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SYNOPSIS

The relationships between denitrification activity and environmental factors in the tidal sediments of the inner area of
the Ariake Bay were investigated based on in situ and laboratory data. Statistically significant differences were found
between the mean values of the number of denitrifiers in the muddy sediments, and in the mud-sandy sediments and in the
sandy sediments (7 test, P<0.05). In the muddy sediments, a significant correlation was found between denitrification rate
in the sediment and NO; +NO,™-N flux from the overlying sea water into the tidal sediment (+*=0.25, P<0.01). This study
concluded that 47 % of NO;+NO,-N intake from the overlying water into the tidal sediment was consumed by
denitrification, and that the remainder was used as a substrate for assimilation of NO; reduction. The denitrification

activity in the muddy sediments was influenced strongly by C/N ratio and NO;+NO,™-N in the sea water.
INTRODUCTION

In coastal zones, detritus of land and sea origins are accumulated and concentrated near the sediment-water interface
(benthic boundary layer), and most of it is decomposed and mineralized by benthos and microorganisms (1)—(3). The
nutrient release from sediments plays an important role in the nutrient requirements of primary producers in the shallow
coastal waters (4), (5). Thus, the fluxes of materials such as nutrients in the benthic boundary layer are important factors
in the aquatic environment and ecosystem of coastal zones (6). However, the effects of physical and biochemical factors

in the benthic boundary layer on the metabolism of microorganisms and the process of nutrient release have not been



clearly determined. In addition, the type and the activity of microorganisms related to decomposition and mineralization
of organic matter in the benthié boundary layer are not yet clearly understood.

The Ariake Bay located in the western coast of Kyushu, Japan, has a length of about 90 km, a width of about 20 km,
an average depth of about 20 m and a total area of almost 1700 km®. The Ariake Bay is a semi-closed bay with tidal flats
of about 200 km” and a maximum tidal rangé of about 6 m in spring tide. The high concentration of suspended mud layer
is mainly observed in the inner area of the Ariake Bay (/4B), because sedimentation and resuspension of large amounts of
fine sediment particles and detritus occur due to periodic tidal currents and waves, etc. (7), (8). = Recently, environmental
degradation and ecosystem deterioration, such as frequent occurrences of red tide and hypoxic water and rapid decreases in
bivalve production, have become serious problems in the /4B (9)(11). A great deal of research has been conducted on
the investigation into the causes of environmental deterioration and restoration of the ocean environments (12)—14). The
environmental purification function of tidal flats, including the removal of nitrogen and phosphorus from the sea, plays an
important role in improving of the aquatic environment. Denitrification is a key process of nitrogen recycling in the
Ariake Bay. Yanagi and Abe (15) found that denitrification accounts for about 20 % of the total amount of nitrogen
elimination in the Ariake Bay. However, little information is available concerning the seasonal variations of the in situ
rate of denitrification in the muddy tidal flats that extended to the [4B. In addition, the relationships between
denitrification activity and environmental factors in the tidal sediment are not clearly understood yet.

In previous studies, we clarified the spatial distributions of the number of denitrifiers in the tidal sediments of the /4B,
and the seasonal variations of number of denitrifiers and denitrification rate in the muddy sediments in the /4B (16). In
this study, 14 sampling sites were selected on the tidal sediments in the /4B, and the number of denitrifiers and the physical
sediment properties were investigated at all sampling sites in four seasons from 2006 to 2007. Here, we focus on the
relationship between the spatial distribution and seasonal changes in the number of denitrifiers and the sediment
characteristics.  Next, a fixed station was set on the typical muddy sediment in the /4B, and the physical sediment
properties, the inorganic nitrogen concentration in sediment pore water, the number of denitrifiers, and the in situ
denitrification rate were investigated biweekly each month in 2006-2008. Here, we focus on the effects of environmental

factors on the seasonal changes in denitrification rate in the muddy sediment by multiple regression analysis.
MATERIALS AND METHODS

Study sites and sample collection

Figure 1 shows the positions of sediment sampling sites (S1-S14) and the in situ investigation site (§9) for this study.
The sampling sites were located on the muddy, mud-sandy, and sandy tidal flats in the coastal zone of the /4B. The
sampling sites (A-C) and (D-G) were located on the tidal flats and in the shallow sea of the /4B, respectively. To
examine the relationship between the spatial distributions of number of denitrifiers and the tidal sediment characteristics
in the I4B, sediment samples were collected at the sampling sites (S1-S14) during the ebb tides in May, August,
November, and December 2006 and 2007 using clear acrylic cores (83 c¢m in diameter, 21 cm in length). =~ The sediment
cores were closed with rubber stoppers and transferred to the laboratory within a few hours. Measurements of the -
number of denitrifiers and analyses of physical sediment properties were conducted in a laboratory using the sediment
samples from the sediment surface to a depth of 4 cm. To investigate the relationship between the seasonal changes in
the number of denitrifiers and the sediment characteristics on muddy tidal flats, five undisturbed sediment samples were

collected biweekly at sampling site S9 using clear acrylic cores (83 mm in diameter, 21 cm in length) each month from



