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Introduction

Coral reefs are the most productive (Sorokin 1993) and diverse (Wood 2001) eco-
systems of the oceans and the largest biological structures on earth. The profusi-
on and beauty of life on the surface of the reef bottom hold one�s attention so com-
pletely, that it takes considerable experience for an observer to realize that there
is more to the reef bottom than the surface (Ginsburg 1983). The spaces and sur-
faces under coral rubble, the interiors of vacated borings, the shaded undersides
of overhanging dead or live coral, and cavities of all shapes and sizes are inters-
persed with the recent and sub-recent reef framework, making it a complex three-
dimensional labyrinth. Cavity volume estimates in literature range from 30-75% of
the total reef volume, and cavities provide a surface area for colonization by orga-
nisms that may be equal or greater than the area of the direct light exposed reef
surface (Jackson et al. 1971; Ginsburg 1983; Logan et al. 1984). Cavity surface
area can exceed the planar surface area of the projected, "visible", reef by a fac-
tor 1.5-8.0 depending of reef zone and 3D-complexity of the reef (Richter et al.
2001; Scheffers et al. this thesis). There are indications that these cavities harbor
cavity-dwelling organisms that have an important function in total reef metabolism
(Gili and Coma 1998; Richter and Wunsch 1999; Wunsch et al. 2001), and pos-
sibly represent the major trophic link in organic matter transfer from the pelagic to
the benthic compartment (Brock and Smith 1983; Gast et al. 1998; Linley and
Koop 1986). The cryptic biota in large submarine caves has been extensively stu-
died in Grand Cayman (Logan 1981), Bermuda (Logan et al. 1984), Madagascar
(Vasseur 1974, 1977), and Belize (McIntyre et al. 1982). Smaller scale studies
were carried out on cryptic communities living on the undersides of folacious co-
rals (Buss and Jackson 1979; Jackson and Winston 1982; Hutchings 1983) and
in coral rubble (Choi and Ginsburg 1983; Meesters et al. 1991; Gischler and Gins-
burg 1996), habitats that are easily accessible by divers. In contrast, the small
cavities in the 0.1 to 1 meter size range have been neglected in science, due to
the lack of appropriate techniques for their study. Their omnipresent occurrence
however, demonstrates that they are an integral, or even essential part of the reef
ecosystem (Ginsburg 1983; Kobluk 1988).

It appears that cryptic habitats harbour a high number of species per unit of sur-
face area. Sessile groups such as sponges, crustose coralline algae, ascidians,
polychaetes, bryozoans, and foraminiferans that live on hard bottom surfaces in
cavities usually dominate cryptofauna. It is not known what the influence of physio-
gnomic characteristics is on the composition and cover of the cryptofaunal com-
munity. With physiognomic characteristics, I refer to cavity characteristics such as
volume, hard substratum surface, morphology, orientation and sizes of openings to
ambient water, and residence time of water (food supply limitations). I presumed that
these factors influence the composition and cover of the cryptofaunal community and
the organic matter supply to the cavity. Although qualitative observations supporting
this hypothesis have been forwarded, quantitative data are lacking because a sui-
table instrument to measure cavity properties was missing until recently.
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The biology of cryptofauna and its linkage to the reef water column characteristics
was largely unstudied. Depletion of chlorophyll a in cavity water relative to ambi-
ent water has been reported for framework cavities in the Red Sea (Yahel et al.
1998; Richter and Wunsch 1999), and the Great Barrier Reef (Ayukai 1995).
Measurements of microbial variables also showed strong horizontal and vertical
gradients over reefs. The overall pattern appears to be that the strongest removal
of bacteria on coral reefs takes place in cavities (Gast et al. 1998; Van Duyl and
Gast 2001). Presumably bacterivory by cryptic organisms inhabiting these cavities
is causing the decline in bacterial densities in cryptic environments. Previous re-
search showed high clearance rates by sponges (Pile 1996; Bak et al. 1998; Ya-
hel et al. 2003). Remineralization of the bacterioplankton may change the water
quality (in terms of nutrient enrichment) within and outside cavities. Thus, bacteria
are removed from the water column due to predation while at the same time bac-
teria can be stimulated in growth by excreted inorganic nutrients (Gast et al. 1998).
Suspension feeding by cryptic communities may account for the widespread and
unexplained observations of strong gradients in particulate organic carbon (POC)
and microbes over reefs. Furthermore, changes in water quality characteristics in
cavities (in terms of inorganic nutrient concentrations) have been ascribed to acti-
vities by cryptofauna living on the hard substratum of cavities (Richter et al. 2001).
The cryptic suspension-feeding fauna therefore potentially forms an important link
in reef trophodynamics. I did a study of the trophodynamics of cryptofaunal com-
munities in particular focussing on their role as consumers of the numerous bac-
teria flowing over the reef. I studied cavities as regenerators of inorganic nutrients
and investigated their relationship to reef water column quality.

The aims of this study are
••••• To quantify the occurrence of cavities on a reef and characterize these cryptic

habitats.
• To determine composition and abundance of cryptofauna in reef cavities in rela-

tion to a-biotic environmental parameters.
• To determine the uptake rates of pico/nanoplankton by the cavity suspension

feeders.
• To assess nutrient regeneration and in/efflux of inorganic nutrients in reef cavi-

ties.
• To assess the relationship between bacterial removal rates/nutrient fluxes and

water exchange rates of cavities.

Thesis Outline

Differences in response of coral communities to environmental change over the
reefs along the coast of Curaçao (Bak et al. 1998; Van Duyl and Gast 2001; Mee-
sters et al. 2001) raised questions about the mechanisms linking reef bottom to
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reef water column. Our research group showed (PhD thesis GJ Gast 1998) that reef
cavities played a possibly vital role in the linkage of reef bottom to the reef water co-
lumn. My PhD research focussed on the characteristics of cavities, the cavity inhabi-
tants and functional processes linking these inhabitants to the reef water column.

Basic to understanding the role of reef cavities is a description of the physical
structure.

In Chapter 2, a new method is presented to describe the three-dimensional struc-
ture of framework cavities. To quantify the influence of cryptofauna on water qua-
lity characteristics and a-biotic parameters on cryptofauna distribution, we needed
to develop a tool to measure the spatial structure of cavities. Quantitative data on
cryptofaunal influenced reef trophodynamics were lacking in literature because an
easy instrument to measure cavity geometry was not available. The cave-explo-
rer was invented to measure structural parameters of cavities as volume and hard
surface area, which are important variables throughout the whole thesis.

The coupling between reef cavities and the reef water column is expressed in the
exchange of (in-)organic matter.

In Chapter 3, cavity water characteristics are quantified in terms of fluxes of bac-
teria and nutrients. I assessed uptake rates of bacteria and inorganic nutrient cyc-
ling in coral cavities and established the role of these processes in coral reef tro-
phodynamics. I closed off the cavities and measured changes in bacterial densi-
ties and inorganic nutrient concentrations over time intervals. This provided esti-
mates on bacterial removal rates and nutrients fluxes caused by cryptic biota. Clo-
sure of cavities eliminated the exchange of the cavity water with overlying reef
water.

For a more detailed understanding of the underlying processes, in Chapter 4, I
focus on the differences in water quality characteristics (in terms of DOC and in-
organic nutrients) between cavity and reef water. I examined heterotrophic bacte-
rial standing stock, bacterial growth rates and bacterial nutrient requirements (through
inorganic nutrient and DOC amendments in bioassays) in cavity and reef water. It
was investigated if the growth rate of heterotrophic bacteria in cavity water was
enhanced compared to reef water and if the enhanced cavity inorganic nutrient
concentration contributed to the higher growth rate of reef cavity bacteria compa-
red to reef water column bacteria.

To understand the coupling of reef cavities to reef water, exchange is a key process.

In Chapter 5, the uptake rates of bacteria and inorganic nutrient cycling in open
coral reef framework cavities are discussed. The bacterial uptake rates and nutri-
ent fluxes are related to water exchange rates of cavities with the ambient reef water.

Finally, in Chapter 6, I quantify and qualify the cryptofauna composition and distri-
bution within framework cavities, and relate the distribution of these organisms to
a-biotic parameters such as light intensity, water movement, turbidity, cavity aspect
ratio, and cavity hard substrate area.
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inaccessible coral reef cavities

Scheffers, S.R., de Goeij, J., Van Duyl, F.C. and R.P.M. Bak
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Chapter 2

The cave-profiler: A simple tool to describe the 3D-
structure of inaccessible coral reef cavities

Introduction

An important part of the bottom of a coral reef consists of dead coral reef frame-
work cavities, this includes the spaces and surfaces under rubble, the undersides
of skeletal organisms such as corals, the shaded undersides of overhanging dead
or live coral, and deep framework cavities. Cavities are formed below protruding
edges of stony corals, in the coral reef framework and are often enlarged by bio-
eroding organisms. These cavities make up a major part of the volume of the ske-
leton of a reef. Estimates of the volume encompass 30-75% of total reef volume
(Ginsburg 1983). Cavities provide a surface area for colonization by organisms
that may be greater than the horizontally projected reef surface area (Jackson and
Winston 1982; Ginsburg 1983).

The species composition of these cryptic habitats has been extensively studied
(Kobluk and Van Soest 1989; Meesters et al. 1991). Sessile groups such as spon-
ges, crustose coralline and filamentous algae, ascidians, polychaetes, bryozoans,
and foraminiferans, usually dominate cryptofauna. Bioeroding organisms, such as
clionid sponges and polychaetes, can make up a substantial part of the biomass
in cavities (Scoffin et al. 1980; Hutchings 1983).

Cavities with their organisms can be considered as functional units, which have
an important role in total reef metabolism (Gili and Coma 1998; Wunsch and Rich-
ter 1998; Richter and Wunsch 1999). There are indications that these functional
units represent the major trophic link in organic matter transfer from the pelagic to
the benthic compartment (Brock and Smith 1983; Linley and Koop 1986; Gast et
al. 1998; Richter et al. 2001).

It is practically unknown what the influence of physiognomic characteristics of ca-
vities is on the composition and cover of the cryptofaunal community. With phy-
siognomic characteristics, we refer to cavity characteristics such as volume, hard
substratum surface, morphology, orientation and sizes of openings to ambient reef
water. The geometry of a cavity will affect rates of exchange between cavity and
overlying water, i.e. the residence time of water in cavities. Residence time is sup-
posed to influence the water born food supply to cavities. We presume that these
factors influence the composition and cover of the cryptofaunal community and the
organic matter supply to cavities. Although qualitative observations supporting this
hypothesis have been forwarded, quantitative data are lacking because an easy
instrument to measure cavity geometry was not available.

We developed a simple inexpensive instrument, the so-called cave-profiler, which
can be easily operated by a diver underwater to measure the inside morphology
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of normally inaccessible cavities (up to 1.5 m deep). Threedimensional processing
of data, collected with the cave-profiler yields: (1) visualization of the highly irre-
gular inner structure of framework- and overhang cavities. (2) accurate values for
cavity volume, hard substratum surface area, and their aspect ratios.

Material and Methods

We needed an easy tool for underwater measurements of cavities. Since openings
are too small for divers to enter, the apparatus had to be operated from the outsi-
de. There were three basic requirements that the apparatus should satisfy: (1) The
method should provide reproducible and accurate data sets (2) The apparatus
should not damage the biota inside a cavity (3) The apparatus should not damage
the geometry of the cavity

Reproducibility of the instrument was tested on differently sized and shaped cavi-
ties at 15 meters depth, on the fringing reef of Curaçao (Netherlands Antilles) (Bak
1977; Van Duyl 1985).

Construction of the Cave-profiler

The cave-profiler consists of a long rigid Plexiglas ruler (cm-markings from 120 cm
to 0 cm, of 10 cm wide) on which a hard plastic pipe is mounted (Figs. 1A-C, and
Fig. 2). This pipe is cut-off at the top along the total length and has transverse inci-
sions of 3 cm wide every 7 cm. The topside cut-off allows the insertion of a slightly
smaller, 120 cm long, hard plastic electricity pipe that has at the beginning an ex-
tension of 15 cm under an angle of 900, which fits in the 3 cm wide incisions. On
the electricity pipe dashed lines are printed which represent, from a frontal view,
angles of 300, 600, 900, 1200, and 1500. A semi-flexible iron wire of 235 cm is inserted
in this pipe, the last 100 cm covered by a tight fitting silicone tube with cm-markings
on it ranging from 0 cm to 100 cm, which can be moved forwards and backwards.

Functioning of the cave-profiler

The cave-profiler (Fig. 1B-3) is inserted in the cavity along the middle bottom axis (Fig.
2) and stays there until the whole cavity is measured. The end of the ruler is pushed
against the back wall of the cavity. The hooked extension on the end of the pipe should
be in position I (Fig. 1D). Now, the silicone tube (Fig. 1B-1) is pushed inside until the
semi-flexible iron wire (Fig. 1B-5) touches the wall of the cavity. The distance the sili-
cone tube has moved is noted. This process is repeated for positions II through VII
(Fig. 1D). Then, the silicone tube is brought in the start position, the hard plastic pipe
(Fig. 1B-2) is moved to a new position, 10 cm backwards, and the former process is
repeated. This will be repeated over the whole length of the cavity. The resulting data
set is presented in an y,R table. Using goniometry the R-value is transferred into x-
and z-coordinates (Table 1). These x-, y-, and z-triplets are used to generate a three-
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Fig. 1 The cave-profiler and the generation of a 3D-cavity model. A. Sketch of the cave-
profiler inserted in a cavity. B. Side-view of the cave-profiler. 1. Flexible plastic tube
over a semi-flexible iron wire, marked as a ruler. 2. Hard plastic pipe marked with
angles of -300, -600, 600, and 300. Attached to end of this pipe, inserted deepest inside
the cavity, is an extension under an angle of 900 of 15 cm long. 3. Rigid Plexiglas ruler
with denominations from 0 cm to 120 cm. 4. Rigid plastics ridge (made from a hard
plastic pipe) with an incision every 7 cm to keep the pipe in place, but leaving space
for turning and front/backward movement of the pipe. 5. Semi-flexible iron wire. C. View
from above. D. Frontal view of the cave-profiler and its measuring angles, with
positions I to VII of the extension, correlating with the angles. E. Schematic view of an
imaginary point in space "P" obtained by the cave-profiler.
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dimensional elevation model. This can be done in most Geographic Information Sy-
stem (GIS) systems. We used the raster-oriented GIS software LISA (copyright Dr. W.
Linder, Dept. of Geography, University of Düsseldorf, Germany, email: wilfried.lin-
der@uni-duesseldorf.de). The cavity bottom is defined by the 00-angle of the cave-pro-
filer, which defines the field within the 0-contourline of the digital model. The accuracy
of the source data determines the accuracy limits of the digital model. The interpolati-
on method is based on a second order polynomial transformation using the moving-
tilted-plane algorithm (defined by four or eight surrounding points). The resulting digi-
tal model represents the morphology of the cave from which volume and hard sub-
stratum surface area can be determined with high accuracy. The representation of the
interpolation has been obtained using CorelDraw 9 (copyright 1999, Corel Corp. Ltd.).

Reproducibility tests

Three divers have each measured each cavity (n= 3) three times on different days.
Data sets are compared using 3-D modeling, taking the standard error for each aver-
age. In addition, each cavity has been measured at two spatial scales, i.e. with 10-
cm, and with 5-cm intervals.

Fig. 2 A photograph of an overhang cavity with the cave-profiler being inserted at 15-meter
depth at Buoy Zero on the fringing reef of Curaçao (NA).
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Results and Discussion

Cavity structure

All cavities have a highly irregular inner structure with a relatively large frontal opening
and several more conically shaped dents in the roof. These may end in "chimneys"
connecting to other cavities or to the outside water column. The bottom of the cavities
is covered with sediments of a range of size-classes (sand to rubble). To establish a
complete set of coordinates of a cavity takes a SCUBA diver, on average, 40 minutes
of diving time. The cavities we measured on the reef slope of Curaçao varied widely
in their dimensions. The 3D-models as generated by LISA are represented in Fig. 3.

Reproducibility

Spatial scale of measurements

When the number of measurements is doubled, by decreasing the interval length
(10 cm to 5 cm), the digital model does not produce a more accurate picture. Vo-
lume and hard substratum surface area vary very little between measurements at

Table 1 Example of values obtained by the cave-profiler and the 3D-coordinates after
transformation with goniometrical formulas.

y 1
Angle 
left 2 R 3

Angle 
right 2 R 3 y 1 x 1 z 1 y 1 x 1 z 1

0 0 7 90 7 0 -7 0 0 0 7
0 30 5 60 5 0 -4 3 0 3 4
0 60 6 30 5 0 -3 5 0 4 3
0 90 7 0 5 0 0 7 0 5 0
5 0 19 90 10 5 -19 0 5 0 10
5 30 22 60 24 5 -19 11 5 12 21
5 60 30 30 23 5 -15 26 5 20 12
5 90 10 0 20 5 0 10 5 20 0
10 0 19 90 40 10 -19 0 10 0 40
10 30 28 60 35 10 -24 14 10 18 30
10 60 28 30 40 10 -14 24 10 35 20
10 90 40 0 43 10 0 40 10 43 0
15 0 37 90 45 15 -37 0 15 0 45
15 30 35 60 38 15 -30 18 15 19 33
15 60 35 30 33 15 -18 30 15 29 17
15 90 45 0 40 15 0 45 15 40 0
20 0 73 90 34 20 -73 0 20 0 34
20 30 57 60 35 20 -49 29 20 18 30
20 60 31 30 29 20 -16 27 20 25 15
20 90 34 0 31 20 0 34 20 31 0

TR
AN

S
FO

R
M

A
TI

O
N

1 = coordinate,  2 = in degrees,  3 = measured value
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Fig. 3
Three-dimensional mo-
dels of coral reef cavi-
ties, created with the
GIS LISA. Cavity B is
the same cavity as in
Fig. 2. Model A portraits
a cavity with a volume
of 0.103 m3, and a sur-
face area of 1.687 m2;
model B has a volume
of 0.229 m3, and a sur-
face area of 2.468 m2;
and model C has a volu-
me of 0.177 m3, and a
surface area of 0.971 m2.
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the different scales (Table 2). Because time is a limiting factor underwater, we
choose to use 10 cm intervals. Variation between measurements of cavities by dif-
ferent divers falls within a 5% error margin (Table 3).

Table 2 Dimensions of differently sized and shaped cavities (A, B, C) measured with 10
cm and 5 cm intervals by one SCUBA diver. HSA = Hard substratum surface
area. SD = standard deviation.

Table 3 Dimensions of differently sized and shaped cavities (A, B, C) in successive
measurements (HSA 1, HSA 2, HSA 3) by three different SCUBA divers. HSA =
Hard substratum surface area. SD = standard deviation.

Position of cave-profiler

Different divers of course put the ruler in different positions when starting the mea-
surements. This did not have a significant impact on the results (Table 3). Small
chimneys and inner overhangs may be overlooked due to physical restrictions of
the apparatus and chosen angles. This does not lead to much variability in our
results, but it implies that our measurements are minimum values. We recommend
placing the cave-profiler more or less in the middle of the cavity to obtain a fair
average of the cavities inner structure.

In conclusion

The cave-profiler records highly accurate coordinate triplets, which provide, with
the use of GIS modeling, a 3D-shape of an understudied reef component: the reef
cavities. The 3D-shape gives an accurate estimate of the surface area available
for settlement and growth of sessile cryptic organisms. The aspect ratio (ratio ca-
vity opening/volume) is essential to understand the linkage of cavities and over-
lying water. The method has three advantages: (1) It leaves the biota and the ca-

Cavity HSA (10 cm) HSA (5 cm) HSA average SD
[m2] [m2] [m2]

A 2.153 2.219 2.186 0.047

B 1.037 1.012 1.035 0.018

C 1.826 1.840 1.833 0.009

HSA HSA HSA Volume Volume Volume HSA Volume
1 2 3 1 2 3 average  average

[m2] [m2] [m2] [m3] [m3] [m3] [m2] [m3]

A 2.153 2.153 2.200 0.157 0.157 0.154 2.169 0.027 0.157 0.002

B 1.037 1.077 1.044 0.080 0.077 0.080 1.053 0.021 0.079 0.002

C 1.836 1.795 1.835 0.108 0.110 0.107 1.819 0.021 0.109 0.002

Cavity SD SD
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vities itself unaffected; (2) it is easy to handle underwater; caves are measured within
an hour; and (3) it is very cost-effective. The method allows a new approach and me-
thodology in coral reef research. Until now the reef cavity data have been estimates.
The cave-profiler gives hard data on an important feature in reef structure.

Summary

We present a simple instrument, the cave-profiler, designed to describe the 3D-
structure of coral reef cavities. It measures the inside geometry of cavities with dia-
meters ranging from 10-120 cm. The instrument is easy to handle, construct, and
cheap. Collection and processing of the data takes less than 2 hours per cavity
(including dive time). The cave-profiler consists of a plastic tube marked as a ru-
ler. It can be rotated over angles from 00 to 1800 and moved forwards and back-
wards inside cavities. A marked flexible wire can be moved inside and through this
tube until it touches the cavity wall. The instrument records the angle and height
above the bottom of each cavity wall contact point, as well as the distance from
the cavity opening. As a result, the cave-profiler provides three coordinates for
each cavity wall contact point on the roof and sidewalls of the cavity. Using these
data along with a GIS program, a 3D-digital elevation model can be calculated.
With this approach, reef cavity surface area and volume are accurately obtained
(SD <5%).
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Removal of bacteria and nutrient dynamics within
the coral reef framework of Curaçao (Netherlands
Antilles)

Abstract

We studied removal rates of bacteria and the regeneration of inorganic nutrients in
coral reef cavities in the reef slope of Curaçao, Netherlands Antilles. We found that
in cavities the hard substratum surface area (= approx. 68% of cavity surface area)
is for 65% covered with sessile filter feeders. The cryptic cavity surface area ex-
ceeds the projected surface area of the reef by 1.5-8 times. Consequently, the
organisms living in these cryptic habitats have potentially a large impact on pico-
and nanoplankton densities and are important in reef water nutrient dynamics.

We closed cavities (± 70 liter volume, 15 m depth) in 7 experiments to study chan-
ges in bacterial densities and dissolved inorganic nutrients (DIN, DIP, and silicate)
over time. Water samples were taken from the middle of the cavity at 5-minute
intervals, for 30 minutes, and analyzed for heterotrophic bacterial abundance and
nutrient concentrations. After closure, bacterial abundance dropped rapidly. Of the
initial bacterial concentration in the cavities 50-60% had disappeared after 30 minutes,
an average disappearance rate of 1.43 × 104 bacteria ml-1 min-1 (0.62 mg C l-1 d-1; or
30.1 mg C m-2 cavity surface area d-1). NOx concentrations increased significantly
during the time of closure. Efflux rates varied between 1.02-9.77 mmol m-2 cavity
surface area d-1. NH4

+ and PO4
3- concentrations were variable and did not show a

consistent change over time in the experiments.

Comparison of bacterial organic nitrogen disappearance rates and DIN (NOx + NH4
+)

release rates suggests that on average only 30-40% of additional sources of N
besides bacteria were required to balance the nitrogen budget. This highlights the
importance of heterotrophic bacterioplankton as food for cryptic filter feeders on
coral reefs. Silicate concentrations significantly decreased after closure with 0.50 mmol
m-2 cavity surface area d-1, suggesting the net deposition of SiO4

2- in spicules of cryptic
filter feeding sponges. We conclude that coral reef cavities are a major sink for hete-
rotrophic bacteria, a sink for dissolved silicon (DSi), and a source for NOx. That
reef cavities are a source for NOx suggests strong remineralization and nitrification
in cavities with a potential role for sponge-symbiotic microbial nitrification.

Keywords Coral reef, bacteria, cryptic sessile fauna, nutrient regeneration, cavi-
ties, silicate
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Introduction

Cryptic habitats inside the reef framework are a large and yet unexplored compo-
nent of the coral reef system. Cavities present the largest cryptic habitat on reefs.
They occur under coral colony overhangs and can be found as voids in the coral
reef framework. Volumes of individual cavities on reefs range from several to
hundreds of liters. Cavities encompass 30 to 75% of the bulk volume of corals
reefs, offering a large surface (75% of the total surface on reefs) for the growth
and exploitation of cryptic sessile organisms (Ginsburg 1983). Cavity surface area
can exceed that of the projected reef by a factor 1.5-8.0 depending of reef zone
and three-dimensional complexity of the reef (Richter et al. 2001; Scheffers et al.
2003). The biological activity in cavities is strongly associated with surface area.

