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INTRODUCTION

Transport and recycling of nitrogen are key factors
supporting the high primary productivity of coral reefs
and associated seagrass beds in oligotrophic tropical

marine environments. Coral reefs utilize dissolved and
particulate nitrogen from advected oceanic water, wet
and dry precipitation, river and ground waters, and
combined nitrogen fixed within the reef as nitrogen
sources. Coral reefs often export nitrogen to the open
ocean (Webb et al. 1975); however, the exchange of
dissolved inorganic nitrogen (DIN) with the open
ocean by advection does not seem to limit their pro-
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ABSTRACT: Nitrogen fixation (NF), denitrification (DN), microalgal uptake (MU) of dissolved inor-
ganic nitrogen (DIN) and the net diffusive DIN flux (FL) between the sediment and the overlying
water were measured in bare carbonate (sand) sediment and seagrass-bed sediment of the shallow
(<3 m) backreef lagoon of a fringing coral reef off Ishigaki Island in the western subtropical Pacific.
Nitrogen metabolisms were generally more active in seagrass-bed sediment than in bare carbonate
sediment, and in summer than in winter. Bottle-incubation experiments showed that the top 1 cm
layer of sediments actively absorbed nitrate and ammonia through photosynthetic processes by ben-
thic microalgae. Light dependence was observed for nitrate uptake, but not for ammonium uptake.
MU had a much larger potential flux than NF, DN and FL, while the latter 3 fluxes displayed the same
order of magnitude among sites and seasons. Dark incubation of intact cores for FL measurements
resulted in nitrate uptake and ammonia release from the sediments, suggesting that the source of
ammonia for the microalgae at the surface layer was the pore-water pool, while nitrate was mainly
supplied from the overlying water. These results suggested that internal cycling between the surface
MU and regeneration at deeper layers principally regulates nitrogen flux and distribution in these
shallow carbonate sediments. The presence of microalgae effectively reduced the diffusive loss of
nutrients from the sediments, enhancing accumulation of combined nitrogen in otherwise highly
oligotrophic carbonate sediments. The sum of the external fluxes (NF, DN, FL) indicated net accu-
mulation of combined nitrogen (i.e. inorganic nutrient and organic nitrogen) in the sediments. It is
hypothesized that a significant amount of combined nitrogen is exported from the sediments by pro-
cesses such as resuspension and grazing of organic detrital particles derived from microalgae and
seagrasses in order to balance this accumulation.
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ductivity (Wiebe 1985). It has been hypothesized that
internal storage and recycling of nitrogen rather than
exchange with the open ocean constitute the main pool
and pathway on which the coral-reef biota depends
(Lewis 1977, D’Elia & Wiebe 1990), although direct evi-
dence of this is scarce. Thus, it can be presumed that
benthic processes (as opposed to water-column pro-
cesses) are important in the regulation of the nitrogen
budget in environments such as coral reefs and sea-
grass beds in which the residence time of seawater is
relatively short (D’Elia & Wiebe 1990, Hemminga et al.
1991). How the benthic subsystem of the coral reefs
can acquire, accumulate and export nitrogen is there-
fore crucial to the understanding of what controls pro-
ductivity and the nutrient status of coral-reef and
seagrass-bed ecosystems.

The benthic system of coral reefs may acquire nitro-
gen through active biological uptake and passive
diffusion of DIN from the overlying seawater, in situ
nitrogen fixation, sedimentation of particulate organic
nitrogen, and submarine groundwater discharge. Ni-
trogen may be exported from the benthic systems
through diffusional efflux of dissolved nitrogen to the
overlying seawater, resuspension and flushing-out of
sedimentary organic nitrogen and dead biomass, and
denitrification. Many studies have suggested the sig-
nificant contribution of nitrogen fixation to the nitro-
gen budget in carbonate sediments (Wiebe et al. 1975,
Larkum et al. 1988, O’Neil & Capone 1989, Capone et
al. 1992). Nevertheless, little is known about the fate of
the fixed nitrogen. It has been shown that regenerated
ammonium from reef sediments is a relatively unim-
portant nitrogen source for reef primary production
(Williams et al. 1985, Hopkinson et al. 1987, Charpy-
Roubaud et al. 1996). There is little consensus about
the relative importance of denitrification, diffusional
influx, in situ microalgal uptake, and sedimentation
and resuspension of particulate organic matter in the
nitrogen budget of the benthic system. A few studies
have illustrated the potential importance of these pro-
cesses (Corredor & Capone 1985, Capone et al. 1992,
Boucher et al. 1994, Miyajima et al. 1998). To estimate
the magnitude and identify the mechanisms of accu-
mulation and export of total nitrogen by the benthos,
the representative components of the benthic fluxes
must be accurately and simultaneously quantified.

In this study, we estimated the nitrogen flux in car-
bonate sediment off Ishigaki Island in the western sub-
tropical Pacific. A comparison was made between rates
of nitrogen fixation, denitrification, sediment-water
fluxes and nutrient uptake by benthic microalgae in a
typical coral-reef sediment without any macrophyte
vegetation and in sediment of associated seagrass
beds. Using these data, we examined the following
hypotheses: (1) the soft-bottom lagoon sediment, which

usually occupies the major part of the reef bottom, is a
net source of combined nitrogen; (2) internal nitrogen
recycling in this sediment is more important than ex-
ternal nitrogen supply.

MATERIALS AND METHODS

Study site and sampling. This study was carried out
at Shiraho Reef, to the east of Ishigaki Island in the
western subtropical Pacific (24° 25’ N, 124° 20’ E: Na-
kamori et al. 1992). Shiraho Reef is a fringing coral reef
with a reef crest ca 800 m off the shoreline and a shal-
low lagoon (up to 3 m below mean sea level) inside.
Typical belt-like zones of vegetation are present in the
lagoon: seagrass beds occur up to ca 300 m offshore
(Tanaka 1999); large patches of live corals are abun-
dant at 500 to 700 m offshore; the seaward area of the
reef crest (700 to 800 m offshore) is covered with dense
brown algae from spring to autumn (mainly Sargassum
spp. and Padina spp.). Most of the remaining area of
the lagoon is devoid of macrophytes or corals, being
composed of typical carbonate sand, although the sand
coverage on the bedrock is thin (typically <50 cm
deep). Sheet-like green algae such as Ulva spp. prolif-
erate during winter on the intertidal reef rocks near the
shoreline. Groundwater seeps from several points
along the shoreline during low tide period (Umezawa
2000). Groundwater-loaded seawater flows along the
shoreline, and it is eventually flushed out from the
channels of the reef crest to the north or south of the
study area, depending on the wind direction.

