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abstract

the exchange of C, N, and P between reef water and coral cavities, and  
between reef water and distinct cavity inhabiting communities has been quan-
tified to assess the role of coral cavities in overall coral reef element cycling. 
Coral cavities appear major sinks of dissolved organic matter (DOM) as well as 
sources of particulate organic matter (POM). the release of inorganic nutrients 
represented only a minor pathway as compared to the assimilation of organic 
matter into biomass in the cryptic habitat. Covering only one-quarter of the 
total surface area (tSA) of cavities, sponges determined three-quarters of the 
net cavity fluxes and were quantitatively important in transforming dissolved 
to particulate organic matter. Extrapolation of the results suggests that coral 
reef framework cavities are the major habitat in respiration processes in the 
coral reef ecosystem, accounting for 27-68% of the gross community respira-
tion of an entire reef ecosystem. We hypothesise that coral cavities support a 
‘cryptic carbon shunt’, capturing locally produced DOM and converting it to 
particulate matter, which may facilitate the retention of nutrients within the 
ecosystem. 
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introduction

Gross primary production rates of tropical coral reefs rank amongst the highest 
on earth (Odum 1971). However, the net community production of the coral 
reef ecosystem is relatively low (Odum and Odum 1955; Smith and Marsh 
1973). the ratio of gross community production (P) and community respiration 
(R), i.e. the P/R ratio, is approximately 1, and the excess production is close to 
zero (Kinsey 1983). Surrounded by oligotrophic waters (Crossland 1983), the 
oceanic supply of nutrients to the reef is limited, whereas the advective loss of 
nutrients may be substantial. to sustain high rates of gross primary produc-
tion in these settings an efficient recycling and conservation of organic and 
inorganic nutrients within the reef ecosystem is required (Erez 1990; Atkinson 
and Falter 2003). 

the cryptic habitat, one of the largest subsystems of the reef, is net 
heterotrophic and a significant sink of organic matter. the three-dimensional 
structure of a coral reef is composed of a complex and irregular framework 
of caves, cavities, crevices, holes, and cracks. Most of the available hard sub-
stratum of the reef can be found here (Jackson et al. 1971), covered by a dense 
community of cavity organisms, or coelobites (Ginsburg and Schroeder 1973). 
Coral cavities remove phytoplankton (Richter et al. 2001), bacterioplankton 
(Scheffers et al. 2004), and dissolved organic carbon (De Goeij and van Duyl 
2007) from the passing ambient water. Depending on the dissolved organic 
carbon (DOC) and particulate organic carbon (POC) concentrations however, 
DOC removal rates may exceed the POC uptake rates by one to two orders of 
magnitude (De Goeij and van Duyl 2007). the importance of DOC for cryptic 
habitats as established for two distinct coral reef ecosystems, i.e. an Atlantic 
reef (Curaçao) and an Indo-Pacific reef (Indonesia), suggests the dominance of 
DOC over POC removal rates to be a more general characteristic of reef carbon 
cycling. the total organic carbon (DOC + POC) removal rates are in the range 
of the average gross primary production by entire coral reef ecosystems (De 
Goeij and van Duyl 2007). Within the reef framework, the organic matter is 
decomposed and major nutrients are regenerated and released as inorganic ni-
trogen (N) and phosphorus (P) (Andrews and Müller 1983; tribble et al. 1988; 
Rasheed et al. 2002). Studies on C, N, and P exchange between coral cavities 
and surrounding waters are scarce (tribble et al. 1988, 1990; Richter et al. 2001) 
and have neglected the potential contribution of dissolved organic C, N, and P. 
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Moreover, the role of the cavity biota in the C, N, and P cycling in coral cavities 
is as yet largely unknown. 

In this study, we examine the role of the framework cavities and its sepa-
rate inhabiting communities in the C, N and P cycling of coral reef ecosystems 
by quantifying net fluxes of organic and inorganic matter and by the construc-
tion of mass balances.

matErials and mEthods

Study area and sites
the fieldwork for this study was conducted on the fringing reefs of the Carib-
bean island of Curaçao, Netherlands Antilles (12°12’N, 68°56’W). Coral cavities 
were chosen at four stations (two cavities per station) along the leeward (SW) 
side of the island. the long-term mean current runs from SE to SW along the 
island. Hydrographic descriptions of the stations, the cavity volumes, and total 
surface areas (tSA) have been presented in De Goeij and van Duyl (2007). 
A cavity tSA was divided in four surface dominating cavity communities: 
Sponge, sediment, calcareous algae, and bare substratum, which all together 
cover ~90% of tSA.

