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INTRODUCTION

Basic relationships between rates of nutrient input
and carbon production (gross, net, etc.) of coral reef
ecosystems are not understood. Coral reefs obtain
nutrients from overlying water either as dissolved com-
pounds or as particulate organic matter. Despite the
well-known capacity of coral reef communities to
capture particles (e.g. Yonge 1963, Sorokin 1973,
Johannes 1974), few studies of reef nutrient budgets
have estimated the relative contribution of dissolved
and particulate nutrient sources.

In the last decade, knowledge of the nature, abun-
dance and dynamics of particles and plankton has
increased dramatically, mainly due to improvements in
measurement techniques (Reckermann & Colijn 2000).
It is now recognized that pico- and nanoplankton
dominate planktonic biomass and production (e.g.
Tremblay & Legendre 1994). Bacteria may be the

largest component of most planktonic assemblages
(Cho & Azam 1990), while autotrophic bacteria (cyano-
bacteria and prochlorophytes) and small flagellates
constitute a significant fraction of the primary produc-
ers in many pelagic systems (Olson et al. 1990).

Most coral reef communities reside in low-nutrient
tropical waters, where pico- and nanoplankton domi-
nate planktonic communities. In these oligotrophic
conditions, bacteria have been estimated to account for
30% of the total particulate carbon and autotrophic
cells <10 µm for 50 to 100% of the chlorophyll a (Fer-
rier-Pagès & Gattuso 1998, CISNet [Coastal Intensive
Study Network] 2000: www.hawaii.edu/cisnet/). In
tropical waters, particles <10 µm comprise more than
50% of the total nutrient pool (dissolved inorganic
nitrogen 0.1 to 1.5 µmol l–1, particles 1.1 to 9.5 µmol l–1;
Crossland & Barnes 1983, Crossland et al. 1984).

Studies of particle-feeding by corals have tradition-
ally focused on capture of microphytoplankton (20 to
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200 µm) and zooplankton (Glynn 1973, Porter 1974,
Sebens et al. 1996). Feeding on particulate forms, how-
ever, should also consider the capture of picoplankton
(0.2 to 2 µm; including heterotrophic and autotrophic
bacteria and picoeukaryotes), nanoplankton (2 to
20 µm; including mainly heterotrophic and autotrophic
flagellates), and detritus (Ayukai 1995, Ferrier-Pagès
et al. 1998, Gast et al. 1998, Yahel et al. 1998). Feeding
on these smaller but more abundant particles may be
the major source of nutrition to the reef systems in
low-nutrient waters (Erez 1990).

Recent studies on water velocity and uptake of dis-
solved nutrients have shown that large-scale commu-
nities of coral reef benthos (scales of meters) are neces-
sary to develop fully turbulent flows, typical of currents
over coral reefs (Bilger & Atkinson 1992, Hearn et al.
2001). It is also apparent that water velocity influences
particle capture by suspension feeders (Shimeta &
Jumars 1991, Dai & Lin 1993, Fabricius et al. 1995,
Sebens et al. 1998), and that it is difficult to apply stud-
ies focused on individual species to community scales
(e.g. Patterson 1984, Pile 1997, Ribes et al. 1998a,
Sebens et al. 1998, Coma & Ribes 2003). Heteroge-
neous assemblages of suspension feeders create a
wide range of flow-microhabitats and capture efficien-
cies (Sebens et al. 1996) that cannot be simulated in
studies with individual organisms. Thus, in the present
study, we examined how water velocity affects particle
capture by coral reef communities. We used a flume
similar to that used in research on uptake of dissolved
nutrients, so that a comparison between uptake of
dissolved and particulate nutrients was possible.

In this study, we examined factors influencing the
role of natural suspended organic particles as a nitro-
gen source for coral reef communities. We focused on
3 main questions: (1) what size particles are removed
by the reef community from the water, and in what
proportions; (2) what is the relationship between water
velocity and particle removal; (3) how does nitrogen
removal from particles compare with the uptake of
dissolved inorganic nutrients by the same coral reef
community?

