respiration and
photosynthesis of 6 nubbins per species (with 1 nubbin
from each mother colony) were assessed according to the
methods of Hoogenboom et al. (2010), except that
temperature and irradiance in the chambers was set at
18°C and 50 µmol photons m–2 s–1 for the temperate
species and to 25°C and 120 µmol photons m–2 s–1 for the
tropical species. Rates of gross photosynthesis (Pg) were
calculated by adding the rates of respiration (R) in the
dark to the rates of net photosynthesis (Pn). Samples were
then frozen for zooxanthellae and chl a + c2 concen-
trations. Data were normalized to the skeletal surface
area in cm2 (µmol O2 cm–2 h–1) and to the chlorophyll
content (µmol O2 µg chl a + c2

–1 h–1). Zooxanthellae den-
sity and chlorophyll concentrations were determined ac-
cording to the methods of Rodolfo-Metalpa et al. (2006).

Daily carbon acquisition. Cladocora caespitosa: Once
we measured the photosynthetic and grazing rates, we
compared total daily carbon acquisition via autotrophy
and heterotrophy for C. caespitosa, when maintained
under a mean light level of 50 µmol photons m–2 s–1. To-
tal daily acquisition of carbon through autotrophy (PC)
was calculated using Pg measured at 50 µmol photons
m–2 s–1, considering a 12 h daylight period. Oxygen
fluxes were converted to carbon equivalents based on
molar weights, as PC = µmol O2 produced × 12/PQ, and
the daily loss of carbon through respiration (RC) = µmol
O2 consumed × 12 × RQ (Anthony & Fabricius 2000),
where PQ and RQ are photosynthetic and respiratory
quotients equal to 1.1 and 0.8 respectively (Muscatine et
al. 1981). Potential daily carbon acquisition from het-
erotrophy (HC) was calculated based on the measured
grazing rates on pico- and nanoplankton, microzooplank-
ton, and DPOM, considering their in situ concentrations
and their relative carbon content. An unknown variable
is the amount of time spent on feeding every day by C.
caespitosa. We therefore assumed a continuous feeding
on pico- and nanoplankton, because these particles are
present at >105 cells ml–1 seawater, and only 1 h of active
feeding on microzooplankton and DPOM, which are less
abundant than pico- and nanoplankton. This will give
the minimal heterotrophic input for this species. We cal-
culated the CHAR (Grottoli et al. 2006) under the above
conditions.

Oculina patagonica and Turbinaria reniformis: For
these 2 species, the aim was not to make a daily carbon
budget, but rather compare their grazing rates and
heterotrophic income with that of Cladocora caespi-
tosa. We therefore assumed that in situ pico- and nano-
plankton cells were at approximately the same con-

centrations as in the Mediterranean or reef waters sur-
rounding these corals (Ferrier-Pagès & Gattuso 1998).
For microzooplankton, we assumed the same in situ
concentration for Oculina patagonica as those mea-
sured near C. caespitosa colonies, since these corals
were sampled in the same area. For Turbinaria reni-
formis, it is well known that microzooplankton concen-
trations are low in reef waters, except during the night,
when zooplankton migrates from deep waters to near
the corals (Yahel et al. 2005). We therefore used a con-
centration of 2 organisms l–1 (Yahel et al. 2005). All
parameters were estimated as described above for C.
caespitosa, except that the autotrophic carbon acquisi-
tion was calculated from the rates of photosynthesis at
50 and 120 µmol photons m–2 s–1 for O. patagonica and
T. reniformis, respectively.

Statistical analysis. All grazing rates were expressed
as mean ± SE. Data were checked for normality using a
Kolmogorov-Smirnov test with the Lilliefors correction.
When normality was not fulfilled, a data transformation
was performed or a nonparametric test was used. Sig-
nificant differences in pico- and nanoplankton concen-
trations between the in situ and the experimental sam-
ples were tested using a 2-sample t-test with df = 17. The
difference in grazing rates between coral species was
tested using a nonparametric Kruskal-Wallis test with
df = 2. These analyses were followed by a nonparamet-
ric post hoc test (Conover-Inman test) when significant.
Differences between factors were considered significant
for p < 0.05. Statistics were performed using Systat 13.

