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Abstract At four stations in Tokyo Bay, pore water pro-
files of dissolved organic carbon (DOC), nitrogen (DON),
phosphorus (DOP), and inorganic nutrients were deter-
mined at 3-month intervals over 6 years. Concentrations of
dissolved organic matter (DOM) and nutrients were signifi-
cantly higher in pore waters than in the overlying waters.
Pore water DOC, DON, and DOP concentrations in the
upper most sediment layer (O—1 cm) ranged from 246 to
888 WM, from 14.6 to 75.9 M, and from 0.02 to 9.83 uM,
respectively. Concentrations of DOM and nutrients in pore
waters occasionally showed clear seasonal trends and were
highest in the summer and lowest in the winter. The sea-
sonal trends in the pore water DOM concentrations were
coupled with trends in the overlying water temperature and
dissolved oxygen concentration. Benthic effluxes of DON
and DOP were low compared with those of inorganic nutri-
ents, accounting for only 1.0 and 1.5 % of the total ben-
thic effluxes of nitrogen and phosphorus, respectively; thus
benthic DOM fluxes were quantitatively insignificant to the
inorganic nutrient fluxes in Tokyo Bay. The DOM fluxes
represented about 7, 3, and 10 % of the riverine discharge
of DOC, DON, and DOP to Tokyo Bay, respectively.
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1 Introduction

In coastal sediments, part of the particulate organic matter
(POM) is directly mineralized to nutrients, while the other
part is transformed into dissolved organic matter (DOM)
by various biological activities. Microorganisms in the
sediment incorporate DOM compounds in pore waters;
production and consumption of DOM will occur concur-
rently during the process of organic matter degradation.
Pore water DOM is a heterogeneous mixture of organic
components that range in size from large molecules, such
as humic substances or proteins, to small molecules, such
as short chain organic acids or amino acids (Burdige 2002).
Much of the dissolved organic carbon (DOC) and dissolved
organic nitrogen (DON) in pore water are of relatively
low molecular weight and appear to be refractory (Bur-
dige 2006). In the sediment, pore water DOM concentra-
tions are elevated over overlying water values (Burdige and
Gardner 1998). This implies that DOM is released from the
sediments into the upper water column. The integrated ben-
thic DOC flux from coastal and continental margin sedi-
ment (~180 Tg C year™'; Burdige et al. 1999) is compara-
ble to the estimates of the organic carbon burial rate in all
marine sediment (~160 Tg C year™!; Hedge and Keil 1995)
and the riverine DOC input (200 Tg C year™!; Meybeck
1982). Furthermore, DON fluxes estimated from estuarine
and continental margin sediments (~22 Tg N year™'; Bur-
dige and Zheng 1998) are of the same order of magnitude
as global riverine inputs of DON (50 Tg N year™'; Walsh
1991). Thus, benthic DOC and DON fluxes from marine
sediments represent an important source of DOC and DON
to the oceans, and a significant component of the oceanic
carbon and nitrogen cycle.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10872-016-0382-0&domain=pdf

852

S. Yasui et al.

However, there is little existing knowledge on pore
water dissolved organic phosphorus (DOP) in eutrophic
estuarine areas. The DOM originates from microbial pro-
duction through several processes, including excretion, cell
lysis, and sloppy feeding (Bronk and Glibert 1993). The
DOP may not be refractory, because monophosphate esters
predominate, although much of the DOC and DON have
been presumed to be refractory in pore waters (Burdige
2006). The DOP is preferentially remineralized relative to
DOC and DON in water column (Loh and Bauer 2000). If
the DOP is relatively reactive in pore waters as is the case
in water column, the dynamics of DOP would be different
from those of DOC and DON, and influence the cycle of
phosphorus and related elements, such as carbon and nitro-
gen. DOP is an important component of the P cycle and can
be regarded as a quantitatively significant fraction of phos-
phorus in pore waters (Monbet et al. 2009). Furthermore,
there is additional interest in understanding the role of sedi-
ments as a source of DON and DOP in the water column,
because some of the DOM could be further mineralized to
nutrients, and used as nitrogen and phosphorous sources in
primary production processes (Burdige and Zheng 1998).
Nitrogen and phosphorous released from the sediment has
a significant influence on coastal eutrophication (Nixon
et al. 1996).