MATERIALS AND METHODS

Experimental procedure. Assemblages of coral ben-
thos comprised naturally occurring reef flat (1 to 1.5 m
deep) benthos of Point Reef on Coconut Island, located
in Kaneohe Bay on the northeast coast of Oahu,
Hawaii. Living coral heads with associated fauna were
collected, submerged in a bucket and placed in the
experimental flume, only 10 m from the collection site.
The 3 experimental assemblages comprised coral
heads and associated fauna: Porites compressa (40 ± 2

coral heads covering 74 ± 5% of the assemblage planar
surface area, A) was the dominant species, followed by
Montipora capitata (14 ± 2 coral heads covering 15 ±
1% of A) and Pocillopora damicornis (14 ± 1 coral
heads covering 11 ± 4% of A) reflecting the natural
composition of corals in Kaneohe Bay (Hunter 1988).
The abundance of fauna associated with coral heads
was estimated by quantifying the vertical projection
covered by the different taxa using a 30 by 25 cm
quadrat divided into 750 squares of 1 cm2. All associ-
ated fauna were classified to order, except the most
abundant species, which were identified to species.
The taxa recorded comprised sponges, tunicates, cni-
darians and bryozoans but did not include bivalves
and polychaetes, due to the limitations of the non-
destructive methods used to assess associated fauna
abundance. The assemblages covered 2.1 m2 of
the central part of the flume bottom, 4 m from the
upstream end and 3 m from the downstream end. The
control assemblage consisted of cleaned, sunbleached
and dried, coral skeletons with the same planar surface
area as the live coral assemblages, mimicking the
roughness of the natural community.

The flume has an inlet pipe for fresh seawater and an
outlet overflow-pipe. Except during experiments, the
inlet and outlet pipes remained open so that the flume
functioned as a flow-through open system with fresh
seawater renewing the total volume every 25 min. The
experimental coral assemblages were maintained in
the flow-through open-system mode for 4 d before the
experiments began. This open mode was also used
during the periods between experiments: 20 min
before the beginning of each experiment the volume
of water in the flume was completely replaced by
increasing the renewal rate of the seawater (8 min
replacement time); immediately after this 20 min
flushing period, the inlet pipe was closed and the out-
let was adjusted to reduce the water height to 24 cm,
corresponding to a total volume of about 2.6 m3. At the
beginning of an experimental run, the overflow was
closed so that the flume was operated in a closed-flow
mode, and initial water samples were collected for all
naturally occurring particles. For each experiment, 5 to
7 water samples were collected every 40 to 55 min
intervals over a 6 h period to measure particle concen-
tration. At each sampling, 5 l of water were collected
from the flume with a Niskin bottle. To remove larger
particles, water samples were first screened with a
335 µm-mesh net, then immediately preserved for
further analysis.

Experiments were conducted between 09:00 and
16:00 h. Temperatures were recorded at 10 min inter-
vals within the flume during each experimental run.
Temperatures on the reef flat where the assemblages
were collected, were also recorded during the experi-
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ments. After each experimental run, inlet and outlet
pipes were opened so that the flume was returned to
an open flow-through system, and the walls of the
flume were scrubbed to remove any microbial growth.

We measured 2 physical parameters during each
experiment to characterize the water flow: water
velocity and change in head, or height, of the water.
Water velocity was measured by timing a neutrally
buoyant drogue as it passed over the full length of the
assemblage at least 10 times for each flow. The order of
the runs at the different water velocities (5, 13, 22 and
32 cm s–1) was randomly selected. The change in
height of the water was measured using Pitot tubes
and a micrometer (Baird & Atkinson 1997). The change
in head is a measure of the loss of energy due to fric-
tion by the bottom (Bilger & Atkinson 1992, Baird &
Atkinson 1997). From the change in head and water
velocity, we calculated 2 parameters: (1) a friction
coefficient (cf) to describe the effect of the rough
bottom on the flow:

cf =  2 g h s /Ub
2 (1)

where g is acceleration from gravity (which is 9.8 m
s–2), h is the height of the water, s is the slope of the
water above the assemblage, and Ub is the bulk veloc-
ity (see Baird & Atkinson 1997); and (2) the Reynolds
number of the flow:

Re  =  Ub 4 h /ν (2)

where ν is the kinematic viscosity of seawater at 25°C
(0.94 10–6 m2 s–1). Topographic relief was also esti-
mated by laying a chain (link-length 0.5 cm) along the
surface of the reef and calculating the ratio of the
length of this chain to the planar length of the assem-
blage 4 times for each assemblage (Loya 1978).

To determine the natural abundance of the different
components of the planktonic communities in Kaneohe
Bay, sampling was conducted every 2 wk between
March and December 2000 in a location in central
Kaneohe Bay. Samples were collected at 0.5 m depth
with a suction pump. Data on total (particulate organic
nitrogen) (PON) are the average of biweekly sampling
between November 1998 and August 2000 (CISNet
2000).