Bottom cavities are semi-closed systems, with reduced exchange with ambient
water. Water quality characteristics often differ between cavity and ambient water.
Depletion of chlorophyll a in cavity water relative to ambient water has been re-
ported for framework cavities in the Mediterranean and in the Red Sea (Gili et al.
1986; Richter and Wunsch 1999).

On the reefs along Curaçao, Gast et al. (1998) found that bacterial densities were
usually lower inside cavities than outside and that the chemical composition of
water in cavities often differs from that in overlying water (Van Duyl and Gast
2001). These differences in water quality characteristics have been ascribed to
activities by cryptofauna or coelobites living on the walls of cavities (Richter et al.
2001). The majority of cryptofauna species are suspension feeders dominated in
cover by encrusting sponges (Kobluk and Van Soest 1989; Wunsch et al. 2002)
that filter nano- and picoplankton from the water column. Many tropical sponges
utilize heterotrophic bacteria as their main food source (Reiswig 1971; Pile 1996;
Ribes and Gili 1999; Kötter and Pernthaler 2002). Particles in the size class of <2
µm are preferably removed from the ambient water by sponges (Pile et al. 1996).

Inorganic nutrient concentrations are often enhanced near the reef framework and
in coral cavities (Gast et al. 1998; Rasheed et al. 2002). The regenerative spaces
in the reef are apparently a net source of inorganic N and P  (Hatcher 1997). The
cavity fauna decomposes organic matter and regenerates inorganic nutrients
(Richter et al. 2001). Open water sponges excrete excess N in the form of nitrate
into the water column (Corredor et al. 1988; Diaz and Ward 1997). Biotic activity
with respect to nutrient regeneration is not limited to cavity wall inhabitants. It also
occurs in cavity bottom sediments (Capone et al. 1992) and within coral skeletons
by endolithic communities (Ferrer and Szmant 1988). Free-living residents of ca-
vities, such as fishes and motile invertebrates, may also influence nutrient concen-
trations near the reef bottom. In view of such effects of fauna on the water quality,
it must be expected that the biological and chemical characteristics of water within
cavities differ from ambient reef water.

The aim is to quantify these water characteristics in terms of fluxes of bacteria and
nutrients. We assessed uptake rates of bacteria and inorganic nutrient cycling in
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coral cavities and established the role of these processes in coral reef trophodyna-
mics. In order to do so we measured changes in bacterial densities and inorganic nu-
trient concentrations over time intervals after cavities were closed off. Closure elimi-
nates exchange of the cavity water with overlying reef water and this allowed us
to estimate the bacterial removal and mineralization rates by the cavity biota.

Material and Methods

We focused our studies on two cavities at two sites (WF and B1, Fig. 1) on the frin-
ging reef along the leeward coast of Curaçao (Netherlands Antilles) (Bak 1977; Van
Duyl 1985). The cavities were situated at 15-meter depth on the reef slope. We
measured cavity geometry (cavity volume and cavity surface area) with the cave-pro-
filer, an instrument to measure the 3D-structure of reef cavities (Scheffers et al. 2003).
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Fig. 1 Locations of sites along the Caribbean island of Curaçao (Netherlands Antilles), whe-
re crevices in the reef slope at 15 m depth were sampled. WF = water plant, B1 = buoy 1.
The inset shows the position of Curaçao in the Caribbean Sea, north of Venezuela.

Cryptofauna cover in the cavities was estimated with a Sony 900E digital Ca-
veCAM adapted from Wunsch and Richter (1998). Per cave 48 random, non-over-
lapping pictures (4 × 4 cm) were taken and analysed with Adobe PhotoShop 4.0.
Random points (n = 100) were projected over the picture and substratum types
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lying directly beneath these points were identified. We distinguished cover of
suspension feeders, cover of sponges as share of the suspension feeders, cover of
calcareous algae and bare substratum. To study in situ removal rate of bacteria and
nutrient dynamics, we stopped water exchange between cavity and reef overlying
water by closing each cavity with a tightly woven cloth. The separation of cavity and
reef water was tested releasing fluorescin in the closed off cavity. We did not observe
any leakage of the dye from the closed cavities within 30 min, which indicates the
effectiveness of the closure. Surface wave-action had an effect even at 15 m and
made the cloth, and subsequently the cavity water, move gently back and forth.

Experiments were conducted on different days between 27th, September and 13th,
December 2001. Water samples were taken from the center of the cavity through
a fixed silicone tube. Before the start of the experiment duplicate water samples (n = 2)
were taken from cavity and overlying water (in front of the cavity entrance 1 m distance
from substrate). After closing the cavity, water samples (n = 2) were taken at 0, 5, 10,
15, 20, 30 minutes. After sampling the syringes were brought to the surface and
kept on ice in the dark, while being shipped to the laboratory. For each time inter-
val we analyzed DSi (dissolved silica), NO3, NO2, NH4, PO4, and heterotrophic
bacterial abundance. Duplicate samples for nutrient analyses were filtered over a
disposable 0.22 µm sterile polycarbonate filter and subsequently frozen and stored at
-20°C (N and P) and stored at +4°C (Si) in 6 ml Packard pony vials. All nutrient
concentrations were analyzed with a Traacs 800 auto-analyzer (Technicon).

Duplicate 10 ml samples for bacterial counts were stained with acridine orange
and filtered over black Nuclepore 0.22 µm polycarbonate filters (Hobbie et al.
1977). Bacteria were counted with a Zeiss epifluorescence microscope with mag-
nification ×1250. Conversion factors used for bacterial carbon and nitrogen con-
tent were 30 fg and 5.8 fg per bacteria respectively (Fukuda et al. 1998). We kept
at least a one-day interval between each experiment in order to allow pre-experi-
ment conditions in the cavities to be restored. We did 4 experiments with the cavi-
ty at WF and 3 with the cavity at B1. In 7 experiments the removal of bacteria was
assessed, and in 5 experiments nutrient concentration changes were followed.

Bacterial removal rates were calculated assuming exponential clearance of prey
in closed cavities:

 (1) N(t) = N(0) e �at

N= number of bacteria, t= time, a= rate coefficient.

Nutrient mineralization rates were calculated assuming a linear increase in inor-
ganic nutrients in closed cavities:

 (2) C(t) = aC(0) + b
C= nutrient concentration, t= time, a= rate coefficient, b= constant.

An indication of relationship between the processes of bacterial removal and nut-
rient production/disappearance is found when the rate coefficients of these pro-
cesses are similar.



22

Chapter 3

The fluxes based on concentration changes in time (mgC l-1 d-1) in closed-off cavi-
ties were recalculated to unit cavity surface area. This was accomplished by mul-
tiplying these initial fluxes by cavity volume and than divide this number by cavity
surface area (the total surface area and the surface area covered by all suspensi-
on feeders together, sponges alone respectively). Cavity surface areas and volu-
mes were obtained with the cave-profiler (Scheffers et al. 2003) and cover of sus-
pension feeders was obtained with the CaveCAM.

Results

Cavity geometry and cryptic organisms

The cavities for this study are typical of such structures in this habitat (Scheffers
et al. 2003). They are characterized by hard substratum roofs and walls and have
sandy bottoms. Cavities had frontal openings of respectively 0.31 and 0.27 m2,
which faced off the reef slope. The total inner surface area of the cavities amount
to 1.41 m2 (B1) and 1.52 m2 (WF) of which approx. 2/3 is hard substratum and ap-
prox. 1/3 is sand on the bottom (Table 1). The hard substratum was covered for
more than 93% with cryptic organisms. Encrusting calcareous algae dominate in
cover in the entrance part and filter feeders in the deeper part. Sponges, polycha-
etes, bryozoans, ascidians and bivalves represent the filter/suspension feeding
community. The cover of this community is dominated by encrusting sponges (De-
mospongiae and Calcarea). Morphological and biotic characteristics were roughly
similar for the 2 cavities. We found that fluxes were also comparable between ca-
vities. Therefore fluxes are not discussed separately for different cavities.

Table 1 Volume and absolute cover of solid (hard) and sand (soft) substrata and the absolute
coverage of solid substratum by different cryptic organisms are given for the cavities
WF and B1. Filter feeders include sponges, tunicates, bryozoans, polychaetes and
bivalves. Between brackets the filter feeder cover by sponges is given. The cover of
calcareous algae includes 10-17% cover by unspecified organisms.

Heterotrophic bacteria

Bacterial concentrations were always higher outside than inside the cavity. Initial den-
sities inside cavities differed substantially between experimental days. Bacterial densi-
ties inside of the cavities decreased on average with 1.43 × 104 ± 4.90 × 103 ml-1 min-1

Cavity 
Volume 

 
m3 

Hard 
Substratum 

m2 

Sand 
 

m2 

Filter Feeders 
(Sponges) 

m2 

Calcareous 
algae 

m2 

WF 0.073 1.01 0.51 0.68 (0.40) 0.33 

B1 0.070 0.98 0.44 0.61 (0.28) 0.30 
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after closure (calculated with equation 1, and see Fig. 2, Table 2). Converting this
in mg C disappearing m-2 d-1 of Total Surface Area (TSA = Hard substratum + Soft
sediment within a cavity) gives an average removal of 30.1 ± 10.6 mg C m-2 d-1. If
the filter feeder community (FF) in the cavities is responsible for total removal of
bacteria, the average uptake is 68.0 ± 23.4 mg C m-2 FF d-1.

Sponges have the highest percentage cover in the FF (Table 1). Assuming sponges
to take up all bacteria it appears that, on average 134.0 ± 63.3 mg C is removed m-2

sponge d-1. After 30 minutes, bacterial densities had declined on average with 50%.
The average bacterial N removal rate was 0.44 ± 0.16 mmol N m-2 TSA d-1 (Table 4).

Table 2 Removal rates of bacteria, bacterial C of 7 experiments (4 in cavity WF and 3 in B1)
on different days in September to mid December. Rates are expressed as disappea-
rance of bacterial cells and of bacterial carbon per volume cavity water (ml and litre)
and per surface area (total cavity surface area and surface area covered with filter
feeders), per unit time (minute and day).

Table 3 Rate coefficients of removal of bacteria and NOx and DIN effluxes across the ca-
vity substratum-cavity water interface of 5 experiments (2 in cavity WF and 3 in
B1). NOx = NO3 + NO2, DIN = Dissolved Inorganic Nitrogen.

Cavity Removal of bacteria NOx efflux DIN efflux 

WF-1 0.029 0.056 0.040 

WF-2 0.026 0.012 0.006 

B1-1 0.031 0.006 0.006 

B1-2 0.033 0.006 0.003 

B1-3 0.028 0.022 -0.006 

Removal of 
bacteria Removal of carbon 

cavity water 
 

cavity water 
 

total cavity surface 
area  

filter feeder surface 
area 

Cavity Date 

[x 1000 ml-1min-1] [mgC l-1d-1
] [mgC TSA m-2 d-1] [mgC FF m-2 d-1] 

WF-1 01-Oct 14.30 0.62 29.72 68.15 

WF-2 03-Oct 14.14 0.61 29.38 67.38 

WF-3 05-Oct 14.37 0.62 29.86 68.46 

WF-4 27-Sep 9.57 0.41 19.89 45.61 

B1-1 08-Oct 23.06 1.00 49.34 109.91 

B1-2 09-Oct 16.51 0.71 35.33 78.71 

B1-3 13-Dec 7.97 0.34 17.06 38.00 

Mean 
(stdev)  14.27 (4.90) 0.62 (0.21) 30.08 (10.59) 68.03 (23.36) 
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Fig. 2
Significant decrease in bacterial abun-
dance during 30 min after closure of cavi-
ties. Results of all experiments in cavity
WF and B1 are shown. Standard deviati-
ons are based on duplicate samples. The
line is an exponential decay regression fit.
Each panel contains a product moment
correlation coefficient (R), and the signifi-
cance level (p).
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The rate coefficients for bacterial uptake were for all experiments and for both ca-
vities within the same range (Table 3) in spite of different values in initial densi-
ties. On the other hand, bacterial removal rates increased significantly (R = 0.87,
p <0.01) with increasing initial bacterial concentrations (Fig. 3).

Table 4 Overview of the silicon influxes and inorganic N effluxes across the cavity subst-
ratum-cavity water interface of 5 experiments (2 in cavity WF and 3 in B1). For
comparison, the influx of bacterial N is given in the last column.

Cavity DSi influx NOx efflux DIN efflux Bacterial N influx 
 [mmol TSA m-2d-1] [mmol TSA m-2d-1] [mmol TSA m-2d-1] [mmol TSA m-2d-1] 

WF-1 0.72 3.88 2.77 0.41 

WF-2 0.26 0.80 0.42 0.41 

B1-1 0.50 0.43 0.31 0.68 

B1-2 0.32 0.43 0.14 0.49 

B1-3 0.68 1.57 -0.30 0.24 

Mean 
(stdev) 0.50 (0.21) 1.42 (1.45) 0.67 (1.21) 0.44 (0.16) 

Fig. 3

Relation between
the abundance of
bacteria at the start
of the experiments
and the removal ra-
te of bacteria.

Nutrients

Initial nitrate concentrations were always higher inside than outside of the cavities
with average concentrations of 0.78 ± 0.48 µmol l-1 inside and 0.65 ± 0.42 µmol l-1out-
side cavities. Initial nitrite concentrations were in all cases lower inside than out-
side of the cavities with average concentrations of 0.07 ± 0.03 µmol l-1 inside and
0.18 ± 0.19 µmol l-1 outside cavities. Nitrate and nitrite fluxes were different between
experiments, but concentrations usually showed a net increase over time. The ave-
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rage NO3
- efflux was 1.41 ± 1.45 mmol m-2 TSA d-1, and the average NO2

- efflux was
0.03 ± 0.05 mmol m2 TSA d-1. The average NOx (NO3

- + NO2
-) efflux was 1.42 ± 1.45

mmol m-2 TSA d-1. The rate coefficients for NOx fluxes varied between 0.006-0.056
(Table 3), with the steepest concentration increase at experiment WF-1 (Fig. 4).
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Fig. 4
Significant increase in NOx concentration du-
ring 30 min after closure of cavities. Results of
all experiments in which nutrients were measu-
red are shown. Standard deviations are based
on duplicate samples. The line is a linear re-
gression fit. Each panel contains a product
moment correlation coefficient (R), and the
significance level (p).

Initial ammonium concentrations were always higher outside than inside of the
cavities, with average concentrations of 1.86 ± 1.98 µmol l-1 inside and 0.72 ± 0.63
µmol l-1 outside cavities. We found a net NH4

+ influx in 3 experiments (0.25-2.00 mmol
m-2 TSA d-1) and a net efflux in 2 experiments (0.03 and 0.34 mmol m-2 TSA d-1). The
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average DIN (NO3
- + NO2

- + NH4
+) efflux was 0.67±1.22 mmol m-2 TSA d-1. One

experiment showed an influx of 0.30 mmol m-2 TSA d-1 (Table 4).

On average initial DIP concentrations were higher outside (0.37 ± 0.55 µmol l-1)
than inside (0.12 ± 0.06 µmol l-1) of the cavity. DIP fluxes were highly variable. We
found a significant net increase in concentration in 3 experiments (0.076-0.540 mmol
m-2 TSA d-1) and a net decrease in 2 experiments (0.11-6.49 mmol m-2 TSA d-1).

Initial silicate (measured as SiO4
2-) concentrations were on average higher outside

(2.29 ± 0.64 µmol l-1) the cavity than inside (1.81 ± 0.38 µmol l-1). During the expe-
riments, we found a consistent net decrease in silicate concentrations (Fig. 5). The
average rate of silicate removal was 0.50 ± 0.21 mmol m-2 TSA d-1 (Table 4). All in-
organic nutrient fluxes are calculated with equation 2.
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Fig. 5
Consistent decrease in DSi concentration du-
ring 30 min after closure of cavities. Results of
all experiments in which DSi concentrations
were measured are shown. Error bars refer to
the 95% confidence limits of concentrations as
established during the measuring period. The
line is a linear regression fit. Each panel con-
tains a product moment correlation coefficient
(R), and the significance level (p).
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Discussion

Fluxes in coral reef cavities are best understood when related to the cavity wall/
bottom biota. Due to the thin and encrusting growth forms, area will be related to
biomass in these cryptic organisms. Actual measurement of cryptofauna biomass
is difficult, without destruction of the habitat. Here we use surface area of the cavi-
ties and area covered by cryptic biota as the relevant variables to understand flu-
xes of matter in coral reef cavities.

Bacterial fluxes

Bacterial disappearance starts immediately after closure of a cavity. There are se-
veral processes that can be responsible for this instantaneous decrease. A num-
ber of these processes are however, unlikely to be important, either because the
process effects are comparable inside and outside of cavities, such as in microbi-
al grazing (Gast et al. 1999) and viral infections (Noble et al. 1999), or because
process rates are known to be very slow, such as in adsorption and sedimentati-
on of bacteria. Confinement effects, such as increase of bacterial production and
increased viral bacteriophagy, common in small closed volumes, are not expected in
these large volumes (Noble et al. 1999). The most likely factor explaining the disap-
pearance of bacteria is bacterivory by sessile suspension feeding cryptofauna.

Bacterial removal rates were on average 68 mg C m-2 filter feeding area d-1
.
 This rate

is in the same range as rates given in the literature for bacterial feeding in a range of
suspension and filter feeders. Bak et al. (1998) gives an estimate of 0.75-1.07 × 109

bacteria 100 cm-2 h-1 for the ascidian Trididemnum solidum, and the scleractinian
coral Madracis mirabilis (Curaçao). This is equal to 54-77 mg C m-2 d-1 (calculated
with a conversion factor of 30 fg C per heterotrophic bacterial cell) assuming that
uptake is taking place at the same rate during 24 hrs d-1. Pile et al. (1996) calculated
the grazing capacity of the boreal sponge Mycale lyngua on heterotrophic bacteria to
be 29 mg C m-2 d-1. Kötter and Pernthaler (2002) found for the cryptic Caribbean spon-
ges Ulosa ruetzleri, Halisarca caerula, Clathria raraechelae, Merlia normani, Desman-
thus incrustans, and Diplastrella megastellata after recalculation and conversion with
30 fg C per heterotrophic bacterium respectively, 101, 729, 162, 163, 9, and 58 mg C
m-2 d-1. Their removal rates are in agreement with the rate of (heterotrophic) bacterial
carbon removal by cryptic sponges in our study (133 mg C sponge m-2 d-1).

Grazing estimates that include a larger size range of planktonic organisms may
be higher. Depletion of phytoplankton in reef overlying waters and in reef cavities
has been reported (Ayukai 1995; Yahel et al. 1998; Richter et al. 2001; Van Duyl
et al. 2002). Richter and Wunsch (1999) found phytoplankton removal rates  in the
range of 900 mg C m-2 d-1 for coelobite communities in the Red Sea on basis of
chlorophyll a. Consequently, their total nano-and picoplankton removal including
heterotrophic bacterial biomass may be at least twice as high. Our data are defi-
nitely more conservative. We measured only the uptake of heterotrophic bacteria
and therefore we may underestimate the total flux of particulate organic matter into
cavities.
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Bacterioplankton production in reef waters is low. Production under normal trophic
circumstances is on average 7 µg C l-1 d-1 in reef overlying water along Curaçao
(Gast et al. 1999). When we compare our bacterial removal rates with bacterio-
plankton production, even with extremely high productivity such as under the eu-
trophic reef conditions off the harbor of Curaçao (Gast et al. 1999), it is evident
that our removal rates of bacteria in cavities exceed bacterial production by far
(bacterial production of 7 versus removal of 620 µg C l-1 d-1 respectively). This im-
plicates that coral cavities depend on water exchange with the passing oceanic
water mass for their food supply.

Initial concentrations of bacteria inside cavities varied widely between experi-
ments. Gast et al. (1999) showed temporal variations in bacterial concentrations
in the reef water column. From day-to-day and even during the day concentrati-
ons of bacteria in the reef water may vary depending on the water exchange
between ocean, reef boundary water and coral cavity water. This could explain dif-
ferences between initial concentrations of bacteria within crevices. Initial concen-
trations appear to influence uptake rates m-2 d-1. In combination with the consis-
tent rate coefficients we argue that average pumping rate of the cryptic suspensi-
on feeders is relatively constant (Ribes et al. 1999). Filter feeders may under the
experimental conditions not alter their pumping/filtering rates, and bacterial uptake
rates appear to increase with increasing initial concentrations of bacteria in the
different experiments.

Nutrient fluxes

The organic nitrogen uptake by cryptofauna in the form of bacteria (0.44 ± 0.16
mmol TSA m-2 d-1) is in the same range as the average efflux of DIN (0.67 ± 1.22
mmol TSA m-2 d-1), considering the large standard deviations. The N efflux is on
average only 30-40% higher than the bacterial N removal rate. It suggests that
bacteria may well be the main food source for the heterotrophic biota in cavities.
This is surprising since DIN release does not merely depend on mineralization of
the heterotrophic bacterial biomass. DIN is also released by the mineralization of
other sources of organic matter in the cavity such as picophytoplankton, detrital
material in the bottom of the cavity and dead cavity dwelling organisms. It is pos-
sible that this contribution to the DIN efflux is negligible. An overestimation of bac-
teria N content would mean lower influx rates. Another explanation could be that
cavities are net sinks of N and that the biomass or organic matter (OM) content in
cavities gradually increases.

The inorganic N-species composition, and concentration, in cavity water is deter-
mined by the supply, and the N transformations that take place in cavities. The
observation that ammonia concentrations did not significantly vary during the ex-
periments and that NOx concentrations significantly increased in closed off cavi-
ties, suggest nitrification, the oxidation of ammonia to nitrite and subsequently to
nitrate, to be an important pathway in the N remineralization in cavities. The rege-
neration of ammonia and the ammonia supply from the sediment and from outside
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the cavity may be the rate-limiting step in the nitrification in cavities. An argument
to support this is that the NOx efflux rates exceed the efflux of DIN, implying that
the initial difference in ammonia concentrations with higher concentrations outside
than inside the cavity and the occasional decrease of ammonia during experi-
ments may be due to nitrification. This suggests that ammonia imported from out-
side into the cavity is rapidly nitrified. Cavities are apparently nitrification hot spots
with nitrification associated with substrates/ interfaces in the cavity. NOx efflux ra-
tes of 0.4 to 3.9 mmol N m-2 TSA d-1 are high compared to for instance those in
aphotic North Sea sediments with rates of 0.12-0.48 mmol N m-2 d-1, which are
comparable to rates in oligotrophic deep-sea sediment (Lohse et al. 1993). Ac-
counting for the fact that the cryptic surface on the reef slope exceeds the pro-
jected reef surface by up to 8 times, our rates can be multiplied by 8 yielding rates
which fall in the same range as estimates reported for coral reefs in the Red Sea
(Rasheed et al. 2002) with efflux rates from the reef framework of 8-9 mmol NOx.
m-2 projected reef d-1. It is evident that the enhanced NOx concentrations commonly
found in reef overlying waters, compared to concentrations in adjacent oceanic
waters originate at the reef bottom.

Nitrifying bacteria play an important role in reefs. Both corals and sponges have
been reported to release nitrate (Corredor et al. 1988; Diaz and Ward 1997; Wafar
et al. 1990). These authors ascribe the nitrate release to nitrifying bacteria, which
live associated with the host. Diaz and Ward (1997) demonstrated the presence
of ammonia oxidizing bacteria in the Caribbean reef sponge ?Pseudaxinella zeai,
which releases 5.8-10.9 mmol nitrate m-2 d-1. Diaz (1997) and Hentschel et al.
(2002) established the common occurrence of nitrite oxidizers in sponges. Consi-
dering these findings it is highly likely that cryptic sponges may also harbor nit-
rifying bacteria. This has not been confirmed yet.