Tokyo Bay is one of the major eutrophic coastal areas
in the world (Selman et al. 2008). The sediments in Tokyo
Bay are generally hypertrophic, and the overlying water
tends to be anoxic during the summer (Kodama et al.
2010). Several studies in Tokyo Bay reported elevated pore
water ammonium and phosphate concentrations in the sum-
mer, when the temperatures were high and the dissolved
oxygen (DO) concentrations were low (Imamura and Mat-
sunashi 1997; Suzumura et al. 2003). Despite the potential
importance of DOM in biogeochemical cycles, most stud-
ies of pore water in Tokyo Bay have only focused on the
inorganic nutrients. Compared with the numerous studies
of nutrients, studies of pore water DOM are limited. Fur-
ther, the contribution of benthic DOM release is not clear
as the source of nutrients to the water column. Phosphorus
acts as a limiting factor for primary production in Tokyo
Bay (Matsumura et al. 2001), and thus the release of DOP
and phosphate from sediments may be important. Further-
more, because far less attention has been given to the sea-
sonal variation in pore water DOM, quantitative evaluation
of DOM release throughout the year or for longer periods
is not yet available.

The purpose of this study is to overview the dynamics
of DOM and nutrients occurring in hypertrophic sediments
and the overlying waters in Tokyo Bay. Firstly, we carried
out time-series observations at four stations in Tokyo Bay
over 6 years, and obtained the temporal and spatial distri-
bution of DOC, DON, DOP, and nutrient concentrations
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in pore water, along with measurements of hydrographic
and sediment parameters. Secondly, based on the time-
series data, difference in dynamics between DOC, DON,
and DOP in the sediment were clarified, and benthic DOM
fluxes in terms of carbon, nitrogen, and phosphorus were
estimated. Finally, we assessed the importance of the pore
water DOM to coastal biogeochemical cycles.

2 Materials and methods
2.1 Study area

The study area was located in the northwestern area of
Tokyo Bay (Fig. 1). In this part of Tokyo Bay, levels
of organic matter in the sediment are high, and bottom
hypoxia, which is defined as overlying water with DO
concentrations <2.9 mg 17!, is sustained by thermal and
salinity stratification during the summer (Kodama et al.
2010). Sediment cores and overlying water samples were
collected at four stations (M1, M2, M3, and M4) (Fig. 1).
The water depths at stations M1 and M4 ranged from 10
to 15 m, whereas those at stations M2 and M3 ranged from
22 to 25 m. The organic matter content was generally much
higher at stations M2 and M3 than at stations M1 and M4.
At all locations, the sediments were silty clay. Bioturba-
tion was virtually absent in these sediments over the study
period.

2.2 Sampling
Sediment cores and overlying water samples were col-

lected at 3-month intervals from stations M1 and M2 from
May 2007 to February 2013 (24 times), and from stations
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Fig. 1 Map showing the location of the Tokyo Bay field stations
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M3 and M4 from May 2007 to January 2011 (16 times).
Sediments were collected by scuba divers using Plexiglas
tubes. The 16 cores collected from May 2007 to February
2008 were segmented at depths of 0-1, 1-2, 24, 4-6, and
6—10 cm. Only the 0—1 cm segment was used from the 64
cores collected from May 2008 to February 2013.

Samples were centrifuged for 10 min at 3000 rpm
(approximately 1500g) to obtain pore water. The superna-
tant was filtered through a pre-combusted GF/F filter (GE
Healthcare UK Ltd., Little Chalfont, UK). Before analy-
sis for silicic acid, samples were filtered through a cellu-
lose acetate filter with a pore size of 0.45 wm (Toyo Roshi
Kaisha Ltd., Tokyo, Japan). Pore water DON, DOP, and
nutrients samples are usually frozen without adding HCI.
However, precipitates formed in the pore water samples in
Tokyo Bay when they were frozen. In the phosphate and
silicic acid samples, there were significant differences in
measured concentrations between frozen and unfrozen
samples. In contrast, there were no significant differences
between the fresh samples and the samples preserved with
HCI in a refrigerator. Thus, samples were preserved with
6 M HCI (1 % of the sample volume) and stored in the dark
at 5 °C until analysis for DOC, DOP, phosphate, and silicic
acid. Samples were stored at —20 °C before analysis for
DON, ammonium, nitrate, and nitrite.