Particle-assessment protocol. We separated particu-
late organic matter (POM) into 2 groups: live POM and
dead, or detrital POM. Live POM was partitioned into
different cell types, which were quantified using exist-
ing methods. These cell types are heterotrophic bac-
teria, Prochlorococcus sp., Synechococcus sp., pico-
eukaryotes (mainly composed of naked flagellates
<2 µm), nanoeukaryotes (mainly composed of naked
flagellates >2 µm, small dinoflagellates and cocco-
lithophores), phytoplankton (which mainly include
diatoms, dinoflagellates) and ciliates.

We used flow cytometry (a B&D FACScalibur bench
machine with a laser emitting at 488 nm) to quantify
heterotrophic bacteria, Prochlorococcus sp., Synecho-
coccus sp., and picoeukaryotes. Water samples (2 ml)
were fixed with 1% paraformaldehyde + 0.05% glu-
taraldehyde (final concentration) and frozen in liquid
nitrogen; afterwards, they were stored at –80°C or
in dry ice. Heterotrophic bacteria were stained with
Syto 13 (Molecular Probes) at 2.5 µM and run at low
speed (approx. 18 µl min–1). They were detected by
their signature in a plot of side-scatter versus green
fluorescence. For the detection of Prochlorococcus
sp., Synechococcus sp. and picoeukaryotes, we ran
the sample again without staining and at high speed
(approx. 44 µl min–1). Synechococcus sp. were de-
tected by their signature in a plot of orange fluores-
cence versus red fluorescence. The same signatures
were used for Prochlorococcus sp. and picoeukary-
otes, with the knowledge that Prochlorococcus sp.
had low red fluorescence and no orange fluores-
cence, and picoeukaryotes had high red fluorescence
and no orange fluorescence (further details can be
obtained from Gasol & Morán 1999). Nanoeukaryote
abundance was determined on 20 ml subsamples
stained with DAPI and filtered through a 0.2 µm filter
(Nuclepore). Stained cells were directly enumerated
using epifluorescence microscopy. Cell sizes of het-
erotrophic bacteria, Synechococcus sp., picoeukary-
otes, and nanoeukaryotes were measured on the same
filters.

To quantify phytoplankton and ciliate cell numbers,
350 ml water samples were preserved with Lugol’s
solution (1% final concentration). Subsamples of
100 ml were transferred to settling chambers, and the
major groups of nano- and microphytoplankton were
quantified using an inverted microscope. Cell sizes
(length and width) were measured with an ocular
micrometer. Cell biovolumes were estimated from the
length and width measurements, assuming the nearest
geometrical shape (Edler 1979). Nitrogen content (N)
was estimated using conversion factors from the
literature. For heterotrophic bacteria 3.8 fg N cell–1,
for Synechococcus sp. 50 fg N cell–1, for pico- and
nanoeukaryotes 26.1 fg N µm–3 (Caron et al. 1995). For
phytoplankton, biovolume (V, µm3) was converted to
nitrogen (N) weight using the equation: pg N cell–1 =
0.0172 (µm3)1.023 (Montagnes et al. 1994).

PON was measured by filtering 1 l water samples on
pre-combusted glass-fiber filters (Whatman GF/F 1825
025). The filters were kept frozen at –80°C until analy-
sis. Prior to analysis, filters were dried at 60°C for 24 h
and analyzed with a CHN autoanalyser (Perkin-Elmer
240). PON measurements included both detrital and
live nitrogen. Detrital PON was estimated as the dif-
ference between total PON (C:H:N analysis) and total
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live nitrogen (estimated from cell counts and measure-
ments: Wotton 1990).

The effect of water velocity and particle type on re-
moval rate constants was tested using a repeated-
measures multivariate analysis of variance (MANOVA)
with 2 within-subjects factors (water velocity and par-
ticle type), followed by Fisher’s least-significant dif-
ference (LSD) post-hoc test (Zar 1996). Analysis of
variance assumptions for normality and heteroscedas-
ticity, examined with a Kolmogorov-Smirnov test and
Levene’s test respectively, were fulfilled. Statistical
analyses were done using STATISTICA for Windows
(version 5.1, 1998; StatSoft).