Sediment samples were collected on 5 to 14 March
1998 (late winter, water temperature = 17 to 25°C) and
1 to 4 September 1997 and 12 to 20 September 1998
(late summer, 27 to 33°C), at 2 sites. One site was ca
500 m offshore, where bare carbonate sand is exposed
without visible vegetation and the sediment consists of
relatively coarse, pure carbonate grains typical for pris-
tine coral reef lagoon. The other site was ca 150 m off-
shore in a patch of the seagrass Thalassia hemprichii.
The sediment underlying this seagrass meadow is fine
carbonate sediment containing a small fraction of
siliceous mud derived from the land. Judging from the
water-flow regime, groundwater does not penetrate
farther than 300 m from the shoreline, but often flows
over the seagrass meadow site. The concentration of
NO3

– in the seagrass-beds increases at ebb tide due to
groundwater contamination; the maximum value ob-
served was ca 50 µM. The concentrations of NO2

– and
NH4

+ in the groundwater were not significantly dif-
ferent from those in the seawater of the lagoon.

Samples for the determination of nitrogen fixation and
denitrification activities, sediment-water flux measure-
ments, and pore-water nutrient profiles were obtained
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at both sites. In addition, samples were collected near
an intertidal groundwater-seepage zone for denitrifica-
tion measurement and pore-water analysis, and at
several places in the bare sand area for measurements
of nutrient uptake by benthic microalgae. Macrophytes
were collected from both sites to quantify nitrogen fixa-
tion by attached bacteria and cyanobacteria. Seawater
was collected near the sampling sites and filtered
through a Whatman GF/F filter before use in the incu-
bation experiments or for pore-water extraction.

Sediments for flux measurements and pore-water
analyses were sampled with acrylic cores (i.d. =
50 mm; length = 300 mm) with silicone rubber plugs
and transferred to the laboratory together with the
overlying seawater. For nitrogen fixation and denitrifi-
cation measurements, the top 5 cm sediment layer was
collected with a spatula and transferred to a polyethyl-
ene container together with the overlying seawater.
For microalgal uptake measurements, the top 1 cm
layer of sediment was collected. Samples were trans-
ferred to the laboratory, and incubation experiments
were started within 5 h of collection. Cores for pore-
water extraction were temporarily stored in an ice
bath, and the pore water was extracted on the same
day as sampling.

Pore-water extraction. Sediment cores were cut into
2 to 3 cm sections with a spatula, and each section was
transferred to a polyethylene bag. After the wet weight
had been determined, 10 ml of nutrient-free filtered
seawater was added to the bag and mixed thoroughly
with the sediment. The supernatant was then filtered
through a Whatman GF/F into a 10 ml acrylic tube and
stored frozen for later analysis. The solid fraction was
dried at 60°C and measured for dry weight to estimate
water content. Nutrient concentrations in the original
pore water were calculated from the concentrations in
the extract and the water content of the sediment. The
dried sediments were analyzed for organic carbon and
total nitrogen contents (see below).

Nitrogen fixation. The nitrogen fixation activity of
sediment microorganisms and attached algae was mea-
sured by a 15N2 tracer method (Seitzinger & Garber
1987). Approximately 10 g (wet weight) of sediment, or
a small fragment of macrophytes (1 to 5 g wet weight),
was added to a glass tube (i.d. = 20 mm, length =
100 mm), which was then filled with filtered seawater
and plugged at both sides with butyl-rubber double
caps. Care was taken to avoid occurrence of air bubbles
in the tubes. Five cm3 of 15N2 gas (99% 15N, Isotec Inc.,
Miamisburg, USA) was injected into the tubes through
the rubber caps using a gas-tight syringe (10 ml, Dyna-
tech Inc., USA). The seawater inside the tubes was al-
lowed to overflow through a second syringe needle. For
dark incubation, tubes were wrapped with aluminum
foil. The tubes were placed in a shallow, dark-blue con-

tainer filled with running tap water to stabilize temper-
ature and incubated for 1 to 3 d under natural light
regimes. Replicate experiments were performed for
each sample and setting (n = 6 for light-incubated sedi-
ments, n = 3 for dark controls and plant and rhizosphere
samples). Water temperature and underwater light in-
tensity were monitored during incubation. After in-
cubation, the seawater in the incubation tubes was
decanted, and sediments and plant materials were re-
covered in small polyethylene bags. The bags were
then frozen temporarily for transportation. The mea-
sured incubation temperature (21 to 24°C in March, 28
to 31°C in September) was similar to, but less variable
than, the in situ water temperature (see above).

Rhizosphere sediments of Thalassia hemprichii and
Halimeda sp. (i.e. sediments loosely associated with
fine roots of T. hemprichii or holdfast of Halimeda sp.)
were similarly incubated with the above-ground por-
tions of the plants. After incubation, above-ground
portions and large rhizome fragments were removed
and the remaining sediment fraction retained for later
analysis.

Sediments and plants were dried in a vacuum oven
(60°C); their dry weight was determined, and they
were powdered using a blender. Small fractions of sub-
strate sediments (50 to 80 mg), rhizosphere sediment
(20 to 50 mg) and plant materials (5 to 10 mg) were
placed separately into tin containers and subjected
to isotope-ratio analysis using a mass spectrometer
(ANCA-MS interfaced with a combustion furnace
ROBOPREP, Europa Scientific Co., Crewe, UK), for
determination of nitrogen content and 15N concentra-
tion. Duplicate samples were analyzed.

The amount of nitrogen fixed during incubation was
calculated from the measured 15N concentration, with
a correction for carry-over of 14N2 from the filtered sea-
water used as incubation medium, assuming diffusion
equilibrium (Kester 1975). It was assumed that the sea-
water was saturated with atmospheric N2.

Denitrification. The denitrification activities of sedi-
ments amended with various amounts of NO3

– were
determined. In situ activity was estimated from a plot
of denitrification activity versus NO3

– concentration by
substituting the pore-water NO3

– concentrations (Joye
et al. 1996).