Scuba divers collected samples of overlying water. The
overlying water was filtered as described above. Samples
were acidified by adding 6 M HCI (1 % of the sample vol-
ume) and were stored in the dark at 5 °C before analysis for
DOC. Samples for DON, DOP, and nutrient analyses were
stored at —20 °C. Temperature and DO concentrations in
the overlying water were monitored by portable sensors
(Clorotec ACL1183-PDK, JFE Advantech Co. Ltd., Hyogo,
Japan).

2.3 Analysis

Nutrient concentrations were determined by a QuAAtro-
Marine 5 channel auto-analyzer (SEAL analytical Ltd.,
Fareham, UK) following the methods of Kanda (1995),
Strickland and Parsons (1972), and Hansen and Koroleff
(1999) for ammonium, nitrate and nitrite, and phosphate
and silicic acid, respectively. DOC concentrations were
determined by a high temperature catalytic oxidation tech-
nique, using a TOC-V gy total carbon analyzer (Shimadzu
Inc., Kyoto, Japan). Total dissolved nitrogen (TDN) and
total dissolved phosphorus (TDP) were determined by
persulfate oxidation (modified after Hansen and Koroleff
1999) with a QuAAtro TN-TP analyzer (SEAL analytical
Ltd.). In this analyzer, the sample was mixed with K,S,Ox,
and the mixture was passed through pressurized Tef-
lon pipe at 110 °C in an oil bath for 40 min. The reaction
was started under alkaline conditions for TDN, and acidic

conditions for TDP (Hansen and Koroleff 1999). Nitrate
and phosphate concentrations in the oxidized samples were
then determined by the same colorimetric method as for the
nutrient analysis. The DON concentration was calculated
as the difference between TDN and dissolved inorganic
nitrogen (DIN, the sum of the ammonium, nitrate, and
nitrite). DOP concentration was estimated as the difference
between TDP and phosphate.

In pore water samples, ammonium concentrations
were very high compared with DON concentrations. If
the samples were analyzed directly, pore water DON con-
centrations would be determined as the small difference
between the two large values of TDN concentration and
DIN concentration. Hence, the DON concentration would
reflect a large analytical error. Therefore, before analysis,
we removed ammonium from the TDN and DIN samples
that were to be used for the calculation of DON. The pro-
tocol of ammonia stripping was based on that described by
Burdige and Zheng (1998) and Miyajima et al. (2005): We
added 0.8 M borate-buffered solution (pH 12.5) to the sam-
ples and sprayed them with nitrogen gas at 60 °C to strip
off the ammonia. Before these samples were analyzed for
TDN and DIN, any water lost during the ammonia removal
was replaced with deionized distilled water. The removal
efficiency of ammonium was almost 100 %.

2.4 Calculation of benthic DOM and nutrient fluxes

The diffusive fluxes of DOM and nutrients between sedi-
ments and the water column were calculated from the inter-
facial concentration gradients, using Fick’s first law of dif-
fusion (Berner 1980).

J= _¢Dseddc/dX’