The NOx flux from cavities may also come from sediments in the cavity. When NOx
efflux from cavities is completely ascribed to the sediment in cavities, we obtain rates
of 1.82 ± 2.99 mmol m-2 sand d-1. Such rates are in the same range as mineralization
rates for reef sediments as reported by Capone et al. (1992) of 1.68 mmol N m-2 d-1.

Inorganic phosphorous fluxes showed an irregular pattern in our experiments. In-
itial DIP concentrations were lower inside than outside cavities suggesting a net
influx of DIP. However, we found three times a significant net efflux. The DIP efflux
is consistent with enhanced DIP concentrations in coral cavities compared to am-
bient water (Andrews and Muller 1983; Van Duyl and Gast 2001; Rasheed et al.
2002). Pile (1996) found reef sponges to release DIP.

Silicate influxes (0.50 mmol m-2 TSA d-1) were very high considering that uptake of
silicate is restricted to organisms with a silicate skeleton, such as the frustule of
diatoms and the spiculae in sponges. Sponges are well represented on cavity
walls. Confining the DSi uptake to their surface area yields uptake rates of 2.30
mmol m-2 sponge.d-1. This is extremely high for sponges and not equaled in the
literature. The highest rates we could find amounted to 0.2 µmol m-2 d-1 for the
sponge Halichondria panacea (Frohlich and Barthel 1997; Reincke and Barthel
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1997). DSi concentrations in the cavity water were already low at the start of the
experiments. With these low concentrations an extremely high uptake affinity for
DSi is required. It is unknown whether the cryptofaunal organisms with a silicon
skeleton have such high affinities.

To assess the impact of cryptic biota on the trophodynamics of coral reefs, we
extrapolate the bacterial removal rate (as measured in cavities) to the total cryptic
surfaces below 1 m2 projected reef surface and compare this with the average
benthic primary production m-2 reef. The cryptic surface area in the reef is 1.5 to 8
times larger than that of the projected reef with the largest surface enlargement
occurring at 15-meter depth (Richter et al. 2001). We calculated the bacterial rem-
oval for 1 m2 of projected reef surface at 15 m depth. We assumed that the overall
cover of suspension feeders in cryptic habitats is comparable to the area coverage
in our study cavities. The calculation shows that the cryptic surfaces remove 240
mg bacterial C m-2 projected reef d-1 at 15 m depth (8 × 30 mg C m-2 d-1, Table 2).
Picophytoplankton (dominated by photoautotrophic bacteria) also disappears from
the reef overlying waters at Curaçao (Van Duyl et al. 2002).

This suggests that the removal rates of plankton may well exceed 240 mg C m-2 d-1 at
15 m depth and may even double, considering the comparable biomasses of hete-
rotrophic and photoautotrophic bacteria in oligotrophic waters (Campbell et al. 1994)
and the comparable retention efficiency of such small particles by tropical coral
reef sponges (Pile 1996; Kötter and Pernthaler 2002). Doubling 240 results in a
removal of C of 480 mg C m-2 d-1 at 15 m. Gross production of a coral reef is about
3000 mg C m-2 d-1 of which 97% is respired (Hatcher 1997). Organic matter release
by benthic primary producers on the reef  (17-275 mg C m-2 d-1, e.g. Richman et al.
1975; Crossland 1987) may indirectly (via bacterioplankton secondary production
in reef water, Van Duyl and Gast 2001) fuel the cryptic biota, which depends on the
matter advected to them by the water movement. Considering the respiratory los-
ses in trophic transfers (uptake of dissolved organic matter by bacteria) as well as
the loss of this organic matter to the ocean, it is unlikely that the coral reef benthos
can fully provide in the energy demand of cryptic biota. This may imply that the
cryptic biota on coral reefs along Curaçao are predominantly dependent on orga-
nic matter supply from the adjacent water masses and as such more dependent on
allochthonous than autochthonous organic matter. Inorganic nutrients released by
mineralization of this predominantly allochthonous organic matter are available for
reef benthic primary producers. It is evident that cryptic biota may play an impor-
tant role in reef trophodynamics by incorporating ocean derived organic matter in
the reef benthos and supply the reef with extra inorganic nutrients.

Conclusion

The experiments show that coral reef cavities are a major sink for heterotrophic
bacteria and a source for DIN in the form of NOx. The first points to strong hetero-
trophic activity of the cryptic suspension feeders in cavities and the latter suggests
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that cavities are key regenerative spaces and hot spots of nitrification. Our silicate
removal rates in cavities are the fastest ever measured in the coral reef environ-
ment. Observed fluxes can only be maintained through rapid exchange with am-
bient reef and oceanic water.
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Why is bacterioplankton growth in coral reef frame-
work cavities enhanced ?

Abstract

Abundance, growth rates and nutrient limitation of heterotrophic bacteria present
in the reef water column and reef cavity water, was measured on a fringing reef at
Curaçao (Netherlands Antilles). Bacterial in situ growth rates were measured
using dialysis bags. Nutrient limitation was measured using bioassays with diffe-
rent amendments of inorganic nutrients (nitrate, ammonium, phosphate) and dis-
solved organic carbon (glucose). Cell sizes were measured in reef water column
and over an intra-cavity gradient inside reef cavities from the cavity center to the
wall of a cavity. Bacterial abundance was lower in cavities, while growth rates were
on average 3.6 times higher than in open reef water. The bacterial community in open
reef water was limited in its growth by all nutrients in contrast to cavity water, in
which bacteria were limited by phosphate. Cell volumes decreased significantly
from open reef water towards the cavity wall. Results suggest that conditions in
cavities have a positive effect on bacterial growth. Growth limitation by N is allevi-
ated through enhanced mineralization in cavities. Through rapid exchange with
the ambient water, cavities enrich the overlying reef water with inorganic N.

Keywords DOC, DIP, DIN, nutrient limitation, growth rates, heterotrophic bacte-
ria, cavities, coral reef

Introduction

Most coral reefs occur in oligotrophic waters with low dissolved nutrient concen-
trations and low standing stocks of phyto- and bacterioplankton. During passage
over the coral reef, water features change and obtain a reef signature often cha-
racterized by depleted phytoplankton and bacterioplankton concentrations and
enhanced dissolved nutrient concentrations (e.g. Ayukai 1993; Yahel et al. 1998;
Gast et al. 1999; Van Duyl et al. 2002). Growth rates of heterotrophic bacterio-
plankton in coral reef overlying waters are usually enhanced the closer the bacte-
ria get to the reef and the coral bottom (Moriarty et al. 1985; Gast et al. 1999; Van
Duyl and Gast 2001). The highest growth rates have been reported for the coral
surface microlayer (coral contact water) and coral mucus layer (Ducklow and Mit-
chell 1979; Paul et al. 1986; Van Duyl and Gast 2001). Coral exudates are suitab-
le food for the growth of heterotrophic bacterioplankton (Ferrier-Pagès et al. 2000).
Besides a source of organic matter via benthic primary producers (corals and ben-
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thic algae), the reef bottom is a sink for particulate organic matter (e.g. plankton,
detritus), and source of inorganic nutrients (Capone et al. 1992; Hatcher 1997;
Rasheed et al. 2003). The benthic mineralization is fuelled by particulate organic
matter settling on the bottom, benthic micro-algae (Heil et al. 2004), and by plank-
ton trapped and mineralized by predominantly benthic heterotrophic suspension
feeding organisms such as gorgonians, tunicates and sponges (Buss and Jack-
son 1981; Bak et al. 1998; Pile 1999; Fabricius and Domisse 2000; Wild et al.
2004). Hotspots for plankton depletion and mineralization on coral reefs are cryp-
tic habitats such as crevices and coral cavities (Richter et al. 2001; Scheffers et
al. 2004). Despite high effluxes of ammonia and nitrate, inorganic nutrient concen-
trations usually remain low in the benthic boundary layer due to efficient internal
cycling and water exchange. Inorganic N and P concentrations in coral cavities are
usually enhanced compared to concentrations in the coral reef bottom and reef
overlying water (Gast et al. 1998; Richter et al. 2001). Bacterioplankton in the ben-
thic boundary layer is confronted with these different gradients of nutrients, which
can result in small-scale spatial variations in growth rates (Van Duyl and Gast
2001).

It is now well established that nitrogen and in particular phosphorus may limit
growth of heterotrophic bacteria in marine waters (Elser et al. 1995; Pomeroy et
al. 1995; Thingstad and Rassoulzadegan 1995; Cotner et al. 1997; Thingstad et
al. 1998; Sala et al. 2002). Bacteria acquire a significant fraction of their N and P
demand via the uptake of inorganic forms of these elements (e.g. Kirchman 2000).
Particularly in oligotrophic environments, inorganic nutrients are a potentially limi-
ting factor for bacterial growth. The ability to take up inorganic nutrients places
heterotrophic bacteria in direct competition with primary producers. Heterotrophic
bacteria have P requirements that are typically 10 times higher than those of al-
gae, whereas their N demand is not so different (Bratbak 1985; Lee and Fuhrman
1987; Vadstein et al. 1998). Therefore bacteria can be an important competitor for
P with algae and a sink for phosphorus. Bacterioplankton may become P limited
in environments where dissolved organic carbon (DOC) and N is available. Meta-
zoan grazing on bacteria and/or a poor ability to retain acquired P by bacterio-
plankton may alleviate bacterial P limitation (Vadstein et al. 2003). N and C limita-
tion of bacterial growth appear to be less common, but also occurs (Carlson et al.
2002; Sala et al. 2002). Bacterial growth in atoll lagoons appears to be primarily
limited by inorganic N, but also organic P and DOC limitation were observed (Tor-
réton et al. 2000). Carbon incorporation ultimately determines the N and P de-
mand by growing bacteria (Carlson et al. 2002).

We examined heterotrophic bacterial standing stock, bacterial growth rates and
bacterial nutrient requirements (through macro-nutrient and DOC amendments in
batch cultures) in two different water types: reef cavity water and reef water co-
lumn. The aim of our study was to investigate if the growth rate in cavity water was
enhanced compared to reef water and if the enhanced cavity inorganic nutrient
concentration contributes to the higher growth rate of reef cavity bacteria compa-
red to reef water column bacteria.
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Fig. 1
Map of Curaçao with the localities
of the experiments, Carmabi house
reefs Buoy Zero (B0) and Buoy
One (B1).

Material and Methods

Study area
The framework cavities used in our study were located on the fringing reef of Cu-
raçao, Netherlands Antilles (12°12�N, 68°56�W). We studied 10 different cavities
at a depth of approximately 15 meters (Fig. 1) on the reef slope at CARMABI Buoy
Zero/Buoy One (Van Duyl 1985). The cavities were scattered over 200 meters
along the coastline. The cavities were comparable in their biotic and physical cha-
racteristics to those described in Scheffers et al. (2003) and Scheffers et al.
(2004). The selected cavities had volumes of approximately 100 l, had solid car-
bonate walls, and a sandy bottom. The main opening of the cavities is directed off
the reef slope, and the hard surface area was covered (>60%) with sessile sus-
pension feeders such as sponges, polychaetes, bivalves and tunicates. Cavity
water is designated in this study as the body of water in a cavity. All cavity water
samples were taken from the center of a cavity. Open reef water was sampled di-
rectly in front of a cavity opening, one meter away from the substrate. Reef water
was sampled before cavity water to avoid disturbance of the water properties.
Sampling took place between 10.00 h and 14.00 h. The samples were kept cold
in the dark until processing. Growth rate experiments were performed in Novem-
ber 2000; bioassay experiments were performed in December 2000.

Bacterial abundance

Samples (10 ml) taken to obtain heterotrophic bacterial concentration, were fixed
with 0.2 ìm filtered and buffered (sodium tetraborate, pH = 7.9) formaldehyde (fi-
nal concentration 0.7%). In the lab, the samples were stained with acridine oran-
ge and subsequently filtered (0.03 bar underpressure) onto 25 mm 0.2 µm poly-
carbonate filters (Nuclepore) supported by a 0.45 µm cellulose acetate filter, within
24 hours after sampling (Hobbie et al. 1977). The filters were mounted on slides
in non-fluorescent immersion oil (Olympus). The microscopic slides were then
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stored in a freezer (-20oC). Bacteria were counted and sized with a Zeiss Axiophot
epifluorescence microscope (1250× magnification). We used a grid of 36 × 36 µm,
divided in 10 rows and 10 columns, for counting and sizing bacteria. At least 10
random grids per filter and at least 200 cells were counted.

Bacterial growth rates

Bacterial growth rate measurements were performed with dialysis bags (Spectra-
por 4 dialysis membranes 12000-14000 MWCO) of 100 ml (Herndl 1993). Before
use, the dialysis bags were pre-soaked in 0.2 µm filtered seawater for 1 hour. Sin-
ce all molecules smaller than 14 kD can pass the membrane, a steady supply of
in situ nutrients and DOC was secured. In a previous study (Ferrier-Pagès and
Gattuso 1998), cellulose dialysis membranes proved to be sufficiently permeable
to inorganic and organic nutrients (diffusive exchange of less than one hour) and
had no effect (negative nor positive) on plankton growth rates. Water samples
were taken in situ (inside and in front of the cavities) in 750 ml syringes and im-
mediately brought to the boat at the surface, where the sampled water was filte-
red (0.03 bar under pressure). Duplicate dialysis bags were filled with 0.8 µm-fil-
tered cavity or reef water. Subsequently, dialysis bags were attached to frames
and placed on the spot where the sample water originated (one frame in the cavi-
ty and one just outside). Samples were taken with 10 ml syringes through a specially
designed cap at T = 0, at T = 8 h, and at T = 24 h. Samples were then brought to the
lab on ice and in the dark for bacterial counting. Experiments were conducted in ten
different cavities. Bacterial abundance at T = 0, T = 24 h and the doubling times of
bacteria in dialysis bags were compared between reef and cavity water.

Cell volume gradients within the cavity were obtained using a Plexiglas ruler
(length 25 -50 cm, dependent on cavity size) on which three, equally distanced,
10 ml syringes were attached. The plungers could be pulled out simultaneously.
The actual position of the syringes was in the centre of the cavity, close to the ca-
vity wall (5 cm away), and midway in-between. A reef water sample was taken
before the cavity water samples. Ten different cavities were sampled, 200 bacte-
ria per sample were sized, totaling 8000 bacteria. Mean cell volume of heterotro-
phic bacteria was calculated measuring the length (l) and width (w) of cells and
assuming cells to be cylindrical with a hemisphere of diameter w at each end

[Volume = π/4 (w2) (l � w/3)]. 

Bioassays

To investigate nutrient limitation of bacterioplankton growth in reef and cavity wa-
ter, we conducted a series of controlled enrichment experiments with cavity and
reef water. We focused on the inorganic macronutrients N (nitrate and ammoni-
um) and P (orthophosphate), and dissolved organic carbon (DOC). Bioassay wa-
ter was collected in situ with 750 ml syringes and brought to the lab, in darkness,
for treatment. The cavity water samples from ten different cavities was gently
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Table 1 Overview of the nutrient amendments.

+N Dissolved Inorganic Nitrate: 10 µM NaNO3 

+NH Dissolved Inorganic Ammonium: 10 µM NH4Cl 

+P Dissolved Inorganic Phosphate: 1 µM Na3PO4*12H2O 

+C 
Dissolved Organic Carbon: 2.5 g l-1 glucose (D-glucosemonohydrate), 3.1 g 
l-1 pyruvate (CH3COCOONa), 3.4g l-1 Acetate (CH3COONa),  
1 ml of this mixture l-1. 

+N+P 10 µM NaNO3 + 1 µM Na3PO4*12 H2O 

+N+C 
10 µM NaNO3 + 1 ml of a mixture of 2.5 g l-1 glucose (D-
glucosemonohydrate), 3.1 g l-1 pyruvate (CH3COCOONa), 3.4 g l-1 Acetate 
(CH3COONa) 

+P+C 
1 µM Na3PO4*12 H2O + 1 ml of a mixture of 2.5 g l-1 glucose (D-
glucosemonohydrate), 3.1 g l-1 pyruvate (CH3COCOONa), 3.4 g l-1 Acetate 
(CH3COONa) 

+N+P+C 
10 µM NaNO3 + 1 µM Na3PO4*12 H2O + 1 ml of a mixture of 2.5 g l-1 
glucose (D-glucosemonohydrate), 3.1 g l-1 pyruvate (CH3COCOONa), 3.4 g 
l-1 Acetate (CH3COONa) 

CTRL Control, unamended  
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Fig. 2
Comparison of bacterial
abundance in reef water
(RW) and cavity water
(CW) at the start (Fig 2a, T
= 0) and end (Fig 2b, T =
24) of the dialysis bag ex-
periments (n = 10). Cavity
number 1-5 at B0, and 6-
10 at B1 (averages of 2
replicates with standard
deviations). Note the diffe-
rence in scale of the y-
axes.
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Fig. 3
Doubling times
reef water bacteria
(RW) and cavity
water bacteria
(CW) of 10 diffe-
rent cavities. Cavi-
ty number 1-5 at
B0, and 6-10 at B1
(averages of 2 rep-
licates with stan-
dard deviations).

mixed and filtered (0.03 bar under pressure) over a pre-rinsed 0.8 µm polycarbo-
nate (Millepore) filter to reduce grazing activity. Most of the heterotrophic bacteria
(0.2-0.4 µm diameter) will pass this filter. After filtration, the water was poured into
duplicate 1 liter, acid and distilled water washed, PC bottles. Reef water samples
were treated in the same way. Each set of bottles (duplicates) received the amend-
ments summarized in table 1. We used a total of 36 bottles for the experiment (9 × 2
for reef water and 9 × 2 for cavity water).

The racks with bottles were covered with light impermeable foil and put back in
the sea to be subjected to natural, in situ, temperature (approx. 27oC). Heterotro-
phic bacteria abundance was counted 8 hours after the start of the experiment and
subsequently every 8 hours until 64 hours. Data are presented as % change in
bacterial abundance relative to the control.

Results

Bacterial abundance and growth rates

Bacterial abundance at T = 0 in the dialysis bags, was significantly lower in cavity
water than in reef water (t-test for paired comparisons: t = 5.4; p <0.05), indicating
that most experiments with cavity water started off with a lower bacterial abun-
dance (Fig. 2a). Bacterial abundance ranged from 2.9 × 105 to 5.9 × 105 cells ml-1
in cavity water and from 4.4 × 105 to 6.2 × 105 cells ml-1 in reef water. Cavity water
bacterial abundance was more variable than reef water bacterial abundance. Af-
ter 24 h incubation in dialysis bags, bacterial abundance was significantly higher
in cavities than in reef water (t-test for paired comparisons: t = 4.1; p <0.001), indi-
cating that most experiments with cavity water reached a higher bacterial abun-
dance (in 9 of 10 experiments) after 24 hours of incubation (Fig. 2b). Bacterial ab-
undances at T = 24 h ranged from 5.1 × 105 to 20.4 × 105 cells ml-1 in cavity water
and from 4.7 × 105 to 9.7 × 105 cells ml-1 in reef water (Fig. 2b).
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Fig. 4
Relation between doubling times of ca-
vity water bacteria (CW) and the doub-
ling times of reef water bacteria (RW).
The line is a linear regression fit with R
= 0.77, p <0.001 (averages of 2 replica-
tes with standard deviations). The
dashed line represents the line along
which bacterial doubling times in reef
water are the same as bacterial doub-
ling times in cavity water.

Fig. 5 (see next page)
Bioassay experiments. The graphs show the change in abundance of reef water (RW) and
cavity water (CW) heterotrophic bacteria to different combinations of nutrient and/or dissol-
ved organic carbon additions. Each line is corrected for the control and converted to per-
centages change from the control. +N = nitrate, +NH = ammonium, +P = phosphate, +C =
dissolved organic carbon (averages of 2 replicates with standard deviations).

Doubling times of bacteria exposed to cavity water were significantly shorter (on ave-
rage 3.6 times shorter) than doubling times of bacteria exposed to reef water (t-test
for paired comparisons: t = 7.9; p <0.05). The average doubling time of reef water bac-
teria was 82 h and ranged from 36 to 149 h, cavity water bacteria showed average
doubling time of 24 h and ranged from 10 to 44 h (Fig. 3). Cavity and reef water bac-
teria doubling times exhibited a high spatial and temporal variability where doubling
time variability of cavities was lower than reef water bacterial doubling times.

Plotting doubling times of cavity bacteria versus doubling times of reef bacteria
shows that the latter significantly (One-Sample t-test, R = 0.93, p <0.0001) in-
creases with increasing cavity water bacteria doubling times (Fig. 4).

Bioassays

The bioassay data (Fig. 5a-i) show that there were differences in response to
amendments of inorganic nutrients and DOC between cavity and reef water bac-
teria incubations. Bacterial growth in reef water and cavity water samples was not
different without amendment (Control, Fig. 5a). The heterotrophic bacteria within
the cavity water samples have a potential higher specific growth rate and/or reach a
higher level when +P (Fig. 5c), a combination of +N+P (Fig. 5h), and +N+P+C (Fig.
5i) are added, compared to the control. On the other hand, +N (Fig. 5b), +C (Fig. 5d),
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Fig. 6
Changes in bacterial abundance (a),
in biovolume (b) and biovolume fre-
quency distribution of the bacterial
community from reef water towards
cavity water close to the cavity wall
(c.). RW = reef water bacteria (n =
2000), CW center = bacteria from
water of the center of a cavity (n =
2000), CW wall = bacteria close to
the wall of a cavity (n = 2000), CW
middle = bacteria from water mid-way
between CW center and CW wall (n
= 2000). Boxes in (b) show median ±
25% ranges, whiskers indicate 10%
and 90%. Circles are outliers outside
the 10th and 90th percentiles. NOTE:
Bacterial volumes might deviate from
real, absolute volumes. This is due to
the methods applied, which may
either over- or underestimate cell vo-
lumes depending on the degree of
fluorescence of individual cells

a combination of +N+C (Fig. 5e), and +NH (Fig. 5f) addition showed no clear sti-
mulation in bacterial growth rates in cavity water compared to the control. Reef
water bacteria show a positive response in growth to all amendments. Addition of
a combination of +P (Fig. 5c), +P+C (Fig. 5g), and +N+P+C (Fig. 5i) had the same
quantitative effect on bacterial growth in both water types. The amendment of +N
and + NH (Fig. 5b and 5f) to reef water incubations showed the sole clear diffe-
rence in response between reef water and cavity water bacteria. The addition to
both water types of a combination of +N+P+C resulted in the highest abundance
of heterotrophic bacteria (~9 × 106 cells ml-1).
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Cell volume and concentration gradient

Heterotrophic bacterial cell characteristics were different for different water types
(Fig. 6), with cell abundance (Fig. 6a) and volume (Fig. 6b and c) decreasing into
the cavity and towards the cavity wall, covered with cryptic suspension feeders.
Reef water contained significantly larger cells then cavity water (One-Sample t-
test, t = 3.58; p <0.001). Within the cavity, cell volumes significantly declined from
the center of the cavity towards the cavity wall (One-Sample t-test, t = 16.7; p
<0.001). The range in cell volume was largest in reef water and smallest in water
close to the cavity wall. Mean bacterial cell volume in reef water was 0.085 µm3

(standard deviation 0.042 µm3) in center cavity water 0.075 µm3 (standard deviati-
on 0.028 µm3), mid-way towards the cavity wall 0.059 µm3 (standard deviation
0.023 µm3), and in wall cavity water 0.037 µm3 (standard deviation 0.015 µm3). Cell
concentration showed a similar pattern with bacterial abundance decreasing from
reef water towards the cavity wall (Fig. 6a). Size-frequency distributions (Fig. 6c)
show that only the smaller cell size classes (<0.08 µm3) of the bacterial communi-
ty were still present in the cavity water close to the cavity wall and that size clas-
ses larger than 0.08 µm3 were absent in the cavity wall samples. It is possible that
the volume of individual cells was slightly under- or overestimated depending on
the degree of fluorescence of sized cells, but it is unlikely that the change in size
of bacteria from the center towards the cavity wall are due to this purported artif-
act, which occurs at random.