RESULTS

Water temperatures of the flume experiments varied
between 24 and 29°C (Table 1), similar to temperatures
on Point Reef (χ2 = 0.67, p < 0.02; mean = 25.5 ± 1.1 SD
and 25.9 ± 1.7 SD for flume and reef, respectively).
Water velocities for the 3 experimental communities
were nominally 5, 13, 22 and 32 cm s–1 and varied by
only 10%, giving Reynolds numbers for the flows
between 51 000 and 345 000 (Table 1). Friction factors,
(cf) of the communities at 5 cm s–1 were not detectable
(head <1 mm) giving an unrealistic wide range of val-
ues (nm in Table 1), whereas at higher velocities (13 to
32 cm s–1) cf varied over in a realistic range of 0.07 to
0.08 (Table 1). These flows were thus turbulent, sup-
porting rapid vertical mixing in the flowing water. The
bottom of the flume was covered mostly with Porites

compressa (67 to 77%), the next most abundant coral
was Montipora capitata (14 to 17%) and the least
abundant was Pocillopora damicornis (8 to 16%:
Table 1) Approximately 50 to 65% of the P. compressa
polyps were extended during the experiment, but only
10% for M. capitata and P. damicornis, giving a total
surface area of extended polyps between 65 and 85%.

Sponges were the dominant active suspension-feed-
ing animals in the fauna associated with coral heads of
the experimental assemblages. They covered a mean
(±SD) surface area ranging from 310 to 710 (490 ±
200) cm2 per assemblage. The species Biemna fistulosa
accounted for 60 ± 23% of this. Ascidian abundance
consisted of 13 to 71 (33 ± 33) cm2 colonial ascidians
and 24 to 44 (33 ± 10) cm2 solitary ascidians per assem-
blage. Brotryllus sp. and Polyclinum sp. were the dom-
inant colonial ascidians and Phallusia nigra, Herdma-
nia momus and Ciona intestinalis the dominant solitary
ascidians. Actinians were the most abundant passive
suspension feeder in the associated fauna, ranging
from 15 to 75 (36 ± 33 SD) individuals per assemblage.
Aiptasia pulchella was the dominant actinian species.
Very few bryozoans were found. Thus, both corals and
associated suspension feeders were capable of remov-
ing particles from the flowing water.

Natural particles in Kaneohe Bay were dominated by
prokaryotes. Of the prokaryotes, there were 10-fold
more heterotrophic bacteria (23 × 105 cells ml–1) than
Synechococcus sp. (2.6 × 105 cells ml–1); picoeukaryote
abundance was 2 orders of magnitude less than that of
Synechococcus sp. (15 × 103 cells ml–1). Nanoeukary-
otes were much lower in concentration, at 200 cells
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Ass Temp. (°C) Ub Re cf %Pc %Mc %Pd TR
Min. Max.

Ctrl 25.2 27.3 6 59 nm 76 14 10 1.4
Ctrl 23.7 27.0 13 109 0.041 76 14 10 1.4
Ctrl 25.2 27.6 22 228 0.048 76 14 10 1.4
Ctrl 23.3 24.4 34 345 0.049 76 14 10 1.4

1 24.1 27.1 5 51 nm 67 17 16 1.6
1 24.3 24.6 12 107 0.077 67 17 16 1.6
1 24.1 24.9 22 203 0.068 67 17 16 1.6
1 23.8 26.3 33 296 0.073 67 17 16 1.6

2 24.7 26.7 6 57 nm 77 14 9 1.7
2 24.1 28.7 12 121 0.067 77 14 9 1.7
2 24.0 24.7 22 219 0.071 77 14 9 1.7
2 23.9 26.2 31 310 0.083 77 14 9 1.7

3 25.4 28.9 6 56 nm 77 15 8 1.6
3 24.6 28.5 12 121 0.070 77 15 8 1.6
3 25.0 28.8 22 224 0.079 77 15 8 1.6
3 26.2 27.0 33 327 0.097 77 15 8 1.6

Table 1. Conditions of flume experiments for the 3 assemblages (Ass) and Controls (Ctrl): temperature, water velocity (U; cm s–1),
Reynolds numbers (Re × 103) and friction coefficient (cf) (Re and cf are dimensionless). Percentage of planar surface area of
the flume covered by each species is also shown (Pc: Porites compressa; Mc: Montipora capitata; Pd: Pocillopora damicornis).

TR: mean topographic relief; nm: not measurable
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ml–1. Microplankton (diatoms dinofla-
gellates and ciliates) comprised a very
small proportion of the particles, only
10 to 30 cells ml–1 (Table 2). Prochloro-
coccus sp. was not found during the
experiments, and is generally uncom-
mon in Kaneohe Bay.