where J is the diffusive flux, ¢ is the porosity at the sedi-
ment surface (depth = 0-1 cm), D, is the molecular dif-
fusion coefficient in sediment, and dC/dX is the interfacial
concentration gradient across the sediment—water inter-
face. ¢ was calculated from the water content (weight loss
on drying at 110 °C) and total density data. dC/dX was
assumed to be represented by the difference between the
concentration in the overlying water and in the pore water
concentration in the first sediment sample below the sedi-
ment—water interface, which was divided by the depth of
the mid-point of this sediment sample (in our case, 0.5 cm
for a 0—1 cm sediment sample). In determining D4, the
diffusion coefficients in seawater for DOM at the in situ
temperature were estimated from the Stokes—Einstein equa-
tion assuming an average molecular weight for DOM of
3000 Da. This molecular weight represents the intermedi-
ate value of previous estimates for pore water DOM. Alp-
erin et al. (1994) reported an average molecular weight of
5000 Da, whereas Burdige and Gardner (1998) suggested
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that the molecular weight of the majority of pore water
DOM in Chesapeake Bay was less than 3000 Da. The diffu-
sion coefficients for nutrients in seawater at the in situ tem-
perature were estimated from Li and Gregory (1974). The
resulted molecular diffusion coefficients in sediment were
1.3-2.1 x 107 cm?s~! for DOM, 9.1-17.7 x 10~ % cm?s~!
for ammonium, 8.5-16.2 x 10~% cm? s~! for nitrate, 8.0—
15.2 x 107° cm? s~ for nitrite, 5.3-10.1 x 107° cm? s~!
for phosphate, 3.5-6.6 x 107% cm? s7! for silicic acid,
depending on temperature and sediment porosity.

3 Results
3.1 Environmental parameters

At all stations, the temperatures of the overlying water were
between 9.5 and 27.1 °C (Fig. 2a). The high temperatures
were observed during August and October/November. The
DO concentrations in overlying water ranged from 0.1 to
11.8 mg 17!, and hypoxic or anoxic conditions dominated
in August (Fig. 2b). The porosity in the uppermost layer of
sediment ranged from 0.74 to 0.94 (Fig. 2¢). Minimum val-
ues were generally observed at station M4. There was no
obvious seasonal variability at all stations.

3.2 Pore water DOM

Pore water DOC concentrations increased logarithmically
with depth in many cases, sometimes approaching asymp-
totic concentrations at depth (Fig. 3). Pore water DOC con-
centrations in the uppermost layer of sediment were greater
than those in the overlying water (¢ test, P < 0.01, n = 80)
by four times on average. The DOC concentrations in pore

Fig. 2 Seasonal variations in a
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water in the uppermost layers of the sediment ranged from
218 WM (station M1, February 2008) to 888 wM (station
M2, August 2011) (Fig. 4). There were significant sea-
sonal differences in pore water DOC concentrations at sta-
tions M1, M2, and M3 (ANOVA, P < 0.05; M1 and M2,
n = 6; M3, n = 4). Concentrations at these stations were
lowest in January/February (Tukey test, P < 0.05; M1 and
M2, n = 6; M3, n = 4), from which time they progressively
increased until they reached a maximum in August (Tukey
test, P < 0.05; M1 and M2, n = 6; M3, n = 4). In contrast,
there was no obvious seasonal variation in concentrations
at station M4 (ANOVA, P > 0.05, n = 4). Station M4 was
located at the mouth of the river, and thus surface sedi-
ments may have been influenced by riverine deposits.

As with DOC, the vertical profile of pore water DON
concentrations showed a logarithmical increase with depth
(Fig. 3). Pore water DON concentrations in the uppermost
layer of sediment were higher than those in the overlying
water (¢ test, P < 0.01, n = 80) by 3 times on average. The
concentrations of pore water DON in the uppermost layer
ranged from 14.6 wM (station M2, May 2010) to 75.9 uM
(station M4, February 2009) (Fig. 4). There was little sea-
sonality in DON concentrations at stations M1, M3, and
M4 (ANOVA, P > 0.05; M1, n = 6; M3 and M4, n = 4).
On the other hand, there were significant seasonal differ-
ences in DON concentrations at station M2 (ANOVA,
P < 0.05, n = 6), and DON concentrations were highest in
August at station M2 (Tukey test, P < 0.05, n = 6).

Pore water DOP concentrations showed no obvious
increasing trend with depth (Fig. 3), and were higher in the
uppermost layer of sediment than in the overlying water (¢
test, P < 0.01, n = 80) by 13 times on average. Pore water
DOP in the uppermost layer ranged from a minimum value
of 0.02 M in the winter (station M1, February 2013) to a
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maximum of 9.83 wM in the summer (station M4, August
2009) (Fig. 4). The pore water DOP concentrations at the
four stations were similar, and the concentrations increased
sharply in August. There was a significant difference
between seasons in pore water DOP concentrations at sta-
tions M1, M2, and M4 (ANOVA, P < 0.05; M1 and M2,
n=6; M4, n = 4). Pore water DOM concentrations did not
show significant interannual variation (ANOVA, P > 0.05,
n = 8-16).