Denitrification activities in NO3
–-amended sediments

were detected by acetylene (C2H2) inhibition as fol-
lows: From the sediment sample stored in a plastic con-
tainer (a mixture of the top 5 cm layer), subcores
(ca 30 g wet weight) were withdrawn using glass tubes
(i.d. = 20 mm, length = 200 mm), and the bottom of the
tubes were plugged with butyl-rubber double caps.
The wet weight of the sediment was measured. Two ml
of filtered seawater containing various concentrations
of NaNO3 (0 to 5 mM) and 1 ml of C2H2-saturated fil-
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tered seawater were added to the tubes. The tubes
were immediately closed at the top with a butyl-rubber
double cap and shaken several times manually to
enhance diffusion of NO3

– and C2H2. Incubation was
performed in the dark and at room temperature.
Five ml of head-space gas of each tube was sampled at
t = 0, 4, 8, and 12 h through a double needle into a vac-
uum blood tube (5 ml). Prior to sampling, the tubes
were shaken several times to equilibrate produced
N2O with the head space. After incubation, the content
of the tubes were transferred to polyethylene bags.
The sediment was dried at 60°C and the dry weight
and the water content were recorded. The N2O in the
head-space gas was determined on a gas chromato-
graph (GC-14B, Shimadzu, Japan) equipped with an
electron-capture detector. A portion of original sedi-
ment samples was used for pore-water extraction, and
the extracts were determined for NO3

– concentration.
The concentration of NO3

– in the incubation medium
was calculated for each tube from the NO3

– concentra-
tion in the pore water of original sediment, the water
content, and the amount of amended NO3

–. The N2O
production decreased during incubation, presumably
due to exhaustion of the added NO3

–. The N2O produc-
tion rate at the initial NO3

– concentration in each tube
was estimated by fitting a hyperbolic curve to the plot
of N2O production versus time by the least-squares
method and calculating the slope of the curve at t = 0.
The estimated N2O production rates were plotted
against the initial concentration of NO3

– in the
medium. When these plots were similar to a saturation
curve, the Michaelis-Menten rate constants Km and
Vmax were calculated by the least-square method.
When the N2O production rates did not saturate over
the range of NO3

– concentrations tested, the rate was
linearly regressed against the NO3

– concentration and
the slope of the regression was determined.

Microalgal uptake. Nutrient uptake rates by the
microorganisms in the top 1 cm of the sediments were
measured by light-and-dark bottle incubations. We
refer to this measured uptake rate as the uptake by
epibenthic microalgae, although it may be partially
ascribable to assimilative uptake by heterotrophic
bacteria. As shown in the ‘Results’ section, NO3

–

uptake by denitrifying bacteria could be assumed to be
negligible. The epibenthic microflora at the study site
consisted mainly of diatoms, flagellated algae and
cyanobacteria (M.S. unpubl. data).

In order to remove nutrients contained in the pore
water, the collected sand samples were washed gently
by soaking in ca 4 l nutrient-depleted seawater and
retrieved on a stainless steel sieve (200 µm mesh).
Large gravel, if any occurred, was removed. The
washed sediment (~10 g wet weight) was transferred
to glass bottles (Duran®, ca 300 ml), and the bottles

were filled with lagoon seawater. Bottles containing
only seawater were used as blanks. In some cases,
extra NO3

– was spiked before incubation to examine
the dependence of NO3

– uptake on the concentration
of NO3

–. A portion (10 ml) of the added seawater was
stored frozen and used as the t = 0 sample. Bottles were
incubated for 24 h (September 1997) or 4 to 6 h in the
daytime (March 1998) either at the bottom of the sam-
pling sites (7 March 1998) or in a manner similar to the
nitrogen fixation measurements (September 1997 and
11 March 1998). The ambient water temperature and
light intensity were monitored with a quantum monitor
(Biospheric Instrument Inc., San Diego, USA, IMF-
300). Dark-control bottles were prepared by wrapping
the bottles with aluminum foil. After incubation, a
portion of the bottle water was immediately filtered
(GF/F), transferred to acrylic tubes (10 ml) and frozen
for transportation and storage. The uptake rates of DIN
by the microalgae were determined from the differ-
ence in the DIN concentrations at the beginning and
at the end of incubation.

Sediment-water exchange. The exchange of nutri-
ents between the sediment and the overlying water in
the dark was estimated by incubating intact sediment
cores (i.d. = 50 mm, length = 300 mm, sediment filled to
about half the height of the core) and monitoring tem-
poral changes in nutrient concentrations in the overly-
ing water. The original overlying water of the sediment
cores had been carefully removed by siphoning to
exclude disturbance effects during sample collection
and transportation. The sediment surface was gently
overlaid by filtered seawater collected near the sam-
pling site to a depth of ca 10 cm (200 cm3 vol.) by a
peristaltic pump. The cores were incubated at room
temperature under a black sheet. The overlying water
was gently aerated with acid-washed (2 M H2SO4) air
using a peristaltic pump throughout the incubation.
The overlying water was subsampled at 6 to 12 h inter-
vals into acrylic test tubes (10 ml) and immediately
frozen. To correct for water-column processes, the fil-
tered seawater was incubated separately without sedi-
ments, and changes in its nutrient concentrations were
checked. To assess the effect of biological nutrient
uptake and release as opposed to abiotic diffusion from
the pore-water pool, some cores were incubated with a
metabolic inhibitor, sodium azide (NaN3, final conc. of
2 mM in the overlying water).

The amount of nutrients released or taken up by the
sediment was calculated from the concentration in
the overlying water and plotted against time; linear
regression lines or hyperbolic curves were fitted,
depending on the nature of the plots. Data from the
first 48 h of incubation were usually used for curve-
fitting, although some data plots that had clearly been
affected by contamination were omitted. When a plot
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fitted a hyperbolic curve, the slope at t = 0 was
regarded as reflecting the in situ sediment-water flux.

Analytical methods. Nutrient (NO3
–, NO2

–, NH4
+,

PO4
3–) concentrations in the filtered seawater used for

the incubation media, seawater samples from flux
measurements, and pore-water extracts were deter-
mined using AutoAnalyzers II and AACS-II (Bran+
Luebbe, Hamburg, Germany). The NO2

– data with
added NaN3 were not used, as the added NaN3 con-
tained significant amounts of NO2

–.
Organic carbon and total nitrogen contents of car-

bonate sediments were determined according to the
method of Miyajima et al. (1998) using an elemental
analyzer (NA-1500, Fisons Instruments Inc., Beverly,
USA). Chlorophyll a, (chl a) in the sediment samples
was extracted by N,N ’-dimethylfolmamide and quanti-
fied by spectrophotometry (Strickland & Parsons 1968,
Porra et al. 1989).