Discussion

We found large differences in bacterial abundance and doubling times between
reef and cavity water over small spatial scales (10-100 cm). The cavity water bac-
terial abundance is significantly lower than bacterial abundance in reef water,
which is in agreement with Gast et al. (1998). They (ibid) found a similar pattern
of lower concentrations in crevice water compared to reef water on the terrace
between 6-8 meters depth. The abundance of bacteria in reef water (approx. 5.3
× 105 bacteria ml-1) is within the range generally found in coral reef waters (3.0-
9.0 × 105 bacteria ml-1, e.g. Moriarty et al. 1985; Ayukai 1993; Bak et al. 1998; Gast
et al. 1998). The consumption of heterotrophic bacteria by suspension feeding cryp-
tofauna with fluxes of up to 49 mg bacterial C m-2 cavity surface area d-1 (Scheffers et
al. 2004), accounts for lower bacterial concentrations in cavity water.

Our data show a significant difference between cavity water bacterial doubling ti-
mes and doubling times of reef water bacteria, with cavity water bacteria doubling
times being on average 3.6 times shorter than the doubling times in reef water.
Doubling times in reef water (on average 82 h) were comparable to doubling ti-
mes in reef water as measured by 3H-leucine incorporation at the same site by
Gast et al. (1998). They (ibid) found bacterial doubling times of approx. 80 hrs in
reef water and slightly shorter doubling times (on average 75 h) in small crevices
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with volumes of less than 1 up to several liters. Our average cavity bacteria doub-
ling times (approx. 24 h) were considerably shorter, but were in the same range
as those found in the literature for coral reef waters. Ferrier-Pagès and Gattuso
(1998) report doubling times of 6-24 hrs in Bora Bay, Japan, Moriarty et al. (1990)
report doubling times of 6-8 hrs in the Bay of Carpentaria, Australia, and Landry
et al. (1984) present doubling times of 13-20 hrs in Kaneohe Bay, Hawaii. The in-
itial bacterial abundance was significantly lower in cavity water than in reef water.
This may have enhanced the growth rate in dialysis bags with cavity water (more
food for rapid growth of bacteria). However, the total abundance of bacteria was,
after 24 hours of incubation, higher in cavity water bags than in reef water bags,
indicating that there was more potential for formation of bacteria in cavity water
than in reef water. This suggests that bacteria were supplied with extra nutrients
(dissolved organic matter, inorganic nutrients) in cavity water. So the bacterio-
plankton in dialysis bags are continuously exposed to this water and apparently
grow faster than bacterioplankton in dialysis bags in open reef water, where inor-
ganic nutrients released from cavities are rapidly diluted. In the real reef situation,
bacteria, which are exposed to cavity water during the short residence in cavities,
will grow somewhat faster than bacteria outside cavities. The ecological significance
is that the specific growth rates of bacteria in the benthic boundary layer (BBL)
water is slightly higher than growth rates of bacteria further away from the bottom.

Cell volumes of bacterioplankton in cavity water were on average smaller than the
cell volumes in reef water due to selective removal of larger cells by suspension
feeding cryptofauna in coral cavities. Smaller cells do have a higher affinity for
nutrients (Button and Robertson 2000). This may suggest that cavity water bacteria
are to a lesser extent limited by very low natural nutrient concentrations than the lar-
ger reef water bacteria. This may have contributed to the shorter doubling times of
bacterioplankton in cavity water than in reef water and to the higher abundance of
bacteria in cavity than reef water after 24 h incubation in dialysis bags. Taking all the-
se aspects into account we conclude that cavity water bears a more favorable signa-
ture for bacterial growth, in terms of higher nutrient availability, than reef water.

The positive relation between doubling times of reef water bacteria and doubling
times of cavity water bacteria suggest that there exists an exchange between the-
se two water types affecting the bacterioplankton dynamics. It is widely recogni-
zed that water exchange is required for advecting food to cryptic biota of coral ca-
vities which is critical for their survival (e.g. Buss and Jackson 1981). Water ex-
change rates of coral cavities have been reported to be quite high, with water re-
sidence time in cavities of 4-5 minutes on average (Richter et al. 2001; Van Duyl
et al. 2005). This high water exchange implies that cavity water favorable (in terms
of higher nutrient availability) for bacterial growth is rapidly mixed with reef water
giving reef water a distinct signature. Such an effect diminishes, with increasing
distance from the cavity and reef bottom (Van Duyl and Gast 2001). The conti-
nuous release of water from the cavities, which is enriched in nutrients and deple-
ted in bacterial abundance, contributes to enhancement of bacterial growth in the
overlying reef water and thus to enhanced turnover of matter in reef ambient wa-
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ter. Nutrients are released by cryptic biota, efficiently sequestered by e.g. bacteri-
oplankton, which is subsequently removed again by cryptic suspension feeders.
This process is important for the understanding of nutrient cycles in the reef eco-
system, particularly because cryptic habitats with cryptofauna represent a sub-
stantial part of the living surface on reefs (Richter et al. 2001; Scheffers et al. 2003).
Besides nutrient release from coral cavities also nutrient releases from sediments
and e.g exudate and mucus producing corals exert influence on reef water column
characteristics (Ferrier-Pagès et al. 2000; Rasheed et al. 2003; Wild et al. 2004).

Cavities are net sources of inorganic nutrients on coral reefs (Richter et al. 2001;
Scheffers et al. 2004). Inorganic nutrient concentrations (eg. NOx, PO4) are usual-
ly higher in cavities and crevices than in reef overlying water (Gast et al. 1998;
Richter et al. 2001). At the study site Van Duyl and Gast (2001), Van Duyl et al.
(2005) recorded DIN concentrations which were in most cases higher in crevices
(0.6-1.8 µM) than in reef water in front of crevices ( 0.5-0.9 µM) and the same pat-
tern, but less predictable, was found for inorganic P (in crevices 0.05-0.1 µM) and
in reef water (0.02-0.04 µM). Regeneration of inorganic nutrients in cavities can
be relatively rapid. Scheffers et al. (2004) report a net mean DIN release rate from
cavities at the same study site in Curaçao of 0.67 mmol m-2 cavity inner surface.d-1.
For DIP they did not establish a significant release from cavities. But net effluxes
of DIP from cavities have been established (Richter et al. 2001; Van Duyl et al.
2005). These fluxes suggest that inorganic nutrient limitation may be alleviated in
cavities, which could lead to the enhancement of bacterial growth in cavity water.

It is widely acknowledged that bacteria take up inorganic nutrients at low concen-
trations (Kirchman 2000). The ecological significance of this capacity has been
recognized and the mechanism is incorporated into models of nutrient and carbon
flow in aquatic ecosystems (Bratbak and Thingstad 1985; Thingstad 1987). Howe-
ver, empirical evidence of spatial and temporal variability in nutrient limitation of
bacterial growth in oligotrophic coral reef waters is still rare. Limitation of bacterial
growth by nitrogen or phosphorus presumably occurs as a consequence of the
utilization of substrates that have high C:N or C:P values (Goldman et al. 1987;
Goldman and Dennett 1991, 2000). It has been suggested that labile organic car-
bon compounds may accumulate under these conditions and that these carbon
sources are taken up rapidly and metabolized when the growth-limiting element
becomes available (Cotner et al. 1997).

Our bioassay results show that inorganic N and P are potentially limiting factors in
bacterial growth on reefs. Cavity water bacteria show a response of the communi-
ty to enrichment with phosphate. The experiments with reef water bacteria indica-
te that the growth of the bacterial community is limited by all macro- nutrients (N ,P
and organic C). Our bioassays show that cavity water bacteria are phosphate li-
mited, despite the fact that DIP concentration in crevices is usually enhanced com-
pared to the overlying water (Van Duyl and Gast 2001). A relatively high bacterial
demand for P could explain the P limitation of cavity bacteria. Some studies de-
scribe inorganic N, instead of P, as the predominant growth-limiting factor of bac-
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teria in coral reef waters (e.g. Torréton et al. 2000). We found that after P alleviati-
on, inorganic N is the limiting factor for bacterial growth in cavity water bioassays.
After P and N addition the bacterial abundance in cavity water bioassays exceeded
the abundance of bacteria in reef water bioassays suggesting there was more poten-
tial for cell production in cavity water than in reef water. This was also found within the
dialysis bag experiments. Whether this was due to more labile DOC in cavity water
than in reef water cannot be concluded, since we did not assess bacterial biomass or
bacterial respiration. Nitrogen is the only amendment in cavity water, which did not
show an increase in bacterial abundance relative to the control. Neither nitrate nor
ammonia amendments stimulated bacterial production, suggesting that N is not the
primary limiting factor for bacterial growth in cavity water. Mineralization in cavities pro-
vides the bacterioplankton apparently with sufficient inorganic N to alleviate N-limitati-
on. This N-supply is predominantly in the form of nitrate (Scheffers et al. 2004), which
needs to be reduced before uptake. Nitrate and ammonia amendments rendered ho-
wever comparable results in reef and cavity water bioassays.

Besides N and P, reef water bacteria appear to be predominantly DOC limited.
Bacterial abundance in reef water increased considerably after DOC amend-
ments. Also after addition of inorganic nutrients reef water bacterial abundance
shows an increase. The most likely explanation of this increase in bacterial abun-
dance in water with amendments is that sub-communities within the reef water
community react differently to different additions. Fonnes Flaten et al. (2003) sug-
gest that in bioassay experiments with whole bacterial communities not all sub-
communities react the same to nutrient and DOC amendments. Carlson and
Ducklow (1996) showed DOC limitation of heterotrophic bacteria in the Sargasso
Sea. Others have found that the addition of labile carbon together with inorganic
nutrients can stimulate bacterial production more than the sole addition of labile
carbon (Cotner et al. 1997; Shiah et al. 1998; Thingstad et al. 1998; Carlson et al.
2002), indicating that energy and nutrient limitation can co-exist. We find compa-
rable results for bacterial abundance increase when N, P, and C were added at
the same time in both crevice water and reef water. The results show a smaller
increase in bacterial abundance in reef water with only carbon amendment, indi-
cating that once the energy requirement was alleviated a secondary limitation was
evoked. Del Giorgio and Cole (2000) discuss the possibility that bacteria will ma-
ximize their rate of carbon catabolism of available C even when inorganic nutri-
ents are not available. The potential advantage of this strategy of maintaining high
electrochemical potentials across bacterial cell membranes is to support active trans-
port functions and motility. Both of these functions would leave cells balanced to ex-
ploit transient increases in nutrients associated with patchy nutrient distributions
present in Curaçao reef water (Del Giorgio and Cole 2000; Gast et al. 1998).

All experiments were performed under grazer reduced/excluded conditions. Nano-
grazers can recycle nutrients required by bacterioplankton (Strom 2000), but gra-
zing of bacteria by nano-flagellates is insignificant and nanoflagellate numbers in
Curaçao reef water are low (Gast et al. 1999). If there would be an effect of gra-
zing by nano-flagellates on bacterial numbers and growth, it may only be discer-
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nable after 50 hours of incubation (Wilcox and Fuhrman 1994). Our bioassay ex-
periments ran only for 2.5 days and the conclusions are based on processes oc-
curring within the first 50 hours. We assumed that the chemical form of these re-
cycled nutrients and the N containing products of sponge excretion, is similar to
that used in the experimental amendments. However, we cannot rule out the pos-
sibility that other compounds (e. g. DON, DOP) than NH4, NO3 and PO4 in materi-
al released by grazers facilitate the utilization of otherwise unpalatable DOM. Vi-
ral induced lysis of bacteria can have an effect on growth rates of susceptible bac-
teria; however, the literature shows that overall bacterial density needs not to be
affected (Middelboe et al. 2001). If a degree of bacteriophagy by marine viruses
occurs it will be occurring in all our experiments and tending to be evened out in
our comparisons of two different water types.

We conclude from the bioassay experiments that
1. Bacterioplankton growth in coral cavity water is enhanced by alleviation of

inorganic N limitation.
2. Cavity water bacteria communities are primarily P limited. After alleviation of P-

limitation, N was the limiting nutrient.
3. The bacterial community in reef water bacteria is limited by the macronutrients

N, P, and C.

Because reef water and cavity water bacterial growth rates are tightly coupled, we ar-
gue that the CNP limited reef water bacterial community increases its specific growth
rate during passage through coral cavities. Bacteria exposed to cavity water grow fas-
ter than bacteria exposed to reef water. This implies that bacteria while present in re-
generative spaces (cavities) grow faster than open reef water bacterioplankton.

Conclusion

Our experiments show different responses of heterotrophic bacterial growth to
characteristics of reef water column and reef cavity water. Specific bacterial growth
is enhanced during its short residence in cavities through alleviation of N-limitati-
on. Our bioassays show that reef water bacteria are dissolved organic carbon, in-
organic nitrogen, and phosphorus limited, whereas bacterioplankton in cavity wa-
ter is primarily lacking phosphorus. In view of the rapid exchange rate of cavities
with the overlying reef water, our study supports the hypothesis that cavities play
an important role in the enhancement of growth of bacterioplankton that pass over
coral reefs.
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The effect of water exchange on bacterioplankton
depletion and inorganic nutrient dynamics in coral
reef cavities

Abstract

We studied the effect of water exchange on the depletion (or accumulation) of bac-
terioplankton, dissolved organic matter (DOM) and inorganic nutrients in small
open framework cavities (50-70 L) and assessed their fluxes in and out of cavities
in the coral reef slope at 15 m depth along Curaçao, Netherlands Antilles. Depleti-
on of bacterioplankton (= concentration in reef water minus concentration in cavity water)
remained constant with increasing water exchange rates up to of 0.0045 s-1, the so
called threshold, and subsequently dropped. The bacterioplankton removal rate in
cavities (= depletion × water exchange coefficient) increased towards the thres-
hold exchange and was highest between the 0.003 s-1 and the threshold water ex-
change at 50-100 mg C m-2 total interior cavity surface area d-1.

The community is apparently adapted to the average water exchange regime of
these cavities (0.0041 s-1). Beyond the exchange threshold, bacterioplankton rem-
oval quickly dropped, resulting in removal rates of around 20 mg bacterial C m-2

total interior cavity surface area d-1. The DOC concentration was on average lo-
wer in coral cavity than reef water but the depletion was not significant.

Dissolved inorganic nitrogen (DIN), nitrate + nitrite (NOx) in particular, accumula-
ted in cavity water and the accumulation decreased with increasing water ex-
change. Net NOx effluxes exceeded net DIN effluxes from cavities (average efflux
rate of 1.9 mmol NOx versus 0.8 mmol DIN m-2 interior cavity surface area d-1). The
difference is ascribed to net ammonium losses (NH4) in cavities at reef concentra-
tions >0.025 µM NH4, possibly due to enhanced nitrification in cavities. Ammoni-
um influxes increased with increasing water exchange. The overall average net
influx of NH4 was 1.0 mmol m-2 interior cavity surface area d-1. Dissolved inorga-
nic phosphate (DIP) accumulated in cavities but, unlike DIN and NOx, was not re-
lated to water exchange. The average efflux rate of DIP was 0.3 mmol PO4

3- m-2

interior cavity surface area d-1.

The cryptic biota in cavities depends on water exchange for optimization of con-
sumption of bacterioplankton and removal of inorganic nitrogen. Coral cavities are
an evident sink of bacterioplankton and a source of NOx and PO4

3-.

Keywords coral cavity, water exchange coefficient, bacterioplankton removal,
nutrient regeneration, DOC, cryptic biota
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Introduction

Coral reefs have a high structural and biotic complexity in which the reef building
corals are the main structuring components. The structural complexity is 3D and
comprised of the coral bottom roughness and relief as well as cavities and cre-
vices, which occur under the overhangs of corals and in the reef framework. Gins-
burg (1983) estimated the inner open space in reefs to encompass 1/3-2/3 of the
total volume of reefs. Cryptic habitats make up an important part of the volume of
coral reefs and their surfaces provide a very large interface for the exchange of
materials, particularly when they are in open connection with the outside water
column (Tribble et al. 1988). More than 93% of this large cryptic hard substratum
in cavities of the reef framework has been found to be covered with encrusting
organisms, typically 27% by calcareous algae and 66% by suspension feeding or-
ganisms such as sponges, tunicates, bryozoa and polychaetes in reefs of Jordan
and Curaçao (Richter and Wunsch 1999; Wunsch et al. 2002; Scheffers 2005).

Suspension feeders living on these walls in dim light depend on food from the
waterborne organic matter supply in which nano-and picoplankton and dissolved
organic matter (DOM) make up the bulk. Depletions of nano-and picoplankton
from waters overlying coral reefs have been reported for several sites (e.g. Ayu-
kai 1995; Yahel et al. 1998; Van Duyl et al. 2002). Gast et al. (1998) established
depletion of bacterioplankton and accumulation of inorganic nutrients in crevices
compared with their respective concentrations in reef overlying water at Curaçao.
Enclosure studies with cryptic sponges revealed high consumption rates of nano-
and picoplankton and high mineralization rates (Kötter and Pernthaler 2002; Köt-
ter 2003).

The challenge now lays in quantifying the fluxes into and from cavities in situ and
in understanding variations in these fluxes. Richter and Wunsch (1999) report
removal rates of chlorophyll-a and release rates of inorganic nutrients in water, flo-
wing through cavities of coral reefs in the Red Sea. Scheffers et al. (2004) con-
ducted detailed studies of the removal of bacterioplankton and the regeneration
of inorganic nutrients in closed blind-end cavities under coral overhangs in the
Caribbean. They (ibid) closed the main opening of the cavity with a cloth to redu-
ce the exchange of water between the cavity and the ambient reef water. Since
the degree to which cavities are closed to the outside environment may influence
the in situ rates of organic matter uptake and inorganic nutrient regeneration, we
conducted a series of experiments in open, blind-end cavities and assessed the
importance of water exchange rate of cavities for the bacterioplankton removal
rates, DOM dynamics and the inorganic nutrient regeneration.

The aim of the study is to assess the influence of water exchange in cavities on
the biogenic fluxes of matter into and out of cavities, and to assess the quantitati-
ve role cryptic biota play in removing bacterioplankton and DOM from the passing
water, and in mineralization of N and P.
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Material and Methods

Cavity surveys

Cavities were selected along the reef slope of the SW coast of Curaçao by SCUBA-
diving (Fig. 1). Two cavities were located close to each other on the reef slope at sta-
tion Buoy One (BO), but with different orientation to the main current. BO4 at 15.2 m
depth outcropped from the reef slope, while BO3 at 13.8 m depth was more deeper
into the reef. To cover a wide range of exchange rate coefficients, a cavity at the Wa-
ter Plant (WP) was used at 15 m depth. The chances of strong currents over the reef
during experiments are larger at station WP than at station BO. Two of the three cavi-
ties in this study were also used for other experiments by Scheffers et al. (2004).

Fig 1
Location of the island of Cura-
çao in the Caribbean (inset).
Sampling stations Buoy One
(BO) and Water Plant (WP)
along the SW coast of the is-
land are indicated.

The interior surface area and volume of cavities was assessed with a cave-profi-
ler (Scheffers et al. 2003). It is a simple instrument with which coordinates are ta-
ken of the walls and roof of the cavity, while positioned on the sandy and slightly
seaward sloping floor of the cavity. The inventory of the cover of different cryptic
organisms and substratum types in cavities was made with a Sony 900E digital
CaveCAM (Wunsch and Richter 1998). The cover of functional components in ca-
vities such as bare sand, hard substratum covered with calcareous algae or sus-
pension feeders, and the cover of different groups of suspension feeders was de-
termined according to Scheffers et al. (2004).

Water exchange of cavities and water sampling

We used fluorescent dye (Fluorescein Sodium Salt, Sigma) to determine the wa-
ter exchange rate of cavities. The dye solution (120 ml with 60 µg dye ml-1) was
inserted in the cavity with a 50 cm long plastic plunger device. It was agitated until
the dye was homogeneously distributed within the cavity. Cavity water samples
were then taken over time by inserting tygon tubing, attached to a rigid pole into
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the center of the cavity. The center was determined before dye addition, and was
approx. 30-50 cm from the frontal opening of the cavity and approx. 20 cm above
the bottom depending on cavity geometry. After insertion of the tubing, samples
were taken with a 60 ml syringe every 1.5-2 minutes until the dye concentration in
the cavity dropped to values below visible detection. In the laboratory the concen-
tration of dye was determined from spectrometric analysis of samples compared
with a known calibration curve of concentration versus transmittance at a wave
length of 450 nm. The water exchange rate coefficient was determined from ex-
ponential decay of concentration over time.

Just before the dye release in the cavity, two water samples of 700 ml were taken
with 750 ml perspex syringes, one from the water just outside the cavity (about 1 m
in front of the entrance of the cavity) and subsequently one from the cavity water
in the center of the cavity. Samples were kept cool in the dark during transport to
the laboratory and processed within 2 h.

Matter concentrations and water exchange measurements were obtained 6-8 ti-
mes per cavity at different main stream current velocities (between 0-50 cm s-1)
between 6 and 28 June 2001. Estimates of current velocities along the reef were
made 2-3 times per experiment with a neutrally buoyant drogue. The drogue was
timed 2 times during transport approximately 1.5 m above a 10 m long line on the reef
bottom, which was placed parallel to the reef slope just below the cavity involved.

Water sample analyses

Duplicate water samples for inorganic nutrient analysis were filtered over 0.2 µm
sterile Acrodisc filters and collected in 6 ml Pony vials. Vials were stored at -20oC
until further processing of dissolved inorganic nitrogen and phosphate. Concen-
trations of ammonium (Helder and De Vries 1979), phosphate (Murphy and Riley
1962) and nitrite, nitrate (Grasshoff et al. 1999) were measured on a Traacs auto-
analyzer (Technicon).

Duplicate 10 ml samples for bacterioplankton abundance determination were fixed
with buffered (sodium tetraborate, pH = 7.9), 0.2 µm filtered formaldehyde (2%
end concentration) in 16 ml polystyrene tubes (Falcon). Within 24 h samples were
stained with acridine orange (100 mg l-1 final concentration) and subsequently col-
lected onto 0.2 µm Sudan black pre-stained polycarbonate membrane filters
(Poretics) and stored at -20oC. Within 1 month after slide preparation, samples
were counted with an epifluorescence microscope.

Dissolved organic carbon (DOC) was gravity filtered over 0.2 µm polycarbonate
filters. Filters were pre-washed several times with the sample to remove organic
C from the filter. After filtration, DOC sample (8 ml) were transferred in duplo to
pre-combusted glass ampoules, which were sealed immediately after addition of
2 drops of phosphoric acid (85%). DOC concentrations were determined by the
high temperature combustion method on a Shimadzu TOC-5000.
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Determination of fluxes of matter

Fluxes of matter between the water mass and the substratum are dependent on
hydrodynamic factors and concentration (e.g. Baird and Atkinson 1997; Thomas
and Atkinson 1997). Differences in concentrations of matter in cavities and in front
of cavities (just outside cavities) point to net fluxes of matter into or out of cavities.
We compared reef water concentrations of variables with their concentration in
cavity water, and investigated the relation between depletion of variables in cavity
water (= concentration in reef water of a particular variable minus its concentrati-
on in cavity water, Creef - Ccavity) and the water exchange coefficient. Negative de-
pletion is called accumulation.

Fluxes of bacterioplankton, DOC and inorganic nutrients between open reef wa-
ter and cavity water were assessed by assuming an exponential relation between
concentrations in reef water (Creef) and cavity water (Ccavity) using the exchange
rate coefficient determined by the dilution of fluorescent dye in time (t) after injec-
tion in cavities (1). The regression exponent (t / tc) is the exchange rate coefficient,
and is analogous to the uptake rate constant (e.g. Atkinson and Bilger 1992; Tho-
mas and Atkinson 1997; Thomas et al. 2000). tc is the residence time of the water
in the cavity and 1/tc is the exchange rate coefficient. C(t) is the concentration of
the variable (bacterial abundance, DOC, NH4, NO2, NO3, PO4 respectively) in ca-
vity water at time t. If the difference between Creef and Ccavity is 0, C(t) is equal to
Creef. δ/δt × C(t) in (2) shows the tangent of the equation (1), which cannot be sol-
ved if t is larger than 0 and unknown. Net fluxes of matter (either into or out of ca-
vities) were calculated as the tangent of the equation (1) at t = 0 (3).