In experiments with live corals, con-
centrations of all particle types (hetero-
trophic bacteria, Synechococcus sp.,
picoeukaryotes, nanoeukaryotes, dia-
toms [Chaetoceros sp., Rhizosolenia sp.
and Nitzschia sp.], dinoflagellates and
ciliates), decreased in all experiments
(e.g. Fig. 1, Table 3). The decrease in
concentration of each particle type was
exponential (e–kt), indicating that the
rate of removal slowed as the concen-
tration or biomass of the particles

17

Particle type Cells ml–1 Size (µm) µg N l–1 µmol N l–1

Het. bacteria 23 ± 6 × 105 0.5 ± 0.2 8 ± 2 0.61 ± 0.17
Synechococcus sp. 3 ± 1 × 105 1.2 ± 0.6 13 ± 5 0.92 ± 0.38
Picoeukaryotes 15 ± 7 × 103 1.4 ± 0.3 0.6 ± 0.3 0.04 ± 0.02
Nanoeukaryotes 222 ± 190 3.3 ± 0.7 0.1 ± 0.1 0.01 ± 0.01
Diatoms 29 ±11 30 ± 16 0.6 ± 0.2 0.04 ± 0.02
Dinoflagellates 9 ± 3 20 ± 7 0.3 ± 0.1 0.02 ± 0.01
Ciliates 4 ± 1 22 ± 10 0.3 ± 0.1 0.03 ± 0.01
Total live particles 23 1.66
Detrital PON 7 0.48
Total PON 30 ± 10 2.14 ± 0.71

NH4+ 3 ± 3 0.19 ± 0.19
NO3

– 2 ± 5 0.15 ± 0.36

Table 2. Natural abundance (mean ± SD) of different components of planktonic
communities in Kaneohe Bay water during study period, showing cell size and
nitrogen contribution of planktonic communities and detritus. Detrital particu-
late organic carbon (PON) includes all detrital particles <335 µm. Dissolved in-
organic nitrogen values from CISNet (Coastal Intensive Study Network) (2000: 

www.hawaii.edu/cisnet/). Het: heterotrophic

Fig. 1. Concentration of cells (×103 ml–1) for heterotrophic bacteria, Synechococcus sp. and concentration of picoeukaryotes 
and PON (particulate organic nitrogen) versus time at 4 water velocities. Curvature shows that rate of removal slows as 

concentration decreases



Mar Ecol Prog Ser 257: 13–23, 2003

decreased (Fig. 1). The rate constant for the rate of
removal can be calculated by plotting ln (cell ml–1) ver-
sus time and determining the slope (Fig. 2). The slope
(in min–1), times the water volume/planar surface-area
× min s–1 gives a rate constant, S, in units of m s–1. For
live communities, S varied by a factor of 3.7 between
31 and 116 × 10–6 m s–1 (63 ± 16 × 10–6 m s–1; 3 to 8 m
d–1; Table 3). Assemblages of coral skeletons, used as
controls, generally had non-significant slopes between
ln concentration and time (Fig. 2, Table 3). This result
clearly indicates that particles could not be removed
from the water by physical trapping in baffles or cavi-
ties within the control community. In contrast, how-
ever, during the experiment at 5 cm s–1 the control for
heterotrophic bacteria and Synechococcus sp. signifi-
cantly increased (Table 3).

Particle type contributed the largest variation to S
(71%; Table 4). S values showed that Synechococcus
sp. and picoeukaryotes were removed more efficiently
(80 ± 16 × 10–6 m s–1) than smaller particles such as
heterotrophic bacteria and larger particles such as
nanoeukaryotes, microplankton (51 ± 16 × 10–6 m s–1)

and detrital particles (Table 3). S did not show a trend
with water velocity (Table 3, Fig. 3). The N removal
rate is S × the amount of nitrogen per cell × the number
of cells in each particle type (Table 2). Live particles
accounted for 96 ± 2% of the total nitrogen removal
(Fig 4). Picoplankton (cells <2 µm), which comprises
heterotrophic bacteria, Synechococcus sp. and pico-
eukaryotes, accounted for 92 ± 1% SD of the total
nitrogen removal from particles (Fig. 5). Microplank-
ton, detrital particles and nanoplankton accounted
for only about 4 ± 0.8%, 4 ± 1% and 0.3 ± 0.05% SD,
respectively (Fig. 5). There were no significant
changes in these proportions with water velocity. Thus
picoplankton were the major source of particulate
nitrogen, representing about 9 mmol N m–2 d–1.