RESULTS

Sediment chemistry

Nutrient concentrations in the sediment pore water
differed between the bare-sand area and seagrass
beds, and between March and September (Fig. 1).
Subsurface maxima in the profiles of NO3

– and NO2
–

were sometimes observed in summer (September
1998) profiles, presumably reflecting enhanced activ-
ity of nitrification. Such maxima were not evident in
winter (March 1998). In the seagrass-bed sediment,
NO3

– was depleted below a depth of 10 cm, presum-
ably due to anoxic conditions. Ammonium concentra-
tion was much higher in seagrass-bed sediments than
in bare-sand sediments, especially in summer. This
may be ascribable to heterotrophic bacterial activity
enhanced by the higher concentration of organic mat-
ter in the seagrass beds (see below).

Organic carbon contents were higher in the seagrass-
bed sediments than in the bare-sand sediments (data
not shown). The acid (1.0 N HCl)-soluble fraction of
organic carbon, which consisted mainly of small
organic molecules in the carbonate minerals, was
about twice as abundant in the seagrass-bed sedi-
ments (100 to 180 µmol C g–1) than in the bare-sand
sediments (66 to 80 µmol C g–1). Concentration of acid-
insoluble organic carbon (mainly detrital materials
derived from algae and seagrasses) was about 5 times
as high in the seagrass-bed sediments (190 to 380 µmol
C g–1) than in the bare-sand sediments (45 to 57 µmol
C g–1). Total nitrogen content followed a pattern simi-
lar to that of total organic carbon content ranging from
18 to 25 and 31 to 55 µmol N g–1 for bare-sand and sea-
grass-bed sediments, respectively.

Nitrogen fixation

Nitrogen-fixation activity was detected at significant
levels in both the sediment and plant materials tested
and was strongly dependent on light (Fig. 2, Table 1).
Light dependence was more marked in sediment than
in plant material. This may be ascribable to a larger
organic carbon reserves in plant samples than in car-
bonate sand that would provide the energy and reduc-
ing power necessary for nitrogen fixation by heterotro-
phic bacteria in the dark. The time course of sediment
incubations (Fig. 2) revealed a time lag prior to estab-
lishment of active nitrogen fixation in the light.
Although we did not execute time-course experiments
for plant samples, other researchers reported no, or
much shorter (<1 h), time lags in nitrogen-fixation
measurements of epiphytic cyanobacteria using the
acetylene reduction method (e.g. Capone et al. 1977).
However, Capone & Taylor (1980) reported a time lag
of 1 to 2 h during incubation of seagrass rhizosphere.
Possible explanations for the relatively long lag time
(ca 20 h) observed in our sediment incubation include:
(1) tortuosity of sediment which would slow down dif-
fusion rate of 15N2 compared to that in homogeneous
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aqueous solution, and (2) disturbance of the sediments
during sample preparation, which should have caused
shading of the N2-fixing epipsalmic cyanobacteria and
the disappearance of anaerobic microhabitats neces-
sary for heterotrophic N2 fixation.

To eliminate the effect of this lag, nitrogen-fixation
rates in the sediments were determined from the dif-
ference in fixed nitrogen between 24 and 48 h of incu-
bation (Table 1). For plant and rhizosphere samples,
average fixation rates during the first 48 h of incuba-
tion were adopted, e.g. a time lag of 1 to 2 h for mea-
surements of rhizosphere samples would mean a 2 to
4% underestimate of the actual rates.

In the sediments, the fixation rate was significantly
higher in summer (September) than in winter (March)
(p < 0.0001 for bare-sand area, p = 0.0066 for seagrass
beds; 2-tailed Student’s t -test). The rate was also
higher in the seagrass beds than in the bare-sand area
(p = 0.0015 in March, but not significant in September).
A similar seasonal pattern was observed in the fixation
rates of plant samples. Remarkably, N2-fixation rates in
the rhizospheres of Thalassia hemprichii and Hali-
meda sp. (i.e. sediments loosely associated with fine
roots), which were not significantly different from
those in non-rhizosphere sediment of the seagrass

beds in winter, increased to 2 to 8 times
the rate of the non-rhizosphere sedi-
ments in summer. This suggests that
rhizomes of T. hemprichii and holdfasts
of Halimeda sp. excrete larger amount
of organic carbon available for nitro-
gen-fixing bacteria in summer than in
winter, presumably as a result of the
higher photosynthetic activity of these
macrophytes in summer.

Denitrification

Denitrification (C2H2-induced N2O
production) rates in pristine carbonate
sediments were very low under natural
conditions. However, when the sedi-
ments were supplied with additional
NO3

–, measurable denitrification en-
sued (Fig. 3). In all 6 cases, significant
positive correlation was observed be-
tween NO3

– concentration in pore
water and denitrification rates (p <
0.001). In summer (September 1998),
the plots fitted Michaelis-Menten hy-
perbolic curves in seagrass-bed and
groundwater-affected sediments. The
slope of the fitted curves (at [NO3

–] = 0
for hyperbolic curves) was consistently

higher in summer than in winter (March 1998,
Table 2). In each season, the slope was highest in the
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Season, Natural light Continuous dark
Sample

March 1998
Bare-sand sediment 0.16 (0.03) 0.02 (0.01)
Seagrass-bed sediment 0.61 (0.21) 0.02 (0.03)

September 1998
Bare-sand sediment 0.89 (0.49) 0.01 (0.06)
Seagrass-bed sediment 1.23 (0.05) 0.04 (0.04

March 1998
Thalassia hemprichii, leaf 1.65 (1.39) nd
T. hemprichii, rhizospherea 0.50 (0.07) 0.13 (0.01)
Halimeda sp., thallusc 5.81 (0.25) nd
Halimeda sp., rhizosphereb,c 0.40 (0.15) 0.05 (0.03)
Cyanobacterial matd 1.23 (1.22) 0.65 (0.72)

September 1998
T. hemprichii, young leaf 6.38 (5.08) nd
T. hemprichii, old leaf 39.02 (1.41) nd
T. hemprichii, rhizospherea 2.53 (2.16) nd
Halophila sp., leaf 9.14 (4.39) nd
Halimeda sp., thallusc 35.35 (6.64) nd
Halimeda sp., rhizosphereb,c 9.55 (7.25) nd
Cyanobacterial matd 55.15 (27.46) nd

a,bIncubated together with above-ground (green) parts of T. hemprichii and
Halimeda sp.

cHalimeda sp. collected near patches of seagrasses
dCyanobacterial mats collected from intertidal reefrocks

Table 1. Rates of nitrogen fixation (nmol N g–1 dry wt h–1) in the sediments and
representative primary producers. Data are averages (SD); for sediments, aver-
age rates between 24 and 48 h of incubation are listed, for primary producers, 

the average rate of first 48 h of incubation

Fig. 2. Accumulation of nitrogen fixed from N2 in the sedi-
ments during incubation experiments in the light (n,y) and
dark (M,Z) (September 1998). (n,M) seagrass-bed sediment;
(y,Z) bare-sand sediment. Error bars = SD of replicate incu-

bations (n = 3 to 6)
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sediment affected by groundwater and lowest in bare-
sand sediment. In principle, the initial slope depends
on the population density of active denitrifying bacte-
ria, ambient temperature, oxygen tension, and the
availability of organic carbon. The large slope in the
groundwater-affected sediment is thought to result
from high enzymatic activities of denitrifiers at the
exceptionally high NO3

– concentration (up to 300 µM)
in this sediment.

