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Factors Affecting Nutrient Cycling in Intertidal Sandflats

Tomohiro KUWAE*

Synopsis

The present study aimed to improve our understanding of nutrient cycling in intertidal sandflats.
Special emphasis was placed on the biogeochemical role of benthic microorganisms, including bacteria
and microalgae, in nutrient removal from coastal areas. This paper consisted of three main parts: (1)
the method used for the counting and sizing of benthic bacteria, as required for the quantification of
various bacterial roles in sediments {Chapter 2), (2) the biogeochemical role of intertidal sandflats dur-
ing immersion (Chapter 3}, and (3} the biogeochemical role of intertidal sandflats during emersion and
inundation (Chapter 4). In Chapter 2, the author reported a new dual-staining technigue using both
4", 6-diamidino-2-phenylindole (DAPI) and acridine orange {(AQ) for estimating the abundance and bio-
volume of benthic bacteria. The effect of dispersion procedures and sediment characteristics on bacte-
rial enumeration and sizing was also investigated. In Chapter 3, the author reported the simultaneously
measured rates of nitrification, denitrification, sediment-water nutrient exchange, and sedimentary ox-
ygen production in the Banzu intertidal sandflat located in Tokyo Bay. These data were then used to
assess the relative importance of different processes on spatial and temporal variation in sediment-water
nutrient exchange fluxes and denitrification in the intertidal sandflat. In Chapter 4, tide-induced tempo-
ral changes in the concentrations of three porewater nutrient species (nitrate, ammonjum, and phos-
phate} during different seasons were investigated to elucidate the effect of tidal cycles on porewater nu-
trient dynamics in the Banzu intertidal sandfiat. The author focused on (1) the influence of diffusive
fluxes and advective transport on nutrient pool sizes during emersion and inundation; and (2) the role

of emersion in microbial processes, including nitrification and nitrate reduction.
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Nutrient Dynamics in Intertidal Sandflats

1. Introduction

Broad intertidal sand and mudflats fringe the coast-
lines of many countries in mid-latitude, meso- and mac-
ro-tidal environments (Mathieson and Nienhuis, 1991).
These areas form extensive low-slope flats, being regu-
larly exposed and submerged by tides. Despite the ex-
treme rhythmic variations in temperature and salinity,
these coastal deposits form one of the most productive
natural ecosystems on Earth, with a gross primary pro-
ductivity equal to many more familiar terrestriaf systems
(Odum, 1971). Intertidal flats support a rich benthic
community and provide an indispensable feeding ground
for many species of shorebirds (Figure 1). They form
an integral and important part of coastal ecosystems,
which have been usefully exploited by humans for port
facilities, waste disposal, and amenity development for
centuries (Eco-port Technical Working Group, 1998).

Atternpts to take advantage of these diverse functions
can lead to conflicts in planning and management (e.g.
the recent typical conflicts of the Fujimae intertidal flat
and the Isahaya intertidal flat in Japan). Conflict arises
because the various way in which intertidal flats can be
exploited are not all necessarily compatible. The need
for resolution of these conflicts is placing heavy de-
mands on coastal managers and is becoming increasing-
ly urgent as human population pressure increases and as
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Figure 1 Representative food web for intertidal flat ec-
osystems

the public shows a greater appreciation for the natural
value of coastal areas. The “Eco-port Policy” proposed
by the former Ministry of Transport, Japan, reformed
the Ministry of Land, Infrastructure and Transport, Ja-
pan, in January 2001, is currently enhancing the accu-
mulation of knowledge and technology focused on the
harmonization of coastal development and adjacent nat-
ural ecosystems (Ports and Harbours Bureau, Ministry
of Transport, Japan, 1997). In practice, habitat loss in
coastal and estuarine areas is increasingly mitigated by
the restoration of existing habitats or by the creation of
new habitats (Hosokawa, 2000). For such habitat resto-
ration to be successful requires a thorough understand-
ing of biclogical and sedimentological interactions as
well as changing atmospheric and oceanographic forces,
on a variety of spatial and temporal scales. It is only
through increased understanding of intertidal flat dynam-
ics founded on a solid base of knowledge that we will
be able to manage these coastal environments both ef-
fectively and efficiently.

Of the biclogical and sedimentological interactions
that influence intertidal flat dynamics, some of the most
important processes are nutrient cycling. Eutrophication
— an increased rate of supply of nutrients leading to
enhanced primary production — is caused mainly by
nutrient loading (and secondarily by organic matter) de-
rived from terrestrial sources. Thus, many coastal envi-
ronments, located at the interfaces between land and the
open sea, have suffered from accelerated eutrophication.
In this situation, the cycling of nitrogen and phosphorus
is particularly important, as it is often the major limiting
element for algal productivity in coastal areas.

The major transformation processes of the nitrogen
cycle in intertidal flats are mineralization, nitrification,
denitrification, dissimilatory nitrate reduction, assimila-
tion, and excretion by macrofauna (Figure 2). Denitrifi-
cation is a crucial process, being the major pathway by
which nitrogen is lost within ecosystems. On the other
hand, intertidal sediments often have characteristically
high levels of benthic microalgal biomass and productiv-
ity (e.z. Colijn and de Jonge, 1984; Varela and Penas,
1985; Cammen, 1991). Photosynthetic processes can re-
sult in large diurnal change in nutrient demands and af-
fect the nutrient cycle near the sediment surface.

Although the importance of intertidal sediments in
nutrient cycling within Japanese coastal arcas has been
discussed (Kurihara, 1988; Sasaki, 1989}, the quantifica-
tion of nutrient pathways is established in only a few
studies (Nakata and Hata, 1990; Aoyama et al., 1996;
Montani et al., 1998; Kodama et al., 2000; Magni et al.,
2000; Sayama, 2000). Further, while the biogeochemis-
try of eutrophic intertidal sediments during immersion
has been studied elsewhere in relation to the sediment-
water column exchange of nutrients (e.g. Falcfio and
Vale, 1990; Middelburg et al., 1995; Asmus ct al., 1998;
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Figure 2 Biogeochemistry of intertidal flats showing the major processes considered during the present study

Kuwae et al.,, 1998; Mortimer et al., 1999; Cabrita and
Brotas, 2000), little is yet known of the dynamics of
nutrients in such sediments during emersion or transi-
tional periods (Kerner et al,, 1990; Rocha, 1998; Rocha
and Cabral, 1998; Usui et al., 1998).

Another poorly understood aspect of nutrient cycling
in intertidal sediments is the role played by sediment
bacteria. Bacteria are not the only organisms involved
in mineralization processes, but they play a central role
in the transformation of matter and energy in natural
ecosystems. However, these roles of sediment bacteria
have not been fully reconciled as they have for pelagic
bacteria (Alongi, 1998). The reason for the relatively
poor understanding of sediment bacteria is that it is
much more difficult to sample and isolate organisms
and organic matter from inorganic sediment particles.
Sampling and isolating difficulties arise because sedi-
ment bacteria intertwine with and stick to organic coat-
ings, including their own mucus, Recent improvements
in the techniques have somewhat circumvented these
problems (e.g. Bloem et al., 1995; Epstein and Rossel,
1995; Blackburn et al,, 1998; Kuwae and Hosokawa,
1999), but sedimentary biota are still more difficult to
study than pelagic organisms.

The present study aims to improve our understand-
ing of nutrient cycling in intertidal sandflats. I will fo-
cus on the biogeochemical role of benthic microorgan-
isms, including bacteria and microalgae, in nutrient re-
moval from coastal areas. This study consists of three
main parts: (1) the method used for the counting and

sizing of benthic bacteria, as required for the quantifica-
tion of various bacterial roles in sediments (Chapter 2},
(2) the biogeochemical role of intertidal sandflats during
immersion (Chapter 3), and (3) the biogeochemical role
of intertidal sandflats during emersion and inundation
(Chapter 4). In Chapter 2, I report a new dual-staining
technique using both 4',6-diamidino-2-phenylindole
(DAPT) and acridine orange (AQ) for estimating the
abundance and biovolume of benthic bacteria. I also in-
vestigate the effect of dispersion procedures and sedi-
ment characteristics on bacterial enumeration and sizing.
In Chapter 3, I report the simultaneously measured rates
of nitrification, denitrification, sediment-water nutrient
exchange, and sedimentary oxygen production in the
Banzu intertidal sandflat located in Tokyo Bay. These
data are then used to assess the relative importance of
different processes on spatial and temporal variation in
sediment-water nutrient exchange fluxes and denitrifica-
tion in the intertidal sandflat. In Chapter 4, 1 report the
effect of tidal cycles on porewater nutrient dynamics in
the Banzu intertidal sandflat. To my knowledge, this is
the first report dealing with tide-induced temporal chang-
es in the concentrations of three porewater nufrient spe-
cies (nitrate, ammonium, and phosphate) during different
seasons, Special emphasis is placed on (1} the influence
of diffusive fluxes and advective transport on nutrient
pool sizes during emersion and inundation; and (2) the
role of emersion in microbial processes, including nitrifi-
cation and nitrate reduction.
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Nutrient Dynamics in Intertidal Sandfiats

2. Determination of Abundance and Biovolume
of Bacteria in Sediments

2.1 Introduction

The importance of bacteria in marine and estuarine
sediments as a food source and major contributor to
biogeochemical processes in benthic ecosystems has
been widely recognized (e.g. Montagna, 1984; Alongi,
1988; Cowan et al., 1996; Kuwae et al., 1998). The
quantification of bacterial roles requires precise measure-
ment of their abundance and biovolume. A standard pro-
cedure used to determine bacterial cell abundance and
biovolume is the microscopic examination of fluores-
cently stained cells with either 4’,6-diamidino-2-phe-
nylindole (DAPI) or acridine orange (AQO). Most benthic
bacteria are attached to sediment particles with extracel-
Inlar polymeric substances (EPS), in contrast to free-hiv-
ing bacteria in water columns. Thus, a direct measure-
ment of the abundance and biovolume of benthic bacte-
ria by epifluorescence microscopy is possible only when
bacteria can be detached or segregated from aggregates
that include mineral particles and detritus.

Factors affecting the accuracy of microscopic exam-
ination have been reported for the sample dilution and
staining procedure (Schallenberg et al., 1989) and for
the efficiency of bacterial cell dispersion, including the
type of equipment, treatment. time, and intensity of dis-
persion (Epstein and Rossel, 1995). DAPI specifically
binds with nucleic acids and emits a brilliant blue light
under UV excitation, enabling bacteria to be segregated
more easily than with AO, which also dyes other intra-
cellular structures in addition to nucleic acids. In the
case of poor sample dilution, however, the problems of
background fluorescence still remain even with DAPI
staining. Several instruments are available to disperse
bacterial cells from aggregates. Ultrasonic cleaners and
ultrasonicators (Venji and Albright, 1986; Schallenberg
et al., 1989; Epstein and Rossel, 1995) disperse bacteria
by the vibration of individual particles, while tissue ho-
mogenizers (Dye, 1983; Imai, 1987; Alongi, 1988) me-
chanically break sediments into smaller particles. The
time and intensity of sediment dispersion strongly affect
bacterial cell counts (Epstein and Rossel, 1995) and size
distribution. More intense treatments over longer time-
scales tend 1o decrease the aggregate masking effect,
leading to an increase in the bacterial cell counts. How-
ever, with the longer and more intense dispersion, the
tendency for cell destruction is higher. Moreover, the
efficiency of bacterial cell dispersion is affected by sed-
iment characteristics, such as viscosity and grain size
distribution (Dye, 1983).

In this chapter, I report a new dual-staining tech-
nique using both DAPI and AO for estimating the abun-
dance and biovolume of benthic bacteria. I also explain
the effect of sediment characteristics and dispersion pro-

cedures on the abundance and size of separated bacterial
cells. The present study investigates the intertidal sedi-
ments from Tokyo Bay, Japan.

2.2 Materials and Methods

2.2.1 Sampling

Samples were obtained in May 1998 from three sites
on the coast of Tokyo Bay, Japan: a sandy beach
(35°10.6'N, 139°39.5'E), an intertidal sandfiat (35°24.2'N,
139°54,2'F), and a mudflat (35°8.5'N, 139°39.9'E) (Fig-
ure 3). Core samples were taken to a depth of 5 cm
with acrylic core tubes (8.6-cm internal diameter). Each
sample was thoroughly mixed and immediately brought
back to the laboratory. Dispersion procedures were ap-
plied to sediments obtained by subsampling. Subsamples
{03 g) were mixed with 5 ml of filter-sterilized seawa-
ter (particle-free water) in acid-washed polycarbonate
tubes (10 ml) and stored at 4°C. The particle-free water
was obtained by two filtrations of 10% formalin-seawa-
ter solution buffered with sodium tetraborate (final con-
centration, 35.1 g liter?) (Alongi, 1988) using Millipore
filters (0.22-pm pore size).

2.2.2 Procedures for dispersion and bacterial cell count-
ing

Prior to dispersion, the samples were incubated for
at least 15 min with the surfactant Tween 80 {final con-
centration, 1 mg Hter'). Tween 80 facilitates an even
distribution of bacteria on the membrane filter (Epstein
and Rossel, 1995). Three different devices were used to
disperse bacteria from the sediments: an ultrasonic
cleaner (B-2200; Branson) (60-W output), an ultrasoni-
cator (GE-100; Biomic) (100-W output) equipped with a
3-mm tapered microtip and with the amplitude set at
40% of the maximum, and a homogenizer (PT-2000;
Kinematica) set at 20,000 rpm. The dispersion time for
samples in the tubes was 5 to 60 min for the ultrasonic
cleaner and 0.5 to 8 min for the others. To prevent pos-
sible denaturation of nucleic acids caused by overheat-
ing, the tubes were placed in ice water during the dis-
persion treatments (Epstein and Rossel, 1995).

After dispersion, the samples were diluted 50 to 250
tmes (final dilution, 830 to 4,160} with particle-free
seawater. Diluted samples were dual stained with a
combination of DAPI to a final concentration of 5 Ug
ml™ (Schallenberg et al., 1989) and AO to a final con-
centration of 1 mg mi™ for counterstaining. Afier more
than 30 min of staining, 0.5 to 2 ml of each sample was
filtered through a polycarbonate black filter (0.2-pum
pore size) and then rinsed with particle-free seawater.
The filters were immersed in nonfluorescent oil on mi-
croscope slides and covered with coverslips. Within 24
h of the dispersion procedure, bacteria retained on the
filters were examined under an Olympus BX-FLA-3
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2 35°30'N-

146°00'E

Figure 3 Location of the sampling site in Tokyo Bay. Dotted line indicates the lowest tidal level.

epifluorescence microscope {UV excitation) equipped
with a 100x oil immersion objective. On each filter, no
fewer than 200 clear-edged cells in 20 microscopic
fields were counted.