DISCUSSION

There were no significant decreases in concentration
of cells in the control experiments; however, at the
slowest water velocity (5 cm s–1) there was a slight sig-
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Water velocity Control Assemblage 1 Assemblage 2 Assemblage 3
Particle S Lower Upper r2 S Lower Upper r2 S Lower Upper r2 S Lower Upper r2

type

5 cm s–1

HB 16 4 28 0.92** 31 20 42 0.39** 50 44 56 0.87** 60 48 72 0.75**
Syn 9 6 13 0.45* 59 42 76 0.83** 61 56 66 0.95** 98 94 102 0.98**
Pk 7 –27 42 0.04ns 81 53 109 0.71** 61 55 67 0.94** 81 73 89 0.96**
Nk 43 –62 147 0.19ns 37 –27 100 0.40* 41 –25 102 0.52* 52 –14 118 0.67**
Mic 2 1 3 0.06ns 42 26 58 0.78** 34 30 38 0.90** 33 9 57 0.88**
PON 15 10 20 0.78** 24 16 33 0.83** 13 9 17 0.78** 28 24 33 0.92**

13 cm s–1

HB 1 –22 24 0.02ns 63 47 79 0.73** 28 24 32 0.89** 32 24 40 0.94**
Syn 4 –12 20 0.003ns 66 54 78 0.95** 52 40 64 0.94** 99 91 107 0.99**
Pk 4 –48 57 0.29ns 96 57 135 0.71** 61 54 68 0.91** 93 89 97 0.98**
Nk 4 –26 34 0.01ns 55 27 83 0.89** 70 42 98 0.70** 73 45 101 0.72**
Mic 41 –7 88 0.16ns 37 28 46 0.86** 59 50 68 0.83** 41 29 53 0.60**
PON 43 –19 104 0.20ns 22 2 43 0.45* 12 3 20 0.34* 47 37 57 0.88**

22 cm s–1

HB 16 –16 49 0.14ns 55 40 70 0.81** 43 39 47 0.96** 50 42 58 0.91**
Syn 18 –24 61 0.15ns 92 69 115 0.88** 81 77 85 0.99** 73 61 85 0.93**
Pk 8 –65 81 0.04ns 116 64 168 0.71** 81 77 85 0.98** 94 86 102 0.97**
Nk 2 –81 85 0.01ns 69 29 109 0.83** 51 11 91 0.78** 61 45 77 0.63**
Mic 4 –16 24 0.08ns 41 17 65 0.78** 58 42 74 0.67** 72 68 76 0.81**
PON 5 –21 30 0.10ns 41 9 73 0.59* 24 19 30 0.87** 20 8 32 0.46*

32 cm s–1

HB 14 –2 30 0.02ns 55 31 79 0.60** 50 42 58 0.91** 49 37 61 0.63**
Syn 2 –27 30 0.05ns 77 42 112 0.97** 81 75 88 0.97** 61 53 69 0.95**
Pk 4 –32 40 0.13ns 82 49 115 0.76** 81 76 87 0.98** 61 57 65 0.97**
Nk 1 –14 16 0.001ns 55 36 74 0.86** 61 41 81 0.61** 70 46 94 0.55**
Mic 1 –37 39 0.08ns 60 52 68 0.79** 55 47 63 0.96** 74 73 75 0.65*
PON 1 –10 12 0.10ns 18 4 33 0.55* 37 28 45 0.85** 20 15 26 0.86**

Table 3. Regression analysis between ln particle concentration and time for each assemblage and water velocity (cm s–1), lower
and upper 95% confidence limits of regression, r2, and probability. Abbreviations as in Fig. 3 and Table 4. All S values were neg-
ative except for HB and Syn of control assemblages at 5 cm s–1. ** p < 0.01; * p < 0.05; ns: not significant. HB: heterotrophic bacte-
ria; Syn: Synechococcus sp.; Pk: picoeukaryotes; Nk: nanoeukaryotes; Mic: microplankton (diatoms, dinoflagellates and ciliates)
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nificant increase in heterotrophic bacteria and Syne-
chococcus sp. of about 40 and 35%, respectively
(Table 3, Fig. 2). The experiments were over in 6 h, so
assuming a doubling time of once per day, it is possible
that cells could have increased the observed amount
through natural growth of the cells in the flowing
water, or side walls of the flume (26/24 = 20%: Button
1994, Sherr et al. 1999). In principle, this amount of
bacteria and Synechococcus sp. cells could be added to
the uptake, increasing the uptake rate by about 10%.
However, we concluded that the exchange (both pro-
duction of cells from biofilms and their removal) with
inert surfaces such as the side walls of the flume and
inert coral structures was small, and did not affect
the overall estimates of uptake. Another source of error

was the actual release of zooxanthellae cells (small
dinoflagellates) during the course of the experiment
(Stimson & Kinzie 1991). In principle, this source of
cells could create a major change in particle numbers
in the flowing water; however in our experiments
dinoflagellates comprised a negligible component of
the particulate nitrogen (Fig. 5).