All incubation experiments were performed at station Buoy 1. Sponges, 
calcareous algae and bare substratum were chiselled from overhangs and 
coral cavity walls between 15 and 25 m water depth. Pieces of coral rock 
were cleared from epibionts. Pieces were filed to fit the incubation chambers 
(6.5×4.5×3 cm), and were stored upside down in wire cages (20×20×15 cm; 
maximum of four pieces per cage) to protect them from sediment accumulation 
and predation. Cages were stored inside coral reef cavities at 15 m water depth. 
Sponges were acclimatised for at least one week prior to experiments. the 
omnipresent, thin (0.8-2.5 mm), encrusting cavity-dwelling sponge Halisarca 
caerulea (Porifera: Demospongiae) was selected as a model species for detailed 
element budget studies on encrusting sponges. Sediments were incubated in a 
cavity at station Buoy 1 and at the drop-off at approximately 12 m water depth.

All data were collected within four fieldwork periods from July-August 
2003, March-August 2004, March-May 2005, and January-April 2006, while 
SCuBA diving.
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Cavity sampling
Open cavity: Cavity water (CW) and overlying reef water (RW) were sam-
pled for 20 different cavities at station Buoy 1. With an acid-washed 750 
mL polycarbonate syringe, samples were taken for dissolved organic carbon 
(DOC), bacterioplankton abundance, total dissolved nitrogen (tDN), dissolved 
inorganic nitrogen (DIN), total dissolved phosphorus (tDP), and dissolved 
inorganic phosphorus (DIP). CW was sampled from the center of the cavity 
and RW approximately 1 m from the opening of the cavity. For each site, a RW 
sample was taken first, against the current to avoid contamination of samples, 
and then a CW sample was taken. the water was collected in acid-washed 
glass bottles, and stored in the dark at 4°C prior to further processing in the lab 
within 4 h.

Closed cavity: the mass exchange for carbon, nitrogen, and phosphorus, 
as well as cavity oxygen consumption rates were determined by halting the 
water flow through the cavity. For details see De Goeij and van Duyl (2007). 
Samples for DOC, bacterial abundance, dissolved oxygen (O2), tDN, DIN, tDP, 
and DIP were collected in time series of up to 60 min with an acid-washed 
polypropylene syringe. In total 23 experiments were performed on eight  
different cavities, with at least two experiments per cavity. 

Community sampling
Pieces of sponge, calcareous algae, and bare substratum were carefully placed 
in 1.7 L incubation chambers (De Goeij et al. 2008a) and DOC, bacterial 
abundance, O2, tDN, DIN, tDP, and DIP concentration changes were recorded 
in time series up to 60 min. For sediment incubations, a plexiglas ring was 
designed (ø 10 cm, 6 cm in length) to fit the lid of the incubation chamber. the 
chamber was then turned upside down and the ring placed in the sediment. 
Incubation experiments with ambient reef water, without sponge, sediment, 
algae, or bare substratum, served as blank experiments. 

Sample treatment and analysis
Sample treatment: Water, collected for DOC, tDN, tDP, and inorganic nutri-
ents determination, was gently filtered (max. 20 kPa suction pressure) through 
a 0.2 µm polycarbonate filter (Millipore, 47 mm). Prior to filtration, filters, 
glassware, and pipette tips were washed with acid (3×10 mL 0.4 M HCl), 0.2 
µm filtered double distilled water (3×10 mL) and sample water (3×10 mL). 
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Duplicate 8 mL DOC samples were collected in pre-combusted (4 h, 450°C) 
glass ampoules. Ampoules were sealed immediately after acidification with  
1-2 drops of concentrated H3PO4 (80%) and stored at 4°C until analysis. Samples 
for bacterial abundance in seawater (10 mL) were fixed in 4% paraformalde-
hyde (PFA), stained with acridine orange, and gently (max. 20 kPa suction 
pressure) filtered onto 0.2 µm black polycarbonate membrane filters (Millipore, 
25 mm). Filters were mounted on slides and stored at -20°C prior to count  
using epifluorescence microscopy. Duplicate samples for N and P (5 mL) were 
transferred to 6 mL polyethylene vials (Packard BioScience) and stored at  
-20 °C until further analysis. O2 samples were carefully divided over three 
Winkler bottles (volume ~60 mL, accurate to 10 µL) and treated following the 
method of Winkler (1888).