2.2.3 Measurement of bacterial cell volume

After dispersion, the samples were centrifuged (100
% g) for 3 min in order to exclude nonbacterial particles
as much as possible. Supernatants were dual stained and
filtered as described above. A camera (TM-10AK,
Olympus) mounted on the microscope was used to take
microphotographs on color slide films. Images on the
films were scanned with a film scanner (QuickScan 35;
Minolta) connected to a computer and digitized, and
thresholds were determined using image analysis soft-
ware (Image 1.59; NIH). Thresholds were manually ad-
justed by comparing original color images with the dig-
itized image. Bacterial cell-shaped objects were subse-
quently segregated from other objects, such as detritus
and artifacts. Objects with an area less than 6 pixels
were automatically excluded from biovolume calcula-
tions as noise. Dividing cells, which have two well-
defined local intensity maxima, were also removed. The
pixel size for the resulting image was 0.17 by 0.17 um.
The project area of an object {(A), cell length, and cell

— 98

width (w) were automatically measured by the image
analysis software. To compute the cell volume (V), 1
considered the rod-shaped cells to be cylinders with a
hemispherical cap based on the microscopic observa-
tions:

V = twA/d + w6 — mw¥/16 (1)

At least 500 bacterial cell-shaped images were analyzed
per sample,

2.2.4 Sediment characteristics

At each study site, water content, sediment granu-
lometry, and EPS were measured for triplicate samples.
The water content was determined by the weight loss
when wet sediments were dried at 90°C for 24 h. The
grain size was measured by sieving the sediment, and
the silt and clay components were determined with a
Coulter Multisizer. EPS was examined with the phenol-
sulfuric acid assay described by Underwood et al.
{1995) as a parameter of viscosity between the bacterial
cells and other objects. The amount of EPS is expressed
as micrograms of C per gram (dry weight) of sediment,
using glucose as a standard.



Nutrient Dynamics in Intestidal Sandflats

Table 1 Characteristics of sand beach, sandflat, and mudflat sediments

Grain size distribution

Site Wet density Dry density Water content  Porosity EPS¢
(gem™) {g cm™) (%) (%) Median Mud Silt Sand  (ug gt dry wt)
(mean 4 SE) (mean *+ SE) (mean £ SE) (mean* SE) (um) (%) (%) (%) (mean + SE})
Sandbeach 1.75x0.04 139+003 207202 47711 170 00 04 996 176+ 2.1
Sandflat 1.85+0.01 138+£0.02 253x04 48.1%07 170 01 24 975 491+ 0.8
Mudflat 1.55+£0.01 085%£001 453+04 68.2%03 92 46 412 542 3543+ 872
“Measured using glucose as a standard.
2.2.5 Statistical analysis o8
Statistical differences in bacterial cell counts and siz- o
es among the dispersion time applied to each sediment
sample were tested using a one-way analysis of variance e I AT R e
(ANOVA). Each ANOVA was followed by a Student- G
0.4r 1

Newman-Keuls (SNK) multiple-comparison test of
means. Data sets were tested for homogeneity of vari-
ances (Levene test), and the log-transformed values were
used if needed for a normal distribution.

2.3 Results

2.3.1 Sediment characteristics

The characteristics of sand beach, sandflat, and
mudflat sediments are summarized in Table 1. A consis-
tent relationship between sediment granulometry and
other sediment characteristics was found. The mudfiat
sediment exhibited high water and silt contents, with a
median grain size of 92 um. The median grain size in
the sandflat was almost the same as that in the sand
beach (170 pm); however, the proportion of silt was six
times higher in the former. The concentration of EPS
was higher in the fine sediment,

2.3.2 Bacterial cell counts

Figure 4 shows the number of dispersed bacteria
versus dispersion time for the ultrasonic cleaner, sonica-
tor, and homogenizer techniques for sediments from
each site. With both the ultrasonic cleaner and sonicator
treatments, the bacterial numbers in samples from all of
the sites initially increased with treatment time and then
leveled off, resulting in the highest number of bacteria
at 15 to 45 min with the ultrasonic cleaner and at 3 to
8 min with the sonicator. However, for the homogenizer
treatments, the patterns obtained were totally different
from those for the ultrasonic cleaner and scnicator treat-
ments. The highest bacterial numbers were observed in
samples subjected to the shortest ({.5- to 2-min) treat-
ment times. The bacterial cell counts then declined
steeply as the homogenization time increased, especially

0.81

Bacterial cell counts (x10° cells g1 wet wi)
<
[=)]

(c)
0.0— . : . : : : . :
0 i 2 3 4 5 8 7 8
Dispersion time
(Cleaner: x10 min; Sonicator and Homogenizer: min)

Figure 4 Comparison of the number of dispersed bacte-
ria (X10° cells g™ wet wt) observed after treatment using
different dispersal procedures; ultrasonic cleaner (@ ),
sonicator { O), and homogenizer () for sediment
samples from sandy beach (a), sandflat (b), and mudflat
{c). Bars indicate standard errors (n = 3).
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Table 2 Maximum number of dispersed bacteria at three sites

Site Number of cells (x10° g wet wt) (inean £ SE) with the following treatment™: Significance
at 5%
None Cleaner Sonicator Homogenizer level?
Sand beach  0.01£0.00 0.40+0.04 (5-45) 046004 (0.5-8) 0.49 £0.04 (0.5-8) NS
Sandflat 0.44+0.03 078+ 0.03 (1043) 0.87 £0.03 (1-8) 0.78 £0.04 (1) CHS
Mudflat 098+£0.12 2071009 (5-60) 2.61%0.15(1-8) 272+ 041 (0.5-2) C<SH

“The maximum number was calculated by taking the average for a homogenous subset including the maximum mean measured over the dispersion
time. Values in parentheses indicate the treatment time (min) for the homogenous subset.

NS, not significant. C, 8, and H, ultrasonic cleaner, sonicator, and homogenizer treatment, respectively. Underlining indicates a statistically homogenous

group.

in the sandfiat and mudflat sediments, where the counts
were lower than those observed for nondispersed sedi-
ments,

I used the SNK test to examine a statistically ho-
mogenous subset incloding the maximum mean cell
count measured over the dispersion time. Table 2 sum-
marizes the average bacterial cell count in each homog-
enous subset for each sediment sample and each type of
dispersal treatment. The average value was considered to
be the maximum value in each case. For both the ultra-
sonic cleaner and sonicator treatments, the SNK test re-
vealed that the bacterial cell counts were homogenous
(P > 0.05) over all dispersion times except for several
of the shorter dispersion times. For the sand beach sed-
iment, no statistical differences in the maximum num-
bers were found between samples treated using the three
different dispersion techniques. In the sandflat sediment,
the maximum number of bacteria found using the ultra-
sonic cleaner treatment was significantly lower than that
found using the sonicator treatment {0.01 < P < 0.05).
In the mudflat sediment, the maximum number of bacte-
ria found using the ultrasonic cleaner treatment was
significantly lower than that found using the sonicator
and homogenizer treatments (0.01 < P < 0.05).

The more dispersed bacteria were observed in the
finer sediments. The maximam number of bacteria
found using the sonicator treatment ranged from 0.20 x
10° to 0.94 x 10° cells ¢! in the sand beach, from 0.69
X 10° to 1.02 x 10° cells g in the sandflat, and from
1.67 x 10° to 3.54 x 10° cells g™ in the mudflat on a
wet-sediment basis (Table 2). This corresponds to 0.25
X 10° to 1.18 x 10° cells g*!, 0.93 x 10° to 1.37 x 10°
cells g, and 3.05 x 10% t0 6.46 x 10° ¢cells g’ on a
dry-sediment basis, respectively. The bacterial numbers
in the sandflat and mudflat sediments were approximate-
ly two- and fivefold higher, respectively, than those in
the sand beach sediment. This tendency was more dis-
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Figure 6 Comparison of the number of size-fractionated bacteria (x10° cells g™' wet wt) by treating samples from the
three sites with ultrasonic cleaner and sonicator. Size fraction: <0.03 um?® ((G); 0.03-0.1 um® (&); 0.1-0.3 pm® (@ );

and >0.3 um’® (H ).

tinct in the nondispersed samples, for which the counts
in the sandflat and mudflat sediments were more than 1
order of magnitude higher than those in the sand beach
sediment.

2.3.3 Bacterial cell volume

Figure 5 shows the mean bacterial volume of dis-
persed bacteria versus dispersion time for sediment sam-
ples from each site. For all of the treatments, the biovol-
umes peaked after a short time interval. The biovolumes
then dropped as the dispersion time increased.

To investigate these fluctuation patterns more thor-
oughly, I divided the bacterial cells counted for the ul-
trasonic cleaner and sonicator treatments into separate
size fractions. The histogram for each data set showed a

Guassian-shaped profile {not shown). When the bacterial
cells counted were fractionated into four size classes
(Figure 6), the bacterial cells in the smaller size frac-
tions {<0.1 pm®) required a longer dispersion time to
reach a constant cell count than the larger size fractions
(=0.1 um* in each data set. No apparent decline in the
cell count was found for either the ultrasonic cleaner or
sonicator treatment. These results indicate that the de-
crease in the mean cell volume over longer dispersion
times (Figure 5) was caused not by cell destruction but
by the increased proportion of smaller cells dispersed
from the sediment. Consequently, it was concluded that
cell counts over longer treatment times reflect the real
size spectrum and are preferable for the accurate estima-
tion of mean bacterial biovolumes. For the homogenizer
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‘Table 3 Biovolume, equivalent spherical diameter, and cell length/width ratio of dispersed bacteria at three sites

Site Treatment Time* Biovolume® Significance Diameter” Length/width?
(min) (U’ at 5% {(pm)
(mean £ SE) level®
Sand beach  None 0 0.095 £+ 0.010 S<NC 0.52 1.6
Cleaner 0-45 0.098 £+ 0.003 0.52 19
Sonicator 8 0.072 £ 0.003 0.49 1.8
Sandflat None 0 0.115£0.005 S<NHC 0.55 1.7
Cleaner 23-45 0.125 4+ 0.003 0.56 19
Scnicator [-8 0.098 £ 0.002 0.53 1.8
Homogenizer 0-1 0.117£0.005 0.56 1.7
Mudflat None 0 0.195 £ (.007 CSNH 0.66 1.9
Cleaner 45 0.166 % 0.007 o 0.62 2.1
Sonicator 3-8 0.193 £ 0.005 0.64 2.1
Homogenizer 1 0.218 + 0.011 0.66 2.1

“Treatment time for a homogenous subset.
"Calculated by taking the average for the homogenous subset.

‘N, C, 8, and H, no treatment, ultrasonic cleaner, sonicator, and homogenizer treatment, respectively. Underlining indicates a statistically homogenous

group.

treatment, in which only the mudflat sediment was frac-
tionated, all of the bacterial cell fractions dropped steep-
ly afier 2 min of treatment (not shown). The size frac-
tion of 0.03 to 0.1 um?® dominated in both the sand
beach and sandflat sediments, while the size fraction of
0.1 to 0.3 pm® dominated in the mudfiat. In the sandflat
sediment, the cell counts in the 0.03- to 0.1-um’ fraction
were lower with the ultrasonic cleaner treatment than
with the sonicator treatment, which caused the statistical
difference in the mean volume between them. In the
other sediments, the cell counts for the entire size frac-
tion exhibited nearly similar values.

The mean bacterial biovolume, equivalent spherical
diameter, and cell length/width ratio for the three sedi-
ment types and dispersion treatments are summarized in
Table 3. The largest bacterial biovolumes were observed
in the finest sediments. Biovolumes ranged from 0.07 to
0.10 um® (0.49- to 0.52-um equivalent spherical diame-
ter) in the sand beach sediments, from 0.10 to 0.13 um?
(0.53 to 0.56 pm) in the sandflat sediments, and from
0.17 to 0.22 um* (0.62 to 0.66 Pm) in the mudflat sedi-
ments. Similar ranges were also found in the nondis-
persed samples from the same sites. The cell length/
width ratios, which ranged from 1.6 to 2.1, did not
significantly differ according to dispersion technique or
sediment type (P > 0.05).
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2.4 Discussion

2.4.1 Dual staining with DAPI and AO

The dual-staining technique utilized in this study can
contribute to a better understanding of the bacterial
abundance and size distribution in sediments. Until now,
either AO or DAPI alone has been used as a dye for
benthic bacteria by other workers. If only AO is used
for bacterial staining, all of the aggregate components
are stained in similar colors, resuliing in too low con-
trast between the bacteria and nonbacterial substances to
distinguish between them (Figure 7a). Compared with
AQ staining, DAPI staining provides higher image con-
trast and is more specific for bacterial staining (Imai,
1987) (Figure 7b). However, the problems of back-
ground fluorescence also occur when staining with
DAPL In clay- and silt-rich sediments, which are rich in
detritus and EPS, the background fluorescence by aggre-
gates containing detritus and minerals as well as bacte-
ria is more intense. When AC and DAFPI are used to-
gether, under UV light only the bacteria are vividly seen
as blue, and the nonbacterial substances are orange
(Figure 7¢). For a counterstaining dye, Epstein and
Rossel (1995) proposed the use of Evans Blue. Howev-
er, based on my observations, AO is superior to Evans
Blue in providing contrast to bacteria illuminated blue
by DAPIL. When the sample is not diluted enough and
aggregates accumulate on the filter at a depth greater



Nutrient Dynamics in Intertidal Sandflats

Figure 7 Microphotographs of bacteria stained with AO (a), DAPI (b}, and AO + DAPI {c). Scale bars; 10 pm.

than that for proper focus, only part of the cells is in
constant focus. This means that nonbacterial substances
and background interference will mask the presence of
some bacteria, leading to an underestimation of cell
abundance (Schallenberg et al., 1989). If this occurs,
dual staining can reduce the masking effect, as image
contrast is improved and the interference of the back-
ground is reduced. Consequently, dual staining simulta-
‘neously overcomes the problems of low contrast in the
AO technique and background interference in the DAPI
technicque.

Dual staining is also useful for the measurement of
digital cell images. High-color-contrast images allow us
to segregate bacteria more easily from nonbacterial sub-
stances, which are incorrectly recognized by a computer.
Recent progress in the measurement of bacterial size has
included automatic threshold determination systems
(Bloem et al., 1995; Blackburn et al., 1998), which are
faster than the manual threshold determination method
used here. The high contrast is also helpful for the
problem of dim cells, which have weak fluorescence
and are difficult (or almost impossible with the automat-
ic threshold determination system) to distinguish from
the background by using only AO or DAPL

2.4.2 Effect of dispersion and sediment characteristics
As already mentioned, although the bacterial cell
counts increase when the masking effect due to aggre-
gates is decreased by increasing the treatment time,
longer dispersion times can cause cell destruction. This
cell destruction can result in the formation of an unclear
cell edge due to the leaking of protoplasm and can
hence lead to the inaccurate measurement of the biovol-

ume and abundance of cells. In the present study, cell
destruction, which was indicated by a decline in the
number of bacteria, was observed with the application
of homogenization treatment but not with the ultrasonic
cleaner or sonicator treatments (Figure 4). The homog-
enizer mechanically breaks down sediment particles into
finer ones, resulting in increased background interfer-
ence. Hence, the counting and sizing of bacteria in a
homogenized sample is relatively time-consuming and
somewhat subjective compared to samples treated by the
other two methods. For the sonication treatment, no cell
destruction has been reported (Defiaun and Mayer,
1983; Epstein and Rossel, 1995; Epstein et al., 1997).
Epstein et al. (1997) showed no cell destruction in sam-
ples treated with optimal dispersing time based on the
thorough examination of labeled bacteria with radioiso-
topes. For the ultrasonic cleaner treatment, Ellery and
Schleyer (1984) reported that cell destruction occurred
with a 100- to 200-W output ultrasonic cleaner but not
with the 60-W output ultrasonic cleaner used here. The
main reason for this discrepancy is probably the differ-
ence in the specifications and/or intensities of the ultra-
sonic cleaners. Therefore, there is possible cell destruc-
tion in the case of too-long or too-intense dispersion
with the -sonicator as well as with the ultrasonic cleaner,

Por the beach sand sediment, the maximum number
of dispersed bacteria was not significantly different
among the three dispersion techniques (Table 2). How-
ever, for the sandflat and mudfiat sediments, the ultra-
sonic cleaner yielded fewer bacteria than the other dis-
persion methods (Table 2). This indicates that for the
silt- and clay-rich sediments, where the viscosity (EPS)
was also higher (Table 1), the ultrasonic cleaner treat-
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ment did not efficiently separate bacterial cells, at least
with my low-power output equipment. Nonetheless, dif-
ferences in the maximum yield of bacteria among the
dispersion lechniques were not as high as those previ-
ously reported (Epstein and Rossel, 1995).