By using measured pore-water NO3
– concentrations

(Fig. 1) and the fitted curves of corresponding sites and
seasons, we calculated in situ denitrification rates and
integrated them for the 0 to 15 cm depth interval of
sediments (Table 2). The areal denitrification rate
(integrated over 0 to 15 cm) was generally higher in
summer than in winter. No significant difference was
found between the seagrass beds and the bare-sand
area, while the rate at the groundwater-seeping area
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Fig. 3. Relationships between denitrification rate determined by acetylene inhibition method and concentration of NO3
– in pore 

water in 3 different sediments in March 1998 and September 1998. Note different scales

Season, Denitrification rate NO3
– turnover time Initial slope of rate-concentration curvea

Sample (nmol N cm–2 h–1) (h) (10–6 l g–1 h–1); mean ± SD
Core-1 Core-2 Core-1 Core-2

March 1998
Bare-sand sediment 0.20 0.17 61 68 6.8 ± 1.1
Seagrass bed sediment 0.35 0.27 35 33 11.8 ± 1.1
Groundwater-seepage zone nd nd nd nd 56.5 ± 12.2

September 1998
Bare-sand sediment 0.44 0.65 46 48 8.7 ± 2.6
Seagrass-bed sediment 1.18 0.28 13 14 35.0 ± 6.2
Groundwater-seepage zone 96 130 8.1 9.8 54.2 ± 11.4

aCalculated from data in Fig. 3

Table 2. Denitrification rates in the sediments calculated from rate-concentration curves in Fig. 3 and pore-water nutrient profiles 
in Fig. 1 (integrated for the 0 to 15 cm depth interval). nd: no data
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was more than 2 orders of magnitude higher than the
rates in the former 2 sediments. In the bare-sand area,
denitrification may also have occurred in sediments
deeper than 15 cm, since NO3

– in pore water was not
depleted at this depth (Fig. 1).

This method of estimating in situ denitrification rate
is valid only if the rate is not as high as the diffusional
mixing rate of the pore-water NO3

– pool. In contrast, if
nitrification and denitrification were sufficiently tightly
coupled for NO3

– produced by nitrifiers to be con-
sumed rapidly by proximal denitrifiers before diffusing
through the pore-water pool, then the average NO3

–

concentration in the pore water would not reflect the
actual NO3

– concentration in the vicinity of active
denitrifiers, and therefore the denitrification rate cal-
culated as above would be an underestimate. This pos-
sibility cannot be entirely ruled out. However, as dis-
cussed below, the turnover of the pore-water NO3

– was
most probably controlled principally by diffusion dri-
ven by the microalgal demand in the surface layer.
Therefore, the heterogeneity of NO3

– caused by tight
coupling of nitrification with denitrification and its
potential effect on in situ denitrification activity were
presumably unimportant as factors affecting the over-
all NO3

– dynamics in this sediment.

Microalgal uptake

Nutrient uptake by microalgae in surface sediments
was measured only in the bare-sand area. Nitrate and
ammonium were actively taken up by sediment
microflora, and the uptake rates were positively cor-
related with the ambient concentrations (p < 0.05)
(Fig. 4).

In winter (March 1998; algal biomass = 3.2 to 3.7 µg
chl a g–1 dry sediment), the average affinity (defined as
chl a-based uptake rate divided by substrate concen-
tration) for NO3

– in the light (0.45 ± 0.05 l mg–1 chl a
h–1) was almost twice that in the dark (0.22 ± 0.04 l
mg–1 chl a h–1), suggesting that the observed uptake
was directly related to photosynthetic activity of
sediment microalgae. The affinity was about 2 orders
of magnitude higher than the slopes of the regres-
sion lines for denitrification rate-NO3

– concentration
(Table 2). Thus, the observed uptake could not be
ascribable to denitrification. For NH4

+, the affinity was
considerably higher than for NO3

–. The difference
between in the light (2.61 ± 0.25 l mg–1 chl a h–1) and
dark (2.36 ± 0.23 l mg–1 chl a h–1) incubations was
small. The affinity for NO2

– (0.70 ± 0.42 and 0.59 ±
0.44 l mg–1 chl a h–1 in the light and dark, respectively)
was midway between those for NO3

– and NH4
+,

although the correlation between rate and concentra-
tion was very weak (Fig. 4).

In the late-summer experiments (September 1997;
algal biomass = 4.7 µg chl a g–1 dry sediment), only the
diurnal-average uptake rates were measured. The
chl a-based uptake rates in summer were considerably
lower than those in winter (Fig. 4). The diurnal-
average affinities for NO3

–, NO2
– and NH4

+ were 0.17 ±
0.01, 0.09 ± 0.01 and 0.35 ± 0.13 l mg–1 chl a h–1, respec-
tively. The uptake of NO3

– and NH4
+ was stopped by

the addition of a metabolic inhibitor NaN3.
We estimated in situ uptake rates of DIN using the

above affinity values and ambient DIN concentrations
and assuming that only the microalgae inhabiting the
euphotic layer of sediment actively absorbed DIN. The
ambient nutrient concentration was assumed to be
represented by the pore-water nutrient concentrations
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Fig. 4. Relationships between chlorophyll a-based uptake rate of microalgae and ambient concentration of NO3
–, NO2

– and NH4
+

at the sediment surface measured by bottle-incubation experiments in the bare-sand area in September 1997 (e, live; x, killed
by addition of 1 mM NaN3), 24 h incubation in ambient light) and March 1998 (s, ambient light; ● , dark control), 5 h incubation
in natural daylight). Solid and dotted lines indicate mean affinities (uptake rate divided by substrate concentration) in the light
and 
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of the top sediment layer (Fig. 1). Concerning to light
penetration in carbonate sediments, a range of 1 to
4 mm (depending on substrate grain size) for the depth
of the euphotic layer has recently been reported from
studies using a microphotosensor (Taylor & Allison
2000, see also Haardt & Nielsen 1980, Kühl et al. 1994).
We assumed therefore that the top 4 mm layer of the
sediment was the euphotic layer and calculated turn-
over times of DIN in this layer using separately deter-
mined water, sand and chl a contents of sediments.
The results (Table 3) suggested that
the major nitrogen source for the
microalgae was NH4

+. Assuming that
algal organic carbon/chl a = 50 (µg/µg)
and organic carbon/N = 6.63 (mol/mol),
the turnover time of algal-biomass ni-
trogen at these DIN concentrations is
estimated to be 8 to 40 d, i.e. more than
2 orders of magnitude longer than that
of DIN in the euphotic layer (Table 3).