April 2006 to March 2008. One of the undisturbed sediment samples was divided into subsamples at intervals of 2 cm
from the sediment surface to a depth of 10 cm. Parts of the subsamples were used for measuring the number of
denitrifiers, and for analyzing pore water geochemistry and physical sediment properties, and the remaining parts were
used for measuring the denitrification rate and sediment-water flux of inorganic nitrogen. For a comparison between the
distribution of number of denitrifiers in the tidal flats that undergo periodic submersion and emersion and in the shallow
sea that is within the infralittoral zone, two undisturbed sediment samples were collected monthly by a diver at sampling
sites (A-G) from August 2007 to July 2008 using clear acrylic cores (50 mm in diameter, 30 cm in length). The samples
obtained near the undisturbed sediment surface (0-2 cm in depth) were used for measuring the number of denitrifiers and

for analyzing physical sediment properties.
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Fig. 1 Locations of sediment sampling sites (S1-S14 and A-G) and investigation site (S9)

Physical sediment properties and sediment pore water

The oxidation-reduction potential (Eh), sediment temperature, the mud (silt and clay) content, the total organic
carbon (TOC), and the total nitrogen (TN) were measured to determine the geochemical sediment properties. Eh was
measured by an ORP meter (RM-20p, TOA) inserted directly into the sediment sample and was corrected with sediment
temperature, and sediment temperature was measured in the field using a digital thermometer (SK-1100, Sato). Eh value
was calculated as Eh=FEc+206-0.7x(ST-25), where Ec is the observed ORP and ST is the sediment temperature. TOC and
TN contents of the sediment were analyzed using a CHN analyzer (JM-10, J-ScienceLAB). Before analysis, sediment
samples were treated with 1 N HCI for 24 h to remove carbonates, and subsequently dried at 60 °C under vacuum to
eliminate HCI vapor. Sediment pore water was collected by centrifuging sediment subsamples and filtered using a 0.45
pm membrane filter. The pore water samples were frozen and stored at —20 °C until analyses were carried out. NH,-N

and NO; +NO; concentrations in pore water were analyzed using an auto analyzer (SWAAT, BLTEC).
Enumeration of denitrifiers

The Most Probable Number (MPN) method was used to count denitrifiers in the sediments taken in acrylic cores at
the locations. Samples of 10 g of the sediments were dispersed in 100 ml of sterile distilled water. After sonication of
the suspension for two minutes, the supernatant was used as an inoculum source. Tenfold serial dilutions of the inoculum

source were prepared, and then 1-ml aliquots were transferred to five replicate test tubes. The test tubes containing Giltay



medium (pH 7.0-7.2) and the Durham tubes had been previously sterilized by autoclaving. The inoculated tubes were
incubated at 30 °C for one week. The color change from yellow to blue in the inoculated tubes and nitrogen gas

production in the Durham tubes were checked to confirm the occurrence of denitrification(17).

Denitrification rate

Denitrification rate was measured by the Acetylene Inhibition Technique in laboratory incubation. This is a simple,
quick, sensitive, and low-cost method to measure denitrification rate (18)—20). Denitrification rate measurements were
conducted in the laboratory immediately after sampling of sea water (21) and undisturbed sediment cores (8.3 cm in
diameter, 21 cm in length) at sampling Vsite S9 as follows: some of the sea water (100 ml), that was filtered using a 0.45um
membrane filter, dissolved 10 % of C,H, was injected into 50 points of the undisturbed sediment cores by 1 ml using a
microsyringe and the remaining part was poured into the surface of the sediment core slowly. The headspace of the
sediment core was filled with nitrogen gas, and the sediment cores were capped with a rubber stopper and then incubated in
the dark at in situ sediment temperature (Table 1) for 24 h. At 2, 4, 6, 8, and 24 h from the beginning of incubation, 2 ml
headspace samples in the sediment cores were collected using a microsyringe, and N,O concentration of the gas phase was
measured by gas chromatography (G3810, Yanako). The denitrification rate, R;( # mol-N m? d"), was calculated by
Eq.(1) based on the rate of N,O production in the sediment core during incubation. R, was considered as the in situ
denitrification rate, because the denitrification rate measurements were conducted at the in situ sediment temperature using
the field sea water. The sediment temperature and the inorganic nitrogen concentration of the overlying sea water in the

denitrification rate measurements are listed in Table 1.

Table 1 Sediment temperature and inorganic nitrogen concentration of the overlying sea water in the denitrification
rate measurements

T , : NH,-N NO; N NO, N
Sampling period temg:riltfrf(’ic)* (umol Y | (gmol Iy | (umol I'y**

Spring (Mar—May 2006) 13.9-20.4 146.4-205.0 2.9-7.1 1.4-29
Summer (Jun—Aug 2006) 24.7-28.0 32.1-189.3 0.0-0.7 0.0-64
Fall (Sep—Nov 2006) 16.4-28.7 14.3-96.4 0.0-1.4 0.7-8.6
Winter (Dec 2006—Feb 2007) 10.9-16.9 0.7-95.0 0.0-7.1 0.0-2.9
Spring (Mar—May 2007) 10.3-254 5.7-147.1 0.7-7.1 0.0-6.4
Summer (Jun—Aug 2007) 24.9-294 42.1-245.0 2.9-12.9 2.9-10.7
Fall (Sep—Nov 2007) 14.2-28.4 27.9-105.7 0.7-7.9 0.7-79
Winter (Dec 2007—Feb 2008) 6.1-12.8 35.0-112.9 0.0-4.3 1.4-43
Spring (Mar 2008) 14.1-18.6 143-314 14-114 0.7-2.1

* Mean value from the surface to a depth of 10 cm in the undisturbed sediment core.