The removal of particles was proportional to the con-
centration of cells (first-order), meaning that the higher
the concentration of particles, the faster the removal
rate. This result could arise from 2 circumstances:
(1) particles could passively stick to coral mucus;
(2) active filtering and assimilation by sponges and
ascidians could occur. Mucus in the water column or
attached to corals can trap particles such as pico-,

19

Fig. 2. Mean (±SD) ln concentration of particles for all particle types versus time for all water velocities. (d) Experiments with live 
coral assemblages, (s) controls (clean coral skeletons)
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nano-, microplankton and detrital POM (Muscatine
1973, Lewis & Price 1975, Alldredge & Silver 1988),
removing them from the water column and depositing
them on the reef benthos, where some of the particles
may be ingested via ciliary-mucoid feeding (Muscatine
1973). If this mechanism were the dominative mecha-
nism, we would expect an increase in removal rates
with increased water velocity, as more suspended
particles encountered collisions with mucus surfaces.
However, we observed only a modest non-significant
increase in removal rates (S, Fig. 3) with water velocity
and actually a slight decrease at the highest velocity;
thus we suggest that adhesion to mucus was probably

not the major mechanism of cell re-
moval.

The second method of removal, cap-
ture by benthic filter-feeders, requires
abundance of sponges and ascidians
that capture and assimilate pico-, nano-,
microplankton and detrital POM (e.g.
Reiswig 1971, Klumpp 1984, Fiala-
Medioni 1987, Pile 1997, Ribes et
al. 1999). The abundance of associated
fauna in our assemblages appears high
in comparison with those observed in
reef surveys in the Red Sea (16 ascidi-
ans m–2 in this study vs 2 ascidians m–2

mean density in Yahel et al. 1998), for
which it is widely suggested that reefs
are supported by exchange with parti-
cles (Genin et al. 2002). These high
densities may be due to a higher abun-
dance of associated fauna at our study

site, or may be related to the limitations of the in situ
visual count method used in the Red Sea survey (Yahel
et al. 1998). Estimates of ascidians in our study may
have been more accurate than those of the sponges
because most of the ascidian species were solitary spe-
cies, making it easy to count syphons on surfaces,
whereas sponges inside crevices and within coral
heads were not counted, resulting in their under-
representation. If these suspension feeders actively
pumped water at a constant rate throughout the 6 h
experiments and the efficiency of removal of particles
remained constantly high (Reiswig 1971, Ribes et al.
1998b, 1999, Coma et al. 2002) then over this natural
range of particle concentration we would expect a first-
order decay, similar to the observed trends (Fig. 2).
Also, other researchers have observed that particle-
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MANOVA
Factor df factor MS factor df error MS error F p

Water velocity 3 439 6 319 1.38 0.3370
Particle type 4 3186 8 247 12.88 0.0015
Interaction 12 156 24 109 1.43 0.2211

LSD post-hoc
S values

HB Syn Pk Nk Mic
47 75 82 58 50

HB
Syn 0.0015
Pk 0.0004 0.2987
Nk 0.1119 0.0183 0.0036
Mic 0.4363 0.0044 0.0010 0.3620

Table 4. Repeated-measures MANOVA with 2 within-subjects factors (variable
is rate constant S [m s–1] and the 2 factors are water velocity and particle type)
and Fisher’s least-significant difference (LSD) post-hoc test. Probability values 

<0.05 have been considered significant. Abbreviations as in Table 3

Fig. 3. First-order rate constant (means ± SD) for removal of
plankton (S: slope of graphs in Fig. 2 × water volume/planar
surface area of benthos in the flume) versus water velocity (Ub)
for different particles. HB: heterotrophic bacteria; Syn: Syne-
chococcus sp.; Pk: picoeukaryotes; Nk: nanoeukaryotes, Mic
(microplankton) comprises diatoms, dinoflagellates and ciliates