Solving equation (3) for the different variables rendered the fluxes of variables in
this study. They were based on the difference in concentration of variables
between reef and cavity water (depletion) and the water exchange coefficient (1/tc).
Negative influxes to coral cavities are considered as effluxes. For the calculations
we assumed that
1. Gradients in variable concentrations from inside to outside the cavity are

exponential, comparable with the dye dilution in time.

2. Differences in variable concentrations inside and outside a cavity remain
constant during the 30-40 min period of individual experiments.

3. Exchange rate is constant during the 30-40 min experiments.

4. Concentrations of variables in the center of the cavity resemble the average
concentration in cavity water.

(1) C(t) = Creef - (Creef - Ccavity) × e-t/tc 
 δ/δt × C(t) = -(Creef - Ccavity) × (-1/tc) × e-t/tc 

(2)  = [(Creef - Ccavity)/tc] × e-t/tc 
(3)  = (Creef - Ccavity)/tc  
   t = 0 
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To extrapolate the fluxes per unit volume to the cavity surface, we multiplied the rate
by cavity volume and divided it by the total substratum surface area to obtain rates
per unit total interior cavity surface area (CSA) per day. To convert bacterial removal
rates in cavities to C and N, we applied an average C-content of 30 fg C bacterium-1

and average N-content of 5.8 fg N bacterium-1 (Fukuda et al. 1998).

Statistical analysis

Data were analyzed using standard statistical tests (SYSTAT® 10 2000). We ran
full ANOVA�s (general linear models) to determine the effects of cavity and bulk
stream flow velocities along the reef on the variations in water exchange in coral
cavities. Full ANOVA�s were also used to explore the effect of cavity and water
exchange on the variations in depletion and accumulation of matter observed in
cavities. We applied paired t-tests for comparison of matter concentrations
between reef and cavity water. Linear relationships between depletions and accu-
mulations of matter and respective reef or cavity concentrations were described
with Pearson correlation tests. We used nonlinear piecewise regression for the
determination of significant breaks in relationships.

Results

Cavity characteristics and hydrodynamics

The geometry of cavities is presented in 3D-models that are based on the coordi-
nates taken with the cave-profiler. Models illustrate the irregular morphology of
cavities and their surface area extensions in the roof (Fig. 2). Cavities BO3 and
WP1 were larger than cavity BO4. In spite of differences in volume among cavi-
ties, the total substratum surface area of the three cavities was comparable and
consisted of 1/3 sand (on the floor) and 2/3 hard substratum (roof and walls), more
than 90% of which is covered with cryptic organisms. Calcareous algae predomi-
nate at the entrance (approx. 20% of total cover) and suspension feeders (43-47%
of total cover) occupy most space deeper in the cavity. Sponges dominated the
total cover of the suspension feeders with 19% in BO3, 33% in BO4 and 26% in
WP1 of total cavity surface substratum area (Fig. 2, see next page).

During the cavity experiments, the dye was inserted through the frontal opening
of the cavity. There were no other openings observed in cavities and the dye ap-
peared to leave these cavities only via the frontal opening. The results of dye ex-
periments indicated that the decline in dye concentration versus time is first-order
(Fig. 3) and exponential. Exchange rate coefficients varied between 0.00004 and
0.00880 s-1 corresponding to 7 h and 1.9 min residence time respectively. The low
water exchange of 0.00004 s-1 in the cavity BO4 during our dive of 14 June was
exceptional. The average exchange rate coefficients for the different cavities ran-
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ged between 0.0034 and 0.0053 s-1 (4.9 and 3.1 min residence time respectively)
(Table 1). The residence time frequency distribution in Fig. 4 shows that the varia-
tion in exchange rate coefficients are larger at station BO than at station WP. The
mainstream flow velocity at station WP was on average higher than at station BO.
Fig. 5 shows that when the mainstream current velocity in the reef overlying water
increases, the exchange rate coefficient in cavities at current velocities of up to 0.4
m s-1 increased as well. The relatively low exchange rate coefficient of WP1 at
mainstream velocity of 0.48 m s-1 did not fit the regression. Cavity BO4 with the
smallest volume and aspect ratio showed the steepest increase in exchange rate
coefficients with current velocity. Regression slopes and intercepts were however
not significantly different among cavities (full ANOVA, p>0.05).

 BO3 BO4 WP1 
Volume [l] 70.2 53.5 73.3 
Interior Cavity Surface 
Area [m2] 1.32 1.38 1.52 

Frontal Opening [m2] 0.307 0.179 0.256 
Aspect Ratio 
[Vol/Front.Opening] 229 299 286 

    
 BO3 BO4 WP1 
 [cover components in % of interior cavity surface area] 

Suspension feeders  43.3 46.9 44.4 
Sponges 19.4 32.6 26.5 

Tunicates 8.7 3.4 11.0 
Bryozoans 7.0 6.3 3.4 

Polychaetes 6.4 3.2 2.3 
Bivalves 1.7 1.3 1.1 

Calcareous algae  19.3 18.3 18.1 
Bare and unidentified 
cover  6.5 2.8 3.8 

Sand cover on cavity 
floor 30.9 32.0 33.8 

Fig. 2 Geometry in 3D-constructions of the 3 coral reef cavities with absolute interior surface
area (including roof, walls and floor), volume, and size of frontal opening and % cover
of interior cavity surface area with suspension feeders, calcareous algae, bare and uni-
dentified cover on the roof and walls and % cover with sand on the floor of the cavity.
Scales of the 3D-images differ among cavities.
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Fig. 3
Exponential decrease in dye concentration of
water in a coral cavity (WP1) after dye injection.
The exponent 0.0028 in the regression equation
is the exchange rate coefficient with units s-1. R
in plot refers to multiple R.

Table 1 Nutrient dynamics of reef cavities on the SW coast of Curaçao, Netherlands Antilles.
Average values of water exchange coefficient of cavities, fluxes of organic and
inorganic matter into and out of cavities and ratios of DIN and DIP concentrations in
reef and cavity water and the ratio of their fluxes. The overall-averages of the
combined data are listed with the total range of all values in the last column. CSA =
total interior cavity surface area.

AVERAGE values  Cavity 
BO3 

Cavity 
BO4 

Cavity 
WP1 

Overall-Average 
[range] 

 n  n  n  n   
water exchange rate 
coefficient (s-1) 6 0.0037 8 0.0034 7 0.0053 21 0.0041 (0.00004-0.009) 

Fluxes of organic matter into cavities 
Bacterioplankton 
(mgC m-2 CSA d-1) 6 46.0 8 19.0 7 60.3 21 40.5 (0.4-178.5) 

bacterioplankton N 
(mgN m-2 CSA d-1) 6 8.9 8 3.7 7 11.7 21 7.8 (-127-207) 

DOC (mgC m-2CSA d-1) 5 713 7 852 6 -1 18 521 (-3661-3583) 

Fluxes of inorganic nutrients out of cavities 

NOx (mmol N m-2 CSA d-1) 6 2.73 8 1.70 7 1.43 21 1.9 (-2.1-5.5) 

NH4 (mmol N m-2 CSA d-1) 6 -1.50 8 -1.05 7 -0.55 21 -1.01 (-9.7-5.9) 

DIN (mmol N m-2 CSA d-1) 6 1.16 8 0.64 7 0.75 21 0.83 (-11.3-7.3) 
DIP (mmol P m-2 CSA d-1) 6 0.33 8 0.30 7 0.31 21 0.31 (-0.26-1.26) 

DIN/DIP ratios 
molar DIN/DIP ratio 
in reef water 6 13.5 8 11.4 7 14.3 21 12.4 (7.2-228) 

molar DIN/DIP ratio 
in cavity water 6 11.2 8 9.2 7 12.7 21 10.9 (2.5-19.2) 

average DIN flux/ 
average DIP flux 1 3.5 1 2.1 1 2.4 3 2.7  
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Fig. 4
Frequency distribution of water residence time
classes of the 3 reef cavities. Six observations
were made in cavity BO3, 8 in BO4 and 7 in
WP1. Residence time is the inverse of the ex-
change rate coefficient.

Fig. 5
Relationship between the exchange rate co-
efficients (s-1) and the main stream current
velocity along the reef slope at 1.5 m above
the bottom in front of cavities. Regression slo-
pes of cavities were significant, but not signi-
ficantly different from each other. The regres-
sion equation of the combined data without
the outlier was y = 0.0019+0.019x, multiple R
= 0.79, p<0.05 (not shown).

Combining data of different cavities

The data obtained in the 3 different cavities were combined to enlarge the sample size
of 6-8 per cavity to up to 21 observations for each variable. Combination was done to
explore the relationships between variables and between variables and water ex-
change rate of cavities. Combining the data of different cavities was justified because

1. no significant effect of the cavity on the relation between the concentration of
matter (bacterioplankton, DOC, DIN, NOx, NH4, DIP) in cavity water and in reef
water was established (factors: cavity and/or cavity × concentration of variable
in reef water, full ANOVA step-wise regression, p>0.05)

2. no significant effect of the cavity on the relation between depletion or accumu-
lation of matter (bacterioplankton, DOC, DIN, NOx, NH4, DIP) and water ex-
change was established (factors: cavity and/or cavity × exchange, full ANOVA
step-wise regression, p>0.05)

3. relative cover of functional components on the interior cavity surface area were
comparable between cavities i.e. cover of suspension feeding organisms and
of calcareous algae on the walls and roof, and the cover of sand on the floor of the
cavity (Fig. 2). Also the relative cover of different groups of suspension feeders was
comparable. Only the sponge cover in BO3 was 14% lower than in BO4 (Fig. 2).
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Bacterioplankton depletion

The bacterioplankton concentration was in all experiments higher in reef water than
in cavity water (t-tests for paired comparisons: n = 21, t = 6.635, p<0.0001, Fig. 6a).
Reef water concentrations were on average 354 × 103 bacteria ml-1 and cavity water
concentrations 250 × 103 bacteria ml-1. Densities were on average 28% (range 1 to
59%) lower in cavities than in reef water. Bacterioplankton differences between reef
and cavity water (= depletion in cavity water) were positively and significantly re-
lated to respective concentrations in the reef water (Pearson: n = 21, r = 0.623,
p<0.05). At a higher concentration in reef water the depletion was larger. There were
no significant differences in bacterial concentrations in cavity water between cavities.

Bacterioplankton depletion in cavity water decreased with increasing water ex-
change (Fig. 6b). Depletion did not gradually drop with increasing water exchange,
but remained more or less equal between exchange rate coefficients close to 0 to
0.004 s-1. Beyond the latter exchange, depletion clearly dropped. With nonlinear
piecewise regression the significant threshold was established between water ex-
change rate coefficients of 0.0042 (case 12) and 0.0047 s-1 (case 13) (average
0.0045 s-1) (Fig. 7). This threshold cavity water exchange coefficient occurred at a
flow velocities just outside cavities of 12-14 cm s-1 while the average current velo-
city was 13.2 cm s-1 (11.5 cm s-1 minus the outlier in Fig. 5).

Bacterioplankton removal rates (fluxes into coral cavities) increased significantly
with water exchange towards the threshold, and then dropped (Fig. 6c). Bacterial
carbon and nitrogen removal rates ranged between 1 and 206 µmol C l-1 d-1 (0.38-
178 mg C m-2 total interior cavity surface area (= CSA d-1) and 0.1 and 41.2 µmol
N l-1 d-1 (0.07-34.5 mg N m-2 CSA d-1). The overall-average of bacterioplankton C
and N removal rate in cavities was 40.5 mg bact C m-2 CSA d-1 and 7.8 mg bact
N m-2 CSA d-1. The lowest average rates were measured in cavity BO4 (Table 1).
The lowest measured rates in this cavity concurred with the lowest exchange rate
coefficients established. There were no indications that the differences in bacteri-
oplankton removal rates among cavities were due to differences in relative cover
of certain groups of suspension feeders.

Dissolved organic carbon depletion

DOC concentrations were not significantly different between reef and cavity water
(t-test: n = 18, t = 1.501, p = 0.15), ranging from 68�114 µM and 65�101 µM (re-
spectively). The average difference in DOC concentration between the water ty-
pes was 4.2 µM. DOC was on average 5.3, 5.3 and 2.1 µM lower in cavities BO3,
BO4 and WP1 (respectively) than in reef water. Overall DOC was on average 4%
lower in cavity than in reef water, although not significantly. A weak positive corre-
lation was found between the DOC concentration in reef and cavity water (Pear-
son: n = 18, r = 0.446, p<0.07). DOC depletions were positively and significantly
related to concentrations in the reef water (Pearson: n = 18, r = 0.803, p<0.01).
DOC depletions were not related to exchange rate coefficients (p>0.05). A broad
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Fig. 6
Comparisons of bacterioplankton abun-
dance between reef water and cavity
water. Diagonal line represents the "no
difference in concentration� line in the
plot (a). Non-linear decrease of bacteri-
oplankton depletion (= concentration dif-
ferences between reef and cavity water)
in coral cavities at increasing water ex-
change rate coefficients. Note the trun-
cation in the data set illustrated by the
connection of 2 non-significant linear re-
gression functions (at exchange rate <,
and >0.0045 s-1 (b). Relationship
between bacterioplankton removal rate
and the water exchange rate coefficient.
The regression equation was applied to
removal rates at exchange rates <
0.0045 s-1 (contoured black symbols),
(c). CSA = interior cavity surface area. R
in plot (a) and (c) refers to multiple R.
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range of DOC fluxes was found, with influxes ranging between 7.7 to -6.3 mmol C l-1
d-1 (3.6 to -3.7 g C m-2 CSA d-1). The average fluxes for the different cavities differ sub-
stantially, with net influxes for BO3 and BO4, but no net flux for WP1 (Table 1).

Inorganic nutrient accumulation

The NOx (NO3 plus NO2) concentration was significantly enhanced in cavity water
compared with reef water (n = 21, t = -4.830, p<0.01, Fig. 8a) and was on ave-
rage 0.16 µM higher in cavity than in reef water (0.21 in BO3, 0.18 in BO4 and
0.09 µM in WP1). Only in 2 of 21 experiments was the NOx concentration in reef
water higher than in cavity water. NO3 and NO2 concentrations were both signifi-
cantly higher in cavity water than in reef water (n = 21, t = -4.757, t = -3.985 re-
spectively, p<0.01). NO3 concentrations were on average 0.41 µM in reef water
and 0.56 µM in cavity water accounting for 90% for the NOx.

NOx accumulations in cavities (Creef - Ccavity is negative) were significantly related
to NOx concentrations in cavity water (Pearson: n = 21, r = 0.565 p<0.01). A high
concentration in cavities coincided with a large accumulation in cavity water. NOx
accumulations in cavities were related to water exchange rate coefficients and de-
creased with increasing exchange (Pearson: n = 21, r = -0.472 p<0.05, Fig. 8b).

Net efflux of NOx from cavities increased with water exchange from low towards
threshold exchange rates (Fig. 8c). The negative efflux of NOx at exchange rate
0.0038 s-1 was deleted from the regression, although it was not an outlier (ANO-
VA). The observation that both [NH4] and [DIN] showed outliers (ANOVA) during
this experiment (see Figs. 9 and 10) justifies the deletion. At higher water ex-
change rates NOx effluxes tended to decrease again. NOx effluxes from cavities
varied between -42.8 to 143 µmol l-1 d-1 (-2.05 to 5.54 mmol m-2 CSA d-1). The
overall-average rate was 1.9 mmol m-2 CSA d-1 with the highest average rate for
cavity BO3 and comparable rates for the other two cavities (Table 1).

Fig. 7
Piecewise regression of the residual sum of
squares of bacterioplankton depletion in ca-
vity water on water exchange coefficient for
21 experimental cases. Cases 1-21 refer to
the ranked (low-high) exchange rate coeffi-
cients, showing a significant break between
case 12 and 13 (water exchange coefficients
of 0.0042 and 0.0047 s-1 respectively).
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Fig. 8
Comparisons of NOx concentrations
between reef and cavity water. Diagonal
line represents the "no difference in
concentration� line in the plot (a). De-
crease of NOx accumulation (= concen-
tration differences between cavity and
reef water) with increasing water ex-
change rate coefficient (b). Relationship
between the NOx efflux from cavities
and the water exchange rate coefficient.
The regression equation was applied to
positive effluxes at exchange rates <
0.0045 s-1 (contoured black symbols),
(c). CSA = interior cavity surface area.
R in plots (a), (b) and (c) refers to mul-
tiple R.
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Fig. 9
Comparison of NH4 concentrations
between reef and cavity water. The re-
gression equation includes the indica-
ted outlier. Diagonal line represents the
"no difference in concentration� line in
the plot (a). Non-relationship of NH4 de-
pletion (= concentration differences
between cavity and reef water) with in-
creasing water exchange rate coeffi-
cient (b). Relationship between the net
NH4 efflux from cavities and the water
exchange rate coefficient. The regressi-
on equation was applied to negative ef-
fluxes without the outlier (= influxes,
contoured black symbols) (c). The out-
liers in (a), (b) and (c) refer to the same
data pair of NH4 concentration, with a
disproportionately high [NH4reef] versus
[NH4cavity]. CSA = interior cavity sur-
face area. R in plots (a) and (c) refers to
multiple R.
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Fig. 10
Comparisons of DIN concentrations
between reef and cavity water. The re-
gression equation includes the indica-
ted outlier. Diagonal line represents the
"no difference in concentration� line in
the plot (a). Decrease of DIN accumu-
lation (= concentration differences
between cavity and reef water) with in-
creasing water exchange rate coeffi-
cient without the outlier of -0.7 µM (not
shown) in previous plot (b). Relations-
hip between the DIN efflux from cavities
and the water exchange rate coefficient.
The regression equation was applied to
positive effluxes at exchange rates <
0.0045 s-1 (contoured black symbols)
(c). The outliers in (a), (b) and (c) refer
to the same data pair of DIN concentra-
tion with a disproportionately high [DIN-
reef] versus [DINcavity]. CSA = interior
cavity surface area. R in plots (a), (b)
and (c) refers to multiple R.
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In contrast to NOx, the NH4 concentrations were, in 15 of 21 measurements, lo-
wer in cavity water (overall average 0.35 µM) than in reef water (overall average
0.40 µM). Differences were however not significant considering the whole data set,
minus 1 outlier (t-test: n = 20, t = 0.921, p>0.1, Fig. 9a ). In all 3 cavities the ave-
rage NH4 concentration was lower in cavity than in reef water, with average diffe-
rences of 0.13, 0.02, 0.02 µM for cavities BO3, BO4 and WP1 respectively. NH4
depletions were only weakly related to their concentrations in reef water (Pearson:
n = 20, r = -0.432 p<0.1). With increasing concentrations of NH4 in reef water, the
depletion of NH4 in cavities tended to increase. At low reef concentrations of NH4
(<0.25 µM), cavities tended to release net NH4, which at higher reef concentrati-
ons (>0.25 µM), usually disappeared in cavities. NH4 depletions and accumulations
in cavity water were not significantly related to exchange rate coefficients (Fig. 9b).

NH4 influxes (= negative effluxes from cavities in Fig. 9c) increased with water ex-
change, particularly at the higher exchange rate coefficients (>0.0045 s-1). Fluxes
of NH4 range from maximal influxes of 92 µmol l-1 d-1 (5.6 mmol m-2 CSA d-1) to
maximal effluxes of 119 µmol l-1 d-1 (5.9 mmol m-2 CSA d-1), with average influxes
for all cavities (Table 1).

The DIN concentration was enhanced in cavity water (t-test: n = 20, t = -3.249,
p<0.01, Fig. 10a) in spite of the depletion of NH4. The average DIN concentration
difference between reef (0.86 µM) and cavity water (0.96 µM) was 0.11 µM. For
the cavities BO3, BO4 and WP1 separately this was 0.23, 0.15, 0.07 µM respec-
tively. The overall net influx of NH4 and the net efflux of NOx implies that the net out-
flow of DIN from cavities consists predominantly of NOx. The DIN accumulation in ca-
vity water decreased with increasing water exchange (Pearson: n = 20, r = -0.508
p<0.05, Fig. 10b) analogous to NOx. The net DIN efflux rate increased with water
exchange (Fig. 10c). Negative effluxes of DIN at the higher range of water ex-
change rates coincided with enhanced influxes of NH4 (Fig. 9c).

The DIP concentrations were significantly enhanced in cavity water (t-test: n = 21,
t = -2.209, p<0.05, Fig. 11a). In reef water the average concentration was 0.07 µM
and in cavity water 0.11 µM (0.09 µM without the outlier of 0.046 µM). The ave-
rage difference was 0.04 µM (0.02 µM without the outlier in cavity water). The DIP
accumulation increased significantly with increasing concentrations of DIP in ca-
vity water (Pearson: n = 21, r = 0.893, p<0.001). DIP accumulation in cavity water
was not related to water exchange (Fig. 11b). Like the effluxes of DIN and NOx

from cavities, the net DIP efflux was positively related to the water exchange up to
the threshold water exchange coefficient after deletion of the negative efflux of DIP
at water exchange of 0.0038 s-1(Fig. 11c). This was the same experiment in which
inorganic N species gave deviating results (see above).

Relations between bacterioplankton influxes and inorganic N and P effluxes
from cavities and DIN, DIP relations

We found a weak but significant relationship between the bacterial N influx and
the DIN efflux (Pearson: n = 20, r = 0.38, p<0.1). Assuming 100% of the consumed
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Fig. 11
Comparisons of DIP concentrations
between reef and cavity water. Diagonal
line represents the "no difference in con-
centration� line in the plot (a). Non-rela-
tionship of DIP accumulation (= concen-
tration differences between cavity and
reef water) with increasing water ex-
change rate coefficient (b). Relationship
between the DIP efflux from cavities and
the water exchange rate coefficient. The
regression equation was applied to po-
sitive effluxes at exchange rates <
0.0045 s-1 (contoured black symbols)
(c). CSA = interior cavity surface area. R
in plot (c) refers to multiple R.
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heterotrophic bacterioplankton is respired, it would make up 33% of the net ave-
rage DIN efflux based on this relation assuming a molar C:N ratio of 6 (Fukuda et
al. 1998). Based on averages in Table 1 this was 67% (55% in BO3, 42% for BO4,
111% in WP1). The concentration differences between cavity and reef water for
DIN and DIP were significantly related (Pearson: n = 20, r = 0.631, p<0.01). Net
positive effluxes of DIN, NOx and DIP at water exchange rates <0.0045 s-1 were
weakly related to the removal rate of bacterioplankton (Fig. 12a,b). The average
molar DIN/DIP ratio in all three cavities was lower in cavity than in reef water. The
average molar DIN:DIP ratios of fluxes were close to the molar N:P ratio in bacte-
ria (average of different cavities range between 2.1 and 3.5, Table 1).

Fig. 12
Relationship between the net positive
efflux of NOx and DIN respectively out of
cavities and the net influx of bacterio-
plankton in mmol N m-2 CSA d-1 at wa-
ter exchange rates <0.0045 s-1, for NOx
p<0.07 (continuous line), for DIN p = 0.1
(dashed line) (a). Relationship between
the net positive efflux of DIP out of cavi-
ties (minus an outlier) and the net influx
of bacterioplankton in mmol C m-2 CSA
d-1 at water exchange rates <0.0045 s-1,
p<0.07 (b). CSA = interior cavity surface
area. R in plots refers to multiple R.
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Discussion

It is widely recognized that cryptic biota in underwater cavities are dependent on
the hydrodynamic influx of nutrients for food, and on the efflux for disposal of their
waste products (e.g. Kobluk and Van Soest 1989; Gili and Coma 1998). The quan-
tification of water fluxes between overlying water and cavity water is complex
(Kays and Crawford 1993). It is difficult to determine the flow regime in irregularly
shaped and blind-end coral cavities and couple this to matter fluxes. To circum-
vent this we determined water exchange rate coefficients in the center of the cavi-
ties at different mainstream current velocities along the reef slope. The water ex-
change rates of cavities increased linearly with increasing mainstream current ve-
locity, irrespective of the geometry and size of cavities (e.g. aspect ratio). Orienta-
tion of cavity openings towards the mainstream current and turbulent energy in the
vicinity of the cavity may be more important than the internal morphology of a ca-
vity in determining exchange rates (Grant and Madsen 1979). Strong currents
along the reef at station WP on 28th, June placed the cavity WP1 in a leeward po-
sition, resulting in a water exchange rate much lower than expected. Water resi-
dence time in the three cavities fell in the range of 1.9 min to 7 h (exchange coef-
ficients 0.00004-0.0088 s-1). The residence time in cavity BO4 was longer than 20
min on 3 of 8 occasions.