** NH, -N, NO;™-N, and NO, -N concentrations of the overlying sea water in the undisturbed sediment core.

89.29C (7, -a V)

1
y T (1

where C is N,O concentration (mi 1) of gas phase in the sediment core, ¥ and V; are the volumes (1) of gas and liquid
phases in the sediment core, respectively, A is the cross-sectional area (m?) of sediment core, T is the unit time (d), & is the

Ostwald solubility coefficient (e.g., o =0.530 ml mI™ at 30 °C), and 89.29 is the mass of N,O-N in the ideal gas ( & mol .



Inorganic nitrogen flux between sediment and overlying sea water

Inorganic nitrogen flux experiments were conducted in the laboratory immediately after collecting sea water (2 1) and
undisturbed sediment cores (8.3 cm in diameter, 21 cm in length) at sampling site S9. 400 ml of sea water filtered using a
0.45um membrane filter was gently and slowly flushed onto the sediment surface so that disturbance and resuspension of
the sediment were minimized. The sediment cores were settled in a thermostated water bath at the in situ sediment
temperature and in the dark. During incubation, the overlying sea water was continuously stirred with an electric
propeller about 10 cm above the sediment surface. Samples of 10 ml of the overlying sea water were collected at 2, 4,6,8,
and 24 h after commencement of incubation. Water samples were filtered and frozen for analysis of NH,', NOy, and
NO,™ concentrations. NH,"-N flux (Furs) and NOy+NO, =N flux (Fyomnoz) from the sediment into the overlying sea
water ( 2 mol-N m? d) were calculated using Eq.(2) based on the temporal changes in NH,*-N and NO;+NO,-N

concentrations in the overlying sea water.

(Co ;ir) 4 )

Frau of Fayozvoz =

where Cy and Cr are the NH,"-N or NO; +NO,™-N concentrations ( z mol 1) in the overlying sea water at times (d) 0 and 7,

respectively, and ¥ is the volume (1) of overlying sea water.

RESULTS AND DISCUSSION

Relationships between the seasonal variations of number of denitrifiers and the sediment physical properties

Figure 2 shows the mud contents of tidal sediment at sampling sites (S1-S14) in 2006. Mud contents were
22 %47 % in the mud-sandy sediments at sampling sites S1-S4, 77 %99 % in the muddy sediments at sampling sites
S5-812, and 6 %11 % in the sandy sediments at sampling site S13 and S14. Most of the sediments in the /4B were
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Fig. 2 Mud (silt and clay) contents (mean and standard deviation)
of sediment at the sampling sites S1-S14 in 2006 (#=4)

muddy sediment. The circulation patterns of residual current in the bay head of the Ariake Bay have important effects on
the formation of the muddy tidal flat in the I4B (21).
Table 2 shows the number of denitrifiers in each sediment type for the four seasons in 2006 and 2007. Except for

spring 2007, statically significant differences were found between the mean values of number of denitrifiers in the muddy



sediment, and in the mud-sandy sediment and in the sandy sediment in each season (¢ test, P<0.05). The mean number of
denitrifiers in the muddy sediments was higher than those in the mud-sandy sediments and the sandy sediments. The
mean numbers of denitrifiers for the two years were about 5.8x10” cells g-dry™' in the sandy sediment, about 1.1x10° cells

g-dry™ in the mud-sandy sediment, and about 5.0x10* cells g-dry™ in the muddy sediment (Table 2).

Table 2 Number of denitrifiers in each sediment type of every the season in 2006 and 2007

Number of denitrifiers (cells g-dry™)
. . * Sprin; Summer Fall Winter
Site Sediment type (MaI;nMgay) (Jun—Aug.) (Sep—Nov.) (Dec—Feb.)
2006 2007 2006 2007 2006 2007 2006 2007
1 566 60 1,779 424 425 922 246 361
2 Mud-sandy 229 436 3,171 44 1,257 607 578 587
3 (1,090+1,451)" 205 2,008 433 7,430 407 230 214 2,061
4 591 787 3,788 1,930 132 1,838 217 918
5 3,762 218 4,625 | 347,549 999 3,014 218 1,499
6 481 1,585 | 11,861 | 532,286 1272 974 2,601 6,241
7 2,404 49 | 46278 | 233.809 | 6,240 3,158 1,294 452
8 Muddy sediment 614 364 | 33,976 | 173,807 | 3,526 1,546 709 509
9 | (50,071£17,554)" | 1,325 948 | 10,460 | 10,103 5,724 1,205 5,438 14,728
10 1,200 4,016 9,763 | 620,280 | 10,788 2,477 4229 1,949
11 68 | 11,420 7271 | 544392 | 3,109 1,838 1,116 2,324
12 784 5802 | 11,282 | 477,488 702 770 903 2,720
13 Sandy sediment 172 4,720 347 119 116 226 226 246
14 (580+1,142)" 394 271 511 1,307 258 15 110 237

* As the division of the tidal sediment type according to the mud content did not have a strict standard, the sediment types
were classified as follows: mud content 0 %-30 %, sandy sediment; 30 %60 %, mud-sandy sediment; 60 %100 %,
muddy sediment.