For the homogenizer, bacterial cell counts peaked
over a short dispersion time in all of the sediments,
while for the ultrasonic cleaner and sonicator, the cell
counts increased as the dispersion time increased and
then leveled off (Figure 4). The pattern of cell counts
during homogenization was similar to patierns previous-
ly reported (Dye, 1983; Epstein and Rossel, 1995) but
somewhat different from the observations of Montagna
(1982) and Elery and Schleyer (1984), which were sim-
ilar to those for the ultrasonic cleaner and sonicator.
These differences are presumably due to the increased
cell counts through the application of dual staining. Di-
rect observation of samples after 0.5 to 2 min of the ho-
mogenization treatment revealed that there were signifi-
cant numbers of bacteria still trapped in aggregates.

The range of bacterial biovolumes investigated was
consistent with those previously reported (Rublee, 1982;
Meyer-Reil, 1983; Montagna, 1984; Imai, 1987). The
largest bacterial biovolumes were observed in the finest
sediments. In addition, the more dispersed bacteria were
observed in the finer sediments. This tendency has been
found by many workers in relation to sediment grain
surface area {Deflaun and Mayer, 1983; Schmidt et al.,
1998), protected habitat (Weise and Rheinheimer, 1978),
organic content (Deming and Baross, 1993), grazer reg-
ufation (Fenchel, 1984), and porosity (Schmidt et al.,
1998) and need not be discussed further. From the num-
ber of bacterial cells and biovolumes measured, bacterial
biomass can be calculated; the high number and large
size of bacteria in fine sediments results in a large bac-
terial biomass in fine sediments.

2.4.3 Implication of bacterial biomass for nutrient cy-
cling

Logically, one should expect a relationship between
bacterial biomass and their concomitant rate and flux of
nutrients; however, no studies have been conducted on
this relationship except for nitrification. Reports suggest
that nitrification activity in sediments is controlled by
the population dynamics of nitrifying bacteria (Henriks-
en et al.,, 1981; Jenkins and Kemp, 1984; Bodelier et
al., 1996), as well as by the availability of ammonium
and oxygen (Fenchel et al.,, 1998). The biogeochemical
role of bacterial biomass in sediments is better recog-
nized in trophic links through the benthic food chain
than in the transformation of matter {Alongi, 1998). Ni-
trogen and phosphorus comprising bacterial bodies are
immobilized as a reservoir, which is then transferred to
protozoans, invertebrates, and some vertebrates by graz-
ing. Indeed, the importance of immobilized nitrogen and
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phosphorus pools has long been accepted when reconcil-
ing models of nutrient cycling in marine sediments
(Blackburn, 1986; Nakata and Hata, 1990}, Nevertheless,
a better knowledge of the relationships between bacterial
biomass or immobilized nutrient pools and associated
nuirient transfer rates is required to understand nutrient
cycling in marine sediments as a whole,

2.5 Conclusions

Dual staining has advantages over conventional stain-
ing techniques, especially for silt-, clay-, and detritus-
rich sediments, by reducing serious background fluores-
cence. With dual staining, bacteria stand out from other
objects and can hence be more easily counted and sized.
Ultrasonic cleaner and sonicator treatments are recom-
mended for dispersing bacteria from aggregates, while
the homogenization treatment may cause cell destruction
if applied for too long. The ultrasonic cleaner treatment,
however, has the possibility of insufficient dispersion for
silt- and clay-rich sediments. Small bacteria (<0.1 pmn®)
require a longer dispersion time than large bacteria
(0.1 pm* to produce consistent maximum results. It is
concluded that studies of bacterial cell size require a
treatment time sufficiently long to disperse small bacte-
ria in order Lo obtain a realistic size distribution.

2.6 Summary

I measured the abundance and biovolume of bacteria
in intertidal sediments from Tokyo Bay, Japan, by using
a dual-staining technique (4',6-diamidino-2-phenylindole
and acridine orange) and several dispersion techniques
(ultrasonic cleaner, ultrasonic sonicator, and tissue ho-
mogenizer). Dual staining reduced serious background
fluorescence, particularly when used for silt-, clay-, and
detritus-rich sediments, and allowed us to distinguish
bacteria from other objects during both counting and
sizing. Within the studied samples, the number of bacte-
rial cells ranged from 0.20 x 107 to 3.54 x 10° g of wet
sediment™. With the ultrasonic cleaner and sonicator
treatments, the bacterial numbers for all of the sites ini-
tially increased with dispersion time and then became
constant. For the homogenizer treatments, the highest
bacterial numbers were observed for the shortest (0.5- ©
2-min) treatments, and the counts then declined steeply
as the homogenization time increased, indicating that
cell destruction occurred. The ultrasonic cleaner treat-
ment could result in insufficient dispersion of bacteria
for fine sediments. Within the studied samples, the bac-
terial biovolume ranged from 0.07 to (.22 um?®. With the
ultrasonic cleaner and sonicator treatments, the biovol-
ume peaked during the shorter dispersion time. This
pattern was caused not by cell destruction but by the
incremental portion of dispersed small cells. I concluded
that application of the ultrasonic cleaner and sonicator
treatments over longer dispersion times refiect a realistic
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size spectrumn and was hence preferable for accurate es-
timation of mean bacterial biovolumes. The findings
described above can contribute to a better understanding
of the role of bacterial biomass in immobilized nutrient
pools and associated nutrient cycling; however, further
investigations are required for a quantitative estimation
of the role of immobilized nutrient pools in nutrient cy-
cling.

3. Role of Sediment-Water Nutrient Exchanges
in Intertidal Sandflats

3.1 Introduction

High nutrient loading in coastal ecosystems has re-
cently caused serious eutrophication problems. In a
eutrophic shallow environment, oxygen-depleted water is
occasionally generated at the bottom of the water col-
umn due to the accumulation of organic matter (Ochi
and Takecka, 1986; Kemp et al., 1992} and can cause
the death of benthic macrofauna (Rosenberg and Loo,
1988). Autochthonous nutrients from sediments as well
as allochthonous nutrients from rivers can both contrib-
ute to eutrophication in coastal areas. Hence, benthic
. mineralization is considered to be an important pathway
for nutrients in shallow water ecosystems (e.g. Black-
burn and Henriksen, 1983; Kemp et al., 1992). Recycled
nutrients are released from sediments to overlying wa-
ters through sediment-water exchange processes and can
be taken up by phytoplankton.

Several processes have been shown to regulate the
exchange of nutrients between sediment and water: (1)
molecular diffusion, caused by a nuirient gradient at the
sediment-water interface (Sweerts et al., 1991), (2} fau-
nal activity, such as excretion or ventilation (Blackburn
and Henriksen, 1983; Rutgers van der Loeff et al.,
1984; Kristensen, 1985; Kristensen, 1988), and (3) up-
take of nutrients by benthic microorganisms (Sundbéck
et al.,, 1991; Rizzo et al.,, 1992; Rysgaard et al., 1995;
van Duyl et al, 1993). An intertidal flat, where sufficient
light penetrates to the sediment due to emersion, has
characteristically high levels of benthic microalgal biom-
ass and productivity (Colijn and de Jonge, 1984; Varela
and Penas, 1985). Photosynthetic processes can result in
large diurnal changes in nutrient demands and can hence
primarily affect the nutrient cycle near the sediment sur-
face.

Denitrification is also known io produce a significant
nutrient sink in coastal ecosystems due to the formation
of gaseous nitrogen (e.g. Kaplan et al., 1977, Koike and
Hattori, 1978; Nedwell and Trimmer, 1996). The rate of
sedimentary denitrification is affected by the bacterial
processes asscciated with nitrogen cycling in marine
estuaries in two ways: (1) ammonium oxidation by ni-
trification in the sediment is strongly coupled with den-
itrification (Jenkins and Kemp, 1984; Rysgaard et al,,

1995; Ogilvie et al,, 1997), and thus nitrification itself
indirectly removes nitrogen through these coupled pro-
cesses; and (2) dissimilatory nitrate reduction to ammo-
nium competes with denitrification for nitrate as the ter-
minal electron acceptor for respiratory electron transport
(Herbert and Nedwell, 1990). The competition between
denitrifier and ammonifier under anaerobic conditions
consequently affects the removal of nitrogen by sedi-
mentary denitrification,

The importance of intertidal sediments in nutrient
¢ycling within Japanese coastal areas has been discussed
(Kurihara, 1988; Sasaki, 1989); however, the quantifica-
tion of nutrient fluxes is not well established. Since nu-
trient flux measurements were mainly conducted in sub-
tidal areas (e.g. Sundbick et al.,, 1991; Rizzo et al.,
1992; Cowan et al., 1996), there is little flux data for
eutrophic intertidal areas (Falcio and Vale, 1990; Asmus
et al., 1998),

In this chapter, I report seasonal changes in the si-
multanecusly measured rates of nitrification, denitrifica-
tion, sediment-water nutrient exchange, and sedimentary
oxygen production for the Banzu intertidal sandflat lo-
cated in Tokyo Bay. These data were then used to as-
sess the relative importance of processes on spatial and
temporal variation in sediment-water nutrient exchange
fluxes and denitrification in the intertidal sandfiat.

3.2 Materials and Methods

3.2.1 Study site and sampling i

The Banzu intertidal sandflat is located on the east
coast of Tokyo Bay (Japan) and covers an area of 7.6
km? (Figure 8). Tokyo Bay receives a nutrient loading
from a population of ca. 26 million humans (320 ¢t N d!
for total nitrogen and 26 t P d™? for total phosphorus,
Nakanishi, 1993), and is subjected to heavy eutrophica-
tion and anoxia in bottom waters over a wide area dur-
ing the summer. Tides are semi-diurnal with amplitudes
from 0.5 to 1.6 m (Maritime Safety Agency, 1999). The
Obitsu River has a watershed area of 267 km? and a 2.5
to 3.0 m® 57! of ordinal discharge. A preliminary study
revealed that seawater advected by tidal movement is
the major source of nitrogen although there is also an
adjacent river mouth. The sampling site (35°24.2°N,
139°54.2E) is 30 cm above mean sea level, experienc-
ing exposure and submergence during each tidal phase.
The slope of the seabed at the sampling site is very low
(0.07 cm m™). Sediments are characterized by well-
sorled fine sand (99.6% sand and 0.4% silt) with a me-
dian grain size of 170 pm (see Chapter 2). Organic
carbon and total nitrogen contents per dry weight of the
sediment at 0 to 20 mm depth from August 1998 to
September 1999 were 0.981 + 0.047 mg C g (mean +
SE, 1 = 45) and 0.214 £ 0.013 mg N ¢! (mean * SE,
n = 45), respectively. There is no macro-vegetation, and
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Figure 8 Location of the study site (Banzu intertidal sandflat, Tokyo Bay). Dotted line indicates the lowest tidal level.
Sediment samples were taken when the sediment was exposed on the ebb tide. Water samples were taken at a lower site,

which was submerged at the time of sampling.

pennate diatoms dominate the epibenthic microalgal
flora.

I conducted 10 seasonal surveys during the spring
tide from May 1997 to March 1999. All of the sediment
samples were taken when the sediment was exposed on
the ebb tide. Water samples were taken in cubitainers at
a lower site, which was submerged at the time of sam-
pling.

3.2.2 Sediment characteristics

Sediment temperature, redox potential (Eh), and nu-
trient profiles in the porewater were measured. Temper-
ature was measured with a thermistor-type thermometer
(RT-10; Tabai Hspec) inserted into the sediment. Eh was
measured in situ with a pH/mV meter (HM-14P; TOA)
equipped with a platinum redox electrode.

Sediment cores (n = 3} were collected randomly
from the site on the day of sampling, using an acrylic
corer. Sediment cores were immediately cut in situ into
0-10 mm, 10-20 mm, 20-30 mm, 30-40 mm, 40-50
mm, and 90-100 mm segments for samples in 1997 and
0-2.5 mm, 2.5-5 mm, 5-10 mm, [0-15 mm, 15-20
mm, 20-25 mm, 25-30 mm, 30-40 mm, 40-50 mm,
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and 90-100 mm segments for samples in 1998. Sliced
sediments were immediately fixed by dried ice in order
to stop bicgeechemical reactions, Fixed sediments were
thawed and filled in syringes (10 ml) and then centri-
fuged for 10 min at 2,000 rpm (580 x g) at ambient
temperature. Extracted water was filtered through a Mil-
lipore HA filter. Filtered water was immediately frozen
for the later analysis of ammonium, nitrate, nitrite, and
phosphate on an analyzer (TRAACS-800; Bran+Luebbe).
Water obtained at the lower site was filtered and ana-
lyzed in the same way.

3.2.3 Calculation of diffusive fluxes across the sediment-
water interface

The diffusive effiux of nutrient from the sediment
was calculated according to Fick’s first law as described
by Berner (1980):

J = —D(IC/dx) (2)
where J is the rate of efflux, @ is the sediment porosity,

Dy is the diffusion coefficient, and dC/dx is the concen-
tration gradient across the sediment-water interface. The
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diffusion coefficient in particle-free water was corrected
for temperature (L.i and Gregory, 1974) and tortuosity
using the measured porosity and porosity-tortuosity rela-
tionships reported by Sweerts et al. {1991). dr was as-
sumed to be 1.25 mm for all the samples (see Section
3.4.1).

3.2.4 Sediment-water nutrient exchanges

At the site, eight replicate cores of intact undisturbed
sediment were taken fo a depth of 20 cm using acrylic
core tubes (8.6-cm internal diameter % 30-cm long),
each sealed at the bottom with a rubber bung. Water
collected in the cubitainers was used to fill the top 10
cm of each core tube, taking care not to disturb the sur-
face of the sediment. Another eight replicate cores filled
with only water were used as the controls. The top of
each core tube was capped by an acrylic lid equipped
with two ports for sampling and aeration (Figure 9).
The cores were left one night with aeration in a water
bath held at in situ water temperature to allow sediment
to re-occupy the artifactual micro gaps between the core
tube and the sediment.

The following morning, the water in each of the 16
core tubes was replaced with water from the cubitainer
and left to reequilibrate for 1 h prior to the experiment.
The water columns were aerated in order to ensure a
continuous oxygen supply and stirring during the exper-
iment. The cores were then incubated in a water bath
maintained at in situ temperature with half of the cores
(four sediment and four control cores) being exposed to
sunlight, and the other half darkened. The photon flux
of photosynthetically available radiation (PAR) was con-
tinuously measured during the experiment using a Bio-
spherical quantum sensor.