RESULTS

Rate of photosynthesis

Rates of gross photosynthesis normalized to the skele-
tal surface area were equivalent for Cladocora caespi-
tosa under a light level of 50 µmol photons m–2 s–1 and
Turbinaria reniformis under a light level of 120 µmol
photons m–2 s–1 (Table 2). Oculina patagonica had
slightly lower rates (Table 2). When normalized per unit
of chlorophyll content, T. reniformis had higher photo-
synthesis rates than O. patagonica and C. caespitosa
(Table 2), showing that its associated zooxanthellae had
a better and higher photosynthetic capacity. In terms of
carbon, gross photosynthesis (PC) supplied 143.2 ± 32.9
and 98.9 ± 2.9 µg C cm–2 d–1 to C. caespitosa and O.
patagonica, respectively, when maintained under a light
level of 50 µmol photons m–2 s–1, and 133.1 ± 16.9 µg C
cm–2 d–1 to T. reniformis when maintained under a light
level of 120 µmol photons m–2 s–1. The corresponding
respiration (RC) consumed 73.7 ± 4.3, 59.0 ± 5.2, and
111.1 ± 12.9 µg C cm–2 d–1 for C. caespitosa, O. patago-
nica, and T. reniformis respectively (Table 2).
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Feeding experiments

Pico- and nanoplankton

The mean pico- and nanoplankton concentrations
used in the experiments were in the same range as
those measured in situ around the colonies of Clado-
cora caespitosa (Fig. 1). CYA concentrations were

slightly higher in situ (6.1 × 104 ± 0.3 × 104 versus 4.1 ×
104 ± 1.1 × 104 cells ml–1) while HNF concentrations
were lower (0.4 × 104 ± 0.1 × 104 versus 1.3 × 104 ± 0.4 ×
104 cells ml–1). During the incubations, the different
corals differently caught the pico- and nanoplankton
cells (Fig. 2). For example, APF were grazed by
Oculina patagonica in only 3 incubations out of 9, sug-
gesting that some selection had occurred. HNF were
the only type of prey preferentially grazed by the 3
coral species (ingested in >7 incubations).

Cladocora caespitosa was the species with the high-
est grazing rates (Fig. 3; Kruskal-Wallis test: p < 0.05)
of ANF, HNF, CYA, and BA compared to the 2 other
species (Conover-Inman test: p < 0.05) for the 3 nor-
malizations considered. There was no significant dif-
ference between the grazing rates (normalized per sur-
face area or per polyp) of the 2 other species, Oculina
patagonica and Turbinaria reniformis (Conover-Inman
test: p > 0.05). In terms of number of prey ingested
(Fig. 3), BA contributed 73.5 ± 14.9 to 86.6 ± 2.4% of
the cells ingested, followed by CYA (9.4 ± 4.7 to 33.7 ±
12.3%), and flagellates (APF: 5.4 ± 3.3 to 22.0 ± 8.7%;
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Species Pg R
µmol O2 cm–2 h–1 µmol O2 µg C cm–2 d–1 µmol O2 cm–2 h–1 µmol O2 µg C cm–2 d–1

(µg chl a + c2)–1 h–1 (µg chl a + c2)–1 h–1

C. caespitosa 1.094 ± 0.251 0.099 ± 0.015 143.2 ± 32.9 0.320 ± 0.019 0.030 ± 0.003 73.7 ± 4.3
O. patagonica 0.755 ± 0.022 0.110 ± 0.010 98.9 ± 2.9 0.256 ± 0.023 0.043 ± 0.005 59.0 ± 5.2
T. reniformis 1.017 ± 0.129 0.234 ± 0.024 133.1 ± 16.9 0.482 ± 0.056 0.111 ± 0.012 111.1 ± 12.9

Table 2. Cladocora caespitosa, Oculina patagonica, Turbinaria veniformis. Rates of gross photosynthesis (Pg) and respiration (R)
normalized either per skeletal surface area (µmol O2 cm–2 h–1), or per unit chlorophyll (µmol O2 (µg chl a + c2)–1 h–1). Photosynthe-
sis and respiration was also expressed as carbon equivalents (PC and RC) normalized per skeletal surface area (µg C cm–2 d–1).