** Mean valuetstandard deviation of number of denitrifiers in each sediment type during the investigation period (2006

and 2007).

The number of denitrifiers tended to increase with mud content (P>0.05 in spring and winter, P<0.05 in summer and
fall), because the organic matter content of sediments increased with mud content (Fig. 3) and the anaerobic environment,
that was appropriate for habitat of denitrifiers, was easily formed in the ‘muddy sediment. The number of denitrifiers
increased in summer. Especially, the number of denitrifiers in muddy sediments in summer was about one order of
magnitude higher than those of the other seasons. Koriyama et al. (22) investigated the seasonal variations of TOC and
TN in the sediments at the sampling sites A—-G (Fig. 1) from August 2007 to July 2008, and they found that TOC and TN in
the sediments increased in summer and winter.  Thus, it is thought that the large number of denitrifiers in summer is due to
a rise in sediment temperature and the supply of organic matter, which is the carbon source of denitrifiers, to the muddy
sediments in the /4 B.

Figure 4 shows the temporal variations in number of denitrifiers in the upper layer (0-2 cm in depth), middle layer
(4-6 cm in depth), and lower layer (8—10 cm in depth) of sediment at the sampling site S9 located on the muddy tidal flats.
The number of denitrifiers was maximum in the upper layer in July 2006 (about 9.4x10* cells g-dry”" ) and in the middle
layer in July 2007 (about 8.5x10* cells g-dry™"). Mean values of the number of denitrifiers in each layer of sediment over
a period of two years was about 9.2x10° cells g-dry™ in the upper layer, about 8.8x10° cells g-dry™" in the middle layer, and
about 4.1x10° cells g-dry™" in the lower layer, respectively. We found no significant differences among the number of

denitrifiers in the three layers of the muddy sediments at sampling site S9 (ANOVA, P>0.05).
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Fig. 3 Relationships between mud content, TOC, TN, and denitrifiers in the sediments
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at each depth in the muddy tidal flat (sampling
site S9)

Fig. 5 Temporal variations in number of denitrifiers in the
tidal zone (sampling sites A—C, »=3) and infralittoral
area (sampling sites D-G, n=4).

Figure 5 shows the temporal variations of the number of denitrifiers in tidal zone (72) (sampling site A~C) and
infralittoral zone (/nfZ) (sampling site D-G) during the period from August 2007 to July 2008. The number of denitrifiers
in August 2007 and January 2008 was not measured. The number of denitrifiers in both zones showed similar seasonal
trends. The mean number of denitrifiers in 7Z and /n/Z was almost the same during summer-fall (September—November
in 2007 and July in 2008); the number of denitrifiers was 1,853 cells g-dry”" in 77 and 1,439 cells g-dry’ in InfZ. On the
other hand, the mean number of denitrifiers in 7Z (1,065 cells g-dry™") was somewhat larger than that in InfZ (592 cells
g-dry™), even though there was no significant difference (¢ test, P>0.05) during winter—early summer (December in
2007-June in 2008).

We found no significant differences in Eh or sediment temperature of the sediments (0-2 cm in depth) between 77

and InfZ, but significant differences in TOC and TN content of the sediments were found during winter—early summer (¢



test, P<0.05) (22). The mean values of TOC and TN content in the sediments (0-2 cm in depth) of both zones were 36.3
mg g and 4.7 mg g' (72), and 36.0 mg ¢! and 44 mg g' (Jnf2) during summer—fall, respectively. However, in
winter—early summer, the mean values of TOC and TN content of fhe sediments in 7Z (TOC: 39.7 mg g, TN: 5.4 mg g'')
were larger than in InfZ (TOC: 36.4 mg g, TN: 4.2 mg g'). Thus, the difference in number of denitrifiers between both

zones was thought to be related to the organic matter content in the sediments during winter—early summer.
Denitrification rate, number of denitrifiers, and inorganic nitrogen flux on the muddy tidal flat

Figures 6 and 7 show the temporal variations of number of denitrifiers and Ry in the sediment (0~10 cm in depth) on
the muddy tidal flats (sampling site S9), and the relationship between them, respectively. The data of R, during the period
from November 2006 to January 2007 are not measured. The number of denitrifiers had a tendency fo increase in summer
(July—September) and to decrease in spring (March—May), although temporal variations in number of denitrifiers were
different in each year. The temporal variations in environmental factors of sediment, mainly mud temperature, Eh, and
organic matter content, were thought to have a significant impact on the number of denitrifiers. R, had maximum values
of 617.1 gmol-N m™ d" in October 2006 and of 990.2 u mol-N m? d” in July 2007. The temporal variations in
number of denitrifiers did not necessarily correspond to those of R, and the correlation between them was not statistically
significant (#*=0.08, P>0.05). The respiratory system of denitrifiers that are facultative anaerobic bacteria switches to
aerobic respiration with high energy efficiency under oxic sediment conditions, even though the respiratory system is
anaerobic respiration (denitrification) under anoxic or low-oxygen sediment conditions (23). We therefore concluded that
this was responsible for the differences in temporal variations between the number of denitrifiers and R, on muddy tidal flat.