 Sample analysis: DOC was measured by high temperature combustion 
(Shimadzu, tOC Analyser, Model tOC-5000A), using potassium phthalate in 
Milli-Q water as a standard. As an internal control on the DOC measurements, 
consensus reference material provided by Hansell and Chen of the univer-
sity of Miami, uSA (Batch 4, 2004; 45 µmol L-1, every 10 - 20 samples) was 
used. DOC concentrations determined for the batch were 45 ± 2 µmol L-1. the  
average analytical precision of the instrument was <3%, and each sample was 
measured in fivefold. the concentrations of inorganic nutrients were meas-
ured in a tRAACS 800 autoanalyser system (technicon). Ammonium was 
detected using the indo-phenolblue method (pH 10.5) at 630 nm (Helder and 
De vries 1979). Nitrite was detected after diazotation with sulfanilamide and  
N-(1- naphtyl)-ethylene diammonium-dichloride as the reddish-purple dye 
complex at 540nm (Parsons et al. 1984). Nitrate was reduced in a copper 
cadmium coil to nitrite (using imidazole as a buffer) and measured as nitrite. 
DIN is defined as the sum of ammonium, nitrate, and nitrite. Soluble reactive 
phosphorus was determined via the formation of a blue-reduced molybdo- 
phosphate-complex at pH 0.9-1.1 with potassiumantimonyltartrate as catalyst 
and ascorbic acid as a reductant and measured at 880 nm (Murphy and Riley 
1962). tDN and tDP were determined according to valderrama (1981).

For tDN, an online chemical destruction of the sample by uv radia-
tion and persulfate oxidation, using a pH range of 10.0-3.0, was followed by 
buffering the sample with borate at pH 9.0, and subsequent destruction by heat 
(95°C). the resulting nitrate is dialysed out of the destruction solution using  
an ammoniumchloride buffer. Nitrate was reduced to nitrite using a copperised 
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cadmium coil, which was measured colorimetrically on a technicon AAIII 
system. tDP was determined by an online chemical destruction of the sam-
ple under uv radiation with persulfate, followed by a strong acid hydrolysis  
at a temperature of 95°C. the formed ortho-phosphate is colourimetrically 
measured on a technicon AAIII system (Murphy and Riley 1962). Dissolved 
organic nitrogen (DON) and dissolved organic phosphorus (DOP) were calcu-
lated as: 

DON = TDN – DIN , and                    (1)

DOP = TDP – DIP               (2)
O2 was determined with whole bottle end point titration by adding a 1% starch 
solution using a microburette. the coefficient of variation between the tripli-
cate measurements was <0.5%. 

Flux calculations
Open cavity: Fluxes for the open system are calculated according to:

Flux = (CRW – CCW) / tc × (Vcavity / TSA)                          (3)

CRW and CCW are the nutrient concentrations of reef water and cavity water, 
respectively.  l / tc is the water exchange coefficient (0.0041 ± 0.0024 s-1; range 
0.0034-0.0053 s-1 (van Duyl et al. 2006)), Vcavity  the cavity volume (148 ± 51 
dm3; range 86-250 dm3), and TSA the total surface area (2.11 ± 0.54 m2; range 
1.30-3.16 m2). 

Closed cavity and communities: the initial DOC, DON, and DOP removal rates 
for closed cavities and communities were estimated by applying a 2G-model, 
describing the solute concentration as a function of time (De Goeij and van 
Duyl 2007; De Goeij et al. 2008a):

  C(t) = Cf , 0 × e-k f t + Cs , 0 × e-ks t                   (4)

the experimental data are described by estimating the variables Cf,0, kf, Cs,0, and 
ks using a minimisation routine. the initial uptake rate of C (the flux on t = 0) 
was calculated from the estimated values of these variables and is given by:

  Flux = – (kf Cf , 0 + ksCs , 0 )                       (5)

Bacterial abundance removal rates were calculated assuming homogenous dis-
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tribution and exponential clearance of bacterial cells. Bacterial abundance was 
converted to bacterial C, N, and P using 30 fg C per bacterial cell and assuming 
an elemental composition of 45C:9N:1P for bacteria. DIN and DIP release was 
calculated from the linear increase in concentration with time. the fraction of 
C uptake being respired (RQ) was calculated from:

RQ = (O2t=0 – O2t=end) / (TOCt=0 – TOCt=end)              (6)