This result was unexpected, but corresponded with very slow mainstream currents
along the reef slope during these experiments, which at that time also occurred at
BO3 close to BO4. In spite of the variations, the average residence time of water
in the three cavities, were not significantly different (4.5, 5.0, 3.2 min for BO3, BO4 and
WP1 respectively) and were comparable to estimated residence times in coral cavi-
ties in the Red Sea with comparable coelobite cover (Richter and Wunsch 1999).

Bacterioplankton depletion and removal rates

Coral cavities are definitely sinks for bacteria. In all experiments we found bacte-
rioplankton depletion of cavity water. This is not surprising considering the high co-
ver of suspension feeders in cavities that can feed on bacteria (e.g. Buss and
Jackson 1981; Coma et al. 2001) and the high cover and efficiency of sponges
among them in taking up bacteria (Kötter and Pernthaler 2002). Relations between
concentrations in reef and cavity water, and between bacterioplankton depletion
in cavity water and reef water concentration suggest that the passing water, is the
main source of the bacterioplankton supply to cavity biota.

It is evident that bacterioplankton depletion (= reef concentration minus the cavity
concentration) decreases with increasing exchange across the range of water ex-
change coefficients measured in cavities. At closer look there was a significant
break in the data set (piecewise regression analysis). At exchange rates smaller
than 0.0045 s-1, differences in bacterioplankton abundance did not decrease with
increasing water exchange as would have been expected on the basis of constant
pumping activities and bacterioplankton retention efficiency. To maintain these dif-
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ferences in bacterioplankton abundance with increasing water exchange, their ab-
undance in the supply water should increase. As this was not the case, it is likely
that the cryptic suspension feeding community adjusted its bacterioplankton cap-
ture rate to the food supply. This could have been achieved by increasing the re-
tention efficiency and, or the pumping activity with increasing water exchange.
The latter is less likely, because pumping activities have been reported to be con-
stant in thin-walled suspension feeders (e.g. Reiswig 1971a,b; Ribes et al. 1999),
irrespective of food concentration (Duckworth et al. 2003). Results suggest the
dependence of consumption rate on water exchange and thus flow speed, in ac-
cordance with Fréchette et al. (1989). The threshold of 0.0045 s-1 was surprisingly
close to the average exchange rate of 0.0041 s-1 of cavities. As if the suspension
feeding cryptic community is adapted to the flow regime in cavities. Wildish & Krist-
manson (1997) state that seston uptake rate of any benthic suspension feeder
shows an optimum at intermediate values of the ambient near bottom current
speed, based on physiological considerations. That the feeding strategy of the
heterogenous cryptic community in coral cavities seems to agree with the concept
was remarkable. Apparently there exist exchange rates, that coincide with benefi-
cial flows for prey capture or particle retention at which the uptake is optimized.
Optimal flow rates for prey capture have been reported for corals and other suspensi-
on feeders (e.g. Riisgard and Larsen 1995; Fabricius et al. 1995; Sebens et al. 1998).

Beyond a water exchange coefficient of 0.0045 s-1 no further adjustments appear
to be made to exploit the food more efficiently. On the contrary, bacterioplankton
depletion in cavity water dropped suddenly to significantly lower levels. Rapid wa-
ter exchange (i.e. flux) may negatively influence the filtration efficiency of cryptic
sponges (Kötter and Pernthaler 2002). High flow forces in general may interfere
with seston capture processes (Wildish and Kristmanson 1997). Therefore it is li-
kely that flow-induced energetic bounds to removal rates may have played a role
in the sharp drop in differences in bacterioplankton beyond the exchange rate co-
efficient of 0.0045 s-1 (Fig. 6).

Under optimal water exchange conditions (0.003-0.0045 s-1) bacterioplankton
removal rates vary between 50 and 100 mg C m-2 CSA d-1. Reef water concentra-
tions were quite low during the experiments (average 353 × 103 bacteria ml-1)
compared with abundances found throughout the year in Curaçao reef waters
(Gast et al. 1999). This implies that removal rates can be substantially higher. Be-
yond a water exchange rate coefficient of 0.0045 s-1 rates drop to 20-30 mg C m-2

CSA d-1. At exchange rate coefficients of less than 0.0005 s-1 bacterioplankton
removal rates were close to zero. Bacterioplankton removal rates in open cavities
were 35-50% higher than removal rates in cavities of which the frontal opening
was closed with a cotton cloth (Scheffers et al. 2004). Underestimation of fluxes
in "closed" cavities is conceivable because of the "long� water residence time (no
water exchange during the experiment) compared with that in open cavities. Ex-
trapolating our conservative overall average rate to the maximum cryptic surface
on reefs per m2 projected reef at 15 m depth (max 8 m2 cryptic surface area m-2

vertically projected reef, Scheffers et al. 2004) renders a bacterioplankton removal
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rate of 324 mg C m-2 projected reef area d-1. This high demand cannot be met by
the bacterioplankton production along Curaçao reefs, which is low (Gast et al.
1999). Besides bacterioplankton, cryptic suspension feeders also feed on phyto-
plankton (Richter and Wunsch 1999; Van Duyl et al. 2002) and probably also on pro-
tists and detritus (Gast et al. 1998; Wild et al. 2004). The particulate organic carbon
removal by cryptic biota may well be twice as large as the bacterioplankton removal
in coral cavities and thus may exceed the net production of coral reefs (e.g. Cross-
land et al. 1991). Therefore it is likely that exogenous advection of particulate organic
matter to the reef from the adjacent oceanic waters i.e. an allochthonous source is
required to supplement the nutrition of suspension feeders on reefs in cryptic habitats.

DOC depletion

Unlike bacterioplankton, DOC depletion and accumulation in cavity water was not
a function of exchange rates. DOC concentrations in reef water (approx. 80 µM)
exceeded concentrations of C in bacterioplankton biomass by up to 100 times. Up
to 10-30% of bulk DOC is labile and readily available in reef waters (Van Duyl and
Gast 2001). DOC uptake by microbes living in the water column and on the subst-
ratum can be substantial (e.g. Carlson 2002; Fisher 2003), but also DOC uptake
by higher trophic levels such as sponges, ascidians and polychaetes has often
been proposed (e.g. Jørgensen 1976; Gili and Coma 1998). Yahel et al. (2003)
report bulk DOC to be the major source for carbon of a symbiont-bearing sponge.
The above-mentioned groups of organisms are well represented in coral cavities
(Kobluk and Van Soest 1989; Wunsch et al. 2002; Scheffers 2005). Therefore we
considered DOC to be a potential source of energy for the cryptic biota. Consis-
tent patterns of depletion of DOC by cavity biota could not, however, be establis-
hed. DOC depletion in cavity water was usually small and close to the confident
limits of DOC measurements (Sharp 2002). In spite of this, the relation between DOC
depletion in cavity water and the reef concentration suggests a concentration related
removal. Moreover, DOC influxes in cavities BO3 and BO4 agree with preliminary re-
sults of DOC removal in closed cavities at BO (De Goeij and Van Duyl 2004).

Inorganic nutrient accumulation and fluxes

Light intensities drop linearly in coral cavities from ca 1-5 µE m-2 s-1 in the frontal
opening to less than 0.1 µE m-2 s-1 at the backside (Scheffers 2005). This implies
that photosynthetic activity of primary producers such as calcareous algae (ap-
prox. 19 % cover in cavities) cannot be ruled out completely in playing a role in
nutrient dynamics in cavity water.

DIN (NH4+NOx) enhancement in coral cavities was mainly in the form of NOx and
not NH4. The extent of accumulation of NOx in cavity water depended on water
exchange and cavity concentration of NOx. This implies that a consistent NOx ge-
neration by mineralization and nitrification occurs in cavities, which apparently
exceeds the loss of NOx to assimilation and denitrification in the reef framework
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(Tribble et al. 1990). NOx accumulations in cavity water decreased linearly with incre-
asing water exchange, suggesting conservative mixing. The sandy bottom as well as
the biota on the cavity walls is considered to contribute to this NOx generation.

Net NOx effluxes from cavities peaked with rates of 4-6 mmol m-2 CSA d-1 between
water exchange rates of 0.0025 and 0.0065 s-1, and are comparable with NOx
fluxes from coral cavities in other reef habitats (e.g. Szmant-Froelich 1983;
Rasheed et al. 2003). The overall average efflux is substantially lower (1.9
mmol m-2 CSA d-1), but still 30% higher than the average NOx efflux in closed
cavities (Scheffers et al. 2004). The often-reported enhanced NOx concentrations
in reef overlying waters (e.g. Web et al. 1975; Andrews and Müller 1983; Hopkin-
son et al. 1987; Gast et al. 1999) may at least be partly generated by cavity biota.
After all, the cryptic interface of well-developed reefs and on reef slopes usually
exceeds the exposed surfaces (Richter et al. 2001; Scheffers et al. 2004).

NOx release from cryptic surfaces can theoretically provide in the entire NOx en-
hancement in reef overlying waters, assuming an on-reef water residence time of
4-24 h and an average water column depth of 10 m.

DIN accumulation in cavity water depends on water exchange as it does for the
NOx. The net NOx efflux usually exceeded the net DIN efflux (overall average 0.83
mmol m-2 CSA d-1). Net influxes of NH4 from reef water are required to compensa-
te for this difference between DIN and NOx effluxes. The NH4 distribution between
reef and cavity water was evidently different from that of DIN and NOx: NH4 did
not clearly accumulate in cavities. This agrees with previous studies of NH4 in ca-
vity water (Gast et al. 1998; Scheffers et al. 2004). In this study NH4 tended to be
slightly depleted in coral cavity water, suggesting that cavities may be a sink for
NH4. Depletions, and thus net influxes of NH4 were evident at higher water ex-
change coefficients (>0.025 s-1), possibly because removal or nitrification by cavi-
ty biota was enhanced by the increase in through flow. The fate of ammonium may
be assimilation by cavity biota, nitrification or absorption (Tribble et al. 1990). For
nitrification, NH4 is oxidized to NO2 and subsequently to NO3, which presumably
occurs while flowing past the biota on cavity substrata. Nitrification and net release
of NO3 have been reported for reef sediments (Capone et al. 1992; Rasheed et al.
2002) and for reef sponges (Corredor et al. 1988; Diaz and Ward 1997). Together
these bottom components cover more than 50% of the interior cavity substratum
area at our sites (Fig. 2). Ascribing the average NOx efflux exclusively to these
cover components renders a flux of up to 3.6 mmol NOx m

-2 d-1, which falls within
the range of fluxes reported for reef sediments and open reef sponges (Corredor
et al. 1988; Capone et al. 1992; Diaz and Ward 1997; Rasheed et al. 2002).

Like the DIN and NOx, DIP accumulated in cavity water, pointing to a net overall
release of DIP from the cavity biota. DIP accumulation, however, like the bacterio-
plankton depletion, did not drop at increasing water exchange in cavities towards
the threshold water exchange. Therefore DIP release from cavity biota may partly
reflect the mineralization of bacterioplankton by suspension feeders at water ex-
change rates below the threshold exchange of 0.0045 s-1. Mineralization of bacte-
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rioplankton by suspension feeders contributes to a relative increase of DIP com-
pared with DIN in cavity water, because bacteria are rich in P compared with phy-
toplankton and metazoans (Sterner and Elser 2002; Kirchman 2000). Moreover,
bacterioplankton may be a significant part (more than 30%) of the total organic
matter mineralized in cryptic habitats, apart from phytoplankton (Richter and
Wunsch 1999; Van Duyl et al. 2002). Therefore the lower DIN/DIP ratio in cavity
(10.9) than in reef water (12.4) was not surprising.

We showed that water exchange in cavities is crucial for optimization of bacterio-
plankton removal by cryptic biota and the release of inorganic nutrients from cavi-
ties. Consumption and mineralisation of particulate organic matter peaked in co-
ral cavities at water exchange rates of 0.003-0.005 s-1.
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Coral reef framework cavities: Is functional similarity
reflected in composition of the cryptic macrofaunal
community ?

Abstract

Hard substratum surface area of framework cavities constitutes a major habitat in
coral reefs. We studied the community composition and distribution of cryptic ma-
cro-organisms in framework cavities in relation to a-biotic parameters. We used
cavities (n = 8) between 12 and 15 meters depth on the reef slope in Curaçao. Spa-
tial characteristics of cavities were measured with a cave-profiler. Volumes ranged
from 100-200 l, and cavity dimensions were approximately 100 × 50 × 100 cm
(width × height × depth). The cavities had a sandy bottom and a highly irregular in-
ner structure, with small chimneys in the sides and backs of cavities. We used a
CaveCAM (video) to investigate the macro-fauna community composition and ma-
cro-faunal cover in the front, middle and back compartments of cavities. Light-inten-
sity and water movement were measured in each compartment. Bacterial densities
were counted inside and outside the cavities over a year. Cover of the fauna and flo-
ra in cavities was about 95% of total hard surface area. Cavities harbored a distinc-
tive macro-fauna. Species composition was very diverse, each cavity and each ca-
vity compartment having a different species composition. A total of 88 species/taxa
were found, comprising 50 sponges (including 44 demosponges, and 6 calcareous
and sclerosponges), 21 ascidians, 5 polychaetes, 2 bryozoans, 2 anthozoans, 1 bi-
valve, coral, hydrozoan, foraminiferan species and 3 species of algae. Diversity (H�)
was high and evenness (V�) low, indicating the presence of dominant species. Com-
munity composition was related to the a-biotic parameters. Light intensity decrea-
sed with a factor 10 from front to back of cavities, with intensities in the back com-
parable to light levels >90 m depth in the water column. Crustose coralline algae
cover decreased from front to back of cavities (from 27 to 17% of total cover) but the-
re was no other relation between light and distribution of organisms. Water motion
and turbidity are significantly related and are generally higher on the reef than in ca-
vities. Inside cavities we found sponge and total suspension feeder cover to decrea-
se with increasing water movement and turbidity. There was an average depletion of
bacteria of 40% in cavity water. In a functional sense reef framework cavities are a
uniform trophodynamic environment characterized by high bacterioplankton removal
rates and efflux of DIN and it is surprising to find each cavity having a different spe-
cies composition and abundance.

Keywords Coral reef, cryptic organisms, framework cavities, biodiversity, water
movement, turbidity, light intensity
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Introduction

Cavities are a prominent feature of coral reefs, and include the spaces and surfaces
under rubble, the undersurfaces of skeletal organisms such as corals, the interior of
vacated borings, the shaded undersides of overhangs, and framework cavities. To-
gether these cavities may make up a substantial part of the volume of a reef, excee-
ding 30-75% of the total reef volume (Ginsburg 1983). The cavities provide a surface
area for colonization by sessile organisms that may be equal to or greater than the
area of the exposed reef surface (Garrett et al 1971; Jackson and Winston 1982; Lo-
gan et al. 1984; Kobluk and Van Soest 1989; Richter et al 2001). Cryptic habitats
appear to harbor a surprisingly high number of species per unit of surface area. The
species composition within cavities has been extensively studied. Meesters et al.
(1991), and Wunsch and Richter (1998) found sessile groups such as sponges,
crustose coralline and filamentous algae, polychaetes, bryozoans, ascidians, co-
rals and foraminifera covering almost the entire available hard substratum.

Most of these organisms are attached suspension feeders and depend upon water
flow to receive dissolved and particulate nutrients (Reiswig 1971; Abelson 1991; Se-
bens and Johnson 1991; Eckman and Duggins 1993). Because most cavities are to
some degree enclosed, with restricted access, water flow in cavities may be redu-
ced or even non-existent in the deepest recesses. This could have important impli-
cations for some crypto-faunal groups, such as sponges, which must rely entirely
upon the water movement in the cavities. Wilkinson and Vacelet (1979) have shown
that reduced water movement has the effect of reducing sponge growth, and there
may be a direct relationship between the size/abundance of sponges in cavities and
the rate of water movement and/or water exchange.

Some sponges have symbionts with beneficial qualities (Osinga et al. 2001) such
as phototrophic microorganisms (cyanobacteria, Wilkinson 1978a, zooxanthella,
Hill 1996) and light may control the distribution of photosynthetic symbiont-contai-
ning sponges within cavities. Sponges are known to be sensitive to sedimentation
or turbidity, which has the effect of clogging up canals and reducing pumping rates
(Burns and Bingham 2002).

This sensitivity may have an effect on sponge distribution (Gerrodette and Flechsig
1979), probably also on sponges in cryptic habitats. Wilkinson (1983) concluded
that sponges are not common on the floors of cavities but prefer the walls and roofs,
where sedimentation is usually less intensive. Fagerstrom (1984) suggested that the
low turbidity in cryptic environments compared to the exposed reef, is the prime
controlling factor in the distribution of sclerosponges.

Biodiversity in cavities is depending on species characteristics and available space.
The most important problem that sessile organisms have to deal with is firstly fin-
ding space for settlement and growth, and secondly, when established, defending
that position. In cavities where hard substratum is a limited resource these proces-
ses result in strong competition. "Competitive networks" have been proposed as a
mechanism to reduce competition (Jackson and Buss 1979). Non-hierarchical com-
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petition within a diverse community would be sufficient for maintaining high diversi-
ty (Buss and Jackson 1979; Jackson and Winston 1982). Diversity in cavities could
also be maintained by "intermediate disturbance" (Connell 1978) through abiotic fac-
tors such as substrate collapse (Kobluk 1988), variations in exchange rates (with
the overlying reef water) and sedimentation (Choi and Ginsburg 1983), or through bi-
otic factors such as predation (Palumbi and Jackson 1982). Size of area availabili-
ty per se may be a factor in increased biodiversity (Rosenzweig 1995).

Our previous studies showed reef cavities to be very similar in trophic function. Ca-
vities are a net sink for bacterioplankton and a net source for dissolved inorganic ni-
trogen (Scheffers et al. 2004; Van Duyl et al. accepted). Reef water acquires a dis-
tinct signature in terms of inorganic nutrients (Scheffers et al. accepted). Cavities
are a key factor in the benthic-pelagic coupling process of coral reefs.

In the present study our question is: are these cavities, so similar in function, also
similar in macro-faunal species composition? We returned to the same cavities we
studied for functional trophodynamics and now investigated cover, composition and
distribution of the cavity macro-faunal community in relation with the abiotic environ-
ment.

Material and Methods

Experimental sites

The framework cavities used in our study were located on the fringing reef of Cura-
çao, Netherlands Antilles (12°12�N, 68°56�W). We studied eight different cavities at
a depth of approximately 15 meters (Fig. 1) on the reef slope at CARMABI Buoy
Zero/Buoy One (Bak 1977; Van Duyl 1985). The cavities were scattered over 200
meters along the coastline. To link microbial and nutrient dynamics to cryptofauna
we used the same cavities as described in Scheffers et al. (2003) and Scheffers
et al. (2004). For comparing cavity surface to open reef surface area we studied
15 different cavities, scattered along the coastline of Curaçao.

Cavity structure

We used the "cave profiler" to determine the inner structure of the cavities
(Scheffers et al. 2003). It measures points in space along the cavity bottom
middle-axes. Putting these coordinates in LISA (a Geographic Information Sys-
tems program), a 3D-image is obtained. LISA determines the best suitable algo-
rithm with a given set of coordinates to give a direction and angle to vectors,
which resolves in a plane. These planes eventually create a digital model of the
main chamber of the cavity. The obtained model provides data on hard substrat-
um surface area (HSA), volume, and aspect ratio (volume/frontal opening
(FOA)).
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Each cavity was subdivided in three equal compartments (in reference to the bottom
middle-axes), in order to differentiate the sessile macro-faunal community compo-
sition in these separate sectors and their relation to a-biotic factors.

Cavity abundance

In order to compare the cryptic surface area, the "inside" of the reef, to the pro-
jected surface area of the "outside" reef, we measured the depth (distance along the
bottom axis, from the frontal cavity opening to the back wall) of all visible cavities
within a 1 m2 belt transect, 25 meter long, at each depth (5, 10, 15, 20, 25, 30 me-
ters) between B0 and B1 with a ruler. We measured a sub sample of 15 cavities
with the cave profiler and plotted the depth of each cavity (i.e. distance from cave
opening to back wall) against the respective surface area. Depth of a cavity was an
accurate measure for cavity surface area. (Fig. 2a, linear regression fit p<0.03, R2 = 0.8)
and the formula for this correlation is used to calculate cavity hard surface area. Ca-
vity surface hard  surface area is compared with the surface area of the outside reef.
This is defined as projected bottom surface, i.e. a two-dimensional plane, which in our
comparison had the size of the transects (25 m2 each depth).

Water motion

We used the clod cart method (Jokiel and Morissey 1993) to obtain a relative
measure of water movement in the different parts of the cavities. Plaster of Paris
(diluted with water in the ratio 1:2) was poured in plastic cups of 3 ml, producing
almost identical clod cards. All air bubbles were removed, and the mix was harde-
ned at room temperature (30°C) until no loss of weight occurred. The clods weigh-
ted approx. 2.5 g. Plastic plates were attached to the base of clods and this
construction determined initial weight. The plates were then attached to a cave-

Fig. 1
Map of Curaçao indicating
the position of the experi-
mental cavities. Cavities
B0C1-4 are located on the
reef Buoy Zero (B0) and ca-
vities B1C1-4 are located
on the reef at Buoy One
(B1).
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specific (using the digital model LISA) construction, consisting of stalks placed ex-
actly in the middle of the respective compartment of each cavity. This construction was
pre-soaked for 12 hours. Triplicate clod cards were put in each compartment in each
cavity, as well as directly outside the cave. This experiment was performed twice.

After 24 hours in situ, the blocks (with attached plastic plates) were dried at room
temperature until no loss of weight occurred, and final weight was determined. The
weight loss or dissolution rate is used as a measure for water movement.

Light intensity

Light intensity was recorded with an underwater LI-COR Photocell and a LI-1000
Data-logger. Measurements were inside cavities at the same positions as used for
the water motion clod card measurement. In order to relate the light intensities to
water depth, extinction profiles, with intervals of 3 meter, were made from the reef
water surface down to the cave frontal opening. Measurements were conducted
on days with constant cloud cover.

Turbidity

Turbidity measurements were taken with an OBS, (Optical BackScatter infrared
SeaPoint continues turbidity meter (SeaPoint sensors, Inc., USA) inside the cavi-

Fig. 2
Cavity abundance over the reef
slope. (a) The significant (linear
regression fit; R2 = 0.8, p<0.03)
relationship between the depth
within the cavity along the bot-
tom axis (front opening to back
wall) and hard substratum area
(HSA) of a cavity (n = 15). (b)
Ratio Cavity HSA/m2 planar reef
at different depths on the reef
slope. Buoy Zero. Data labels
indicate the number of cavities
encountered within the transect
at each depth.
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ties. Data was read using LINK software. The sensors were put at the same locati-
ons used for measurement of water motion and light intensity and left in situ for 5 days.
Readings were calibration with dilution series using 0.2 µm filtered water. Dilution series
were measured with the OBS and water samples were filtered (GF/F), dried (5 days,
400C) and weighted. This results in a calibration of readings to mg/l.

Bacterial densities in cavity and reef water

We sampled each of the 8 cavities at one-month intervals for one year between H
10.00 to 14.00 for heterotrophic bacterial density. Samples (10 ml) were fixed with
0.2 µm filtered and buffered (sodium tetraborate, pH = 7.9) formaldehyde (final
concentration 0.7%). In the lab, the samples were stained with acridine orange and
subsequently filtered (0.03 bar underpressure) onto 25 mm 0.2 µm polycarbonate fil-
ters (Nuclepore) supported by a 0.45 µm cellulose acetate filter, within 24 hours af-
ter sampling (Hobbie et al. 1977). The filters were mounted on microscopic slides in
non-fluorescent immersion oil (Olympus) and then stored in a freezer (-20oC). Bac-
teria were counted and sized with a Zeiss Axiophot epifluorescence microscope
(1250× magnification). We used a grid of 36 × 36 µm, divided in 10 rows and 10 co-
lumns, for counting and sizing bacteria. At least 10 random grids per filter and at
least 200 cells were counted.