Figure 8 shows the temporal variations of Fyus and Fuosnoz at sampling site 89, and Figure 9 shows the relationship
between Ry and Fuosnoz.  The positive values of Fuus and Fyossno, indicate the intake of NH,-N and NOs+NO,™-N
from overlying sea water into sediment, and negative values indicate the elution of NH,-N and NO;+NO,™-N from
sediment into overlying sea water. Fyos+no2 Was positive; that is, NO;+NO, -N was absorbed from the overlying sea
water in the muddy sediment during the investigation period except January 2007. There was a statistically significant
difference between Fnossnoz and Ry (¢ test, P<0.05). The mean value of Fyosnoz (495.7 # mol-N m? dY) for the
investigation period was larger than that of R, (231.4 x mol -N m? d". Thus, it is thought that about half of the
NO;™+NO,-N intake from the overlying sea water into the sediment is used for denitrification and the remainder is used as
a substrate for assimilation of NO;~ reduction. Denitrification capacity has been reported to account for between 38 %
and 95 % of the total NO;™ reduction in marine sediment (24),(25). In the present study, 47 % of NO; +NO, -N intake
from the overlying sea water into the sediment was consumed by denitrification. This suggests that the proportion of
denitrification in total NO;™ reduction in the muddy sediment of the Ariake Bay is roughly the same as that in marine
sediment. Moreover, we found a significant positive correlation between R, and Fyoswnoz, as shown in Fig. 9 *=0.25,
P<0.01). These results indicated that the denitrification activity was greatly controlled by NO; +NO, -N concentration in
the overlying sea water, and the denitrification activity significantly affected the nitrogen budget in the benthic boundary
layer. On the other hand, Fyus was negative, or eluted from the sediment into the overlying sea water in summer except
for January 2007, or in June and August 2006 and in July and September 2007 (S-period), and was positive, or absorbed
from the overlying sea water to the sediment in other months (W-period). In S-period, the organic matter in the sediment
was decomposed with a rise in mud temperature, and NH,'-N concentration of pore water in the sediment increased. Asa
result, it was thought that NH,"-N elusion from the sediment accelerated in S-period. As NH,"-N concentration in pore

water of sediment surface layer was high (17.1 x mol I'") although the sediment temperature was low (11.0 °C), NH,"-N



was eluted from the sediment into the overlying sea water in January 2007. However, the reason for the high NH,;*-N
concentration in sediment pore water is not clear. In W-period, nitrification activity in the sediment increased with the
development of aerobic sediment conditions. The increase in NH,*-N absorption from the overlying sea water into the

sediment was thought to be due to high nitrification activity.
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Vertical profiles of environmental factors related to denitrification in muddy sediment

Figure 10 shows the vertical profiles of monthly mean values in the environmental factors of sediment that are
thought to greatly affect denitrification activity on the muddy tidal flats (sampling site $9). Mud temperature was almost
uniform from the sediment surface to the lower layer (0-10 c¢m in depth). Seasonal mean values of mud temperatures
were 18.4 °C in spring, 27.5 °C in summer, 23.1 °C in fall, and 10.7 °C in winter. Eh decreased from the sediment surface
to the lower layers throughout the year.  The vertical distributions of Eh in fall and winter shifted from negative to positive
values overall as compared with summer and spring. Especially, aerobic sediment conditions were formed near the
sediment surface layer in winter, because the aerobic decomposition of organic matter in the sediment was restricted and
the oxygen consumption of sediment decreased in winter due to low mud temperature.

NH4"-N concentrations in the overlying sea water and pore water of sediment were 52.9-71.4 zmol I'' and
7.9-473.6 umol I, respectively. NH,"-N concentration in pore water increased with sediment depth except in winter.
NH,"-N concentration of pore water in the sediment surface layer was low due to the nitrification and the elution from

sediment into overlying sea water; that is, NH,*-N tended to be released from the sediment into the overlying sea water in

summer, because the decomposition of organic matter was accelerated with increasing sediment temperature and then

9
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NH,"-N concentration in pore water of the sediment surface layer increased. On the other hand, in the fall and winter, Eh
values increased (Eh +90.7 mV in summer to +256.3 mV in winter) and the oxidized zone prevailed in the sediment surface
layer. Therefore, we concluded that NH,"-N concentration of pore water in the sediment surface layer decreased due to
the acceleration of nitrification activity in the sediment surface layer. NH,-N concentration increased with sediment
depth due to regeneration and accumulation of NH,"-N in the sediment lower layer with decomposition of organic matter.
In winter, NH,*-N concentration in pore water was low except at a depth of 3 cm. Itis thought that one of the causes was

the inactivation of NH,'-N regeneration with decreasing mud temperature.

NO,+NO,™-N concentrations in the overlying sea water and in pore water of sediment were 4.3-7.1 g mol I and
2.1-43 g mol I, respectively, and the magnitude of the Iafter was about two orders smaller than that of NH, -N
concentration in pore water. The reasons for this are as follows: the nitrification activity of sediment is low, because the
anaerobic sediment environment is superior on the muddy tidal flats except in the vicinity of the sediment surface. Asa
result, the generation of NO; +NO, -N is low in the muddy tidal flats because of a decrease in the nitrification activity.