Data are mean ± SE for 6 nubbins of each species
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HPF: 2.0 ± 0.5 to 18.7 ± 6.5%; ANF: 9.6 ± 7.3 to 12.0 ±
6.1%; and HNF: 2.5 ± 0.8 to 8.0 ± 3.6%). In terms of
carbon and nitrogen (Fig. 4), nanoflagellates however
represented the most important contribution to the 3
coral species. ANF ranged from 49.5 ± 7.4 to 77.7 ±
5.2% of the total carbon input and from 47.2 ± 7.8% to
74.8 ± 5.0% of the total nitrogen input. HNF repre-
sented from 31.7 ± 10.1 to 57.6 ± 8.4% of the total car-
bon input and from 30.3 ± 9.5 to 56.9 ± 8.3% of the total
nitrogen.

The total amount of pico- and nanoplankton cap-
tured by Cladocora caespitosa was on average 3 to 5
times higher (Table 3; Kruskal-Wallis test: p < 0.05)
than the amount captured by the other 2 species, inde-
pendently of the normalization used (Conover-Inman
test: p < 0.05). Oculina patagonica and Turbinaria reni-
formis, however, presented equivalent grazing rates
(Conover- Inman test: p > 0.05). Assuming that in situ,
pico- and nanoplankton are continuously ingested by
the corals, and occur at about the same concentrations
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Normalized total grazing rates expressed as
Per area and time Per polyp and time Per protein weight and

(cm–2 h–1) (polyp–1 h–1) time (mg–1 protein h–1)

Number of prey (× 105)
C. caespitosa 34.2 ± 8.6 17.3 ± 3.6 10.6 ± 3.3
O. patagonica 6.0 ± 2.1 1.5 ± 0.5 3.2 ± 1.2
T. reniformis 7.8 ± 2.0 1.7 ± 0.4 1.4 ± 0.3
p 0.0040 0.0010 0.0183
H 11.05 13.92 8.00

Carbon (µg C × 10–3) 
C. caespitosa 3677.2 ± 952.8 1987.1 ± 511.8 986.7 ± 213.1
O. patagonica 704.7 ± 341.1 155.6  ± 70.8 347.4  ± 164.8
T. reniformis 733.6 ± 177.4 165.8 ± 40.3 143.1 ± 29.4
p 0.0013 <0.0001 0.0035
H 13.32 17.82 11.33

Nitrogen (µg N × 10–3)
C. caespitosa 451.2 ± 113.8 243.3 ± 60.8 121.7 ± 26.0
O. patagonica 86.1 ± 40.8 19.0 ± 8.5 42.5 ± 19.7
T. reniformis 89.8 ± 21.2 20.3 ± 4.8 17.5 ± 3.5
p 0.0011 <0.0001 0.0028
H 13.65 17.75 11.75

Table 3. Cladocora caespitosa, Oculina patagonica and Turbinaria reniformis. Total grazing rates (means ± SE, n = 9) on pico- and
nanoplankton for the 3 coral species and the results of the Kruskal-Wallis test (p, H). These results take into account the grazing

rates on bacteria, cyanobacteria and flagellates
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(Fig. 1), the daily heterotrophic carbon input (HC) for
the 3 coral species was 88.3 ± 22.9, 16.9 ± 8.2, and
17.6 ± 4.3 µg C cm–2 d–1 for C. caespitosa, O. patago-
nica, and T. reniformis, respectively. The correspond-
ing CHAR, i.e. the relative contribution of this type of
food to daily maintenance costs, was 119.8, 28.7, and
15.9%, respectively. The daily heterotrophic nitrogen
input was 8 times lower than the carbon input.