Cavity water is designated in this study as the body of water in a cavity. All cavity
water samples were taken from the center of a cavity. Open reef water was samp-
led directly in front of a cavity opening, one meter away from the substrate. Reef
water was sampled before cavity water to avoid disturbance of the water proper-
ties. The samples were kept cold in the dark until processing.

Cryptofauna cover and composition

We used a CaveCAM to film cryptic macrofauna on the hard substratum inside ca-
vities. The CaveCAM (adapted after Wunsch and Richter 1998) consisted of a Sony
DCR-TRV900E in an Amphibico underwater housing. This was attached to a digital
Panasonic endoscopic video camera with underwater housing. The CaveCAM,
mounted on a rod with centimeter markings, was inserted into the cave. We made
photo transects over the cavity walls in front, middle and backside compartment of
each cavity. Transects were oriented inside cavities using the information of the 3D-
model (LISA). Digital pictures were randomly taken along these transects, using a
Sony DV capture board.

For each of the three cavity compartments 16 non-overlapping, sharp pictures were
analyzed with Adobe PhotoShop 4.0. 100 Points were projected over the image and
all structures (biotic and a-biotic) lying directly beneath these points are noted.
Depth of field of the 3.5 mm wide-angle Panasonic lens is low and with a set focus
distance, a sharp picture had a fixed surface area of 16 cm2. We determined the mi-
nimal area to be analyzed per compartment using the software MINAR (based on
Weinberg 1978). Using 16 pictures (256 cm2) per compartment we cover more than
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70% of all species present. Cover percentages were recalculated to absolute cover
per area unit, using the hard surface area (HSA) measurements of the cavities.

Statistical analyses

One-way ANOVA were performed to test for differences in macro-fauna/flora cover,
species number and cover per individual between different cavities and between
compartments. Data obtained from photographs was also used to calculate species
and taxonomic richness and dominance diversity indices. The Shannon-Weaver di-
versity index (Krebs 1989) was computed using proportional area coverage for "im-
portance" values (pi).

H� = - Σpi ln pi 
pi = proportion of ith cover (cover species i / cover of all species) 
H� = Diversity 
 

To investigate whether certain species have a preference for specific water move-
ment, turbidity, and light intensity regimes or depth inside the cavity, we recreated
the obtained species cover data in a Bray-Curtis dissimilarity matrix (Kaandorp
1986). The cover data was double root transformed. The matrix obtained was used
to plot hierarchical clusters with Euclidean distance and Ward minimum variance
method linkage. Rare species, i.e. species occurring in 1-3 cases in the filmed
transects, and crustose coralline algae were left out. Data on crustose coralline
algae were used in the analysis of light intensity impact.

Groups (species/taxa) of organisms were plotted against the various a-biotic factors
to obtain information on habitat preference. Significance levels were obtained using
linear regression.

Table 1 Structural features of cavities. Depth = vertical depth of cavity on reef, Or. FOA = Ori-
entation of Frontal opening on the reef slope, DepthC = Distance cave opening to
back wall, HSA = Hard substratum area, SA = Sandy area, FOA = Frontal opening
area, Aspect ratio = Volume/FOA.

Cavity
Depth

[m]

Or. FOA

[
o
N]

DepthC

[cm]

Volume

[l]

HSA

[cm
2
]

SA

[cm
2
]

FOA

[cm
2
]

Aspect
ratio

B0C1 12.8 195 70 104 17003 7679 2460 42

B0C2 15.2 210 90 107 18255 8287 4600 23

B0C3 12.9 240 110 176 25334 10368 3718 47

B0C4 14.1 140 90 177 17754 7688 2394 73

B1C1 14.6 200 100 229 24696 12684 4680 48

B1C2 13.8 210 70 70 9789 3813 3072 22

B1C3 15.2 220 60 53 9410 4418 1785 29

B1C4 15.8 180 80 55 11311 4702 1542 35
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Results

Cavity structure

The cavities measured consisted of a large main chamber with numerous small pi-
pes and inclined chimneys, connecting the main chamber to other cavities or to the
overlying reef water. The main chambers had sandy bottoms and each had one large
frontal opening facing off the reef slope. The most important structural cavity features
such as cavity volume, hard substratum area (HSA), and horizontal depth (measured
from cave opening to back wall over the sandy bottom) ranged from 53-229 l, 9410-
25334 cm2, and 60-110 cm respectively (see Table 1).

Cavity abundance

The depth of cavities measured in our sub sample was significantly (N = 15 cavities, li-
near regression fit, p< 0.03; R2 = 0.82) correlated to cavity surface area (Fig. 2a).

The abundance of reef framework cavities was highest around depth of 15-meter and
decreased shallower and deeper on the reef. The total surface area of cavities over
the reef slope, the "inside" of the reef, exceeded the surface area of the reef pro-
jected bottom surface, by a factor eight at 15-meter depth. At 5 and 30 meters the
total cavity surface area was only slightly larger then the two-dimensional surface area
of the exposed reef (Fig. 2b). Over the whole reef slope (0-30 meters), cavities provide
a three times larger surface area than the projected exposed reef.

Water movement

Water movement showed a heterogeneous and highly variable pattern over the com-
partments within the eight different cavities and between cavities. In general, water
movement was highest outside on the open reef, decreasing inside the cavity, be-
coming extremely variable towards the back compartment (Fig. 3). Water movement
is not significantly correlated to aspect ratio.

Turbidity

In general, turbidity was higher on the reef (3.5 mg l-1) and decreasing towards the
back of the cavities (1.3 mg l-1). Turbidity patterns were highly variable and diffe-
rent between cavities (Fig. 3). Water movement and turbidity were positively corre-
lated (One-sample t-test; R = 0.73, p<0.01) (Fig. 9a).

Light intensity

Light intensity was highest on the reef, lower inside and rapidly decreasing towards
the back of the cavity. Variation in light intensity between cavities was high (Fig. 4,
note logarithmic scale ordinate). Compared with extinction coefficients measured in
the reef water column the light intensity in the back of a cavity is equivalent to the
light intensity at a depth of 90 m.
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Year-round bacterial abundance in cavity water and reef water

Reef water bacterioplankton abundance varied highly between sampling sites (cavi-
ties) and throughout the year (not shown). Bacterial abundance was significantly
(two-sample t-test, t = -5.4, p<0.0001) lower in cavity water than in reef water. Th-
roughout the year, the average depletion of bacterioplankton in cavity water was
40% (for all cavities at B0 and B1 monthly compiled, Fig. 5).

Fig. 3 Panels show water movement and turbidity levels within and outside the 8 cavities
and for the 8 cavities combined. X-axes show the location, y-axes show water mo-
vement and turbidity level.
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Fig. 4
Panels show light intensity levels
within and outside the 8 cavities
and for the 8 cavities combined.
X-axes show the location, y-axes
show light intensity level (note lo-
garithmic scale).
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Cryptofauna cover, composition and distribution

In the whole data set a total of 88 different species were counted representing 11 dif-
ferent groups (Table 2). The most numerous were the demosponges (44 species),
followed by the ascidians (21 species), calcareous and sclerosponges (together 6
species), polychaetes (5 species), algae (3 species), bryozoans (2 species), antho-
zoa (2), hydroids (2 species), corals (1 species), bivalves (1), and foraminiferans (1).
Over all cavities the mean cover of sponges was the highest (0.37 m2/m2 HSA), fol-
lowed by algal cover (0.27 m2 /m2 HSA, and ascidian cover (0.27 m2/m2 HSA).
Sponge cover was highest in the back of the compartments, algal cover decreased
from the front of cavities to the back, and ascidian cover remained the same throug-
hout all compartments (Fig. 6). The 5 taxa with the highest mean cover were: Crus-
tose Coralline Algae (2720 cm2/m2 HSA), Unidentified Bryozoan 1 (711 cm2/m2

HSA), Desmanthus incrustans (573 cm2/m2 HSA), Trididemnum spec (544 cm2/m2

HSA) and Leucetta spec (442 cm2/m2 HSA).

Fig. 5
Bacterioplankton con-
centration in reef and
cavity water (1 year time
interval, 8 paired samp-
ling points month-1) Y-
axis shows cavity wa-
ter bacterioplankton
concentration as per-
centage of reef water
bacterioplankton con-
centration.

Fig. 6
Distribution of average
cover of groups of or-
ganisms over cavity
compartments. X-axis
shows groups, y-axis
shows compartments
(compartment 1 =
front part cavity, com-
partment 2 = middle of
cavity, compartment 3
= back of cavity), z-
axis shows the cover
of groups.

compartments
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The hard substratum area of cavities was for more then 95% covered with orga-
nisms. Species richness, total biotic cover and cover per individual organism was
significantly different between the 8 cavities. Within the cavities species richness,
total biotic cover and cover per individual organism was not significantly different
between the three different compartments (Table 3). Species richness did not signi-
ficantly increase with increasing available hard substratum area.

Table 2 Species encountered in the 8 framework cavities.

Algae Ascidia Demospongiae 
Crustose Coralline Algae Clavelina spec. Anthosigmella varians 
Galaxaura spec Didemnum spec 1 Batzella spec 
Rhodophyta spec Didemnum spec 2 Ceratopsion spec. 
 Didemnum spec 3 Chelonaplysilla batimensis 
Bivalva Distaplia spec 1 Chondrilla nucula 
Lithophaga sp. Distaplia spec 2 Clathria (Colloclathria) spec 
 Polyandrocarpa spec Clathria (Microciona) bulbotoxa 
Bryozoa Symplegma spec. 1 Clathria (Microciona) microchela 
Unidentified Bryozoan 1 Symplegma spec. 2 Clathria (Thalysias) raraechelae 
Unidentified Bryozoan 2 Symplegma spec. 3 Cliona delitrix 
 Symplegma spec. 4 Cliona janitrix 
Scleractinia Trididemnum spec. Desmanthus incrustans 
Colangia simplex Unidentified Ascidian 1 Desmapsamma anchorata 
 Unidentified Ascidian 2 Diplastrella megastellata 
Calcarea & Sclerospongia Unidentified Ascidian 3 Dragmaxia undata 
Clathrina canariensis Unidentified Ascidian 4 Dysidea spec. 
Clathrina primordialis Unidentified Ascidian 5 Ectyoplasia ferox 
Clathrina spec Unidentified Ascidian 6 Haliclona amphioxa 
Leucetta aff. floridana Unidentified Ascidian 7 Halisarca caerulae 
Leucetta sp. Unidentified Ascidian 8 Halisarca spec. 
Leucilla uter Unidentified Ascidian 9 Hymeniacidon spec. 
  Iotrochota birotulata 
Foraminifera Polychaetae Ircinia felix 
Spiculodendron corallicolum Filograna spec Merlia normani 
 Phoronidae Monanchora arbuscula 
Hydrozoa Unidentified Polychaete 1 Mycale laevis 
Unidentified Hydrozoan 1 Unidentified Polychaete 2 Mycale laxissima 
Unidentified Hydrozoan 2 Unidentified Polychaete 3 Myrmekioderma sp. 1 
  Myrmekioderma sp. 2 
 Anthozoa Niphates amorpha 
 Cirripathes spec Niphates digitalis 
 Palythoa caribaeorum Niphates erecta 
  Phorbas amaranthus 
  Placospongia sp. 1 
  Placospongia sp. 2 
  Pseudosuberites spec. 
  Scopalina ruetzleri 
  Siphonodictyon coralliphagum 
  Spirastrella coccinea 
  Spirastrella spec. 
  Terpios belindae 
  Timea spec. 
  Unidentified Sponge 1 
  Unidentified Sponge 2 
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All cavities and compartments showed a high variability in species diversity (ranging
from 1.80-2.96) and evenness (ranging from 0.19-0.29) (Table 4). Sponge species di-
versity and evenness followed the same pattern (Table 5), with diversity ranging
from 0.81-2.50 and evenness ranging from 0.10-0.29.

Species diversity and evenness, for all species grouped and sponges as a group,
was not significantly different between compartments (Table 6).

Table 3 Significance levels of differences in species richness, species cover and co-
ver per individual between compartments and cavities (one-way ANOVA�s).

 Cavity Compartment 
Species richness R = 0.808, p < 0.007 R = 0.216, p < 0.605 
Species cover R = 0.763, p < 0.026 R = 0.223, p < 0.584 
Cover per individual R = 0.767, p < 0.023 R = 0.331, p < 0.295 
 

Table 4 Species diversity and evenness for all organisms (Diversity calculated with Shan-
non-Weiner diversity index and proportional cover).

Table 5 Species diversity and evenness for sponges (Diversity calculated with Shannon-
Weiner diversity index and proportional cover).

Cavity 
H� 

comp 
1 

H� 
comp 

2 

H� 
comp 

3 

H� 
cavity 

Evenness 
comp 

1 

Evenness 
comp 

2 

Evenness 
comp 

3 

Evenness 
cavity 

B0C1 2.16 2.01 1.99 2.36 0.24 0.22 0.22 0.23 

B0C2 2.35 2.54 2.37 2.72 0.26 0.27 0.26 0.26 

B0C3 2.30 2.28 2.27 2.76 0.25 0.25 0.25 0.27 

B0C4 2.47 2.39 2.37 2.65 0.27 0.26 0.26 0.26 

B1C1 2.18 1.99 1.99 2.31 0.24 0.22 0.22 0.22 

B1C2 1.84 2.22 2.05 2.42 0.20 0.19 0.22 0.21 

B1C3 1.80 2.15 2.12 2.43 0.20 0.23 0.23 0.24 

B1C4 2.39 2.52 2.41 2.96 0.26 0.27 0.26 0.29 
 

Cavity 
H� 

comp 
1 

H� 
comp 

2 

H� 
comp 

3 
H� 

cavity 

Evenness 
comp 

1 

Evenness 
comp 

2 

Evenness 
comp 

3 
Evenness 

cavity 

B0C1 1.87 1.66 1.34 2.29 0.24 0.22 0.17 0.26 

B0C2 1.97 2.42 2.06 2.48 0.24 0.29 0.24 0.26 

B0C3 1.82 1.69 1.89 2.36 0.22 0.20 0.24 0.25 

B0C4 2.03 2.12 2.05 2.50 0.24 0.26 0.25 0.27 

B1C1 1.89 1.66 1.34 2.16 0.24 0.22 0.17 0.24 

B1C2 1.34 1.03 0.76 1.56 0.18 0.10 0.09 0.15 

B1C3 0.81 1.27 1.40 1.78 0.10 0.15 0.16 0.19 

B1C4 1.69 1.72 1.40 2.31 0.21 0.20 0.18 0.25 
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Rank-abundance graphs (Fig. 7) visualize the homogeneity in evenness between com-
partments and cavities, and the heterogenity in species richness between cavities. Bi-
odiversity in the cavities was high, but evenness relatively low. Potential species rich-
ness (x-intercept) is much higher than the measured species richness.

Hierarchical cluster graphs show no pattern when species are clustered with compartments
(Fig. 8a), or with horizontal distance in the cavity, cave opening to back wall (Fig. 8b).

Table 6
Significance levels of total species
diversity, species diversity spon-
ges, total evenness, and even-
ness sponges between compart-
ments (one-sample t-test).

 Compartment 
Total species diversity t = -0.218, p < 0.834 
Species diversity sponges t = -0.701, p < 0.506 
Total species evenness t =  0.000, p < 1.000 
Evenness sponges t = -0.656, p < 0.533 

Fig. 7 Rank-abundance graphs for each cavity separate and for all cavities combined
(for taxa see Table 2). X-axis shows rank order of species, y-axis shows proporti-
onal abundance of species. The slope is related to evenness (steep slope-low
evenness), x-intercept is potential richness.
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Fig. 8
Hierarchical cluster analyses graphs,
with complete linkage and Euclidean
distance, based upon a Bray-Curtis
transformed matrix. (A). X-axes show
all cavity compartments. First number
indicates the cavity (1-8), second num-
ber indicates the compartment (1-3).
(B). X-axes show horizontal depth (cm,
front to back) inside the cavity. (C). X-

axes show turbidity level (in mg l-1). (D). X-axes show light intensity (µE m-2 s-1). (E). X-
axes show water movement. All Y-axes show abbreviation of species name (Anthova =
Anthosigmella varians, Batzell = Batzella spec, Cirrhipat = Cirrhipates spec, Clatbul =
Clathria (Microciona) bulbotoxa, Clathcan = Clathrina canariensis, Cliondel = Cliona de-
litrix, Colloclat = Clathria (Colloclathria) spec, Desmaninc = Desmanthes incrustans, Di-
dem1 = Didemnum spec1, Didem2 = Didemnum spec2, Diplasmeg = Diplastrella me-
gastellata, Distap1 = Distaplia spec1, Filograna = Filograna spec, Haliscae = Halisarca
caerulae, Leuc = Leucetta sp , Leucilut = Leucilla uter Polejaeff , Lithophag = Lithopha-
ga spec, Monancarb = Monanchora arbuscula , Mycalae = Mycale laevis, Myclax = Myca-
le laxissima, Myrmek2 = Myrmekioderma spec2, Niphere = Niphates erecta, Phoronid =
Phoronidae, Placos2 = Placospongia spec2, Polyandroc = Polyandrocarpa spec,
Scoprue = Scopalina ruetzlerii, Siphoncor = Siphonodictyon coralliphagum Spirascoc =
Spirastrella coccinea , Sympleg2 = Symplegma spec2, Sympleg3= Symplegma spec3,
Sympleg4 = Symplegma spec4. Trididemnum = Trididemnum spec, UnidAsc2 = Uni-
dentified Ascidian2, UnidAsc3 = Unidentified Ascidian3, UnidAsc7 = Unidentified Asci-
dian7, UnidAsc8 = Unidentified Ascidian8, UnidAsc9 = Unidentified Ascidian9, UnidBry1
= Unidentified Bryozoan1, UnidBry2 = Unidentified Bryozoan2, UnidHyd1 = Unidentified
Hydrozoan1, UnidPol1 = Unidentified Polychaete1, UnidPol2 = Unidentified Polychae-
te2, UnidPol3 = Unidentified Polychaete3, UnidSpo1 = Unidentified Sponge1).
The color display shows the original data matrix in which rows and columns are per-
muted according to an algorithm in Gruvaeus and Wainer (1972). Different colors rep-
resent the magnitude/strength (0-12) of the linkage between cases (species) and vari-
ables (a-biotic factors) in the matrix (Ling 1973).
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Cluster graphs show no discernable pattern when species are clustered with light
intensity (Fig. 8d), save for crustose coralline algae (CCA), which are present at all
light levels. A weak pattern is visible when species are clustered with water move-
ment (Fig. 8e), where a small group of sponges (Mycale laxissima, Mycale laevis, Mo-
nanchora arbuscula, Halisarca caerulae, and Anthosigmella varians), and the ascidian
Didemnum spec2 are clustered together in a group preferring moderate water move-
ment. The same pattern is visible in the cluster graphs when species are clustered with
turbidity (Fig. 8c). The group of sponges (Mycale laxissima, Mycale laevis, Monanchora
arbuscula, Halisarca caerulae, and Anthosigmella varians) and the ascidian Didemnum
spec2 are clustered within the group with intermediate turbidity levels.

Fig. 9
Relationships between water movement,
turbidity, total sponge cover and suspension
feeder cover. Lines are linear regression fits.
Turbidity in mg l-1, water movement is given
in erosion rates (g h-1).
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To look for possible patterns in habitat preference we grouped sponges (cover of all
demosponges and calcareous/sclerosponges) and suspension feeders (all cryptic
organisms minus algae) and plotted these groups against the various a-biotic fac-
tors (Fig. 9). Total sponge cover plotted against water movement showed a signifi-
cant (linear regression; R = 0.78, p<0.05) decrease in sponge cover with increasing
water movement (Fig. 9b). Water movement outside the cavity is indicated with an
arrow (Fig. 9b) and indicates the adverse water movement conditions for cryptic
sponges. The same pattern is discernable when plotting total sponge cover against
turbidity; there is a significant (linear regression; R = 0.82, p<0.05) decrease in to-
tal sponge cover with increasing turbidity (Fig. 9c). Turbidity outside the cavity is in-
dicated with an arrow (Fig. 9b) and indicates possibly adverse turbidity conditions
for cryptic sponges. Total suspension feeder cover shows a possible, though not si-
gnificant, decrease with increasing water movement and turbidity (Fig. 9d and 9e).
All other taxa or groups of organisms tested against the various a-biotic factors
such as turbidity, water movement, light intensity, horizontal depth inside the cavi-
ty, and aspect ratio, did not display any (significant) trends.

Discussion

Community composition and diversity

Our results show that the "inside", invisible surface area of the coral reef framework
(comprised of cavities) exceeds the projected bottom surface of the "visible" reef up
to eight times. Richter et al. (2001) present a comparable area increase for cavity
surface, a factor 2,5-7, for the Red Sea. The hard substrata in framework cavities are
covered for more than 95% by suspension feeders and algae, for part organisms
scarcely encountered on the visible outside of the reef. This indicates the impor-
tance of this cryptic habitat for total reef community composition; even more so be-
cause the cryptofauna cover we measured is an underestimate of the real cover.
Many organisms are overgrowing other organisms or sticking out of (e.g. polychae-
tes) the tissue of other organisms forming a multilayered community. Such pheno-
mena are not measured with our methods. Nevertheless our study shows a high
density and diversity of organisms to exist in cryptic communities in coral reef fra-
mework cavities. Total species richness (88) was comparable to Choi and Ginsburg
(1983) who found 80 different species in Florida reef caves. Corriero et al. (2000)
found much lower species richness in Mediterranean caves, but richness inside was
much higher than outside caves. Wunsch et al. (2002) found in the Gulf of Aqaba
much higher species richness compared to our Curaçao data set, probably due to
much larger size of the cavities they studied. Our study was focussed on cavities
around 15 meters water depth at one reef, the B0 /B1 Carmabi study reef, therefore
we encountered far fewer sponge species than Kobluk and Van Soest (1989), who
sampled the whole reef slope and a series of stations around Bonaire and Curaçao.
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Our study is the first to present diversity data for reef framework cavities, and we
found species diversity in the cavities to be relatively high. Diversity was high (Shan-
non-Weiner, H� ~ 2.6), yet evenness is low, indicating the presence of dominant
species. Gischler and Ginsburg (1996) found low biodiversity values and high even-
ness (0.57, 0.72 respectively) for cryptic rubble habitats in Belizean reefs. Meesters
et al. (1991) found a slightly lower diversity (1.73), yet a higher evenness in cryptic
rubble habitats around Bonaire and Curaçao. This pattern also holds for sponge di-
versity per se. Barnes and Bell (2002) found low sponge diversity (1.7-2.2) and high
evenness in caves of the West Indian Ocean (Mozambique). In comparison, Alcola-
do (1994) presented sponge diversity of 3.5 at 20 meters depth and declining to 0
at 2 meters depth on the reefs of Cuba, indicating that in terms of biodiversity cavi-
ties are at least as important as the open coral reef.

Cryptofauna diversity in the studies of Gischler and Ginsburg (1996) and Meesters
et al. (1991) seems to be related to rubble size, i.e. space. Since space is a limi-
ting factor in marine hard substratum environments, monopolization by just a few
superior competitors can only be avoided when free space become available at re-
gular intervals (Connell 1976; Loya 1976). We did not find a significant relationship
between diversity and substratum area and more than 95% of available substratum
was covered with organisms. There are no data to suggest either the "intermediate dis-
turbance" (Connell 1976, 1978) or "competitive networks" (Buss and Jackson 1979;
Huisman and Weissing 2001; Kerr et al. 2002) as being the main structuring force in the
cavity community. In the open reef, intermediate disturbance often reduces dominant
species proportionally more than less dominant species and provides open space for
settlement of new species (Connell 1976, 1978). Without disturbance, communities will
develop into an equilibrium state dominated by a low number of species (Connell 1976,
1978; Loya 1979). Disturbance such as predation may act to make new space availab-
le on substrates (Wulff 1997), but we never encountered signs of damage to cryptofau-
na tissue. Physical disturbance caused by wave action is less likely to play a role cre-
ating free space in framework cavities than it is with rubble, although infrequently seve-
re storms, and resulting high waves, may collapse cavities at depths of 10-15-meters.
The competitive networks theory suggests a dynamic process in which species are
constantly trying to obtain more space in competition with neighbouring species, but
competitive abilities are non-hierarchical. Such a process is more likely to occur than
a steady state with species, once settled, staying constantly in the original area of
settlement. We found (Scheffers et al. 2004) that cryptofauna removes high amounts
of bacterioplankton from the reef water column. It would be interesting to determine
energy demands of reproduction and organism maintenance to assess the energy
available for spatial competition for space in these crowded reef habitats.