Nutrient samples were taken four times within a pe-
riod of 7 h. The exchange rate of nutrients was estimat-
ed from the rate of linear change in concentration calcu-
lated by a regression analysis during the incubation pe-
riod. If no significant regression was found (P > 0.05),
the rate was considered to be zero. The rates of change
in the water column control cores were then subtracted
from the rates of change in the sediment cores.

After the experiment, the sediment in each core was
sieved (1 mm mesh) to retain macrofauna. Macrofauna
were preserved in 10% formalin-seawater solution buff-
ered with sodium borate and stored for later counting,
In addition, the upper 1 cm of the sediment in each
core was used for the analysis of photosynthetic pig-
ments, extracted using 90% acetone solution, spectro-
photometrically analyzed (U-3200; Hitachi) according to
Lorenzen (1967).

3.2.5 Nitrification
The rate of nitrification was obtained by measuring
the change in the nitrite concentration in the sediment

(O
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Figure 9 Schematic diagram and photo of the incuba-
tion core used in the experiment to measure sediment-
water nutrient exchanges

samples containing allylthiourea (ATU) or sodium chlo-
rate (NaCl0,), which were used to inhibit the oxidation
of ammonium and nitrite, respectively (Bianchi et al.,
1994; Gilbert et al., 1997). The water collected from the
sampling site was filled into six sets of triplicate flasks
(200 ml). Two triplicate sets of flasks received ATU to a
final concentration of 10 mg liter™, two received 10
mM NaClO, while the others served as controls. The
upper 5 cm of the sediment was divided into subsam-
ples (6 g wet) and added to one to two sets of the con-
trol, ATU, and NaClO, flasks. The subsamples were
thoroughly mixed with the water and incubated at in
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situ temperature. The concentration of nitrite was mea-
sured every 3 h from zero time to 9 h. At the time of
sampling, the flasks were vigorously shaken and 3 ml
samples were taken and analyzed. The rate of nitrifica-
tion was calculated from the data obtained during the
linear mitrite production or consumption phases. If no
significant correlation was found (P > 0.05), the rate
was considered to be zero. The rate was expressed in
pmol N m= h™' (range of sediment depth: O to 5 cm)
using the wet density of the sediment samples. The ex-
periment was performed within 24 h of sampling.

3.2.6 Denitrification

An acetylene inhibition technique was used to assay
for denitrification. This method measures the accumula-
tion of nitrous oxide since acetylene inhibits the reduc-
tion of nitrous oxide to dinitrogen (Balderston et al.,
1976; Koch et al., 1992; Joye and Paerl, 1993). The
sample water (30 ml) saturated with acetylene was
placed in each of the five replicate 60 ml gas-tight vials.
The sediment subsamples (5 g) were added to the vials.
The vials were placed on a shaker for 10 min, then in-
cubated at ambient temperature, Nitrous oxide concen-
trattons of headspace gas were determined by gas chro-
matography (GC-14B; Shimadzu) with an electron cap-
ture detector at time zero and after @ h of incubation.
The rate of denitrification was estimated by calculating
the rate of change in the concentration of nitrous oxide
during incubation. The experiment was performed within
24 h of sampling.

3.2.7 Oxygen production

At the site, triplicate sediment cores were taken to a
depth of 20 c¢m using acrylic core tubes (4.5-cm internal
diameter X 30-cm long). Core samples were left in the
laboratory in the same way as in the nutrient exchange
experiment previously described. The following morn-
ing, the waler in the cores was replaced with the water
from the cubitainer and left to reequilibrate. The top of
each core was completely capped to exclude air bubbles,
and the cores were incubated in a water bath. The con-
centration of dissolved oxygen in the water was mea-
sured with an oxygen electrode (No. 5730; YSI) insert-
ed in each core tube. The water in the cores was stirred
by the electrode itself. Data were monitored every 5
min for 1 h. The rates of change in the dissolved oxy-
gen concentration were statistically analyzed for linearity
with respect to time. At the end of the experiment, chlo-
rophyll @ in the upper 1 cm of the sediment in each
core was analyzed in the same way.

3.2.8 Soft tissue dry weight/total live weight ratio for
bivalves

To convert the total live weight of the bivalve Rudi-
fapes philippinarum into the dry weight biomass, a total
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Figure 10 Relationship between soft tissue dry weight

(g} and total live weight (g) for Ruditapes philippinarum
(linear regression line: y = 0.0507x, #* = 0.93; n = 92)

of 92 individuals of R. philippinarum were collected
randomly during different seasons from the sampling
site. In the laboratory, the total live weight of each ani-
mal collected was determined. After this operation, the
soft tissues of each animal were removed from the shell,
dried at 60°C for 48 h and weighed again (dry weight).
A linear equation describing the plots of soft tissue dry
weight versus total live weight was obtained from all of
the samples (Figure 10). This equation was used to cal-
culate the dry weight biomass of R, philippinarum col-
lected from the core samples.

3.2.9 Statistical analysis

Linear regression was used to examine the relation-
ship between nutrient exchange fluxes and the soft tis-
sue dry weight of R. philippinarum. A one-way ANO-
VA was used to examine statistical differences in nutri-
ent exchange fluxes between light conditions and be-
tween seasons. Bach ANOVA was followed by a SNK
test of means. Data sets were tested for homogeneity of
variances (Hartley test), and the log-transformed values
were used if needed for a normal distribution.

3.3 Results

3.3.1 Sediment characteristics

Mean sediment temperature in the top 10 cm ranged
from 7.4 to 30.1°C on the day of sampling (Table 4).
Mean Eh showed >0 mV for all seasons, with the low-
est values recorded in summer, when the mean sediment
temperature was maximal. Higher macrofaunal densities
were observed at the Banzu intertidal sandflat (Table 5);
the polychaete Armandia sp. and the bivalve Ruditapes
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Table 4 Environmental parameters on the sampling day and at incubation

Sampling Incubation

Temp® Eht Temp” PAR® Chl &* Pheo! Total pigm¢*

C)  (mV) O (umol m? s (ug gt wet) (ug g'wet)  (ug g wel)
May 97 — — 23.1 — 1.01 £ 0.20 270+ 0.17 371+ 0.29
Jul 97 257 60 25.8 444 1.12 + 0.20 2.26 + 0.19 3.37 % 0.19
Sep 97 26.7 114 253 281 (.83 £ 0.20 1.90 4 0.24 2732027
Nov 97 16.8 213 172 41 0.30 £ 0.08 1.08 £ 0.15 1.37 £ 0.09
Feb 98 74 255 12.4 610 3.92 + 0.46 4864 043 878+ 0.74
May 98 209 108 21.3 656 4.02 £ (.24 295+ 022 6.97 £ 0.33
Jul 98 — 99 272 321 481 % 0.89 261 £0.33 742+ 1.04
Sep 98 30.1 29 284 583 521022 3.65 £ 0.31 8.86 + 0.51
Nov 98 242 294 213 242 432 £ 0.40 1.65 % 0.17 597+ 051
Mar 99 179 272 12.8 250 1.54 £ 0.32 3.57 % 0.49 512 + 0.65

“Temp and Eh, mean sediment temperature and redox potential in the top 10 ¢in, respectively. These were measured during the exposed period from

ca. 10:00 to 13:00.
”Temp, water temperature controlled during incubation.

‘PAR, mean photosynthetically available radiation measured throughout the incubation pericd.
Chl a, Pheo, and Total pigm, chlorophyll a, pheopigments, and chlorophyll # + pheopigments in the top 1 cm (mean £ SE), respectively.

Table S Total densities {mean & SE) and dominant species of macrofauna (%) at the sampling site (depth: 0-20 cm)

Dominated macrofauna

Armandia sp.

Other potychactes? B. cumingii

Total
(individuals m™) R. philippinarum®
May 97 4541 £ 673 66.8
Jul 97 2647 £ 223 65.0
Sep 97 5466 + 914 38.6
Nov 97 4584 £ 943 70.0
Feb 98 1657 + 232 5.2
May 98 _ _
Jul 98 6886 + 775 3.8
Sep 98 3658 + 753 13.5
Nov 98 3163 £ 187 16.3
Mar 99 3186 & 559 8.7

0.0 26.1 57
0.0 30.1 0.0
60.2 0.0 0.0
4.7 20.2 0.0
43.1 338 0.0
10.6 79.4 0.0
0.0 559 16.5
0.0 374 23.8
419 0.0 13.3

“R. philippinarum and B. cumingii, the bivalve Ruditapes philippinarum and the gastropod Baiillaria cumingii, respectively.

bPercentages of total polychaetes except for Armandia sp.

philippinarum dominated infauna, whereas the gastropod
Barillaria cumingli dominated epifauna.

3.3.2 Nutrient concentration profiles and diffusive fluxes
Depth profiles of porewater nitrate + nitrite (hereaf-
ter, nitrate) and phosphate showed marked concentration

gradients with depth during emersion {Figure 11), Ni-
trate and phosphate concentrations peaked in the upper-
most layer of sediments for all seasons, and below this
they sharply declined until a depth of 30 mm. Mean
nitrate concentrations in the top 10 mm layer peaked in
winter and were lowest in summer (Table 6). The
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profile of ammonium concentration exhibited a gradual
increase from the sediment-water interface in summer;
in contrast, during other seasons the pattern of ammoni-
um concentration was either stable or gradually de-
creased with increasing depth (Figure 11). All the nutri-
ent concentrations in the uppermost layer of sediments,
except for nitrate in September 98, were always much
higher than those in the overlying waters (Table 6).

60 .
80 .
| > () ]
oo . . . . . N -
100 T T T 1 T T
May Aug Nov Feb May Aug Nov
1997 1998

Figure 11 Mean concentrations (UM} (r = 3) of pore-
water nitrate (a), ammonium (b), and phosphate (c).
Contour plots were determined using a linear interpola-
tion method.
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Figure 12 Measured nitrate + nitrite (a), ammonium (b),
and phosphate (c) exchange fluxes (Umol N or P m® h")
across the sediment-water interface in the light (O) and
dark (@ ). Positive values indicate effluxes from the
sediment. Bars indicate standard errors (n = 4).

This contrast resulted in great diffusive effluxes from the
sediment, ranging from —4.0 to 59.5 pmol N m™ h' for
nitrate, 63.4 to 268.1 pmol N m? h! for ammonium,
and 1.3 to 17.0 umot P m= h~! for phosphate.

3.3.3 Sediment-water nutrient exchanges

High PAR values (242 to 656 umol m™ s7') were
recorded for all cases except for those measured in No-
vember 1997 (41 umol m™ s™') (Table 4). The chloro-
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Table 6 Diffusive fluxes (Diff) across the sediment-water interface. Positive values indicate effiuxes from the sediment,

NO," + NO; NH,® PO,
Pw Ow* Diffe Pw Ow Diff Pw Ow Diff
May 97 29.7 2.5 34.8 54.0 14 70.1 472 0.6 1.3
Jul 97 17.5 5.9 17.1 61.3 6.2 84.6 215 3.5 9.0
Sep 97 38.0 18.0 28.5 74,1 10.3 94.0 17.2 1.7 7.2
Nov 97 39.8 14.9 292 534 2.1 63.4 20.2 1.1 3.7
Feb 98 99.4 25.1 22.0 1314 5.0 161.5 59.9 0.6 1.6
May 98 65.9 13.1 11.6 89.8 12.1 268.1 48.6 2.5 8.2
Sep 98 17.0 21.6 —4.0 131.6 17.3 79.3 37.6 3.0 17.0
Nov 98 47.6 9.9 59.5 41.5 2.1 63.4 23.6 1.9 7.7
“Pw, mean porewaler nutrient concentration in the top 10 mm layer, expressed in pM (n = 3 from May 97 to Nov 97; » = 9 for the others).

*Ow, overlying water nutrient concentration (UM).
“Expressed in punol N or P in? h'.

phyll a content in the top 10 mm of sediments did not
exhibit a clear seasonal fluctuation, ranging from 0.30 £
0.08 to 5.21 £ 0.22 ug g of wet sediment™' (mean =%
SE) within the studied samples (Table 4).

The measured nitrate exchange fluxes ranged from
—215.0 + 15.8 10 65.2 % 4.4 pmol N m™2 h™' (mean *
SE) in the light and from —108.0 + 22.1 to 43.4 £ 3.6
pmol N m= h™! (mean * SE) in the dark (Figure 12).
The sediment samples all acted as sinks for nitrate ex-
cept for the samples collected in May 1997 and July
1997. The mean uptake rate of nitrate by the sediment
was higher in the light (-65.3 pmol N m™ h') than in
the dark (=34.6 umol N m™ h™") throughout the studied
period. The one-way ANOVA revealed four cases of ni-
trate exchange where there was a signiflicant difference
between samples subjected to different light conditions
(P < 0.05) (Table 7). The measured ammonium ex-
change fluxes ranged from -176.2 £ 23.6 to 189 = 18.9
umot N mr? b (mean £ SE) in the light and from —60.6
4+ 13.6 to 161.5 £ 16.7 pmol N m? h™! {mean # SE) in
the dark (Figure 12). The sediment samples mainly act-
ed as sinks for ammonium when exposed to light. The
mean uptake rate of ammonium by the sediment was
markedly higher in the light (-41.1 pmol N m~ h™)
than in the dark (42.5 pmol N m™ h™*) throughout the
studied period. The one-way ANOVA showed there
were five cases of ammonium exchange where a statisti-
cal difference is recognized between light and dark con-
ditions (P < 0.05) (Table 7). The SNK test showed that
the efflux of ammonium for samples under dark condi-
tions during the summer period was significantly higher
than during any other season (P < 0.05) (Table 8). The
measured phosphate exchange fluxes ranged from —14.7

Table 7 Significance level of difference in the sedi-
ment-water nutrient exchange fluxes between light/dark

treatments

NO,” + NO; NH,* PO >
May 97 NS4 NS NS
Jul 97 0.009 0.001 NS
Sep 97 NS 0.001 NS
Nov 97 N§ NS NS
Feb 98 0.008 NS 0.001
May 98 0.040 0.005 NS
Jul 98 NS NS NS
Sep 98 0.005 0.001 NS
Nov 98 NS 0.009 NS
Mar 99 NS NS 0.041

“NS, not significant (P > 0.05).

+ 1.7 to 6.4 + 1.0 pmol P m™ h?! (mean : SE) in the
light and from —25.9 + 3.1 to 11.7 £+ 3.5 pmol P m™ i
{mean + SE) in the dark (Figure 12). Most of the sed-
iment samples acted as sinks for phosphate under both
light and dark conditions. The mean uptake rate of
phosphate by the sediment was slightly higher in the
Hght (3.5 pmol P m™? h™Y) than in the dark (3.2 umol
P m=? h!) throughout the studied period. The one-way
ANOVA revealed only two cases of phosphate exchange
fluxes that is significantly different between light and
dark conditions (P < 0.05) (Table 7).
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Table 8 Multiple comarison (SNK test) of the sediment-water nuirient exchange fluxes between sampling days

Treatment Significance at 5% level
NO,; + NO,  Light Feb98 < Sep98 Mar?9 May98 Sep97 Nov97 Nove8 Jul98 May97 < Jul97?
Dark Feb98  Mar99 May98 Nov97 Sep98 Nov98 Sep97 Jul98  May97 Jul97
NH* Light May98  Sep98 < Feb98 Mar99 < Nov98 Sep97 Jul98  Nov97 May97 Jul97
Dark May98 Feb98 Mar99 Nov98 May97 Nov97 < Sep98 Tul98  Sep97  Jul97
PO Light May98 Jul98  Nov98 Sep98 Feb98 Mar99 Novd7 May97 Jul97  Sep97
Dark Jul98 < May98 Teb98 Mar99 Nov98 Sep98 Juld7  Nov97 May97 Sep97

“Underlining indicates a statistically homogenous group.