Mass balances and assumptions 
Mass balances were constructed for the entire cavity and for the sponge and 
sediment communities separately. Mass balances were constructed based on 
the following assumptions: 
(1) Cavity water is well mixed and the system is in steady state with respect to 
solute concentrations and biomass. 
(2) Chemical composition and assimilation of cavity biota occurs according to 
the Redfield ratio (106:16:1).
(3) the contribution of phytoplankton carbon (not measured) to the total C pool 
in tropical waters is low and in the same order of magnitude as bacterioplank-
ton carbon (BC) (Ayukai 1995), or lower (Richter et al. 2001). For conservancy, 
total organic carbon (tOC) and particulate organic carbon (POC) removal rates 
used in the mass balance are calculated as follows:

TOC = DOC + POC , where                  (7)

POC = 2 × BC              (8)

For phytoplankton nitrogen and phosphorus content (half of particulate organic 
nitrogen and phosphorus) a stoichiometric conversion according to the Redfield 
ratio (106:16:1) was applied. thus, the CNP ratio of the POM removed is the 
average of bacteria (45:9:1) and phytoplankton element ratios, or 106:19:1.7. 
(4) the assimilation efficiency of sediment biota is assumed to be 20% (Alongi 
et al. 2008).
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rEsults

Cavity fluxes
Open cavity:  Despite the short residence times for cavity water (tc = ~4 min), 
significant concentration differences were measured for cavity and reef water. 
Cavity waters consistently showed lower concentrations of DOC, bacte-
rioplankton carbon, DON, and DOP and higher concentrations of inorganic  
N and P, relative to reef water (Table 7.1). these results suggest that cavi-
ties remove dissolved and particulate organic carbon and organic nutrients, 
returning inorganic nutrients. using the concentration differences between  
cavity and reef water, equation 1 yielded a net influx of 367 mmol C m-2 d-1 as DOC  
and 20 mmol C m-2 d-1 as POC. Applying a C:N:P ratio of 106 :19 :1.7 for particu-
late organic matter (assumption 3), would result in a net particulate organic 
nitrogen influx of 20 /106 × 19 = 3.3 mmol N m-2 d-1 and a net particulate organic 
P influx of  20 /106 × 1.7 = 0.3 mmol P m-2 d-1 (Table 7.1). For the dissolved 
organic matter, influxes would amount to 9.2 mmol N m-2 d-1 and 1.2 mmol  
P m-2 d-1 (Table 7.1). Evidently, the organic carbon and nutrient supply to cavi-
ties is dominated by the dissolved fraction, not the particulate fraction. the 
fluxes of total organic carbon, nitrogen, and phosphorus (tOC, tON, and tOP) 
are estimated at 387, 12.5, and 1.5 mmol m-2 d-1, respectively. the return fluxes 
of inorganic N and P amounted to 9.6 mmol N m-2 d-1 and 0.6 mmol P m-2 d-1. 
these results indicate a net organic to inorganic conversion of 77% and 40%, 
or retention of 23% and 60% for N and P, respectively.

Closed cavity: upon closing the cavity, the concentrations of DOC, DON, 
DOP, and bacterioplankton carbon all showed exponential decrease with time, 
whereas inorganic N and P increased linearly (Fig. 7.1). With respect to the 
magnitude and the direction of initial fluxes, the closed cavities showed a 
remarkable correspondence to the open cavities (Table 7.1). Fitting the time 
courses of DOC, DON, and DOP revealed a C:N:P stoichiometry of 560:35:1  
(C:N = 16; C:P= 560) for removal (Fig 7.1). Since the corresponding ratio for reef 
water was 472:32:1 (C:N = 15; C:P = 472), this again suggests that the cavity 
removed DOP more efficiently than DOC and DON, whereas DOC and DON 
were removed according to their relative concentrations in reef water. As for 
the open cavity, the net removal of total organic N and P was not balanced by 
the release of inorganic N and P. Overall, a net conversion of 39% and 27% 
from organic into inorganic N and P was observed (Table 7.1).
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Open cavity Closed cavity

variable RW CW Flux t=0 Flux
measured (µmol L-1) (µmol L-1) (mmol m-2 d-1) (µmol L-1) (mmol m-2 d-1)