Microzooplankton

The concentration of copepods and copepodites
around the coral colonies in situ was 40 ± 5 ind. l–1.
Table 4 shows the maximal grazing rates (after 30 min)
of Artemia salina nauplii for the 3 coral species, with
an initial concentration of ca. 1700 nauplii l–1. Here
again, Cladocora caespitosa was the species that
ingested the greatest amount of prey (Table 4;
Kruskal-Wallis: p < 0.05) compared to the 2 other spe-
cies (Conover-Inman test: p < 0.05), except when graz-
ing rates were expressed as prey cm–2 h–1. Using this
normalization, grazing rates were equivalent for C.
caespitosa and Oculina patagonica (Conover-Inman
test: p > 0.05). Also, O. patagonica had higher grazing
rates than Turbinaria reniformis (Conover-Inman test:
p < 0.05). Grazing rates of C. caespitosa were propor-
tional to the prey concentration in seawater (Fig. 5).
From the regression obtained, and using a mean nat-
ural zooplankton concentration of 40 ± 5 organisms l–1,
the estimated in situ grazing rate is equal to 12.7 ind.

polyp–1 h–1 or 15.7 µg C polyp–1 h–1 (32.6 µg C cm–2 h–1).
Assuming this grazing rate and 1 h of feeding activity
per day (see ‘Materials and methods’), the daily het-
erotrophic carbon input (HC) of this microzooplankton
would be 32.6 µg C cm–2 d–1, giving a CHAR estimation
of 44.2%. The nitrogen input was equal to about 6.7 µg
N cm–2 d–1. The microzooplankton CHAR would be
almost the same for O. patagonica (51.9%), consider-
ing that it ingests approximately 2 times less microzoo-
plankton per polyp (Table 4) but has twice the number
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Normalized maximal grazing rates expressed as
Per area and time Per polyp and time Per protein weight and

(cm–2 h–1) (polyp–1 h–1) time (mg–1 protein h–1)

Number of prey (×× 105)
C. caespitosa 319.5 ± 72.0 138.0 ± 20.6 84.6 ± 16.6
O. patagonica 254.7 ± 18.2 62.3 ± 2.0 119.9 ± 9.2
T. reniformis 154.1± 23.3 34.6 ± 5.0 33.9 ± 6.0
p 0.0195 0.0021 0.0043
H 7.87 12.29 10.89

Carbon (µg C ×× 10–3) 
C. caespitosa 395.5 ± 89.1 170.8 ± 25.5 104.6 ± 20.5
O. patagonica 315.2 ± 22.6 77.0± 2.5 148.4 ± 11.4
T. reniformis 190.7 ± 39.3 42.8 ± 8.8 42.0 ± 8.6
p 0.0195 0.0021 0.0043
H 7.87 12.29 10.89

Nitrogen (µg N ×× 10–3)
C. caespitosa 81.4 ± 18.4 35.2 ± 5.2 21.6 ± 4.2
O. patagonica 64.9 ± 4.6 15.9 ± 0.5 30.6 ± 2.3
T. reniformis 28.8 ± 5.9 6.2 ± 1.3 7.4 ± 1.5
p 0.0195 0.0021 0.0043
H 7.87 12.29 10.89

Table 4. Cladocora caespitosa, Oculina patagonica and Turbinaria reniformis. Maximum grazing rates (means ± SE; n = 6) on 
microzooplankton (Artemia salina nauplii) for the 3 coral species and results of the Kruskal-Wallis test (p, H)
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of polyps per cm2 (Table 1) than does C. caespitosa. For
T. reniformis, the CHAR of microzooplankton would be
negligible, because of the low in situ concentrations of
reef zooplankton (2 organisms l–1) and lower predation
rates compared to C. caespitosa.

DPOM

The carbon and nitrogen uptake rates via DPOM
contained in the sediment for Cladocora caespitosa
(Fig. 6) were positively correlated to the concentrations
of DPOM in the surrounding seawater. The real DPOM
concentration around the colonies of C. caespitosa in
situ is unknown, and depends on the re-suspension
rates of the sediment with waves and wind, or on the
river discharge rate. However, if we assume one of the
lowest grazing rates of DPOM obtained in this experi-
mental study, and 1 h of feeding activity per day, then
the daily carbon input would be equal to 10.0 µg C
cm–2 d–1, giving a CHAR value of 13.6%. This corre-
sponds to a nitrogen input of 0.2 to 0.5 µg N cm–2 d–1.