NO; +NO, -N concentration was almost uniform from sediment surface to a depth of 10 cm and was comparatively low

throughout the year.
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Fig. 10 Vertical distributions of seasonal mean mud temperature, Eh, NH,"-N, NO; ™+ NO,-N, TOC, and C/N ratio in the
muddy tidal flat (sampling site S9) (O: spring (n=46); [1: summer (#=51); A: fall (n=54);V: winter ( #=48))

Although TOC content was relatively high in the sediment surface, it was almost uniform in the sediment with a
value of about 30 mg g'l, and the differences in TOC content between seasons were small. However, TOC content of the
sediment surface was high in winter. ~We postulated that one of the causes for this is an adhesion diatom that grows
thickly on the sediment surface in winter. ~C/N ratio showed an almost unifonﬁ profile in the sediment except in winter.
The mean value of C/N ratio in sediment was highest in summer. The mean value of C/N ratio was 9.3 in summer, and
ranged from 7.1 to 8.6 in other seasons. In general, the C/N ratio is significantly affected by the type and decomposition
condition of organic matter (26), (27). Thus, C/N ratio was low in winter and high in summer, because organic matter was
that of sea origin, such as attached algae, which is decomposed easily, in winter and of terrestrial origin, such as

hydrophytes, which are not decomposed easily, in summer.
Relationships between denitrification rate and environmental factors of sediment

Table 3 shows the denitrification rates of sediments measured in both domestic and foreign coastal and tidal flat areas.

The denitrification rates of tidal sediment were greater than those of coastal sediment, and the denitrification rate in sandy



tidal flats was lower than in muddy tidal flats. ~The reason for this was thought to be because the organic matter content,
which is the carbon source for denitrifiers, is higher in muddy than in sandy tidal flats (Fig. 3) and the redox potential
discontinuity (RPD) layer, which is an appropriate habitat for denitrifiers, is formed more easily in muddy than in sandy
sediment. The denitrification rate in the muddy tidal flat of /4B (sampling site S9) was of approximately the same order

as those reported previously in domestic and foreign tidal flats.

Table 3 Measured denitrification rates of sediments in coastal and tidal flat areas (28)-(30)

Denitrification rates

Locations Samples 241 References
(mmol-N m™d")
Ariake Sea (Japan) Mud flats (010 cm) 0.03-0.67 (mean: 0.23) Present study
Tokyo Bay (Japan) Coastal sediment 0.20-0.34 Nishio T. (1982)
Hiroshima Bay (Japan) Tidal flats 0.00-1.43 Seiki T. (2008)
Coastal sediment 0.01-0.24

Norsminde Fjord (Denmark) Mud flats 0.14-0.71 Jorgensen K. S. (1988)
Delaware Inlet (N.Z.) Mud flats (0-10.5cm)  0.09-0.78 (mean: 0.29) Kasper H. F. (1983)

Sand flats (0-10.5 cm)  0.12-0.57 (mean: 0.21)

Table 4 Correlation coefficients between seasongﬁl* mean valuf,s of denitrification rate and main environmental factors in
the muddy tidal flat (sampling site S9) (' : P<0.01, : P<0.05)

. NO; ™+ NO,-N
Denitrifier Mud . ;
number temperature Eh TOC C/N ratio Pore Overlying Flux
water sea water
Spring 0.55 0.41 0.20 0.52 0.31 0.02 0.53 0.78
Summer 0.55 0.34 0.08 0.24 0.52 0.12 0.15 0.03
Fall 0.43 0.01 0.52 0.78" 0.62 0.22 0.48 0917
Winter 0.16 0.05 0.01 0.14 0.76" 047 0.41 0.27
Table 5 Regression coefficients
. Standardized I
Autonomous variable coefficient ( 8) t value P
Frozenoz 0.555 4.282 0.000
C/N ratio ~0.364 -2.812 0.007

Table 4 shows the correlation coefficients between seasonal mean values of R; and main environmental factors of
sediment at sampling site 9. The correlation coefficients were markedly different between seasons. For example, the
environmental factors strongly correlated with R, and Fossnoz in spring, Fuosinoz and TOC content in fall, and C/N ratio
in winter. In other words, the denitrification activity, which is a biochemical phenomenon, is related in a complex manner
to various environmental factors in sediments, and the relationships between the denitrification activity and the
environmental factors vary with each season. To examine the factors influencing R, during the investigation period from
April 2006 to February 2008, multiple regression analysis was carried out.  The stepwise method was used as a method of
selecting the autonomous variables of a multiple regression equation. The autonomous variables significantly related to
Ry in the muddy tidal flat were Fyosino, and C/N ratio, and the standardized coefficients ( ) were 0.56 and -0.36,
respectively (Table 5).  Thus, it is thought that R, of sampling site $9 located in the muddy tidal flat is greatly controlled
by the C/N ratio, which is related to the type and decomposition conditions of organic matter that is an electron donor and

by Fnossnoz, which is related indirectly as an electron acceptor throughout the year.
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CONCLUSIONS

In the present study, the relationships between denitrification activity and environmental factors of sediment in the
muddy tidal flat were investigated based on in situ and laboratory data. The results of the present study are summarized as
follows:

1) The seasonal mean value of the number of denitrifiers in the tidal sediment surface layer (0—4 cm in depth) of the
IAB was highest in summer (mean value was about 1.9x10° cells g-dry™"). The causes of this were thought to be as
follows: (i) increased mud temperature; (i) large amounts of organic matter, which is the carbon source for denitrifiers,
were carried into the tidal flat of the I4B; (iii) the RPD layer, which is an appropriate habitat for denitrifiers, was formed
easily in summer.