DOC 85 ± 9 70 ± 5 367 ± 148 103 ± 6 342 ± 33
BC 2.6 ± 0.4 2.2 ± 0.2 9.9 ± 4.0 3.6 ± 0.2 3.6 ± 0.5
DON 5.8 ± 0.9 5.4 ± 1.0 9.2 ± 8.6 6.3 ± 0.4 7.0 ± 0.7
DIN 0.9 ± 0.2 1.3 ± 0.1 -9.6 ± 3.7 1.0 ± 0.2 -3.2 ± 0.7
DOP 0.18 ± 0.03 0.12 ± 0.01 1.2 ± 0.5 0.20 ± 0.02 1.0 ± 0.2
DIP 0.05 ± 0.01 0.08 ± 0.01 -0.6 ± 0.3 0.09 ± 0.06 -0.3 ± 0.1
O2 nd nd nd 212 ± 6 -136 ± 38

variable
derived

POC 5.3 ± 0.7 4.4 ± 0.4 19.8 ± 8.0 7.2 ± 0.5 7.2 ± 1.0
PON 0.9 ± 0.1 0.8 ± 0.1 3.3 ± 0.7 1.3 ± 0.1 1.3 ± 0.2
POP 0.08 ± 0.01 0.07 ± 0.01 0.3 ± 0.1 0.11 ± 0.01 0.1 ± 0.0
tOC 90 ± 10 74 ± 5 387 ± 156 110 ± 6.5 349 ± 34
tON 6.7 ± 1.0 6.2 ± 1.1 12.5 ± 9.3 7.6 ± 0.5 8.3 ± 0.9
tOP 0.26 ± 0.04 0.19 ± 0.02 1.5 ± 0.6 0.31 ± 0.03 1.1 ± 0.2

Table 7.1 - Concentrations and fluxes of C, N, P (organic and inorganic; dissolved, 
particulate, and total fractions), and O2, for open and closed cavities. Note that positive 
fluxes are cavity removal rates, whereas negative fluxes are release rates; mean (95% CI).

For every mole of organic carbon removed by the cavity, on average 0.39 mole 
of oxygen was removed (Table 7.1). Assuming unity for carbon-to-oxygen 
stoichiometry in respiration, cavities on average respired 39% of the organic  
carbon removed, leaving 61% for tissue assimilation (regeneration). Assuming 
that all tON and tOP is used for assimilatory purposes and correcting for 
carbon respiration would yield a C:N:P ratio of 106:4:0.5 (C:N = 26.5; C:P = 212) 
for assimilation.

Community fluxes
the relative contribution of different communities to the cavity surface 

was derived from the cryptofaunal composition of 11 cavities determined in 
two previous studies in the same study area (Scheffers 2005; van Duyl et al. 
2006). the four surface dominating cavity communities, covering on average 
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Fig. 7.1 - The average change in concentration of (A) dissolved organic carbon (DOC; n 
= 23), (B) dissolved organic nitrogen (DON; n = 11), (C) dissolved organic phosphorus 
(DOP; n = 12), (D) bacterioplankton (C; n=23), (E) dissolved inorganic nitrogen (DIN; 
n=13), and (F)dissolved inorganic phosphorus (DIP; n=15) with time in coral cavities after 
closure. Given are the trend lines (dashed) by a 2G-model fit (DOC, DON, and DOP), an  
exponential fit (bacterioplankton), and a linear fit (DIN and DIP). Additionally, a trend 
line (solid) is given for the coupled DOC, DON, and DOP removal rates by a 2G-model 
fit. DOC and DON showed a well coupled removal according to their initial C:N ratio, 
where more DOP is removed than according to its initial atomic ratio with C and N.; 
mean ± SD.

88% of the total surface area (tSA), were selected for flux incubation and 
detailed element budgets: Sponge (26 ± 5% tSA), sediment (39 ± 4% tSA), 
calcareous algae (19 ± 1% tSA), and bare substratum (4 ± 2% tSA; mean ± 
SD). the remaining 12% cover is ascribed to ascidians, bryozoans, polychaetes, 
corals, and bivalves.  

Incubation experiments showed that the sponge and sediment commu-
nity removed substantial amounts of organic matter from the ambient water 
(sponge almost 1 mol C m-2 d-1), whereas the communities calcareous algae and 
bare substratum showed neither significant removal nor release of organic mat-
ter (Table 7.2). Particulate organic carbon was only removed by sponge, whereas 
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Community flux Community flux
variable Sponge Sediment variable Sponge Sediment
measured (mmol m-2 d-1) derived (mmol m-2 d-1)

DOC 915 ± 65 168 ± 25 POC 71 ± 14 ns
BC 36 ± 7 ns PON 13 ± 2 ns
DON 63 ± 15 18 ± 9 POP 1.1 ± 0.2 ns
DIN -12 ± 5 -2 ± 1 tOC 986 ± 79 168 ± 25
DOP 7.1 ± 1.4 0.9 ± 0.3 tON 76 ± 17 18 ± 9
DIP -1.9 ± 0.7 -0.7 ± 0.3 tOP 8.2 ± 1.6 0.9 ± 0.3
O2 419 ± 79 134 ± 20