3.3.4 Microphytobenthic productivity and nitrogen up-
take

In September 1997, the measured oxygen consump-
tion rate was 624 £ 2,1 mg O, m™? k' (mean + SE) in
the dark. In the light, the measured oxygen production
rate was 89.5 & 15.9 mg O, m™® h' (mean * SE). Thus,
microphytobenthic gross primary production was esti-
mated to be 151.9 & 17.1 mg O, m? h™. The uptake of
nitrogen by benthic microalgae, calculated from the
gross oxygen productivity assuming a Redfield C:N ra-
tio of 106:16 (Redfield et al., 1963; Hillebrand and
Sommer, 1999) and a photosynthetic quotient of 1.25
{(Williams et al., 1979), was estimated to be 573.4 +
64.4 pmol N m™? h,

3.3.5 Nitrification and denitrification

In September 1997, the measured ammonium and
nitrite oxidation rates were 84.9 £ 4.1 and 46.0 £ 3.8
tmol N m™ h™' (mean + SE), respectively. The ammoni-
um oxidation rate was significantly higher than the ni-
trite oxidation rate in the top 5 em of the sediment (P <
0.001). The measured denitrification rate was 99.6 +
23.5 pmol N m™? h' (mean = SE) and was not signifi-
cantly different from the ammonium oxidation rate (P >
0.05).
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3.4 Discussion

3.4.1 Effect of diffusive fluxes on total sediment-water
nutrient exchange

The diffusive nutrient fluxes calculated here (Table
6) showed their remarkable contribution to the total ex-
change flux at the sediment-water interface (see Figure
12). This is attributed to both (1) the large differences in
nutrient concentration between the porewater and the
overlying water; and (2) the better resolution of the ob-
tained nutrient concentration profiles with depth (dx)
near the surface sediment. The diffusive flux, calculated
according to Fick’s first law, is dependent on dx (see
Section 3.2.3). For all of the nutrient concentration
profiles measured in 1998 (dx = 1.25 mm), a peak in
concentration was observed in the topmost layer of the
sediment within the top 10 mm (Figure 11). In addi-
tion, similar patterns have been obtained from other
shallow water sediments (Vidal and Morgui, 1995;
Rocha, 1998; Yamarmuro and Koike, 1998), Therefore, I
extrapolated a dx value of 1.25 mm for the calculation
of the diffusive fluxes in 1997; however, this might lead
to some errors. Moreover, dense macrofaunal popula-
tions at the sampling site (Table 5) indicate that poros-
ity may be underestimated due to bioturbation. The dif
fusive fluxes reported by other researchers have been
mostly estimated from nutrient profiles with poorer
depth resolution (2.5 to 10 mm), often resulting in much
lower values than the total exchange fluxes (e.g. Cal-
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Table 9 Linear regression (y = ax + D) showing the relationship between nutrient exchange fiuxes (Umol N or P m™
h™) (v) and soft tissue dry weight of R. philippinarum (g dry wt m™?) (x)

Light Dark
Iri b » a b 2

NH,* Jul 97 1.07 =15 (.998 9.35 80.7 0.686
Sep 97 4.95 -107.2 0.635 7.95 -50.0 0.996

Nov 97 0.93 -15.1 0.912 1.99 -26.3 0.990

Jul 98 — — — 9.25 511 0.859

Sep 98 2.82 -101.9 0.964 7.28 33 0.974

Nov 98 1.07 -25.2 0.861 —_ — —

PO May 97 0.47 10 0.857 — e e
Sep 97 0.39 2.1 0.903 042 7.6 0.949

Nov 97 0.06 ~32 0.945 0.23 -5.2 0.893

Tul 98 — e s 0.70 -30.6 0.721

Sep 98 0.46 -103 0.966 0.44 ~1.9 0.736

Nov 98 0.30 -7.3 0.998 — — e

“Onty equations having a high coeffictent of determination (7 > 0.6) are shown.

jender and Hammond, 1982; Rutger van der Loeff et al.,
1984; Kuwae et al., 1998; Magni et al., 2000}. For ex-
ample, the nutrient flux measured in situ with a benthic
chamber has been shown 10 be 1 to 10 times greater
than the flux calculated from porewater profiles in the
Potomac River estuary (Callender and Hammond, 1982},
and 2 to 10 times greater in Gullmarsfjorden (Rutger
van der Loeff et al., 1984), Nevertheless, adequate depth
resolution is particularly important in measuring nutrient
concentration profiles when such profiles peak in the
topmost sediments, as I have found for nitrate and phos-
phate measured during the present study.

The variability of the measured exchange flux could
not be explained solely by the diffusive flux. Other re-
lease and uplake processes may cause the difference
between the calculated diffusive flux and the directly
measured exchange flux. Nutrient release processes can
include excretion by bivalves (Blackburn and Henriksen,
1983; Magni et al., 2000) or ventilation between pore-
water and the water column by polychaetes (Kristensen,
1985). Kristensen (1988) reported that the population of
burrow systems (macrofaunal density: 20 to 6,000 ind.
m?) generate 17 to 90% of the total ammonium flux in
coastal sediments. Furthermore, macrofaunal turbation
may promote mixing of porewater with the overlying
water, resulting in stimulation of nutrient release from
sediments. Nutrient uptake processes, in turn, can in-
clude assimilation of nutrients by microbes (Cammen,
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1991). The infleence of these release and uptake pro-
cesses on spatial and temporal variations in nutrient ex-
change fluxes will be discussed in the next two sections.

3.4.2 Spatial variability of measured nutrient fluxes

I compared the nutrient flux data within the replicat-
ed cores obtained on the same sampling days (n = 4) in
order to investigate spatial variability of the measured
sediment-water exchange fluxes. A linear regression
analysis was performed using the macrofaunal density
and photosynthetic pigment content (chlerophyll @ and
pheoptgments) as independent variables, and the ex-
change fluxes of three nutrient species (nitrate, ammoni-
um, and phosphate) as dependent variables (Table 9). A
significant positive correlation between the nutrient re-
lease flux (ammonium and phosphate) and the abun-
dance of the bivalve Ruditapes philippinarum (as mea-
sured by soft tissue dry weight) was found for several
cases whereas the other variable pairs did not show a
reliable relationship (not shown). These results can be
explained by bioturbation and/or excretion of nutrients
by R, philippinarum. If the effect of bioturbation is
great, this should stimulate the release of all nutrient
species from the sediment since porewater nutrient con-
centrations were always higher than in the overlying
water, except for nitrate in September 1998 (Table 6).
However, no relationship was found between the nitrate
flux and the abundance of R. philippinarum. Therefore,
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it is concluded that the spatial variability found for the
fluxes of ammonium and phosphate was mainly attribut-
ed to excretion by R. philippinarum.

The slope of the linear regression (a) shown in Ta-
ble 9 can be assumed to express the excretion rates of
R. philippinarum, ranging from 0.93 to 9.35 pmol N g
dry wt h*' for ammonium and from 0.06 to 0.70 pmol P
g dry wt h™' for phosphate. These estimated rates were
comparable to those measured in Moss Landing, USA
{Mann, 1979) and in Marennes-Oléron, France (Goul-
letquer et al., 1989) for ammonium and were at the
lower level of those measured in Seto Inland Sea, Japan,
for both ammonium and phosphate (Magni et al., 2000).

Ammonium and phosphate excretion rates appeared
to be temperature dependent (Figure 13). Higher ammo-
nium excretion rates were observed in the light than in
the dark; however, the explanation for this needs further
investigations. Indeed, Mukai (1993) reported that the
filtration activity of R. philippinarum was higher in the
dark; in contrast, Magni et al, (2000) showed a higher
ammonium excretion rate for R. philippinarum in the
light.

Using the curves in Figure 13 and the data on R.
philippinarum abundance, T calculated areal excretion
fluxes for this bivalve under both light and dark condi-
tions {Table 10). The calcuiated ammonium and phos-
phate excretion fluxes peaked in September 1997 under
dark conditions and were lowest in February 1998 under
light conditions, ranging from 0.3 + 0.2 to 140.6 + 12.2
tmol N m™ b’ (mean + SE) for ammonium and from
0.03 £ 0.02 to 9.17 + 0.79 pmol P m? h' (inean £ SE)
for phosphate. The mean excretion fluxes of ammonium
(49.0 umol N m h™'} and phosphate (3.53 pmol P m
h™) in the dark were 61% and 50% of the mean diffu-
sive fluxes from the sediment, respectively (Fable 6);
however, the excretion fluxes in the dark for the summer
of 1997, when the bivalve densities were high, exceeded
the estimated diffusive fluxes.

3.4.3 Temporal variability of measured fluxes

Remarkable temporal variability was found for the
measured nutrient fluxes (Figure 12). Peason’s correla-
tion analyses showed that all of the nutrient exchange
fluxes significantly correlated with several different pa-
rameters (Table 11); for instance, the nitrate flux corre-
tated positively with temperature and negatively with the
pheopigments in the sediment and the concentrations of
nitrate and ammonium in the overlying water. However,
these results may be influenced by inter-correlation be-
tween parameters. To exclude such an effect, I per-
formed partial correlation analyses (Table 12).

Partial correlation analyses revealed that al] of the
nutrient fluxes are strongly dependent on the associated
nutrient concentrations in the overlying water under the
light and that nitrate and phosphate fluxes are also de-

Excretion rate (umol N or P g=1 dry wt h=1)

Temperature (°C)

Figure 13 Temperature (°C) dependence of estimated
ammonium (a) and phosphate (b) excretion rates (pmol
Nor P g dry wt h™") for Ruditapes philippinarum un-
der both light (O) and dark (@) conditions. Exponen-
tial regression was used for each case: y = a exp (bx).
Coefficients for ammonium in light: @ = 0.141, b =
0.106, r* = 0.38; in dark: a = 0.220, & = 0.135, #* =
0.85; and for phosphate in light : @ = 0.00478, &
0.177, # = 0.72; in dark: a = 0.06558, b = 0.075, 2
0.74.

pendent on the associated nutrient concentrations also
under the dark. This can be atiributed to concentration
dependence of (1) assimilation of ammonium and phos-
phate by microphytobenthos and, to lesser extent, by
bacteria (Cammen, 1991); and (2) dissimilatory transfor-
mation processes of nitrate by nitrate-reducing bacteria.
However, a simple question arises when interpreting the
results for ammonium and phosphate fluxes: why do
these microbes dare to use low-concentration-nutrients in
the overlying water? That is to say, why do not these
benthic microbes only utilize nutrients derived from the
nutrient-rich sediment? The reason for this cannot be
understood from the present study: however, this curious
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Table 10 Estimated areal excretion fluxes for Ruditapes philippinarum under both light and dark conditions

Excretion rate?

Areal Excretion flux®

Abund of R
Light Dark Light Dark
NH* May 97 22403 1.6 5.1 35+05 112 £1.5
Tu} 97 16.7+8.8 2.2 7.1 36.8+193 117.9 £61.9
Sep 97 207118 2.0 6.8 422%£3.6 140.6 £12.2
Nov 97 322+74 0.9 2.3 28.1+6.5 724 +16.38
Feb 98 06204 0.5 1.2 03+02 0.8 £0.5
May 98 NDH 1.3 39 ND ND
Jul 98 35+2.1 25 838 87+£53 312 £189
Sep 98 37+1.8 2.8 10.5 10.1£4.9 384 £18.6
Nov 98 70431 1.4 3.8 95+42 269 £11.8
Mar 99 1.5%£0.7 0.5 1.2 08+04 1.9 +0.9
Mean 08+29 1.6 5.1 15.6 £ 5.0 49.0 £ 159
PO > May 97 0.27 0.38 0.60 + 0.08 0.83+0.11
Jul 97 0.47 0.45 785+ 4.12 7.57+3.97
Sep 97 0.41 0.44 8.55+0.74 917079
Nov 97 0.10 0.24 3222075 770+ 1,78
Feb 98 0.04 0.17 0.03 + 0.02 0.11 £0.07
May 928 0.21 0.33 ND ND
Jul 98 0.57 0.51 2.00x 121 1.81 +1.10
Sep 98 0.68 0.56 2.51%1.21 2.07%1.00
Nov 98 0.21 0.32 1.46 £ 0.64 226+£0.99
Mar 99 0.05 0.17 0.07 £ 0.03 026+£0.12
Mean 0.30 0.36 292+ 0.98 353+ 1.10

“Abund of R., soft tissue dry weight of R. philippinarum (g dry wt m?) (mean + SE, n = 8).
Bxeretion rate, estimated excretion rate of R. philippinarum (umol N or P g dry wt ) caleulated using the equation described in Figure 13.
“Estimated as: Abund of R. x Excretion rate. Values are expressesed in pmol N or P m™ h™* (mean % SE, n = 8).

“ND, not determined.

mechanism, ‘filter effect’ by benthic microbes, has also
been reported for other shallow water environments {e.g.
Sundbick et al., 1991). On the other hand, the nitrate
flux can be interpreted as the result of nitrate being di-
rectly used for denitrification (Rysgaard et al., 1995;
Ottosen et al., 2001) or dissimilatory ammonification.
The positive relationship between the abundance of
R. philippinarum and the release flux of ammonium
from the sediment suggests that bivalve excretion medi-
ates the temporal variability of the ammonium flux (see
Table 10). The fact that the ammonium flux was depen-
dent on temperature only under the dark conditions may
reflect the regulation of ammonium fluxes by bivalve
excretion as the bivalve excretion rate was much higher

under dark conditions in high temperature environments
(Figure 13).

Some measurements of the sediment-water exchange
fluxes showed that light conditions significantly affect
the flux of nutrients (Table 7). This indicates a strong
uptake of nutrients by benthic microalgae in the pres-
ence of sunlight, as has been reported for the samples
of other sandy sediments (Rizzo, 1990; Sundbiick et al.,
1991; Rizzo et al., 1992; Reay et al., 1995; Rysgaard et
al., 1995). Preferential uptake of ammonium rather than
nitrate has been reported for benthic microalgae as well
as phytoplankton (Thornton et al., 1999; Cabrita and
Brotas, 2000). Also in the present study, the correlation
between ammonium flux and ammonium concentration
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Table 11 Peason’s correlation analysis of nutrient exchange fluxes and selected variables under both light and dark

conditions
Light Dark?
NO, NH,* PO,*> NO, NH_* PO >
Overlying water” NO,, -0.817%% _0,501*%* —0.051 —0.792%% 0. 445%* 0.065
NH * -0.354*%  -0.662%% 0310 -0.097 0.212 -0.154
PO > 0.291 -0.081 —0.486%* 0.443%%  0.552%*%  (.539%*
Sediment* Temp 0.561%% 0,135 0.030 0.667%*  0.711%* 0.036
Chi. a —0.287 —-0.534%% 0,596 -0.351% 0211 ~{.460%*
Pheo ~-0.478%%  -0416%% -0212 ~0.485%%  _0.317* —(.322*
R. phil 0.182 0.435%* (0,289 0.098 0.372 % 0.349*
Polych -0.060 -0.128 0.073 -0.265 —(0.026 ~0.039

**: P < 0.05 and *# P < 001, respectively, Release fluxes from the sediment (pmol N or P m™# h™') were treated as positive variables.

bOvcrlying water, overlying water nutrient concentration (M),

“Temp, Chi. a, Pheo, R. phil, and Polych, temperature (°C), chlorophyll a (ug g™ wet), pheopigments (ug g wet), abundance of R, philippinarum (g

wet m™), and abundance of polychaete (g wet m), respectively.