The C/N, C/P, and N/P ratios of the pore water DOM
in the uppermost layer of the sediment ranged from 7.0
(station M1, February 2008) to 21.5 (station M3, Novem-
ber 2007), from 48.6 (station M2, May 2007) to 759 (sta-
tion M4, January 2011), and from 3.8 (station M2, May
2007) to 67.8 (station M1, February 2009), respectively
(Fig. 5). The C/N ratios were 12.6 & 2.4 (mean =+ standard

deviation, n = 20), 13.7 £ 2.1, 14.0 &£ 3.5, and 10.6 £ 2.4,
respectively, in May, August, October/November, and Janu-
ary/February. The C/N ratios in all seasons were higher
than the Redfield ratio of 6.6 (Redfield et al. 1963). The C/P
ratios were 171 £ 78, 183 £ 151, 251 4+ 103, 406 £ 191,
respectively, in May, August, October/November, and Janu-
ary/February. The N/P ratios were 14.1 + 7.2, 14.1 £ 13.2,
18.7 £ 8.6, 37.7 + 14.0, respectively, in May, August,
October/November, and January/February. N/P ratios were
highest in January/February (ANOVA and Tukey test,
P<0.05;M1 and M2, n = 6; M3 and M4, n = 4).

3.3 Pore water nutrients

Except for nitrate and nitrite, the nutrient concentrations
in pore water increased with depth (Fig. 3). In pore water,
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Fig. 4 Seasonal variations in pore water DOC, DON, and DOP concentrations in the uppermost layer of sediment cores at stations M1, M2, M3,
and M4. The dashed lines indicate August, and the fine dashed lines indicate January/February

DIN was dominated by ammonium. The pore water con-
centrations of ammonium in the uppermost layer of sedi-
ment ranged from 52.9 pM (station M3, January 2010) to
661.5 puM (station M2, August 2011) (Fig. 6). There was
a clear seasonal pattern in pore water ammonium concen-
trations in the uppermost layer of sediment. At all stations,
pore water ammonium concentrations were highest in
August (ANOVA and Tukey test, P < 0.05; M1 and M2,
n = 6; M3 and M4, n = 4). Pore water ammonium con-
centrations in the uppermost layer of sediment were higher
than those in the overlying water (¢ test, P < 0.01, n = 80)
by 32 times on average (Fig. 3). In contrast, concentrations
of nitrate and nitrite were very low and showed no sea-
sonal variability (ANOVA, P > 0.05, M1 and M2, n = 6;
M3 and M4, n = 4) (Fig. 6). Nitrate and nitrite concentra-
tions were lower in pore water than in the overlying water
(¢ test, P < 0.01, n = 80) (Fig. 3). Pore water phosphate and
silicic acid concentrations in the uppermost layer of sedi-
ment were greater than those in the overlying water (¢ test,
P <0.01, n = 80) by 19 and 14 times on average, respec-
tively. The pore water concentrations of phosphate and
silicic acid in the uppermost layer of sediment ranged from
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0.48 pM (station M4, January 2010) to 154.1 uM (sta-
tion M2, August 2012), and from 121.8 puM (station M4,
February 2008) to 840.8 wM (station M2, August 2007),
respectively (Fig. 7). Pore water phosphate and silicic acid
concentrations followed a seasonal pattern, with higher
concentrations observed at all stations in August (ANOVA
and Tukey test, P < 0.05; M1 and M2, n = 6; M3 and M4,
n = 4). Concentrations of these nutrients were highest at
station M2 (ANOVA and Tukey test, P < 0.05, n = 4-6).
Pore water nutrients concentrations did not show signifi-
cant interannual variation (ANOVA, P > (0.05, n = 8-16).