Table 7.2 - Community fluxes of C, N, P (organic and inorganic; dissolved, particulate, 
and total fractions), and O2, for sponge and sediment. Note that positive fluxes are 
cavity removal rates, whereas negative fluxes are release rates; mean (95% CI).

the sponge community played a major role in the overall C, N, and P balance of 
coral cavities (Table 7.3). Covering 26% of the tSA, sponges accounted for 73% 
of the tOC removal by cavities. For every mole of organic carbon removed by 
the sponges, on average 0.425 mole of oxygen was removed (Table 7.2). Sponges 
respired on average 42.5% of the organic carbon removed, leaving 57.5% for tis-
sue assimilation (regeneration). Assuming again that all tON and tOP is used 
for assimilatory purposes and correcting for carbon respiration would yield a 
C:N:P ratio of 106:14:1.5 (C:N = 7.5; C:P = 69) for assimilation.

other communities did not significantly remove or release POC (Table 7.2). 93% 
of the organic C, 83% of the organic N, and 87% of the organic P removal by 
the sponge community originated from the dissolved fraction. Respiration ac-
counted for 40-45% of the total organic matter consumption. Sponges released 
16% of the consumed total organic N as inorganic N, and 23% of the consumed 
total organic P as inorganic P. the sediment released approximately as much P 
as it consumed (78%) as DIP, but released only 12% of the consumed tON as 
DIN. the remaining fraction may have served benthic assimilation or fuelled 
coupled nitrification-denitrification in the sediment (Table 7.2).
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Table 7.3 - The relative contribution of the surface dominating cavity communities to the 
total cavity surface (TSA); The community total organic carbon (TOC) flux, corrected 
for cover; Percentage of community TOC flux in relation to the total cavity TOC flux.

Mass balances
the mass balances for the closed cavity and separate communities (Fig. 7.2) are 
all based on incubation experiments, using the same mathematical approach for 
C, N, and P fluxes (measurements obtained from Tables 7.1 and 7.2). therefore, 
the budget for the closed cavity was used to evaluate the relative contribution 
of communities in overall cavity nutrient cycling, not the open cavity budget. 
the C, N, P mass balances for the open cavity (not shown), however, were 
strikingly similar to the balances for the closed cavity. Sponge (Fig. 7.2B) and 
sediment (Fig. 7.2C) community fluxes were normalised to overall cavity fluxes 
(Fig. 7.2A) using their respective cover percentage of tSA. 

 Cavity (Fig. 7.2A): the total uptake of organic carbon amounts to 349 
mmol C m-2 d-1, of which 136 mmol C m-2 d-1 is being respired to inorganic 
carbon and 213 mmol C m-2 d-1 is assimilated. Assuming Redfield ratio for the 
cavity biomass, the assimilation of 213 mmol C m-2 d-1 would require 32 mmol 
N m-2 d-1, whereas only 8 mmol N m-2 d-1 is supplied by the uptake of DON and 
PON and 3 mmol N m-2 d-1 is excreted as DIN. therefore, (-32+8-3) 27 mmol 
N m-2 d-1 is to be regenerated and resorbed during turnover of cavity biomass. 
Assuming steady state conditions for cavity biomass, this would leave 5 mmol 
N m-2 d-1 to be excreted in the particulate fraction. Likewise, the assimilation 
according to Redfield stoichiometry would require 2 mmol P m-2 d-1, while in 
total 1.1 mmol P m-2 d-1 is supplied by uptake and 0.3 mmol P m-2 d-1 is excreted 
as inorganic P. thus, (-2+1.1-0.3) 1.2 mmol P m-2 d-1 should be resorbed from 

Sponge Sediment Calcareous 
algae

Bare 
substrate

unknown*

Cover (% of tSA) 26 39 19 4 12
tOC flux corrected for cover 256 66 ns ns  27‡
% of total cavity tOC flux 73 19 ns ns   8‡

* unknown cavity biota consists of (e.g.): ascidians, bryozoans, polychaetes, corals
ns: not significant
‡ calculated from total cavity removal rate minus compartment removal rates
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Fig. 7.2 - Mass balances of C, N, and P for: (A) closed cavity, and for the dominant cavity 
communities (B) sponge, and (C) sediment. In- and effluxes of organic and inorganic 
nutrients through the different communities are given. The communities are represented 
by grey boxes in which the gains and losses of C, N, and P for each community are shown 
(negative means required, whereas positive means a surplus). Consequently, requirement 
of N or P is met by internal recycling. The CNP ratios represent the stoichiometry of 
uptake or release of different nutrient pools and the stoichiometry of the cavity biota (in 
the grey box).
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the turnover of cavity biomass, leaving 0.8 mmol P m-2 d-1 to be excreted in the 
particulate fraction. Based on these estimates, the predicted C:N:P elemental 
stoichiometry of the particulate cavity waste would be 106:3:0.4, which is very 
similar to the stoichiometry of total C, N, and P uptake by the cavity. 