DISCUSSION

The aim of the present study was to understand the
role of pico-, nano-, and microzooplankton, as well as
detritus, in the diet of 3 scleractinian corals, 2 of Medi-
terranean origin and 1 of tropical origin, and compare
temperate versus tropical symbiosis. Another aim was
to determine how the temperate coral Cladocora cae-
spitosa survives in a turbid environment and very low
light levels in winter and which food source, among
the locally abundant ones, is used by the coral to sus-
tain its metabolism. The importance of heterotrophy to
the overall carbon and nitrogen budget of C. caespi-
tosa was therefore assessed. Collectively, the results
obtained suggest that the temperate symbiotic coral C.
caespitosa has a greater capacity for heterotrophy than
tropical corals, with higher grazing rates on all sorts of
food sources, from POM contained in the muddy sedi-
ment to pico-, nano-, and microzooplankton. This coral
species has therefore the same feeding strategy as
other benthic suspension feeders, such as asymbiotic
gorgonians (Coma et al. 1994, Ribes et al. 2003). Pico-
and nanoplankton can provide most of the respiratory
requirements of C. caespitosa, but the high in situ
microzooplankton concentrations around coral colo-
nies can also be a significant food supply.

The importance of microbial organisms, which are
the main contributors to planktonic communities in
terms of biomass and production (Stockner & Antia
1986, Burkill et al. 1993), to the diet of benthic suspen-
sion-feeders and scleractinian corals in particular has

already been demonstrated (Ribes et al. 2003, Houl-
brèque et al. 2004). However, the present study is one
of the first to compare the pico- and nanoplankton con-
tribution to the carbon budget of temperate versus
tropical species, using concentrations comparable to
those measured in the waters of La Spezia or in tropical
reef waters (Ferrier-Pagès & Gattuso 1998). Although
the 3 coral species were able to feed on pico- and
nanoplankton, as previously observed for other scler-
actinian species (DiSalvo 1972, Farrant et al. 1987,
Sorokin 1991, Ferrier-Pagès & Gattuso 1998, Houl-
brèque et al. 2004), grazing rates were at least 3 times
higher for Cladocora caespitosa than for the other 2
species investigated. Since grazing rates of Oculina
patagonica and Turbinaria reniformis fall into the
range of rates measured for other symbiotic tropical
corals (Houlbrèque et al. 2004), C. caespitosa has par-
ticularly high grazing rates for a symbiotic coral spe-
cies. This special capacity to prey on minute cells can
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be related to the size of its polyp, or more likely to the
feeding effort involved in the capture of such prey
(Palardy et al. 2005). Among pico- and nanoplankton
cells, nanoflagellates were the preferential prey items
ingested by the 3 coral species, as previously observed
(Ribes et al. 2003, Houlbrèque et al. 2004). They repre-
sented the largest contribution to the carbon and nitro-
gen ingested, due to their large size compared to the
other pico- and nanoplankton cells.

Considering that the corals can continuously feed on
this type of food (continuously present in high concen-
trations around the corals), the estimated daily carbon
input for Cladocora caespitosa was 88.3 ± 22.9 µg C
cm–2 d–1, corresponding to more than half of the carbon
provided daily by photosynthesis (61.7%), under a
light level of 50 µmol photons m–2 s–1. The correspond-
ing CHAR reached 100%, suggesting that this type of
food can sustain the respiratory requirements of the
coral. Pico- and nanoplankton removal might explain
how C. caespitosa can survive, grow, and maintain a
significant density of viable zooxanthellae for >50 d in
complete darkness without a macrofood supply, as
observed in Hoogenboom et al. (2010). Compared to C.
caespitosa, minute organisms contributed respectively
3 and 10 times less to the carbon budget of the other
coral species, Oculina patagonica and Turbinaria reni-
formis (CHAR of 28.7% and 15.9%). However, these
minute cells can still be an important supply of nitro-
gen and other nutrients to the symbiosis (Houlbrèque
& Ferrier-Pagès 2009). Indeed, pico- and nanoplankton
provided ca. 0.45, 0.08, and 0.09 µg N cm–1 h–1 to C.
caespitosa, O. patagonica, and T. reniformis, respec-
tively. This heterotrophic nitrogen input can be com-
pared to the autotrophic input, by considering the
uptake of inorganic nitrogen by zooxanthellae, which
can be obtained from previous studies made on the
tropical coral Stylophora pistillata (Grover et al. 2002,
2003). At concentrations of 1 µM NH4