It should be noted that primary pro-
duction rate was poorly correlated with
uptake rate of DIN (M.S. unpubl. data).
Thus, the validity of the estimates of
nutrient uptake rates obtained by
measuring primary productivity and
assuming that the C:N ratio of uptake
rates is identical to the C:N ratio of
algal biomass (e.g. Redfield ratio) is
doubtful, although this method has
been widely used.

Sediment-water exchange

Incubation of the intact core samples
revealed significant NO3

– uptake by
the sediments from the overlying

water (e.g. Fig. 5). The uptake rate was higher in the
seagrass-bed sediment than in the bare-sand sedi-
ment (Table 4). In the case of the bare-sand sediment,
the NO3

– concentration in the overlying water (ca
0.2 µM) was lower than in the pore water (Fig. 1), and
the addition of NaN3 did not affect significantly the
uptake rate. Nitrate concentrations in the overlying
water in the seagrass-beds (12.5 µM in winter and
5.6 µM in summer) were higher than those in the pore
waters (Fig. 1), suggesting that the higher uptake rate
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N species, Concentration (µM) Uptake rate (µmol m–2 h–1)a Turnover time (h)
Season Core-1 Core-2 Core-1 Core-2 Core-1 Core-2

Nitrate
September 1997 0.76 0.99 2.86 3.61 0.78 0.83
March 1998 1.05 1.73 5.15 8.16 0.43 0.46

Nitrite
September 1997 0.38 0.14 0.75 0.27 1.48 1.57
March 1998 0.12 0.09 1.26 0.91 0.20 0.22

Ammonium
September 1997 9.11 1.40 71.1 10.6 0.38 0.40
March 1998 1.16 1.89 47.4 74.3 0.05 0.06

aDiurnal L:D cycle of 8:16 h assumed for calculation

Table 3. Pore-water concentrations, microalgal uptake rates and turnover time of dissolved inorganic nitrogen in the top 4 mm 
layer (putative euphotic layer) of sediments in the bare-sand area

Fig. 5. Net release or uptake of DIN by the sediments from/into the overlying
water during dark incubation of intact cores. Cumulative release and uptake
(vertical axes) are plotted as a function of incubation time. Positive and negative 

values indicate net release and uptake by the sediments, respectively
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in the seagrass beds was partially ascribable to a
steeper concentration gradient of NO3

– across the sed-
iment-water interface. NO3

– uptake by the seagrass-
bed sediment decreased to almost half after the addi-
tion of NaN3 (data not shown). The concentration of
NO3

– in the overlying water of the seagrass beds is
usually diluted to <3 µM at flood tide (Tanaka 1999)
compared to ebb tide (when the cores were sampled).
Thus, NO3

– uptake by the seagrass-bed sediment
during flood tide might be lower than that shown in
Table 4. The sediment-water flux of NO2

– was gen-
erally small, and showed no consistent trend (Fig. 5,
Table 4). Ammonium was usually released from the
sediment to the overlying water, except for the bare-
sand area in winter (Table 4). The release rate was
higher in summer than in winter and higher in the
seagrass beds than in the bare-sand area. Release of
NH4

+ seemed to be primarily ascribable to diffusion of
NH4

+ from the pore water, since NH4
+ concentrations

were always higher in the pore water than in the
overlying water.

The microalgal uptake potentials in Table 3 are con-
sistently higher than the net DIN uptake in Table 4,
suggesting that the main DIN source for the sediment
microalgae was the pore-water pool rather than the
overlying water.

DISCUSSION

Nitrogen turnover and budgets in Shiraho Reef
sediments

Among the measured nitrogen fluxes, quantitatively
the most important flux was the microalgal uptake of
DIN (Table 5). In the bare-sand sediment, NO3

– and
NH4

+ in the top layer could be turned over within 1 h
by active microalgal uptake (Table 3), while the

turnover time of the algal biomass
nitrogen was estimated at 8 to 40 d.
Ammonia derived by decomposition
of particulate organic nitrogen (PON)
in the sediment was presumably the
major nitrogen source for the micro-
algae. The rate of nitrogen fixation was
also high, accounting for 6 to 15% of
the microalgal nitrogen demand in the
bare-sand sediment. The net external
flux of total nitrogen (nitrogen fixation
plus net DIN uptake from the overlying
water, minus denitrification) accounted
for 8 to 13% of the microalgal demand,
showing that the internal supply of DIN
within the sediment was the major
nitrogen source.

Since the sand cover over the bedrocks of this lagoon
is shallow, we assumed that the top 15 cm layer of the
sediment was responsible for the internal DIN re-
cycling. The average turnover time of pore-water DIN
in this layer due to microalgal uptake was estimated to
be 0.5 to 2 d. This estimate is comparable to the
turnover time of pore-water NO3

– due to denitrification
(Table 2). For these DIN demands to be compensated
by mineralization of PON, the sediment PON in this
layer should be turned over within 3 to 8 yr. This would
be a minimum estimate for PON turnover rate, since
we have not taken into account the possibly large DIN
demand by heterotrophic microorganisms in the
aphotic layer of the sediment.

Microalgal DIN turnover was also estimated for the
seagrass-bed sediment, assuming that the uptake
affinities for DIN are the same as in the bare-sand sedi-
ment (Table 5). Algal biomass (chl a) was 1.28 ± 0.65
times higher in the seagrass-bed than in the bare-sand
sediments (average of 5 transects; H. Kayanne et al.
unpubl. data). The calculated turnover times of PON
and pore-water DIN in the seagrass-bed sediment
were on the same order as the respective turnover
times in the bare-sand sediment. External fluxes con-
tributed 18 to 35% of the microalgal nitrogen demand.
The external flux was much higher in the seagrass-bed
area (average 7.3 nmol N cm–2 h–1) than in the bare-
sand area (average 0.56 nmol N cm–2 h–1). Although
NH4

+ as the major source for algal nitrogen uptake was
suggested by calculation based on pore-water chem-
istry, NO3

– derived from groundwater may be another
significant source of algal nitrogen in the seagrass
beds.