Communities (Fig. 7.2B,C): Only mass balances for the sponge and sedi-
ment communities were presented, as these were found to dominate the total 
fluxes of cavities. the total organic carbon removal by sponges amounted to 
256 C m-2 tSA d-1, of which 109 C m-2 tSA d-1 was respired (40-45%). Sponge 
carbon assimilation (147 mmol C m-2 tSA d-1) would require 22 mmol N m-2 
tSA d-1, 19 mmol N m-2 tSA d-1 of which is supplied as dissolved and partciulate 
organic N. Since 3 mmoles N m-2 tSA d-1 are released as inorganic N, in total 6 
mmol N m-2 tSA d-1 are to be resorbed from the tissue replaced by new assimi-
lation. Similar calculations for P revealed no regeneration of sponge tissue P is 
required to cover the assimilatory P demand. Only a minor part of N and P was 
released as inorganic N and P. the major part of matter released by the sponge 
community was in the form of particulate organic matter with a predicted C:
N:P stoichiometry of 106:12:1.1, relatively close to Redfield, and similar to the 
stoichiometry of total C, N, and P assimilation by sponges (106:14:1.5). Overall, 
sponges appear to convert dissolved organic C, N, and P into higher quality 
particulate organic matter. this conversion was predicted to be 84% and 76% 
for N and P, respectively, leaving 16% (N) and 24% (P) to be regenerated into 
inorganic nutrients.

 the sediment released inorganic N and P and produces a relatively small 
amount of POM. this POM is enriched in N and depleted in P as compared to 
Redfield (106:50:0.3 versus 106:16:1). Recycling of neither N nor P was required 
in this mass balance.
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discussion

the conventional view on the functioning of coral cavities is that these are 
hot spots of mineralisation on coral reefs, processing particulate organic matter 
and releasing inorganic nutrients (tribble et al. 1988; Richter et al. 2001; van 
Duyl et al. 2006). this view emerged from studies in which particulate organic 
matter (POM) was considered the main source of organic carbon and nutrients 
for cavities. Based on the influxes of POM and the return fluxes of inorganic 
nutrients, regeneration efficiencies of 128-252% (N) and 182-249% (P) can be 
estimated from earlier studies (Richter et al. 2001; van Duyl et al. 2006). these 
>100% efficiencies suggest non-steady-state conditions with respect to cavity 
biomass and element cycling or an additional source of carbon and organic  
nutrients. the estimated POM influxes and the return fluxes of inorganic 
nutrients for the present study are well in line with these earlier studies and 
would have resulted in mineralisation efficiencies of 246% (N) and 255% (P). 
However, by including DOM as a source of organic carbon and nutrients these 
regeneration efficiencies reduce to 39% for N and 27% for P. Apparently, coral 
cavities do represent important sinks for dissolved organic C, N, and P, but only 
play a modest role in the regeneration of inorganic nutrients. this predominance 
of DOM over POM uptake (1-2 orders of magnitude), has been observed for  
different reef types from various geographical domains (De Goeij et al. 2007) 
and urges us to drastically revise the concept of coral cavity functioning in 
terms of carbon and nutrient cycling. 

By comparing cavity with community fluxes, we were able to asses the quan-
titative contribution of the communities to overall nutrient cycling within 
coral cavities. We identified the sponge community as the most important 
sink for organic matter. Similar to cavities, over 90% of the total uptake of 
organic carbon by sponges is accounted for by DOC. A recent study on the 
sponge Halisarca caerulea (De Goeij et al. 2008a) indicated that only ~40% of 
the tOC uptake was respired, leaving ~60% for assimilation. tracer 13C studies 
with different substrates provided evidence that DO13C is assimilated by the 
sponge, again showing a 40:60 respiration:assimilation ratio (De Goeij et al. 
2008b). this would be equivalent to a  biomass increase of ~38% body C d-1, 
on a net growth rate of ~0 (1 m2 sponge = 1540 mmol C sponge (De Goeij et al. 
2008b)). Assimilated carbon may be used for reproduction or the production 
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of secondary metabolites, but can also point to a high turnover of sponge bio-
mass. Evidence for the latter is provided by histological results, demonstrating 
high cell proliferation rates and the subsequent release of cellular debris by  
H. caerulea. these results corroborate well with reports on significant excretion  
of debris found for other tropical sponges (Reiswig 1971; yahel et al. 2003). 