That cryptofauna removes high amounts of bacteria from the reef water is reflected
in the continuous difference (year-round) in bacterioplankton abundance between
cavity water and reef water. This difference in bacterial densities (on average 40% of
reef water bacteria disappears from the water column) suggests that cavities in ge-
neral generate a strong bacterioplankton influx (see Scheffers et al. 2004) and
therefore should be considered as an important sink for carbon. Gradients were



FUNCTIONAL SIMILARITY

103

highly variable between cavities, which may be caused by variations in uptake rates
of individual cryptofauna. Kötter and Pernthaler (2002) found indeed strong diffe-
rences in uptake rates between several sponge species. Changes in the difference
between cavity and reef water bacteria concentrations over the year suggest that varia-
tion in water exchange (dependent on the bulk flow passing the reef) plays a role.

Determining parameters for cryptofauna distribution

We distinguished three compartments, front, middle and back part, in our experi-
mental cavities as possibly representing different a-biotic cavity conditions. We
measured light intensity, water movement and turbidity in each compartments. Ir-
radiance has been mentioned as an important factor affecting biotic distribution in
cryptic habitats elsewhere (Jaubert and Vasseur 1974; Vasseur 1974, 1977). In Cu-
raçao the concentration of crustose coralline algae around the entrances of cavities,
or in areas where inclined chimneys allow light to penetrate the cavities, shows the
importance of light for the distribution of CCA�s. Organisms with phototrophic sym-
bionts may also prefer a well-lit habitat. On the other hand members of the sponge
community may actually avoid light (Wilkinson and Vacelet 1979) or be adversely
affected by UV radiation (Jokiel 1980).

We did not find any relationship between light intensity and cryptofauna, neither on
species level (Fig. 8d), nor on the level of groups of taxa. As light and UV-radiation
levels co-vary with other environmental parameters, irradiance effects may be con-
fused with water movement, turbidity, abrasion, predation, or algal competition (Jo-
kiel 1980). Distance from cave opening into the cavities was not significantly rela-
ted with light intensity. This is reflects the fact that our cavities are not closed enti-
ties with light only penetrating from the frontal opening and diminishing with distance.
This also explains the high variance in light intensities between cavities.

Water movement and turbidity inside cavities were positively correlated (Fig. 9a) and
possibly related to cavity structure (rugosity and amount of chimneys). Both were
highly variable between cavities and compartments and not dependent on depth in-
side the cavity. All the cryptofauna are filter or suspension-feeders and are depen-
dent upon water flushing their habitat to be able to obtain food. High water-exchange
rates between the cavity and the overlying reef water have been reported elsewhere
for our experimental cavities (Van Duyl et al. accepted). Flushing (water exchange
with the overlying reef water) of cavities is positively correlated to cryptofauna cover
(Wilkinson and Vacelet 1979; Gischler 1997; Richter et al. 2001) and to particle
removal by cryptic organisms (Van Duyl et al. accepted).

Water exchange and water movement in cavities are not necessarily correlated. Ex-
change rates appear to be dependent on aspect ratio (Van Duyl et al. accepted),
while water movement seems to be dependent on inner cavity parameters such as
rugosity, and connectivity to other cavities. When water exchange is beneficial, wa-
ter movement can be detrimental to cryptofauna growth, especially since it is cor-
related to turbidity. Too much water movement can damage the fragile tissue of
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cryptic sponges (Bell and Barnes 2000b) and too much sediment in the water co-
lumn can reduce pumping rates (Reiswig 1971; Gerrodet and Flechsig 1979; Fager-
strom 1984). This sensitivity is probably a control on the distribution of sponges in
general and without doubt has an effect on sponges in cryptic habitats (Kobluk and
Van Soest 1984).

On species level we did find a correlation between some species and moderate
water flow and turbidity. On group level we found a strong significant relationship
between decreasing sponge cover and increasing water movement/ turbidity. The
same trend, although weaker, is visible when all suspension feeders are grouped.

A possible explanation for such a correlation is that capture mechanisms of some
specific suspension feeders are less susceptible to sediment loading than others.
Both water movement and turbidity are higher outside on the reef, which suggests
that for cryptic organisms the framework habitat is a refuge from the relative strong
water movement and high turbidity occurring in the open coral reef environment.

We conclude that each framework cavity has a unique set of environmental parame-
ters (light levels, water movement, and turbidity), which is related to variation in the
inner cavity structure. The cryptofaunal community composition is very diverse and
different between cavities and parts of cavities. Community composition did not re-
flect variation in distribution of environmental parameters, suggesting factors such
as chance of settlement and predation, intermediate disturbances and active com-
petitive networks to be important. That all experimental cavities removed more or
less equal amounts of bacterioplankton and that all excrete inorganic nitrogen
(Scheffers et al. 2004; Van Duyl et al. accepted) shows them to be functionally uni-
form despite the biological and structural differences.
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Summary

Reports on coral reef degradation, from circumtropical locations, are accumulating
at an alarming rate. Most are restricted to describing striking phenomena such as
physical damages, coral bleaching and coral diseases. The importance of less
obvious, subtler changes is acknowledged, but such change is less easily noticed
and the causative processes are rarely studied. Few reef degradation studies in-
clude observations on changes in coral reef water quality with respect to suspen-
ded organic matter and inorganic nutrient concentrations. Nevertheless these are
important factors that may affect the trophodynamics of coral reefs. It is hypothe-
sized that enhanced loads of inorganic nutrients and organic matter in the water,
are beneficial to the growth and spatial cover of heterotrophic benthic suspension
feeders (bioeroders) at the expense of corals. This would result in reefs being
overgrown with benthic suspension feeders. I took a closer look to the trophody-
namics and habitat of a major and understudied component of the sessile benthic
suspension feeders: the cryptofauna.

Benthic suspension feeders in cavities do not directly compete with corals for
space, but supply the reef with extra inorganic nutrients after consuming primarily
ocean-derived pico-and nanoplankton. Microbial populations over reefs are usu-
ally in a dynamic state and respond to increased levels of nutrients. Measure-
ments on microbial variables show strong horizontal and vertical gradients over
reefs. Bacteria are stimulated in growth and at the same time removed from the
water column due to mortality and predation. The overall pattern appears to be
that the strongest removal of bacteria on coral reefs takes place in cavities.

I studied the diversity, cover and composition of cryptofaunal communities in rela-
tion to the physical characteristics of cavities along the coast of Curaçao (Nether-
lands Antilles) and assessed the role of cavity biota in the benthic-pelagic coup-
ling. I found that cavities, the virtually inaccessible undersides of overhanging co-
rals and passages within the recent and sub-recent reef framework, form the lar-
gest habitat on coral reefs in terms of hard substratum per projected reef area.
This hard substratum surface area is for more than 95% covered with sessile cryp-
tic organisms. The cryptic reef fauna is highly diverse and includes suspension
feeders such as polychaetes, bryozoans, tunicates, bivalves and sponges. I as-
sessed the role of these cryptic communities as consumers of the abundant bac-
terioplankton, flowing over the reef, and their role as mineralizing agents of orga-
nic matter. My hypothesis is that suspension feeding by cryptic communities ac-
counts for the widespread, but unexplained, observations of strong gradients in
concentrations of pico- and nanoplankton over reefs. The cryptic suspension- fee-
ding fauna potentially forms a quantitatively important sink of microorganisms and
an important link in reef trophodynamics.

To obtain basic knowledge on cavity geometry and structure, a new device, the
cave-profiler, was developed. With this device cavities were measured at varying
depths on the reef slope along the coast of Curaçao. This survey produced the
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3D-geometry, hard substratum surface area and volume of cavities measured. Ty-
pical volume and hard substratum surface area for cavities at 15 meters depth was
ca 100 liters and 1.5 m2, respectively. At this depth, the surface area within the
cavities is up to 8 times larger than the surface area of the open "visible" reef. An
endoscopic digital video camera (CaveCAM) was used to film the cavities and stu-
dy the cryptofauna. Digital images, together with extraction of organisms for iden-
tification, were used to quantify the cover of cryptic organisms and identify the spe-
cies. More than 60% of the inner cavity surface is covered with encrusting suspen-
sion feeders of which sponges were the most abundant in richness. Fifty different
sponge species were identified of which several commonly occurred in cavities
(e.g . Desmanthus incrustans, Diplastrella megastellata, Leucilla uter, Leucetta aff.
floridana). Composition of the communities may be determined by a combination
of "intermediate disturbance" and "competitive networks".

Several a-biotic factors (turbidity, water movement, light) were measured to iden-
tify cryptofaunal zonation. The general picture is that crustose coralline algae
(CCA) dominated in cover in the frontal part and encrusting sponges in the rear
part of cavities. However, all cavities had a unique species composition, a unique
diversity and a unique combination of a-biotic factors. The distribution of orga-
nisms inside the cavities was not related to these a-biotic factors. Yet cryptic or-
ganisms seem to prefer the framework habitat where parameters such as turbidi-
ty, water movement, and predation are more moderate than on the reef.

There was great variation in physical structure and fauna between cavities, but
there is also a great uniformity. This uniform aspect of cavities is a more or less
equal influx of bacterioplankton and efflux of DIN. Year round comparisons of bac-
terial densities in cavity water with ambient reef overlying water, for a number of
cavities along the coast, revealed an average depletion of bacteria of 40% in ca-
vity water. Within cavities there are gradients in cell densities and cell sizes from
the middle of the cavity to the wall covered with suspension feeders Along these
gradients a further 30% depletion occurs, which points to the role of suspension
feeders in the active bacterioplankton depletion inside cavities. I found that under
the relatively high inorganic nutrient concentrations in coral reef cavities, bacteri-
oplankton specific growth rates are 2 times enhanced, compared to bacterioplank-
ton growth rates in the reef overlying water. With bioassays I demonstrated that
this was due to the higher inorganic nutrient concentrations in cavity water and
apparently not to higher labile DOC concentrations in cavities. This indicates that
cavities are not net sources of labile DOC. With in situ experiments in closed-off
cavities I showed that biota in cavities are a quantitatively important sink of bacte-
rioplankton (0.62 mg C l-1 d-1; 30.1 mg C m-2 cavity surface area d-1), a sink of sili-
cate (SiO4

2-) and a source of dissolved inorganic nitrogen (0.67 mmol N m-2 cavity
surface area d-1). As expected higher (up to 60.3 mg bacterial C m-2  cavity sur-
face area d-1), but still comparable, rates were found in open cavities where water
exchange was uninhibited. Water exchange rate coefficients in cavities varied
between 0.00004 s-1 and 0.00880 s-1 with an average exchange rate of 0.00410 s-1

(analogous to a residence time of 4.4 minutes). Net effluxes of DIN and DIP oc-
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curred from open cavities (1.16 and 0.33 mmol m-2 cavity surface area d-1 respec-
tively). Significant net effluxes of NH4 from cavities did not occur. On the contrary,
NH4 often disappeared in open cavities. The net NO3 efflux exceeded the net DIN
efflux, suggesting that cavities are hotspots of nitrification. The differences in inor-
ganic nutrient concentrations (NO3, DIN) between reef overlying water and cavity
water declined with increasing water exchange, indicating conservative mixing with
constant net inorganic N release rates from cavity surfaces. The relation between
bacterioplankton depletion and water exchange in cavities pointed to non-conser-
vative mixing. This suggests that bacterioplankton removal rate by cryptic suspen-
sion feeders increased with increasing exchange up to a threshold exchange and
subsequently dropped to a significantly lower level. This illustrates that the hydro-
dynamic conditions in coral reef cavities affect and set boundaries to uptake of
matter by cryptic suspension feeders.

Coral cavities are quantitatively important net sinks of bacterioplankton and net
sources of dissolved inorganic nitrogen (NO3) and DIP (open cavities only). Cavi-
ties net released NO3, but did not release net NH4 or net labile DOC. Based on
the results I argue that cryptic biota cannot live merely of the reef production but
are dependent on the food advected to cavities by ocean water passing the reef.
As such cryptic suspension feeders play an important role in reef trophodynamics
by incorporating ocean derived organic matter in the reef benthos and supplying
the reef with inorganic nutrients. My results indicate that coral reefs should be con-
sidered as open systems instead of as closed ecosystems. The influx of ocean-
derived nutrition to be used by coral reef biota may contribute to explaining
Darwin�s paradox: a biologically diverse and extremely productive ecosystem sur-
rounded by oligotrophic waters.
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Samenvatting

Berichten over koraalrifdegradatie accumuleren in een alarmerend tempo. De
meeste berichten beperken zich tot het beschrijven van opvallende fenomenen
zoals structurele schade, koraalverbleking en koraalziektes. De betekenis van
minder evidente, subtielere veranderingen wordt erkend maar zulke veranderin-
gen worden minder gemakkelijk ontdekt en oorzakelijke processen die ten gronds-
lag liggen aan dergelijke veranderingen worden zelden bestudeerd.

Het onderzoek beschreven in dit proefschrift richt zich op één van de minst bestu-
deerde processen in koraalrifdegradatie: veranderingen in waterkwaliteit wat be-
treft opgelost organisch materiaal en anorganische nutriëntenconcentraties. Dit
zijn belangrijke factoren die de dynamiek van de verschillenden onderdelen van
het voedselweb op koraalriffen kunnen beïnvloeden. Een verhoogde concentratie
van anorganische nutriënten in het koraalrifwater stimuleert de groei en ruimtelijke
bedekking van heterotrofe benthische filtreerders (borende organismen) ten koste
van koralen. Dit kan leiden tot koraalriffen overgroeid met heterotrofe benthische
filtreerders. In mijn proefschrift, heb ik in meer detail gekeken naar de trofodyna-
mica en leefgebied van een, belangrijk maar weinig onderzocht bestanddeel van
de vastzittende benthische filtreerders, de cryptofauna. Benthische filtreerders
(cryptofauna) in holtes gevormd door het dode skelet van koralen zijn niet in di-
recte concurrentiestrijd om ruimte met koralen, maar leveren het rif extra anorga-
nische nutrienten door consumptie/opname van pico- en nanoplankton afkomstig
uit de oceaan. Microbiële populaties boven riffen zijn gewoonlijk zeer dynamisch
en reageren snel op een verhoogd nutriënten niveau. Metingen aan microbiële
variabelen laten sterke horizontale en verticale gradienten boven koraalriffen zien.
Bacteriën worden gestimuleerd in hun groei door sterfte en predatie. Tegelijkertijd
veroorzaken sterfte en predatie het verdwijnen van bacteriën uit de waterkolom.
In het algemeen lijkt het erop dat de grootste verwijdering van bacteriën in koraal-
riffen plaats vindt in holtes.

Ik heb de diversiteit, bedekking en compositie van cryptofaunagemeenschappen
in relatie tot fysische eigenschappen van holtes langs de kust van Curaçao (Ne-
derlandse Antillen) en de rol van organismen in holtes in benthisch-pelagische
koppeling bestudeerd. De resultaten beschreven in mijn proefschrift laten zien dat
op sommige dieptes, holtes, de bijna ontoegankelijke onderzijdes van overhan-
gende koralen en het gangenstelsel binnen het (ouder dan) recente rifskelet, het
grootste leefgebied van koraalriffen uitmaken uitgedrukt in hardsubstraat. Deze
hardsubstraat oppervlakte is voor meer dan 95% bedekt met vastzittende crypti-
sche organismen. De zeer diverse cryptofauna omvat filtrerende organismen zo-
als borstelwormen, mosdiertjes, manteldiertjes, tweekleppigen en sponzen. Ik heb
de rol bestudeerd die deze cryptische gemeenschappen spelen in de consump-
tie/opname  van het bacterioplankton dat over het rif stroomt. Daarnaast heb ik
gekeken naar de bijdrage die deze cryptische gemeenschappen leveren  als mi-
neralizeerders van organisch materiaal. Mijn hypothese is dat voedsel opname
door cryptische gemeenschappen de wijd verspreidde, maar onverklaarde, obser-
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vaties van sterke gradienten in pico- en nanoplanktondichtheden boven koraalrif-
fen verklaart. De cryptische filtrerende fauna vormt een potentiële, kwantitatief
belangrijke, afvoer voor micro-organismen en een belangerijke schakel in de ko-
raalriftrofodynamica.

Een nieuw apparaat, the "cave-profiler", is ontworpen om basiskennis te vergaren
van holte-geometrie en drie dimensionale structuur. Met dit apparaat zijn holtes
gemeten op verschillende dieptes op de rif-helling langs de kust van Curaçao. Dit
onderzoek leverde de 3D-geometrie, hardsubstraat oppervlak en volume op van
de gemeten holtes. Over het algemeen was het  volume en hardsubstraat opper-
vlakte van de holtes op 15 meter diepte was respectievelijk 100 liter en 1.5 m2. Op
deze diepte was de oppervlakte binnen de holtes tot 8 keer groter dan het gepro-
jecteerde, 2-dimensionale, oppervlakte van het open �zichtbare� rif. Ik heb een en-
doscopische digitale videocamera gebruikt om de holtes te filmen en de crypto-
fauna te bestuderen. Digitale beelden, tesamen/ in combinatie met monsters van
soorten voor identificatie van soorten, zijn gebruikt om de bedekking van cryptisch
organismen te kwantificeren. Meer dan 60% van het oppervlak aan de binnenkant
van de holtes is bedekt met korstvormende filtreerders waarvan de groep van
sponzen de hoogste bedekking en de meeste soorten omvatten. Van de vijftig ver-
schillende sponssoorten die zijn geïdentificeerd kwamen enkele soorten alge-
meen voor in holtes (bijvoorbeeld Desmanthus incrustans, Diplastrella megastel-
lata, Leucilla uter, Leucetta aff. floridana). De samenstelling van de cryptofauna
gemeenschappen zou bepaald kunnen worden door een combinatie van "interme-
diate disturbance" (uitleg: een verstoring die niet te groot of te frequent optreedt
waardoor er iedere keer weer open plekken voor groei vrijkomen) en "competitive
networks" (uitleg: soorten beconcureren elkaar als gelijkwaardige concurrenten in
een netwerk, waardoor er nooit een soort de overhand kan krijgen).

De cryptofaunazonering werd bepaald aan de hand van de abiotische factoren,
troebelheid, waterbeweging en licht. Over het algemeen werd  het voorste gedeel-
te van de holtes gedomineerd door korstvormende kalkalgen en het achterste ge-
deelte van de holtes gedomineerd door korstvormende sponzen. Desondanks
hadden alle holtes een unieke soorten compositie, een unieke diversiteit en een unie-
ke combinatie van abiotische factoren. De verspreiding van organismen binnen de
holtes was niet gerelateerd aan deze abiotische factoren. Desalniettemin lijkt het erop
dat cryptische organismen het rifskeletleefgebied preferen, waar parameters zoals troe-
belheid, waterbeweging and predatie meer gematigd zijn dan op het open rif.

De geometrische structuur van de holtes en de fauna in de holtes vertoonde veel
variatie. De instroom van bacterioplankton en uitstroom van opgelost anorganisch
stikstof (DIN), daarentegen, vertoonde weinig tot geen variatie. Vergelijkingen tus-
sen concentraties van bacterien binnen en buiten de holtes, gemeten over een
geheel jaar, laten zien dat er een gemiddelde bacteriële afname van 40% is in hol-
tewater. Binnen in holtes zijn er gradiënten in celgrootte en -dichtheden van het
midden van de holte tot aan de met filtreerders bedekte wand. Langs deze gradi-
enten treedt een verdere afname van 30% op, wat op de (actieve) active rol van
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filtreerders in bacterioplaktonafname in holtes duidt. Ik vond dat onder de relatief
hoge nutrienten concentratie in koraalrifholtes de specifieke groeisnelheid van
bacterioplankton, in vergelijking tot de groeisnelheden van bacterioplankton in rif-
water, verhoogd was met een factor twee. Met �bioessays� (uitgelegd: experimen-
ten m.b.v. speciale organismen om het belang van milieuvariabelen aan te tonen)
heb ik aangetoond dat dit kwam door de hogere anorganische nutriëntenconcen-
traties in holtewater en klaarblijkelijk niet door hogere instabiele DOC concentra-
ties in holtes. Dit wijst er op dat holtes geen netto aanvoer zijn van instabiel DOC.
Veld experimenten in afgesloten holtes laten zien dat de cryptofauna in holtes een
kwantitatief belangrijke afvoer is voor bacterioplankton (0.62 mg C l-1 d-1; 30.1 mg
C m-2 totaal oppervlak van de holte d-1), een afvoer voor silicaat (SiO4

2-) en een
aanvoer van opgelost anorganisch stikstof (0.67 mmol N m-2 totaal oppervlak van
holte d-1). Zoals verwacht werden er hogere (tot 60.3 mg C m-2 totaal oppervlak
van de holte d-1), maar nog steeds vergelijkbare bacterioplankton afnamewaardes
gevonden in open holtes met ongestoorde wateruitwisseling. Wateruitwisselings-
snelheden van holtes varieerden van 0.00004 s-1 tot 0.00880 s-1 met een gemiddel-
de wateruitwisselingssnelheid van 0.00410 s-1 (te vergelijken met een verblijftijd
van 4.4 minuten). Open holtes vertoonden een netto uitflux van DIN en opgelost
anorganisch fosfaat (DIP) (1.16 en 0.33 mmol m-2 totaal oppervlak holte d-1 respec-
tievelijk). Er werden geen significante netto uitfluxen van NH4 uit holtes gevonden.
Integendeel, NH4 verdween vaak in holtes. De netto NO3 uitflux overschreed de
netto NO3 influx, wat suggereert dat holtes �hot spots van nitrificatie zijn. De ver-
schillen in anorganische nutrienten concentraties (NO3, DIN) tussen water boven
het rif en holtewater namen af naarmate de wateruitwisseling toenam, wat er op
wijst dat er een conservatieve vermenging met een constante netto anorganische
N vrijlating van holte oppervlaktes plaatsvindt. De relatie tussen bacterioplank-
tonafname en wateruitwisseling in holtes wijst op een non-conservatieve vermen-
ging. Dit suggereert dat de verwijderingssnelheid door cryptische filtreerders toe-
neemt met toenemende wateruitwisseling tot aan een drempelwaarde en vervol-
gens afneemt tot een significant lager nivo. Dit illustreert het gegeven dat hydro-
dynamische conditie in koraalrifholtes de materieopname door cryptische filtreer-
ders beïnvloed en begrenst. Koraalrifholtes zijn een kwantitatief belangerijke netto
afvoer voor bacterioplankton en netto bronnen van opgelost anorganisch stikstof
(NO3) en DIP (alleen open holtes). Holtes stoten netto NO3 uit, maar er vindt geen
netto uitstoot van NH4 en instabiele DOC plaats. Gebaseerd op de resultaten, con-
cludeer ik dat cryptische biota niet van de rifproductie alleen kan leven, maar ook
in belangrijke mate afhankelijk is van voedsel dat door het oceaanwater, dat het
rif passeert, naar de holtes word gevoerd. Door het incorporeren in het rifbenthos
van organisch materiaal afkomstig van de oceaan en het leveren van anorgani-
sche nutriënten aan het rif spelen cryptische filtreerders een belangrijke rol in de
trofodynamica. Mijn resultaten wijzen erop dat koraalriffen beschoúwd moeten
worden als open systemen in plaats van gesloten systemen. De influx van voed-
sel afkomstig uit de oceaan, dat gebruikt wordt door koraalrifbiota, kan bijdragen
aan het verklaren van Darwin�s paradox: een biologisch divers en extreem produc-
tief ecosysteem omgeven door nutriëntarm water.
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