Table 12 Partial correlation analysis of nutrient exchange fluxes and selected variables under both light and dark

conditions
Light® Dark®
NO, NH* PO NO, NH,* PO
OQverlying water” NO, -0.681**  (.069 — —0.598%*  (.442%+ —
NH* 0.469%  —0.525%% — - — —
PO,* — — ~(.481 %% 0.022 0.307 —0.535%*
Sediment Temp ~(.252 — — 0.210 0.459%= —
Chl. a _— 0.125 ~0.110 -0.235 e -0.200
Pheo — 0.069 — -0.161 0.161 -0.111
R. phil — 0.368% 0.029 — 0.617%* (.290
Polych — — — — —_ o

@: P < 0.05 and **: P < 0.01, respectively. Release fuxes from the sediment {wmol N or P m™ h™) were treated as positive variables. All the statis-

tically significant variables (P < 0.05) in Table 11 were controlled for the calculation of coefficients.

I’Overlying water, overlying water nutrient concentration (uM).

“Temp, Chl. a, Pheo, R. phil, and Polych, temperature (°C), chlorophyll @ (ug g~ wet), pheapigments (Ug g wet), abundance of R. philippinarum (g

wet m?), and abundance of polychaete (g wet nr?), respectively.

in overlying water under light conditions is evidence of
the preference that microphytobenthos have for ammoni-
um.

3.4.4 Nitrogen cycling in summer
Assuming that the difference in the nitrogen flux
between light and dark conditions is explained by algal

uptake processes, then the uptake rate of ammonium,
nitrite, and nitrate from the overlying water can be cal-
culated by subtracting the sediment-water flux under
dark conditions from the sediment-water flux under light
conditions. During September 1997, the algal uptake
rate of ammonium, nitrite, and nitrate was caleulated to
be 125.1, 2.6, and 48.2 umol N m™ h*', respectively
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Figure 14 Dissolved inorganic nitrogen cycling during submerged and lightened period in September 1997. Values are

for a depth of 5 cm on a m? basis. Fluxes are in pmol N m™ h™'. Standing stocks are in pmol N m™,

(Figure 14). It is likely that these rates are underesti-
mates due to the possible uptake of nitrogen by benthic
microalgae in the dark, which has been observed in sev-
eral phytoplankton species (Malone et al., 1975). There-
fore, my estimated uptake rate for nifrogen by microal-
gae from the overlying water may represent a minimum.
The gross algal uptake of nitrogen estimated from oxy-
gen productivity and the Redfield ratio is 573.4 pymol N
m= h™l, and consequently, at least 31% (175.9 pmol N
m™ h™) of the total algal uptake of nitrogen is derived
from the overlying water, and the remainder (397.5
pmol N m™ h™'} from the porewater.

On a diurnal basis, the submerged and lightened
time was 6 h on the sampling day, and during this peri-
od, benthic microalgae would use nitrogen directly from
the water column (see section 3.4.3), accounting for 1.1
mme! N m? 4. The efflux of nitrogen during the sub-
merged period (12 h) is calculated to be 1.1 mmol N
m d-!, which is balanced with the algal uptake rate of
nitrogen from the overlying water in the submerged and
lightened period. This result indicates that microalgae on
the sediment surface play a significant role in suppress-
ing the release of mineralized nitrogen from the sedi-
ments into the overlying water.

3.4.5 Major contributor to denitrification

Denitrifying bacteria utilize nitrate as the terminal
electron acceptor for the respiratory process (Nishio et
al., 1982). The ambient nitrate concentration is widely
reported as being the parameter most closely related to
denitrification (e.g. Ogilvie et al,, 1997; Christensen et
al., 2000b}. In the denitrification experiment, the con-
centration of nitrate in the overlying water was slightly
higher than the mean nitrate concentration in the top 5
cm of the in sita sediment. Therefore, there is a possi-
bility that the denitrification rate was overestimated. The
measured denitrification rate was comparable to those
found for samples from the other sandflat of Tokyo Bay
(Sayama, 2000) and approximately six times higher than
the maximum rate found in the shallow muddy sedi-
ments of the innermost part of Tokyo Bay (Sayama,
2001).

The Banzu intertidal sediment acted as a sink for
nitrate in the present study (Figure 12), with consump-
tion of nitrate greater than preduction. However, the rate
of ammonium oxidation, which results in the production
of nitrate, was comparable to that of denitrification, a
nitrate consnmption process. This suggests that another
substantial nitrate consuming process, perhaps dissimila-
tory ammonium production, is present in the sediment.
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This hypothesis is supported by the Eh profile, which
was anaerobic in summer (Table 4). Denitrifiers and
ammonifiers in sediments compete for nitrate, and the
contribution of denitrification to total nitrate reduction
has been reported to be 93% in Marlborough Sounds,
New Zealand {Kasper et al., 1985), and 27 to 57% in
the Tama estuary, Tokyo Bay (Nishio et al., 1982).

A strong coupling of nitrification and denitrification
has been observed for several estuarine sediments (e.g.
Jenkins and Kemp, 1984; Rysgaad et al., 1995; Ogilvie
et al., 1997; Ottosen et al., 2001). Compared {o nitrate
derived from the overlying water, nitrate produced by
nitrification can be a major contributor to sedimentary
denitrification. In this study, even if the entire nitrate
supplied from the water column is used for denitrifica-
tion, this nitrate accounts for only 27% of total denitrifi-
cation. This suggests that the major contributor to deni-
trification is sedimentary nitrate rather than nitrate de-
rived from the overlying water (Figure 14), Therefore,
the most important process in removing nitrogen from
the overlying water in the Banzu intertidal flat is a cou-
pled nitrification-denitrification process in sediments via
degradation of organic nitrogen into ammonium rather
than direct removal of nitrate by denitrification.

3.5 Conclusions

Intertidal sandflats are nutrient sinks, except during
dark conditions in summer. Microalgae and, to some
extent, bacteria on the sediment surface play a signifi-
cant role in removing nutrients from the overlying water
by assimifation and in suppressing the release of miner-
alized nutrients from the sediment. During dark condi-
tions in summer, the intertidal sediment acts as a source
of nutrients. Excretion of nutrients by the bivalve Rudi-
tapes philippinarum, which dominates macrofauna at the
site, greatly contributes to the net ammonium release
flux at the sediment-water interface both spatially and
ternporaily, Denitrification is also important in eliminat-
ing nitrate from the intertidal flat ecosystem. Denitrifiers
preferentially utilize nitrate derived from the sediment
more than from the overlying water,

3.6 Summary

Nitrification, denitrification, sediment-water nutrient
exchange, and sedimentary oxygen production were si-
multaneously measured in the Banzu intertidal sandfla,
Tokyo Bay, Japan. The sediment acted as a sink for
both nitrate and phosphate under both light and dark
conditions. The mean uptake rate of nitrate by the sedi-
ment was higher in the light (-65.3 umol N m=? h™")
than in the dark (-34.6 umol N m® h™") throughout the
studied period. Most of the ammonium exchange fluxes
in the light were also resulted in decreased ammonium
in the oveilying water. The mean uptake rate of ammo-
nium by the sediment was markedly higher in the light
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(-41.1 umol N m™ h*) than in the dark (42.5 pmol N
m h") throughout the studied period. These results in-
dicate that microalgae and, to some exient, bacteria on
the sediment surface play a significant role in removing
nutrients from the overlying water by assimilation and
in suppressing the release of mineralized nutrients from
the sediment. During dark conditions in summer, the
intertidal sediment acted as a source of ammonium. Ex-
cretion of nutrients by the bivalve Ruditapes philippi-
narum, which dominates macrofauna at the site, greatly
coniributed to the net release fluxes of ammonium at the
sediment-water interface, In the summer of 1997, the
total microphytcbenthic uptake of nitrogen (nitrate +
nitrite + ammonium) estimated from oxygen productivi-
ty and the Redfield ratio was 573.4 & 64.4 umol N m?
b, 31% of which was assumed to be derived from the
overlying water. The release rate of nitrogen from the
sediment to the water column (1.1 mmol N m? d'1) was
balanced with the removal rate of nitrogen from the
water column by benthic microalgae on a diurnal basis.
The measured denitrification rate using an acetylene in-
hibition technique was 99.6 + 23.5 pmol N m™2 h™' in
summer. Since the direct supply of nitrate from the wa-
ter columnn only accounted for 27% of the total denitrifi-
cation at the highest estimate, nitrate in the sediment
pool was the major contributor to sedimentary denitrifi-
cation.

4. Role of Emersion and Inundation in the Pore-
water Nutrient Dynamics of Intertidal Sandflats

4.1 Introduction

Semi-diurnal movement of tidal water alters biotic
and abiotic environments in intertidal sediments over
short time intervals (Alongi, 1998). When sediments are
exposed to air, the water table drops due to drainage
and evaporation (Anderson and Howell, 1984; Agosta,
1985; Howes and Goehringer, 1994). At tidal flooding,
in turn, vertical infiltration of tidal water controls inter-
stitial water levels (Hemond and Fifield, 1982). Rhyth-
mic emersion and immersion can also mediate the be-
lowground transport of nutrients and metabolic preducts
(Harvey and Odum, 1990; Dolphin et al., 1995). The
role of advective solute transport in the distribution of
nutrients has mainly been reported for salt marsh creek-
banks (e.g. Agosta, 1985; Yelverton and Hackney, 1986;
Nauttle, 1988; Howes and Goehringer, 1994) and sandy
beaches (McLachlan and Tllenberger, 1986; Uchiyama et
al., 2000). In contrast, the movement of water and sol-
utes associated with a fall in the water table has been
reported to be minor in non-vegetative intertidal flats
due to the development of a capillary fringe (Drabsch et
al., 1999).

The biogeochemistry of intertidal sediments during
immersion has been well studied in relation to the sed-
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iment-water column exchange of nutrients (e.g. Falcio
and Vale, 1990; Middelburg et al., 1995; Asmus et al.,
1998; Falcdo and Vale, 1998; Kuwae et al., 1998; Mor-
timer et al., 1999; Cabrita and Brotas, 2000; Magni et
al., 2000). However, little is yet known of the dynamics
of porewater nutrients in such sediments during emer-
sion or transitional periods (Kerner et al., 1990; Rocha,
1998; Rocha and Cabral, 1998; Usui et al., 1998). Dur-
ing emersion, the penetration of oxygen into sediments
may increase (Brotas et al,, 1990}, causing changes in
the redox environment (Koch et al., 1992). This oxygen-
ation affects the rates and pathways of nutrient flow
(Kerner, 1993) related to, e.g., aerobic nitrifiers and
anaerobic denitrifiers (Henriksen and Kemp, 1988; Seitz-
inger, 1988; Parkin, 1990). In addition, the absence of
overlying waters indicates no efflux of nutrients from
the sediment, which will either accumulate or be con-
sumed within the sediments. Rocha (1998) has shown
that total (dissolved and exchangeable) sedimentary am-
monium accumulated during emersion. Usui et al.
(1998) have reported that porewater nitrate decreased
remarkably during the initial 3 to 4 hours after the onset
of exposure. On the other hand, at tidal flooding, mixing
of porewater with overlying water can result in drastic
changes in the nutrient pool (Rocha, 1998; Rocha and
Cabral, 1998). Rocha and Cabral (1998) have shown
that approximately 80% of the nitrate pool was flushed
at inundation.

This chapter reports the dynamics of porewater nutri-
ents induced by tidal cycles in a eutrophic intertidal
sandflat of Tokyo Bay, Japan. To my knowledge, this is
the first report dealing with tide-induced temporal
changes in the concentrations of three porewater nutrient
species (nitrate, ammonium, and phosphate) during dif-
ferent seasons. Special emphasis is placed on (1) the
influence of diffusive fluxes and advective transport on
the pool size of nutrients during emersion and inunda-
tion; and (2) the role of emersion in microbial process-
es, including nitrification and nitrate reduction.

4.2 Materials and Methods

4.2.1 Study site

The sampling site is the same location as that in
Chapter 3 {the Banzu intertidal sandftat, see Figure 8),
Details of the study area are shown in Section 3.2.1.

I conducted four seasonal surveys on the spring tide:
March 1998, May 1998, September 1998, and Novem-
ber 1998. The tidal range on the survey days ranged
from .1 to 1.6 m. No rainfall was recorded during sur-
veys of the tidal flat.

4.2.2 Hydrology
To track fluctuations in the water table depth, a
small well was dug into the sediment a few days before

each survey. A polyvinyl chloride pipe (4.5-cm internal
diameter), with holes drilled and covered with a nylon
mesh, was placed in the well to a depth of 25 cm. Wa-
ter levels in the pipe were measured using a float,

The diffusive efflox of nutrients from the sediment
during immersion was calculated according to Fick’s
first law described by Berner (1980) as described in
Section 3.2.3.

4.2.3 Sediment characteristics

At each survey, PAR, sediment temperature, Eh, po-
rosity, water content, and chlorophyll ¢ were measured.
PAR was continuously measured during each sampling
time using a Biospherical quantum sensor. Sediment
temperature and Eh were measured in situ at intervals
of 2 to 5 cm during emersion using a temperature probe
(RT-10; Tabai Espec) and a platinum redox electrode
{HM-14P; TOA). For the measurement of porosity and
water content, core samples were taken to a depth of 1
cm with acrylic tubes (4.5-cm internal diameter) during
both emersion (ca. 1 h before inundation) and immer-
sion (ca. 1 h after inundation). Porosity and water con-
tent were determined by the weight loss after drying
wet sediments at 90°C for 24 h. The remainder of each
emersion-period core sample was used for the analysis
of chlorophyll @ in the sediment, extracted using 90%
acetone solution, spectrophotometrically analyzed (U-
3200; Hitachi) according to Lorenzen (1967).

4.2.4 Porewater solutes

On each survey day, sediment samples were taken
every one to several hours from the onset of exposure to
after submergence. Sediment cores (n = 3) were collect-
ed randomly from the site {2 m X 2 m) at each sam-
pling, using an acrylic corer (8.6-cm internal diameter X
25-cm long). Sediment cores were immediately cut in
situ into 2.5 to 10 mm segments, and sliced sediments
were immediately fixed by dried ice in order to stop
biogeochemical reactions. Fixed sediments were thawed
and filted in syringes (10 ml) and were centrifuged for
10 min at 2,000 rpm (580 x g) at ambient temperature.
Extracted water was filtered through a Millipore HA
filter. Filtered water was immediately frozen for the later
analysis of ammonium, nitrate, nitrite, and phosphate on
an analyzer (TRAACS-800; Bran+Luebbe) and for the
determination of salinity using a conductivity electrode
{9382-10D; Horiba).