+, the zooxanthel-
lae uptake rate was 0.12 µg N cm–1 h–1. According to
these data, and assuming that the zooxanthellae of our
studied corals supply the same amount of nitrogen,
pico- and nanoplankton provide 5 times more (for C.
caespitosa) or as much nitrogen (for O. patagonica and
T. reniformis) than the autotrophic pathway.

In addition to pico- and nanoplankton intake, Clado-
cora caespitosa was also able to derive a significant
part of its carbon needs from the grazing of microzoo-
plankton and DPOM. Grazing rates were proportional
to the Artemia salina nauplii concentration in the sur-
rounding water, indicating that this species is able to
take full advantage of episodes of temporarily high
prey availability to feed intensively, as observed in
other Mediterranean suspension-feeders (Coma et al.
1994). It therefore has the typical Type I functional
response of suspension-feeders (Valiela 1995). A high

concentration of 30 to 50 copepods l–1 (adult and lar-
vae) has been measured near the corals in situ. Assum-
ing only 1 h of feeding per day, this type of food brings
32.6 µg C cm–2 d–1, and represents 22.8% of the daily
carbon supplied by photosynthesis. It also represents a
huge supply of nitrogen (ca. 6.7 µg N cm–2 d–1) com-
pared to the other food sources, including uptake of
inorganic nitrogen by the zooxanthellae. For the other
coral species, microzooplankton can be an important
source of carbon and nitrogen for Oculina patagonica,
if concentrations are as high as those measured in the
Gulf of La Spezia, near C. caespitosa. However, this
point remains to be confirmed by in situ measurements
of zooplankton concentrations, especially in the south
of the Mediterranean Sea, where O. patagonica is
common. Also, the amount of zooplankton available for
tropical species like Turbinaria reniformis is not yet
well defined and more studies are needed to assess the
importance of this type of food in the carbon budget of
these organisms.

Finally, it is difficult to assess the amount of carbon
provided to Cladocora caespitosa by the detrital partic-
ulate organic carbon (POC) contained in the surround-
ing sediment, because we don’t know at which rate
and which amount of sediment is re-suspended around
the colonies. Its nutritive value is also mainly a function
of its origin (Tenore et al. 1982). In contrast to previous
observations that organic detritus can be an excellent
food source for benthic invertebrates, including gor-
gonians (Coma et al. 1994, Ribes et al. 2003) and
sponges (Ribes et al. 1999), in the present study DPOM
did not constitute a large input of carbon or nitrogen
compared to pico-, nano-, and microzooplankton.
However, it remains a significant source when the oth-
ers are not available. Indeed, plankton concentrations
are highly variable with the season, and are particu-
larly low during the summer period, when the water
column is highly stratified and does not allow the deep
and nutrient-enriched waters to reach the surface.
During this period of nutrient shortage, it has been
shown that gorgonians, for example, suffer from star-
vation (Coma et al. 1994). Detrital POC and particulate
organic nitrogen (PON) can therefore be of importance
at this time of year.

In conclusion, the diet of Cladocora caespitosa is
highly heterogeneous, including live (0.2 to 200 µm in
size) and detrital organic carbon, and demonstrates the
important trophic ability of this coral. Even though this
species accounts for a small fraction of the total com-
munity biomass in most Mediterranean coastal areas, it
can form dense populations in some locations, such as
Croatia or the Gulf of La Spezia. In this case, it may
play a significant role in energy transfer from plankton
to the benthos. One interesting conclusion from these
results is that C. caespitosa appears to be able to sur-
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vive via heterotrophy alone, as has also been observed
for temperate symbiotic sea anemones (Verde &
McCloskey 1996, Davy et al. 1997, Muller-Parker &
Davy 2001). This capacity seems to be a feature of tem-
perate species and raises questions about the role of
zooxanthellae under low light conditions.
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