Fig. 4. Total nitrogen removal (mmol N m–2 d–1) as dissolved
inorganic nitrogen (DIN) and as detrital and live particles in 

relation to water velocity (cm s–1)
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capture rates are optimal in narrow ranges of moderate
water velocities (Shimeta & Jumars 1991, Dai & Lin
1993, Eckman & Duggins 1993, Fabricius et al. 1995),
as indicated by a lower S at 32 cm s–1 (Fig. 3) in the pre-
sent study. The suggestion in the literature is that
higher water velocity either deforms filtering struc-
tures (Shimeta & Jumars 1991) or (most probably) cre-
ates adverse pressure gradients that inhibit pumping
of water (Wildish et al. 1987). Thus, we believe that the
removal of particles was primarily controlled by active
pumping and filtering of filter-feeders (authors’ unpubl.
data).

Removal of small living particles, mostly picoplank-
ton, corresponded to an uptake of about 10 mmol N m–2

d–1, and varied by about 20% as a function of velocity.
This amount of plankton corresponds to only about
60 mmol C m–2 d–1 (assuming a C:N ratio of 6), or
heterotrophy, of about 10% of the daily primary pro-
ductivity (assuming 600 mmol C m–2 d–1). To compare
this rate of nitrogen input to the reef with the typical
rates of dissolved inorganic nitrogen uptake, we esti-
mate the dissolved inorganic nitrogen uptake from a
knowledge of the rates constants for ammonia and
nitrate uptake (Atkinson et al. 1994, Thomas & Atkin-
son 1997) measured in the same flumes with similar
reef communities. Rate constants (first order with
respect to concentration) are related to the friction fac-
tor, cf, and water velocity, and range between 72 and
144 × 10–6 m s–1 (104 ± 36 SD × 10–6 m s–1) for water
velocities from 5 to 37 cm s–1. The rate constants for
NH4

+ are 2.4 times higher than for NO3
– (Atkinson et

al. 1994, Atkinson & Falter 2003). Dissolved inorganic
N uptake (DIN) was estimated by multiplying appro-
priate rate constants from the literature × concentra-

tions of ammonia and nitrate typical for Kaneohe Bay
(CISNet 2000, Table 2):

DIN uptake  =  SN × [NH4
+] + SNNH4

+/2.4 × [NO3
–] (3)

Even though the rate constants (S, m s–1) for dis-
solved inorganic uptake were about 2-fold higher
than for the particles, the calculated nitrogen removal
from particles was higher than the DIN uptake
(8.8–10.3 mmol N m–2 d–1 for particles compared to
1.5–3.1 mmol N m–2 d–1 for DIN [Fig. 4]). This result
arose because removal of both particles and ammonia
or nitrate depend on both the rate constants and
concentrations in the water; in Kaneohe Bay, particles
represent 86% of the total nutrient pool (particulate
nitrogen = 2.14 ± 0.71 µmol l–1, dissolved inorganic
nitrogen = 0.34 ± 0.55 µmol l–1).

We expect rate constants of uptake for other reefs
to be similar in magnitude, but the proportions of
particulates to dissolved compounds may change
dramatically, depending on the biomass of plankton
and the relative amounts of nutrients near a given
reef. Concentrations of particulate nitrogen in this
study (about 2 µmol l–1) are at the lower range of
particulate nitrogen over coral reefs (range 1.1 to
9.5 µmol l–1; Crossland & Barnes 1983, Crossland et
al. 1984), although many more determinations of
plankton biomass and particulate nitrogen are re-
quired. Thus, it is difficult to make sweeping gener-
alizations regarding the relative proportions of par-
ticulate and dissolved N inputs. Also, assimilation
efficiencies of particulate nitrogen for the associated
fauna taxa in these experiments ranged from 42 to
90%, depending on the nutritional content of the
particles (e.g. Klumpp 1984, Zamer 1986, Fiala-
Medioni 1987). Even when half the particulate nitro-
gen is not assimilated and released or remineralized,
particulate nitrogen is still a major source of nitro-
gen. It is clear from these experiments that for
Hawaiian reefs, and probably for most reefs situated
in low-nutrient water, picoplankton is a major source
of nutrients but a minor source of carbon.
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Fig. 5. Nitrogen removal (mmol N m–2 d–1) from particles in re-
lation to water velocity (cm s–1). Picoplankton includes het-
erotrophic bacteria, Synechococcus sp. and picoeukaryotes;
nanoplankton comprises nanoeukaryotes, and microplankton 

comprises diatoms, dinoflagellates and ciliates
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