42.5 Statistical analysis

Linear regression was used to calculate the rate of
change in porewater nutrient concenirations over the
whole period of emersion. A one-way ANOVA was
used to examine statistical differences in porewater nu-
trient concentrations between the last samples collected
before inundation and the first samples collected after
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Table 13 Characteristics of tide and porewater hydrology

LWL  HWL¢ Emersed time Lowest water

(cm) (cm) (hour) table depth
{cm)
Mar 98 55 55-56 6.3 2.7
May 98 -97 57-60 8.2 5.1
Sep98 -52 85-92 5.6 7.8
Nov 98 -31 85-89 49 34

‘LWL, and HWL, low water level and high water level, respectively.
Heights were from the sampling site.

inundation. Data sets were tested for homogeneity of
variances (Hartley test), and the log-transformed values
were used if needed for a normal distribution.

4.3 Results

4.3.1 Water table dynamics

The sediment water table measured by using a well
dropped gradually following tidal exposure (Figure 15).
Slightly before the onset of the next immersion, the
water table dropped to its lowest level, and then rose
steeply. This pattern was observed for all cases (not
shown). The greatest water table drop (7.8 cm) occurred
in summer (September 1998), and the smallest (2.7 cm)
in winter (March 1998) (Table 13).

4.3.2 Sediment characteristics

The sampling days of March 1998 and May 19298
were cloudy, showing low PAR averages during the
sampling time (108 to 152 pmol m2 s™); the remainder
showed high PAR values (499 to 639 pmol m™ s™') (Ta-
ble 14). During emersion, Bh was >0 mV for all sea-
sons and depths, except below 5 cm in summer, when
the mean sediment temperature in the top 10 cm
reached a maximum (30.1°C) (Figure 16). Although
there was a measurable decline in the water table level
during emersion, no statistical differences in the water
content and porasity were observed between emersion
and immersion for any season (P > 0.05) (Table 14,
Within the samples studied, the porosity and water con-
tent ranged from 44.6 + 0.4 to 47.7 * 1.0% (mean +
SE) and 23.6 + 0.3 to 25.9 + 0.8% (mean + SE), re-
spectively, Salinity of the porewater was close to that of
tide water. The porewater never varied more than 3 psu
from the tide water during the study. This strongly sug-
gests that there was no significant ground water input.
The chlorophyll @ content in the top 10 mm of sedi-
ments ranged from 1.15 % 0.16 to 8.33 £+ 0.68 pg cm”?
(mean = SE) (Table 14).
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Figure 15 Representative data (May 1998) for the fall
and rise of water table depth (cm) measured by using a
small well during tidal exposure
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Figure 16 Vertical profiles of sedimentary temperature
(°C) and redox potential (mV) during tidal exposure.
Seasons: March 1998 (O ); May 1998 (@ ); September
1998 ([3); and November 1998 (H).

4.3.3 Porewater nuirient profiles

Depth profiles of porewater nitrate + nitrite (hereaf-
ter, nitrate) and phosphate during emersion showed
marked concentration gradients with depth (Figure 17);
nitrate and phosphate concentrations peaked in the up-
permost layer of sediments for all the seasons, and be-
low this they sharply declined until a depth of 30 mm.
Nitrate concentrations in the upper layer peaked in No-
vember 1998 and were minimal in September 1998.
Ammonium profiles either exhibited a stable pattern, or
a gradual decrease in concentration from the sediment-
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Table 14 Sediment water content and porosity during emersion (Em) and immersion {Imm), sediment chlorophyll «
content, and photosyntheticafly available radiation (PAR) during sampling time

Water content {%)" Porosity (%)* Chlorophyll ¢ PAR
Em?* Iinme Em Imm (kg cm™) (Hmol m s71)
Mar 98 259+ 08 24704 477+ 1.0 46.1 £ 0.5 1.15£0.16 108
May 98 2484 0.2 244+ 04 4621 0.3 4574 0.5 449 + 1.08 152
Sep 98 23703 24104 447+ 0.4 45206 5.68 + 0.41 639
Nov 98 246102 23603 46.1+£03 446+ 04 8331+ 0.68 499

“Measured by using 0-10 mm depth sediments and are given as mean * SE (n = 3).

[’Samples were taken ca, 1 h before inundation.
“Samples were taken ca. 1 h after inundation.

water interface. All the nutrient concentrations in the
uppermost sediments, except for nitrate in September
1998, were always higher than those in overlying wa-
ters.

4.3.4 Nutrient dynamics during emersion

Remarkable changes in nitrate and phosphate con-
centrations in the upper layers were observed during
exposure, whereas deeper layers (>10 mm) showed only
slight changes (Figure 17). A linear regression analysis
revealed that the rates of change in nitrate concentration
during emersion were statistically significant (P < 0.05)
for most samples of the top 10 mm sediments, ranging
from —6.6 to 4.8 umol N liter! bulk sed. h™! (Figure
18). However, these rates approached zero below 20
mm depth. Ammonium concentration decreased with
time, except for the summer samples (Figure 17). The
rates of change in ammonium concentration were near
constant with depth, in contrast to the rates measured
for other nutrient species (Figure 18). The maximum
rate of decrease in ammonium concentration {(~22.9
pmol N liter! bulk sed. h™) was observed in the deeper
layer (20 to 25 mm) in spring, whereas the maximum
rate of increase (11.8 pmol N liter bulk sed. h™) was
observed in the deepest layer (90 to 100 mm) in sum-
mer (not shown). Few statistically significant rates of
change in phosphate concentration were measured (Fig-
ure 18); the greater changes were observed in the upper
layers than in the deeper layers (>30 mm).

4.3.5 Nutrient dynamics at inundation

Nitrate and phosphate concentrations in the top lay-
ers showed marked changes at tidal flooding as well as
during exposure (Figure 17). The concentrations of ni-
trate and phosphate in the top 10 mm layers declined at
inundation for most of all seasons (Figure 19). These
declines resulted in loss of the nitrate pool (-4 to 68%,

mean: 32.8%) and the phosphate pool (-4 to 44%,
mean: 20.8%) in the top 10 mm of sediments. The pat-
terns of change in ammonium concentration were con-
stant with depth except for those measured in May 1998
(Figure 19).

4.4 Discussion

4.4.1 Porewater hydrology

The water content of the Banzu intertidal surface
sediment did not change significantly following tidal
exposure although measurable movement was found for
the water table depth (where pore pressure equals atmo-
spheric pressure) (Figure 15). This could be attributed
to the development of a capillary fringe above the water
table depth (where pore pressure is less than atmospher-
ic pressure) and a high moisture retention capacity at
the top of the sandy sediments (Drabsch et al., 1999).
Hence, interstitial water and solutes were probably held
at the surface during emersion and little transport oc-
curred into deeper sediments. Drabsch et al. {(1999)
found that the water table fell only a few centimeters
below the sediment surface of an intertidal sandflat in
Manukau Harbour, New Zecaland, and the top of the
sediments remained close to saturation throughout the
tidal cycle. Hemond and Fifield (1982) examined the
hydrological regime in a peaty, New England marsh and
found seepage rates to be low, and also found that sed-
iments remained saturated throughout the tidal cycle. In
contrast, emersion of intertidal areas resulted in surface
sediment water contents decreasing by 3.5% at Tama
estuary in Tokye Bay (Usui et al., 1998), and by more
than 10% in Sado estuary (Rocha, 1998). The main rea-
son for the discrepancy in water content dynamics dur-
ing emersion between sites is probably due to differenc-
es in the length of emersion time, topographical slope,
and substrate type {permeability). It is also possible that
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Figure 17 Temporal changes in interstitial nutrient concentrations (UM). Error bars indicate standard errors (n = 3). Only
data from the top 20 mm sediment are shown to improve clarity. Note that the depth interval for March 98 is different
from the other seasons.
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Figure 18 Rates of change in interstitial nitrate+nitrite
(a), ammonium (b), and phosphate (c) concentrations
(umol N or P liter” bulk sed. h') during the whole pe-
riod of emersion. Seasons: March 1998 (O ); May
1998 (@ ); September 1998 ([ 1); and November 1998
(B8 ). The rates were calculated using a linear regres-
sion analysis. Plots with asterisks indicate statistically
significant rates of change at the 5% level.
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Figure 19 Differences in interstitial nitrate+nitrite (a),
ammonium (b), and phosphate (c) concentrations (after
inundation ~ before inundation) (UM). Seasons: March
1998 (O); May 1998 (@ ); September 1998 ([7)); and
November 1998 (B ). Plots with asterisks indicate sta-
tistically significant differences in concentration at the
5% level using a one-way ANOVA (n = 3).

— 123 —



Tomohiro KUWAE

Table 15 Observed rate of change in porewater nutrient concentration (QObs), diffusive flux contribution (Diff), and
rate of nutrient production (Prod) during emersion

Depth NO; + NO;- NH,* PO
(mm)  Obs™ DIff* Prod* Diff/Obs Diff Prod DifffObs Obs Diff Prod DIfl/Obs
(%) (%) (%)
Mar 98 0-10 26 -10 36 37 33 02 31 5 2.5 -01 26 -3
10-40 03 03 06 -121  -40 00 -40 1 02 00 02 9
May 98 0-2.5 20 -35 55 -174  -87 -112 25 129 04 20 24 -556
25-50 35 13 22 36 -44 95 —139 -219 1.1 16 -05 138
50-10 48 -05 53 -1l -78 09 -87 -1 03 00 03 3

1040 07 03 04 45

Sep 98 0-2.5 -23 -49 26 209
2.5-5.0 23 23 456 -99

5.0-10 -1.8 0.8 -248 -46

10-40 04 01 =05 26

Nov 98 0-2.5 44 -3.0 -14 68
25-50 -6.6 -1.8 -438 27

5.0-10 40 09 -49 =23
10-40 -1.0 03 -i3 =27

-18.6 0.0 -18.6 0 03 00 03 14

33 20 1.3 61 =20 =22 02 113
1.9 -1.8 37 =95 07 17 -10 228
9.7 03 9.4 3 09 01 08 8
64 00 6.4 0 07 060 -07 -3

—48 -1.6 =32 34 25 -06 -19 23
-3.5 10 45 =28 -7 01 -18 -6
26 03 -23 11 -1.1 1 -12 =11

-22 01 23 -5 -09 00 -05 -1

“All velues are in mmol N or P m* bulk sed. h™'. All values for the 10-40 mm depth were averaged (Mar 98: 1 = 3; others; n = 6).

“Same data as Figure 18.

“Calculated using Fick's second law of diffusion. Negative values indicate loss of nutrients.

“Hstimated as: Obs — Diff, Negative values of Prod indicate consumption of nutrients.

porewater around large macrobenthic burrows is more
mobile (Allanson et al.,, 1992), and therefore indepen-
dent of capillary fringe processes. This greater fluid
channeling through burrows may influence nutrient dy-
namics. Nevertheless, during emersion, the influence of
advection on porewater nutrient dynamics is minor at
my site, which is characterized by short-emersion-time,
low-slope, low-permeability, and no large-burrows.

4.4.2 Effect of diffusive fluxes during emersion

The porewater hydrology described above shows that
all spatial transport of solutes in the sediment is as-
sumed to have taken place by 1-demensional diffusion,
Le., both horizontal and vertical advection caused by
hydraulic gradients or water table movement, can be
neglected. Therefore, the transport process can be de-
scribed by Fick’s second law of diffusion (Berner,
1980). The relationship between diffusive transport and
the rate of solute production can be described as follows
{(Rysgaard and Berg, 1996):
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where @ is the porosity, C is the concentration of the
nutrient species in the porewater, ¢ is the time, DS is the
sediment diffusion coefficient, x is the depth, and P is
the rate of production or consumption of the nuirient
species per unit volume of sediment.

Table 15 shows that diffusive flux of all nutrient
spectes during emersion contributed greatly to the ob-
served rate of change in the porewater nutrient concen-
tration of the surface sediment (0 to 10 mm). The in-
fluence of diffusive flux is less for the subsurface layer
{10 to 40 mm). This reflects steeper nutrient concentra-
tion gradients in the near-surface compared to the deep~
er environment (Figure 17).

4.4.3 Effect of microbial processes during emersion
Nutrient production rates during emersion were esti-

mated by subtracting diffusive flux from the observed

rate of change in nutrient concentration (Table 15). The
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range of the estimated production rates were: (1) nitrate:
-4.9 to 5.5 mmol N m~? bulk sed. h'; (2) ammonium:
-18.6 to 9.4 mmol N m™ bulk sed. h™'; and (3) phos-
phate: —1.9 to 2.6 mmol P m? bulk sed. h'. Obviously,
much higher nitrate concentrations in the surface sedi-
ment than in the overlying water (Figure 17) indicate a
high nitrification activity in the Banzu intertidal flat sed-
iment. Moreover, in situ nitrification rates are likely to
be higher than the estimated nitrate production rates,
which may include microbial nitrate reduction as well as
nitrification. Nevertheless, in general, only the topmost
layer showed nitrate production, being the main site of
nitrification (Koike and Sgrensen, 1988). Nitrate in the
2.5 to 10.0 min sediment was supplied through molecu-
lar diffusion from the topmost layer (0 to 2.5 mm) and
was largely consumed within this layer. This indicates
that microbial nitrate reduction within the subsurface
sediment, including denitrification and dissimilatory
ammonification (Fenchel et al., 1998), is strongly sup-
ported by diffusive influx of nitrate from the surface
sediment, where nitrification activity is high. Supply of
high concentrations of nitrate into deeper layers during
emersion may support some stocks of nitrate and the
stimulation of deeper layer denitrification (Alongi et al.,
1999). Alongi et al. (1999) speculated that the rapid
denitrification rates measured for intertidal mudflat and
mangrove forest sediments reflect a vertically expanded
zone of denitrification caused by the presence of nitrate
in deeper sediments.

In summer, the rate of ammonium production was
stimulated for all of the sediment layers (Table 15); this
coincided with the highest observed temperatures (Fig-
ure 16). Ammonium production processes probably in-
clude dissimilatory ammonium production and mineral-
ization. Temperature dependence of benthic mineraliza-
tion has been observed for various shallow environments
(e.g. Jgrgensen and Sgrensen, 1985; Middelburg et al.,
1996; Trimmer et al., 1998; Trimmer et al., 2000). In
addition, low Eh within the deeper layers (Figure 16) is
evidence of anaerobic decomposition of accumulated
organic matter. Dissimilatory ammoniumn production in
the deeper layers was probably only a minor contributor
to total ammonium production due to low nitrate con-
centrations {Figure 17).