2) A relatively large number of denitrifiers was observed in the upper (0-2 cm in depth) and middle (2-4 cm in
depth) layers of the muddy tidal sediment (sampling site $9). The annual mean numbers of denitrifiers in the upper and
middie layers were approximately 9.2x10° cells g-dry”’ and 8.8x10° cells g-dry™, respectively.

3) There was no unique relation between monthly mean denitrification rate and the number of denitrifiers in the
sediment (0-10 c¢m in depth) of the muddy tidal flat. This was thought to be related to the respiration system of
denitrifiers, which are facultative anaerobic bacteria. We thought that there were differences in temporal variations
between denitrification rate and number of denitrifiers, because the denitrifiers take aerobic respiration with high energy
efficiency under the oxic sediment conditions and anaerobic respiration (denitrification) under anoxic or low-oxygen
sediment conditions.

4) The monthly variation of Fyos«noz between overlying sea water and sediment (0-10 c¢m in depth) indicated that
NO; +NO, -N was incorporated from the overlying sea water into the sediment of the muddy tidal flat (sampling site S9)
except in January 2007. Fuossnoz (495.7 g mol-N m? d') was higher than R, (231.4 x mol-N m? d". From this
result, we concluded that about half of the NO; +NO, -N absorptibn from the overlying sea water into the sediment was
used for denitrification and the remainder was used as a substrate for assimilation of NO;™ reduction.

5) The correlation coefficients between monthly mean values of denitrification rate and main environmental factors
in the sediment (0—10 cm in depth) of the muddy tidal flat (sampling site S9) varied with each season; that is, the
denitrification activity, which is a biochemical phenomenon, was related in a complex manner to various environmental
factors of sediment and the relations between them varied between seasons. However, the denitrification rate of the
muddy sediment was shown by multiple regression analysis to be greatly controlled by the C/N ratio, which is related to the
type and decomposition conditions of organic matter that is an electron donor, and by Fnosinoz, Which is related indirectly

as an electron acceptor throughout the year,
REFERENCES

1. Smith, K.L., Carlucci, A.F.,, Jahnke, R.A. and Craven, D.B.: Organic carbon mineralization in the Santa Catalina
Basin: benthic boundary layer metabolism, Deep-Sea Research, Vol.34, No.2, pp.185-211, 1987.

2. Wollast, R.: The coastal organic carbon cycle; fluxes, sources, and sinks, Ocean Margin Processes in Global Change,
Mantoura, R. F. C., Martin, J. M. and Wollast, R. eds., John Wiley & Sons, Chichester, pp.365-381, 1991.

3. Ritzrau, W.: Microbial activity in the benthic boundary layer: Small-scale distribution and its relationship to the
hydrodynamic regime, Journal of Sea Research, Vol.36, pp.171-180, 1996.

4. van Luijn, F, Boers, P. C. M., Lijklema, L. and Sweerts, J. -P. R. A. : Nitrogen fluxes and processes in sandy and



10.

1.

12.

14.

15.

17.

19.

20.

21.

22.

muddy sediments from a shallow eutrophic lake, Wat. Res., Vol.33, No.1, pp.33-42, 1999.

Nancy, N. R,: Nitrogen in Aquatic Ecosystems, AMBIO : A journal of the Human Environment, Vol.31, No.2,
pp.102-112, 2002.

Cabrita, M. T. and Brotas, V.: Seasonal variation in denitrification and dissolved nitrogen fluxes in intertidal sediments
of the Tagus estuary, Portugal, Mar. Ecol. Prog. Ser., V01.202, pp.51-65, 2000.

Koriyama, M., Seguchi, M. and Kato, O. : On the resuspension mechanism of bottom mud in the tidal flat area under
the combined wave and current flows, Trans. of JSIDRE, No.209, pp.77-85, 2000 (in Japanese).

Hiramatsu, K., Shikasho, S. and Mori, K. : Numerical prediction of suspended sediment concentrations in the Ariake
Sea, Japan, using a time-dependent sediment resuspension and deposition model, Paddy Water Environ, Vol.3, No.1,
pp.13-19, 2005.

Kawamura, Y. : Environmental change and seaweed production in Saga area of Ariake Bay, Seaweed and Sea Algae,
Vol.64, pp.4-9, 2002 (in Japanese).

Tsutsumi, H., Okamura, E., Ogawa, M., Takahashi, T., Yamaguchi, H., Montani, S., Kohashi, N., Adachi, T. and
Komatsu, M. : Studies of the cross section in the innermost areas of Ariake Bay with the recent occurrence of hypoxic
water and red tide, Oceanogr Jpn, Vol.12, pp.291-305, 2003 (in Japanese).

Tsutsumi, H. : Critical events in the Ariake Bay ecosystem : Clam population collapse, red tides, and hypoxic bottom
water , Plankton and Benthos Research, Vol.1, No.1, pp.3-25, 2006.

Azuma, M. : The Isahaya land reclamation project and the "Ariake Sea Disaster" a proposal for sustainable ecosystem
management of the Ariake Sea, Japanese Journal of Limnology, Vol.64, No.3, pp.209-217, 2003 (in Japanese).