Thus, we can distinguish 3 distinct characteristic
times in the turnover of nitrogen pools: (1) <1 h for
pore-water DIN in the euphotic layer of the sediment;
(2) an order of days for microalgal biomass and pore-
water DIN in the aphotic layer; and (3) a few years for
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Season, Bare-sand sediment Seagrass-bed sediment
Mean SD Mean SD

March 1998
Nitrate –0.212 0.072 –6.43 1.71
Nitrite 0.002 0.013 –0.017 0.004
Ammonium –0.121 0.074 0.232 0.292

September 1998
Nitrate –0.341 0.089 –7.89 4.36
Nitrite –0.147 0.125 0.006 0.025
Ammonium 0.067 0.062 0.467 0.249

Table 4. Sediment-water nutrient fluxes observed in dark-incubated intact sand
cores. Data are means and SD of 4 cores. Flux data of first 24 to 48 h of incuba-
tion were fitted to linear or hyperbolic curves, and the initial fluxes were calcu-
lated by substituting t = 0 into the curves obtained. Positive and negative values 

indicate release and uptake by the sediment, respectively
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Nitrogen flux Depth of Source
(µmol m–2 h–1) integration (cm)

Bare-sand sediment (carbonate)
Nitrogen fixation Ishigaki Island 4.1–6.8 a 0–15 This study

Subtropical Atlantic
Bermuda 0.4–11.5 0–6 O'Neil & Capone et al. (1989)
Puerto Rico 2.1–15.4 0–6 O'Neil & Capone et al. (1989)
San Salvador 0.2–2.1 0–6 O'Neil & Capone et al. (1989)

Great Barrier Reef
One Tree Reef 1.5–6.6 Larkum et al. (1988)
Pandora Reef 0–8 Capone et al. (1992)
Hopkinson Reef 8.5–12.9 0–8 Capone et al. (1992)
Bowl Reef 5.0 0–8 Capone et al. (1992)

Denitrification Ishigaki Island 1.7–6.5 0–15 This study
Great Barrier Reef

Hopkinson Reef 0.12–0.45 0–2 Capone et al. (1992)
Bowl Reef 0.2–13.3 0–2 Capone et al. (1992)

Subtropical Atlantic
Bahamas 19 Capone et al. (1992)

NO3
– (+NO2

–) flux to sedimentb Ishigaki Island 2.1–4.9 – This study
Puerto Rico –0.51–0.04 – Corredor & Morell (1985)

NH4
+ flux to sedimentb Ishigaki Island –0.7–+1.2 – This study

Great Barrier Reef
Pandora Reef –3.9 – Capone et al. (1992)
Hopkinson Reef –2.2–0.04 – Capone et al. (1992)
Bowl Reef –2.5–0 – Capone et al. (1992)

Puerto Rico –1.0–0.7 – Corredor & Morell (1985)
Tikehau lagoon –16.1–0.2 – Charpy-Roubaud et al. (1996)

Microalgal DIN uptake Ishigaki Islandc 10–83 0–0.4 This study
New Caledoniad 97–116 – Boucher et al. (1994)

Seagrass-bed sediment
Nitrogen fixation Ishigaki Island 7.1–13.1a 0–15 This study

Subtropical Atlantic
Jamaica 40 0–8 Blackburn et al. (1994)
Florida 13.1 0–20 Capone & Taylor (1980)
Bahamas 15.2–41.4 0–20 Capone & Taylor (1980)
Barbados 112 0–20 Capone & Taylor (1980)

North Australia
Gulf of Carpentaria 48–140 0–12 Moriarty & O‘Donohue (1993)

Denitrification Ishigaki Island 2.7–11.8 0–15 This study
Jamaica 80–170 0–8 Blackburn et al. (1994)
New Zealandf 3.7–17.9 0–10.5 Kaspar (1983)
Alaskaf 5.9–28.1 0–7 Iizumi et al. (1980)

NO3
– (+NO2

–) flux to sedimentb Ishigaki Island 64–79 – This study
Texas coast 0.00–0.04 – Ziegler & Benner (1999)

NH4
+ flux to sedimentb Ishigaki Island –4.7–2.3 – This study

Texas coast –15.3–+9.5 – Ziegler & Benner (1999)
Sulawesi Island –12.7–4.3 – Erftemeijer & Middelburg (1993)
Alaskaf –88 – Short (1983)

Microalgal DIN uptake Ishigaki Islandc (80–880)e 0–0.4 This study
New Caledoniad 85–382 – Boucher et al. (1994)

aCalculated using data from Table 1, assuming euphotic layer of sediments to be top 4 mm and a L:D cycle of 8:16 h
bNegative values indicate fluxes from sediment to overlying water
cCalculated using data from Table 3, assuming euphotic layer of sediments to be 4 mm and a L:D cycle of 8:16 h
dDaily mean flux was calculated using ‘white-sand’ (bare-sand area) and ‘grey-sand' (seagrass beds) data assuming a L:D
cycle of 8:16 h (as in Table 3)

eRate-concentration relationships obtained for bare-sand area were tentatively applied to seagrass-bed sediments when
chlorophyll a content was the same as in bare-sand area

fNon-carbonate sediment

Table 5. Comparison of nitrogen fluxes among various carbonate sediments covered or not covered with seagrass beds. –: no data
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PON. The net external flux of nitrogen was positive in
both the bare-sand area and the seagrass beds, indi-
cating that these sediment systems were accumulating
nitrogen from the environment. Although the fate of
this accumulated nitrogen is not known, a possible
hypothesis is that nitrogen is accumulated in the
microalgae via the pore-water pool and then exported
from the sediment by resuspension or grazing. Nitro-
gen accumulated in the seagrass-bed sediment may
also be assimilated by the seagrasses through the roots
and eventually exported from the system as dead sea-
grass leaves and seagrass-derived detritus (Moriarty
& Boon 1989).

It seems a conspicuous characteristic of shallow
lagoonal sediments of coral reefs that epibenthic
microalgae effectively trap dissolved nutrients diffus-
ing up from the sediments. In so doing, they enhance
nutrient storage in the sediments and increase the
relative importance of the internal nutrient recycling
as opposed to nutrient exchange with the overlying
water. It has long been assumed that the relative
importance of internal nutrient recycling is the key to
understanding the high productivity of coral reefs and
seagrass beds in oligotrophic tropical and subtropical
waters (D’Elia & Wiebe 1990). However, direct evi-
dence for this hypothesis is scarce. The results we pre-
sent here support this hypothesis for a subsystem
(lagoonal sediments) of the coral reef ecosystem.