Based on our mass balance for sponge communities, the predicted major 
pathway of element cycling in sponges is the net conversion of DOM into POM. 
In transforming dissolved organic matter into biomass and the subsequent 
production of particulate cellular debris, the sponge community provides the 
blueprint for carbon and nutrient cycling in the coral cavity (compare Fig. 
7.2A and B). In contrast to the conventional view, coral cavities seem particu-
larly important in the conversion of dissolved organic matter into particulate  
organic matter through assimilation and cellular debris formation. Although 
this pathway still requires experimental validation, its importance was illus-
trated by the strings of mucus and detritus detaching from the cavity walls 
(J.M. de Goeij, pers. obs.). the predicted elemental composition of this debris 
suggests it to be a good food source for particle feeding communities on the 
reef. 

In order to qualify the role of cavities in overall reef nutrient cycling, fluxes 
need to be extrapolated. A squared meter of projected reef conceals on average 
4.7 m2 of tSA (Richter et al. 2001). However, per m2 of reef, on average only 
0.3 m2 is covered by reef framework (Ginsburg 1983; Richter et al. 2001). thus, 
one m2 of reef equals approximately 0.3×4.7= 1.6 m2 tSA, which is a very rough 
estimate, considering the wide variety of community structures in different 
reef zones. For conservancy, we approximate the cavity surface-to-projected 
reef surface ratio to be 1:1. the range of gross primary production rates of 
entire reefs is estimated 200-500 mmol C m-2 reef d-1 (Hatcher 1990), which is 
roughly balanced by gross community respiration. the framework respiration 
rate of 136 mmol C m-2 d-1 from our study represents 27-68% of the gross com-
munity respiration for an entire reef ecosystem, whereas total organic carbon 
uptake by coral cavities is in the same order of magnitude as the gross primary 
production of the reef (De Goeij and van Duyl 2007). It is hypothesised that the 
DOM , feeding the cavities is relatively young and reactive and therefore locally 
produced. the main sources of DOM identified on reefs are coral mucus (Wild 
et al. 2004) and the leakage from vascular plants, macro- and planktonic algae 
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(Benner et al. 1986). Corals can excrete 40-50% of their photosynthetically 
fixed carbon as mucus (Davies 1984; Crossland 1987), of which up to 80% is 
immediately dissolved in the seawater (Wild et al. 2004). Macroalgae (Newell 
et al. 1980) and vascular plants (Benner et al. 1986) may excrete 30-50% of 
their gross production as dissolved organic carbon. Although evidence is still 
lacking, these sources may significantly contribute to DOM feeding by coral 
cavity biota. Our results show that the reef framework or the ‘lower reef’ is the 
heterotrophic counterpart of the autotrophic ‘upper reef’.

to conserve essential elements, mechanisms develop that promote recycling 
within the system, ultimately resulting in the stabilisation of the ecosystem 
(Pomeroy 1970; Odum 1971). the regeneration of nutrients by the reef frame-
work has long been considered as an important source of inorganic nutrients 
for the highly productive reef surrounded by the highly oligotrophic oceans 
(Andrews and Müller 1983; tribble et al. 1988). We hypothesise that the 
transformation of locally produced DOM into particulate matter enhances the 
retention of nutrients within the coral reef ecosystem. Due to their particulate 
nature, POM may go through successive cycles of resuspension and subsequent 
settling from the water column before being washed out to the adjacent ocean. 
Meanwhile, the particle is subject to bacterial degradation, slowly regenerating 
inorganic nutrients, and to the interception by particle feeding communities. 
In contrast, DOM would be lost more easily from the reef ecosystem. the con-
version of DOM into particles as a mechanism for energy transfer in marine 
systems has been described in earlier studies as the so-called ‘microbial-loop’ 
(Azam et al. 1983). In coral cavities, not the bacterioplankton, but the sponge 
community functions as a ‘sponge loop’. Since the carbon is not looped within 
the organism, but transferred to various trophic levels it would be more ap-
propriate to define the functioning of coral cavities as a ‘cryptic carbon shunt’. 
the validation of this hypothesis requires the resolution of two main issues: 
Identification of the sources of DOM fuelling the cavities and unraveling the 
composition of the excreted POM, both quantitatively and qualitatively. 
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