I plotted the production rates of nitrate and ammoni-
um versus the emersion time of the sediment in order to
investigate if emersion-related oxygenation influences
production rates in the subsurface layer (2.5 to 10 mm)
(Figure 20). The rate of nitrate production was stimulat-
ed in proportion to the emersion time (r = 0.80, P =
0.029), whereas the rate of ammonium production was
inhibited {r = (.51, P = 0.240). These relationships indi-
cate a weakening of the anoxic environment by oxygen-
ation during exposure, and subsequent (1) stimulation of
nitrification; or (2) inhibition of nitrate reduction; or {3}
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Figure 20 Volumetric nitrate (a) and ammonium (b)
production rates {umol N liter! bulk sed. h™') (depth:
2.5-10 mm) versus emersion time. The production rates
were calculated by subtracting molecular diffusive fluxes
from the observed rates of change in concentration (see
Table 15}. Negative values indicate the consumption of
nutrients.

a combination of both processes. With regard to this
emersion-related oxygenation, Koch et al. (1992) found
that Eh increased during exposure of mudflat subsurface
sediments (3 to 5 mm)} in River Torridge, England. My
observed relationship between the rate of nitrate produc-
tion and the emersion time is consistent with nitrate
behavior in Tama estuary sediments, Japan, where the
nitrate pool was constant or slightly increased 3 to 4
hours after the onset of exposure (Usui et al., 1998).
Understanding the other mechanisms affecting pore-
water nutrient concentration needs further investigation.
For instance, porewater nutrients can be assimilated by
microphytobenthos during emersion as well as during
immersion because of their high levels of productivity at
the site (see Chapter 3). The decrease in phosphate
concentration on sunny days of September 1998 and
November 1998 (Table 14 and Figure 18) might sup-
port the active microalgal photosynthesis and the follow-
ing uptake of phosphate from porewater during expo-
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Table 16 Inventory of porewater nutrients (umol N or P m?, depth: 0-10 mm) before (B} and after (A) inundation

B A Diff(s)  Diff(s)/A Diff(s—w)*  Diff(s-w)/A AL
(%) (%)
NO; + NO;  Mar 98 474 330 12 4 2 1 ~130
May 98 305 98 25 26 7 7 175
Sep 98 78 49 -1 ) ) -4 32
Nov 98 220 229 6 3 32 14 47
NH,* Mar 98 626 538 0 0 6 1 82
May 98 415 730 13 2 237 2 565
Sep 98 608 442 14 3 67 15 -85
Nov 98 192 227 i 0 36 16 72
PO, Mar 98 286 254 | 0 1 0 -30
May 98 224 126 2 2 7 6 -89
Sep 98 174 118 5 4 3 7 —43
Nov 98 109 114 1 1 18 16 24

“Diff{s), mass transport of porewater nutrients within the sediments occurred by molecular diffusion. Values are estimated as: diffusive flux calculated
by Fick’s second law of diffusion % time, where time is measured between the last sampling before inundation and the first sampling after inundation.

Positive values indicate effluxes to the deeper layers.

PDiff(s—w), mass transport of porewater nutrients across the sediment-water interface occurred by molecular diffusion. Values are estimated as: diffusive
flux calculated by Fick's first law of diffusion x time, where time is measured between inundation and the first sampiing after inundation. Positive val-

ues indicate nutrient release from the sediments.
“Estimated as: A ~ (B — Diff(s) — Diffts—w)}.

sure. Diurnal variation in nitrification and denitrification
can also mediate the pool size of nutrients (Ottosen et
al., 2001). Using a new "“N-ammonium spray technique,
Ottosen et al. (2001) demonstrated that coupled nitrifica-
tion-denitrification rates during the day were lower than
at night in exposed intertidal mudflats of the Tagus estu-
ary. In addition, data on the fraction of nutrients ad-
sorbed on the sediment particles can help to understand
the dynamics of porewater ammonium and phosphate
{Mesnage and Picot, 1995; Rocha, 1998; Slomp et al.,
1998; Sundareshwar and Morris, 1999; Suzumura et al.,
2000).

4.4.4 Nutrient dynamics at inundation

The concentration of interstitial nutrients changed
markedly at tidal flooding, however, with the exception
of the decrease in nitrate and phosphate in the surface
layer, the concentration patterns were not simple (Fig-
ure 19). For instance, in the topmost sediment sampled
in May 1998, the concentration of nitrate and phosphate
decreased, but that of ammonium markedly increased.
These complicated results relate partially to the low-
time-resolution of the dynamics of each nutrient during
the transitional tidal phase. Nevertheless, nitrate loss in

— 126 —

surface sediments at inundation has also been reported
by Rocha and Cabral (1998). They showed approximate-
ly 80% of the nitrate pool to be flushed at inundation of
the Sado estuary. Similar results were reported for am-
monium and phosphate (Rocha et al., 1995; Falcio and
Vale, 1998; Rocha, 1998), Rocha et al. (1995) found
that an abrupt rise in ammonium concentration occurred
in the water column during the first hour of flood in the
Sado estuary. Falcio and Vale (1998) showed that dur-
ing 20 minutes of inundation, large quantities of ammio-
niumt and phosphate were transported to the overlying
water in a coastal lagoon of Ria Formosa, Rocha (1998)
reported that ~75% of total {dissolved and exchange-
able) sedimentary ammonium was exported within 45
min of inundation.

Factors affecting solute dynamics at inundation and
during immersion periods can include (1) infiltration; (2)
molecular diffusion; (3) external forces caused by tidal
currents and waves; (4) free convention; and (5) biotur-
bation. The effect of infiltration is possibly not large for
my case, because water content in the sediment did not
change according to tidal regime. I calculated mass
transport of interstitial nutrients occurred by molecular
diffusion within the sediments (Diff(s)) and across the
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sediment-water interface (Diff(s—w)) (Table 16). The
contribution of molecular diffusion to mass transport of
nutrients after inundation in the top 10 mm sediments
was minor for both Diff(s) (-2 to 206%, mean: 3.5%)
and Diff(s—w) (—4 to 32%, mean: 9.2%). Therefore, the
decrease in some interstitial nutrients in the surface lay-
er can not be explained by molecular diffusion alone.
The external forces caused by tidal currents and waves
can account for mixing of porewater with overlying
water. de Jonge and van Beusekom (1995) speculated
that the surface layer is more permeable as a result of
hydrodynamic reworking. Inoue and Nakamura (2000)
have shown theoretically that an abrupt increase in shear
velocity can lead to a drastic increase in the phosphate
flux (1.7 times higher than steady state) at the sediment-
water interface during the first 30 minutes of the exper-
" iment. They speculated that turbulent diffusion resulted
in the rapid upward transport of accumulated phosphate
within the concentration boundary layer. In addition,
Inoue and Nakamura (2000) found that a steep oxygen
© concentration increase in overlying water resulted in a
change in the direction as well as the rate of phosphate
- flux, due to enhancement of phosphate adsorption by the
sediment. My complicated porewater nutrient dynamics
at inundation may be partially explained by these exter-
nally controlled physico-chemical interactions. Free con-
vection due to the temperature gradients within sedi-
- ments, and between sediments and flooding water, can
also promote mixing of porewater with overlying water
(Webster et al., 1996; Rocha, 1998; Rocha and Cabral,
1998). Many workers have suggested that macrofaunal
- reworking can cause much higher nutrient fluxes than
molecular diffusion (e.g. Kikuchi, 1986; Webster, 1992;
- Davey and Partridge, 1998; Mortimer et al., 1999;
. Christensen et al., 2000a; Hughes et al.,, 2000). Higher
- macrofaunal abundances at my site (Table 5), and asso-
- ciated enhanced bicturbation, would also increase nutri-
. ent efflux from the sediments. .
' All of the processes described above promote mixing
of porewater with overlying water. Thus, in my case,
mixing of low-nutrient overlying water (Figure 17) with
nutrient-rich porewater results in porewater nutrient de-
pletion by dilution. Therefore, the increase in porewater
ammonium for May 1998 is attributed to other mecha-
nisms. These may include ongoing microbial reactions
after emersion, and other mechanisms, such as stimula-
tion of macrofaunal excretion during sediment rework-
ing.

4.5 Conclusions

The water content in the surface sediment of the
Banzu intertidal sandfiat does not change significantly
although a measurable decline in water table depth dur-
ing emersion is found. Consequently, it is concluded
that the influence of advective transport caused by a

fluctuating water table on porewater nutrient dynamics is
minor for my site. During emersion, the diffusive flux
of all nutrient species greatly contributes to the observed
rate of change in porewater nutrient concentration for
the surface sediment. Microbial nitrate reduction, includ-
ing denitrification and dissimilatory ammonification,
within the subsurface sediment is strongly fueled by
downward diffusive flux of nitrate from the surface sed-
iment. A promotion of nitrate production rate and de-
cline of ammonium production rate proportional to the
emersion time of the subsurface layer indicates a weak-
ening of the anoxic environment by oxygenation during
exposure, and subsequent stimulation of nitrification or
inhibition of nitrate reduction. The marked decrease in
interstitial nitrate and phosphate concentrations in the
surface layer at inundation cannot be explained by mo-
lecular diffusion alone.

4.6 Summary

Porewater nutrient dynamics during emersion and at
inundation were investigated during different seasons in
a eutrophic intertidal sandflat of Tokyo Bay, Fapan, to
elucidate the role of emersion and inundation in solute
transport and microbial processes. The water content in
the surface sediment did not change significantly follow-
ing tidal exposure, suggesting that advective solute
transport caused by water table fluctuation was negligi-
ble for the Banzu intertidal sandflat. The rate of change
in nitrate concentration in the top 10 mm of sediments
ranged from ~6.6 to 4.8 umol N liter”' bulk sed. h™* dur-
ing the whole period of emersion. Steep nutrient con-
centration gradients in the surface sediment generated
diftfusive flux of nutrients directed downwards into deep-
er sediments, which greatly contributed to the observed
rate of change in porewater nutrient concentration. Mi-
crobial nitrate reduction within the subsurface sediment,
including denitrification and dissimilatory ammonifica-
tion, was strongly supported by the downward diffusive
flux of nitrate from the surface sediment. The stimula-
tion of nitrate production rate in the subsurface layer in
proportion to the emersion time indicates that oxygen-
ation due to emersion caused changes in the sediment
redox environment and affected both the nitrification and
nitrate reduction rates. The nitrate and phosphate pools
in the top 10 mm of sediments decreased markedly at
tidal flocding (up to 68% for nitrate and up to 44% for
phosphate), however, this result could not be solely ex-
plained by molecular diffusion.

5. Conclusions
The present study aimed to elucidate the bio-

geochemical role of benthic microorganisms in intertidal
sandy sediments. The following results were obtained.
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(1) I measured the abundance and biovolume of hac-
teria in intertidal sediments from Tokyo Bay, Japan, by
using a dual-staining technique (4’,6-diamidino-2-phe-
nylindole and acridine orange) and several dispersion
techniques (ultrasonic cleaner, ultrasonic sonicator, and
tissue homogenizer). Dual staining reduced the effect of
background fluorescence, particularly when used for silt-,
clay-, and detritus-rich sediments, and allowed us to dis-
tinguish bacteria from other objects during measurement
of both bacterial cell abundance and size. Within the
studied samples, the number of bacterial cells ranged
from 0.20 % 10° to 3.54 x 10° g of wet sediment™. Ap-
plying the ultrasonic cleaner and sonicator treatments to
disperse bacteria, the numbers of bacteria for all of the
sites initially increased with dispersion time and then
became constant. After applying the homogenizer treat-
ments, the highest cell numbers were observed for the
shortest treatment times (0.5- to 2-min), and bacterial
cell counts then declined steeply as the homogenization
time increased, indicating that cell destruction occurred.
Application of the ultrasonic cleaner treatment some-
times caused insufficient dispersion of bacteria for fine-
grain sediments. Within the studied samples, the bacteri-
al biovolume ranged from 0.07 to 0.22 pm®. Applying
the ultrasonic cleaner and sonicator treatments, the bio-
volume peaked during shorter dispersion times. This
pattern was caused not by cell destruction but by the
incremental portion of dispersed small cells. I concluded
that application of the ultrasonic cleaner and sonicator
treatments over longer dispersion times reflected the real
bacterial cell size spectrum and was preferable for accu-
rate estimation of mean bacterial biovolumes. The find-
ings described above can contribute to a better under-
standing of the role of bacterial biomass in immobilized
nuirient pools and associated rates of nutrient flux; how-
ever, further investigations are required for a quantitative
estimation of the role of immobilized nutrient pools in
nuirient cycling.

() Nitrification, denitrification, sediment-water ex-
change, and oxygen production were simultanecusly
measured for two years in the Banzu intertidal sandflat,
Tokyo Bay, Japan. The sediment acted as a sink for
both nitrate and phosphate under both light and dark
conditions. The mean uptake rate of nitrate by the sedi-
ment was higher in the light (-65.3 umol N m= h-)
than in the dark (-34.6 pmol N m? k') throughout the
studied period. The sediment also mainly acted as a
sink for ammonium in the light. The mean uptake rate
of ammonium by the sediment was markedly higher in
the light (41.1 pmol N m= h™') than in the dark (42.5
pmol N m™ h™') throughout the studied period. These
results indicate that microalgae and, to some extent,
bacteria on the sediment surface play a significant role
in removing nutrients from the overlying water by as-
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similation and in suppressing the release of mineralized
nutrients from the sedimeni. During dark conditions in
summer, the intertidal sediment acted as a source of
ammonium. Excretion of nutrients by the bivalve Rudi.
tapes philippinarum, which dominates macrofauna at the
site, greatly contributed to the net release fluxes of am-
monium at the sediment-water interface. In the summer
of 1997, the total microphytobenthic uptake of nitrogen
(nitrate + nitrite + ammonium) estimated from oxygen
productivity and the Redfield ratio was 573.4 + 64.4
pmol N m? h!, 31% (175.9 £ 64.4 pmol N m? ') of
which was assumed to be derived from the overlying
water. The release rate of nitrogen from the sediment to
the water column (1.1 mmol N m? d-') was balanced
with the removal rate of nitrogen from the water column
by benthic microalgae on a diurnal basis. The measured
denitrification rate using an acetylene inhibition tech-
nique was 99.6 + 23.5 pmol N mr? h™'in summer. Since
the direct supply of nitrate from the water column only
accounted for 27% of the total denitrification at the
highest estimate, nitrate in the sediment pool was the
major contributor to sedimentary denitrification.

(3)  Porewater nutrient dynamics during emersion and
at inundation were investigated during different seasons
in a eutrophic intertidal sandflat of Tokyo Bay, Japan, to
elucidate the role of emersion and inundation in solute
transport and microbial processes. The water content in
the surface sediment did not change significantly follow-
ing tidal exposure, suggesting that the advective solute
transport caused by water table fluctuation was negligi-
ble for the Banzu intertidal sandflat, which is character-
ized by short-emersion-time and low-siope. The rate of
change in nitrate concentration in the top 10 mm of
sediments ranged from -6.6 to 4.8 umol N liter! bulk
sed. b during the whole period of emersion. Steep nu-
trient concentration gradients in the surface sediment
generated diffusive flux of nutrients directed downwards,
which contributed greatly to the observed rate of chang-
es in the porewater nutrient concentration. Microbial ni-
trate reduction within the subsurface sediment, including
denitrification and dissimilatory ammonification, was
strongly supported by the downward diffusive flux of
nitrate from the surface sediment. The stimulation of
nitrate production rate in the subsurface layer in propor-
tion to the emersion time indicates that oxygenation due
to emersion caused changes in the sediment redox envi-
ronment and affected both the nitrification and nitrate
reduction rates. The nitrate and phosphate pools in the
top 10 mm of sediments decreased markedly at tidal
flooding (up to 68% for nitrate and up to 44% for phos-
phate), however, this result could not be solely ex-
plained by molecular diffusion.

(Received on November 30, 2001)
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Abbreviations

ANOVA; analysis of variance

AQ: acridine orange

AT allylthiourea

DAPI: 4’ 6-diamidino-2-phenylindole

Eh: redox potential

EPS: extracellular polymeric substances

NH,*: ammonium

NO,= nitrite

NO, nitrate

PAR: photosynthetically available {active) radiation
PO phosphate

SE: standard error

SNK test: Student-Newman-Keuls multiple-comparison test