Regulating factors of nitrogen cycling

Rates of external nitrogen fluxes were generally
higher in the seagrass-bed sediment than in the bare-
sand area. Although few studies have simultaneously
measured these nitrogen fluxes in both bare carbon-
ate-sand sediment and adjacent seagrass beds, a com-
parison of independently measured data found in the
literature supports this general trend (Table 5). The
larger nitrogen fluxes in seagrass beds can be
explained by several factors. Firstly, seagrass beds are
generally located near the land and affected by land-
derived nitrogen, including groundwater NO3

–; this
will increase the nitrogen uptake and stock in the sea-
grass-bed sediments. Secondly, seagrass bed sedi-
ments generally contain greater amounts of organic
carbon than unvegetated sediments because of the
higher organic production by seagrasses (e.g. Boon
1986). The better availability of organic carbon will
enhance heterotrophic nitrogen fixation and denitrifi-
cation. Thirdly, seagrass beds reduce the mobility of
sediment particles compared to unvegetated areas
(Fonseca 1989). This leads to an exchange of nitrogen
between the sediment and the ambient water prefer-
entially in dissolved rather than particulate form.

The extent to which the availability of light limits
nitrogen-fixing activity in the sediments varies be-
tween different coral reefs. In the case of Shiraho reef,
light availability strongly limited nitrogen fixation
(Fig. 2), suggesting that the principal agents for nitro-
gen fixation in the sediments were cyanobacteria or
some heterotrophic bacteria that depended on organic
carbon produced by proximal benthic microalgae.
Such a clear light dependence has not always been
evidenced in other coral reefs. In a study of several
reefs in the subtropical Atlantic and the Great Barrier
Reef, O’Neil & Capone (1989) concluded that light was
not the principal limiting factor for nitrogen fixation in
carbonate sediments. Hanson & Gunderson (1976) also
reported that only 50% of the nitrogen fixation activity
in Kaneohe Bay sediments depended on light. Light
dependence of sediment nitrogen fixation may be an
indicator of a shortage of energy (organic) storage that
could support nitrogen fixation in the dark, relative
to other potential limiting factors such as availability of
phospherus and molybdenum.

The fact that the denitrification rate in the sediments
was stimulated by the addition of extra NO3

– (Fig. 3)
suggests that the availability of NO3

– was a limiting
factor for denitrification. A similar observation was
previously reported for other carbonate sediments by
Corredor & Capone (1985). In our study, NO3

– stimula-
tion was also observed in the seagrass-bed sediment,
where depletion of NO3

– in the pore water of the
deeper layers indicated that NO3

– availability more
strongly limited the denitrification rate than availablity
of organic substrates. In Shiraho Reef, seepage of
groundwater sometimes supplies high concentrations
(up to 50 µM) of NO3

– to the seagrass beds. Denitrifica-
tion may play a role as a major sink of groundwater-
derived NO3

– in the seagrass beds, preventing the
whole reef ecosystem from eutrophication. In contrast,
a measurable concentration of NO3

– (>1 µM) was
always found in the pore waters of the bare-sand area
(except for the surface layer in direct contact with the
NO3

–-depleted overlying water), indicating that avail-
ability of organic matter was the stronger limiting fac-
tor of denitrification in this type of sediment.

Comparison with other coral reefs

The rates of nitrogen fixation and denitrification mea-
sured in the bare-sand sediment of Shiraho Reef are
within the ranges reported for other tropical carbonate
sediments (Table 5). Available data for NO3

– and NH4
+

fluxes across the sediment/water interface of other reef
sites are very few, but consistently indicate a more
negative flux (i.e. release from the sediment) than is
the case for Shiraho Reef. This difference, however,
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may arise from differences in methods of estimation,
since the other researchers (Corredor & Morell 1985,
Capone et al. 1992) calculated DIN fluxes using pore-
water DIN profiles and general diffusion coefficients.
When applied to euphotic sediments, this latter
method tends to yield values biased for efflux from the
sediments because it does not take into account the
fact that the DIN flux from the deeper sediment would
be at least partially consumed at the surface by
epibenthic algae. Therefore, there is no clear indica-
tion that the external nitrogen fluxes in the bare-sand
area of Shiraho Reef is significantly different from that
in other coral reefs.

In contrast, the rates of nitrogen fixation and denitri-
fication observed in the seagrass beds of Shiraho Reef
are significantly lower than corresponding rates in sea-
grass beds of other regions of the world (Table 5).
Although available data for NO3

– and NH4
+ fluxes are

very few, Shiraho seagrass-bed sediment seems to be
characterized by a high NO3

– uptake and a relatively
low flux of NH4

+. The high NO3
– uptake in Shiraho sea-

grass-bed sediment is presumably due to the relatively
high NO3

– concentration in the overlying water, which,
in turn, is ascribable to groundwater inflow. The low
nitrogen fixation rate may also be related to relatively
nitrogen-rich conditions supported by the influx of
groundwater NO3

–. However, since NO3
– availability in

groundwater-affected coastal areas such as Shiraho
seagrass beds is extremely variable, both spatially and
temporally, we cannot draw quantitative conclusions
about the effects of groundwater inflow on sediment
nitrogen metabolism from the limited amount of data
available.

Microalgal DIN uptake is by far the largest potential
nitrogen flux in the surface sediments (Table 5), indi-
cating greater importance of internal nitrogen recy-
cling as opposed to external fluxes. Although there are
few studies which directly compare the internal and
external fluxes in coral-reef sediments, Boucher et al.
(1994) reported potential microalgal DIN uptake rates
that were in the same order as those reported here.
Capone et al. (1992) determined production and net
assimilation of NH4

+ as a measure of internal flux and
compared them with the external fluxes in several
reefs of the Great Barrier Reef. Although Capone et al.
did not directly assess microalgal uptake, their data
clearly evidenced the importance of the internal flux.
Ammonium production is the major nitrogen flux in
seagrass beds also (Moriarty & Boon 1989). Although
the contribution of epibenthic microalgae to organic
production in seagrass beds has been shown to be
potentially predominant (Moncreiff et al. 1992, Pollard
& Kogure 1993), their relative importance in DIN
turnover in seagrass-bed sediments is little under-
stood.

The role of the microalgal community in the nitrogen
turnover of bare carbonate sediments and seagrass-
beds is one of the overlooked themes in the biogeo-
chemical study of coral reefs. More extensive studies
are needed to elucidate the possible roles of benthic
microalgae in regulating nutrient stocks and fluxes in
the sediment and exporting food sources to down-
stream filter-feeding animals.
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