Yokose, H., Momoshihara, N., Matsuoka, K., Hase, Y. and Honza, E. : Environmental assessments of Ariake Sea
during the past 100 years based on marine sediments, Journal of Geography, 114(1), pp.1-20, 2005 (in Japanese).
Koriyama, M., Seguchi, M. and Ishitani, T. : Study on the occurrence mechanism of hypoxic water in the interior
western parts of the Ariake Sea using the box model, Trans. of JSIDRE, No.76(3), pp.267-275, 2008 (in Japanese).
Yanagi, T. and Abe, R. : Nitrogen budget change in Ariake Bay between 1979 to 1999, Oceanogr Jpn, Vol.15(1),
pp-67-75, 2005 (in Japanese).

Koga, A., Seguchi, M. and Koriyama, M. : Habitat distribution of denitrifier and denitrification activity in the tidal flat
of the interior parts of the Ariake Sea, Trans. of JSIDRE, No.77(2), pp.121-128, 2009 (in Japanese).

Takaya, N., Antonina, M.B., Sakaguchi, Y., Kato, L, Zhou, Z. and Shoun, H. : Aerobic denitrifying bacteria that
produce low levels of nitrous oxide, Appl. Environ. Microbiol, Vol. 69, pp.3152-3157, 2003.

Kasper, H. F.: Denitrification in Marine Sediment: Measurement of Capacity and Estimate of In Situ Rate,
Appl .Environ. Microbiol, Vol.43(3), pp.522-527, 1982.

Hutchins, S,R. : Inhibition of alkylbenzene biodegradation under denitrifying conditions by using the acetylene block
technique, Appl. Environ. Microbiol., Vol.58(10), pp.3395-3398, 1992.

Anniet, M,L., Christof, M., Philippe, V, C. and Elze, B,A,W. : Vertical Distribution of Denitrification in an Estuarine
Sediment: Integrating Sediment Flow through Reactor Experiments and Microprofiling via Reactive Transport
Modeling, Appl. Environ. Microbiol., Vol.73(1), pp.40-47, 2007.

Yokoyama, H. and Ishihi, Y. : Zoning of the inner part of Ariake Sound based on principal component analysis of
sediment factors, Nippon Suisan Gakkaishi, Vol. 75(4), pp.674-683, 2009 (in Japanese).

Koriyama, M., M, Seguchi., A, Koga., I, Alim., Y, Hayami., K, Yamamoto., T, Hamada. and K, Yoshino. : Seasonal
Variations of Nitrogen and Phosphorus in Bottom Sediment of Tidal Flat and Shallow Water Areas in the Interior Parts

of the Ariake Sea, Journal of Japan Society of Civil Engineers, Ser. B2 (Coastal Engineering), Vol.65, No.l,

13



14

23.

24.

25.

26.

27.

28.

29.

30.

pp.1031-1035, 2009 (in Japanese).

Kurihara, H. : Ecology and ecotechnology in estuarine-coastal area, Tokaidaigaku shuppannkai, Tokyo, 1991 (in
Japanese).

Koike, I. and A. Hattori. : Denitrification and ammonia formation in anaerobic coastal sediments, Appl. Environ.
Microbiol., Vol.35, pp.278-282, 1978.

Kasper, H.F. : Denitrification, nitrate reduction to ammonium, and inorganic pools in intertidal sediments, Mar. Biol.,
Vol.74, pp.133-139, 1983.

Hoshika, A., Tanimoto, T. and Mishima, Y. : Eutrophication and organic pollution in the Osaka Bay, Seto Inland Sea,
Journal of Japan Society on Water Environment , Vol. 21, No.11, pp.765-771, 1998 (in Japanese).

Middelburg, J. J. and Nieuwenhuize, J.: Carbon and nitrogen stable isotope in suspended matter and sediments from
the Schelde Estuary, Marine Chemistry, Vol.60, pp.217-225, 1998.

Nishio, T., Koike, I. and Hattori, A.: Denitrification, nitrate reduction, and oxygen consumption in coastal and
estuarine sediments, Appl. Environ. Microbiol., Vol.43, pp.648-653, 1982.

Seiki, T., Date, E. and Okada, M. : Denitrification and nitrogen fixation rates at tidal flats and coastal bottom areas,
Nippon Suisan Gakkaishi, Vol. 74(4), pp.678-687, 2008 (in Japanese).

Jorgensen, K. S. and Serensen, J.: Two annual maxima of nitrate reduction and denitrification in estuarine sediment

(Norsminde Fjord, Denmark), Mar. Ecol. Prog. Ser., Vol.48, pp.147-154, 1988.

APPENDIX - NOTATION

The following symbols are used in this paper:

A = cross-section area of sediment core;

C = N,O concentration of gas phase in the sediment core;

Co, =NH,"-N or NO;+NO,™-N concentration in the overlying water at time 0;
Cr =NH,"-N or NO; +NO,-N concentration in the overlying water at time T;
Ec = observed ORP;

Fua = NH, -N flux from the sediment into the overlying sea water;

Frosno2™ NO;+NO; =N flux from the sediment into the overlying sea water;
IAB = inner area of Ariake Bay;

InfZ = infralittoral zone;

ST = sediment temperature;

77 =tidal zone;



R, = denitrification rate;

V' =volume of overlying sea water in the sediment core;
Vy = volume of gas phase in the sediment core;

Vi = volume of liquid phase in the sediment cbre;

« = Ostwald solubility coefficient; and

B = standardized coefficient.
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