3.4 DOM and nutrients in the overlying water

Figure 8 shows seasonal variations in DOM concentra-
tions and C/N, C/P, and N/P ratios of DOM in the overlying
water at all stations. DOM concentrations and elemental
ratios of DOM in the overlying water showed no obvi-
ous seasonal variations (ANOVA, P > 0.05, M1 and M2,
n = 6; M3 and M4, n = 4). There were no correlations in
DOC, DON, and DOP concentrations between overlying
water and pore water in the uppermost layer of sediment
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(Spearman’s rank-order correlation, r, = 0.009, 0.014,
—0.007; P > 0.05, n = 80). Figure 9 shows seasonal vari-
ations in nutrient concentrations in the overlying water at
all stations. Nitrate and nitrite concentrations in the overly-
ing water were lowest in August (ANOVA and Tukey test,
P < 0.05; M1 and M2, n = 6; M3 and M4, n = 4). The
highest concentrations of phosphate and silicic acid in the
overlying water occurred in August at stations M1, M2, and
M3 (ANOVA and Tukey test, P < 0.05; M1 and M2, n = 6;
M3, n = 4). There was a significant correlation between
phosphate in the overlying water and in pore water in the
uppermost layer of the sediment (r, = 0.492, P < 0.01,
n = 80). In contrast, there were no significant correlations
between overlying water and pore water for ammonium,
nitrate, nitrite, and silicic acid concentrations (r, = 0.189,
0.148, 0.122, 0.270; P > 0.01, n = 80).

3.5 DOM and nutrients flux

The DOM and nutrient fluxes between the sediment and
overlying water are presented in Fig. 10. DOC fluxes
ranged from 11.3 to 104.5 umol m~2 h~!, with major peaks
in August (ANOVA and Tukey test, P < 0.05; M1 and M2,

n = 6; M3 and M4, n = 4). DON fluxes ranged from 0.26
to 6.24 pmol m~2 h™!. Seasonal trends in DON fluxes were
less obvious (ANOVA, P > 0.05; M1 and M2, n = 6; M3
and M4, n = 4). DOP fluxes were low throughout the year.
They ranged from —0.05 to 1.08 pwmol m~2 h~!, and were
highest in August (ANOVA and Tukey test, P < 0.05; M1
and M2, n = 6; M3 and M4, n = 4).

Ammonium, nitrate and nitrite fluxes ranged from
32.1 to 721.9, from —34.8 to —0.06, and from —4.59 to
—0.01 wmol m~2 h™!, respectively. At all stations, nitrate
and nitrite fluxes were from the overlying water into the
sediments. Phosphate and silicic acid fluxes ranged from
—0.78 to 91.8, and from 20.6 to 345.2 wmol m~2 h™!,
respectively. Ammonium, phosphate and silicic acid
fluxes were highest in August at stations M1, M2, and M3
(ANOVA and Tukey test, P < 0.05; M1 and M2, n = 6;
M3, n = 4). Comparing the fluxes of inorganic and organic
matter indicates that most of the nitrogen and phosphorus
fluxes were in dissolved inorganic forms, and DON and
DOP fluxes were only a small fraction of the TDN and
TDP fluxes from the sediments, respectively.

4 Discussion
4.1 Pore water DOM

At all stations, DOM concentrations were higher in the pore
water than in the overlying water (Fig. 3). The relatively
high DOM concentrations in pore water compared with the
concentrations in the overlying water indicate DOM release
from the sediments to the overlying water. Profiles of pore
water DOC and DON for this study are similar to those
described in other coastal sediments (Burdige and Zheng
1998; Alperin et al. 1999; Komada et al. 2004; Alkhatib
et al. 2013). Generally, DOC and DON concentrations in
pore water increased with depth (Fig. 3). Burdige (2002)
showed that pore water DOM increased with depth, prob-
ably because of increases in relatively refractory DOM pro-
duced from the oxidation of POM. In contrast, DOP con-
centrations in our study appeared to be relatively constant
from the sediment surface to depth (Fig. 3). In comparison
to DOC and DON, DOP in marine environments contains
relatively reactive components including monophosphate
esters which are rapidly and easily formed and hydrolyzed
(Karl and Bjorkman 2002). Furthermore, it is considered
that in the sediment surface, particulate organic phosphorus
is more rapidly hydrolyzed than particulate organic carbon
and nitrogen (Burdige 2006). This rapid hydrolysis may
thus be responsible for the differing vertical profiles of pore
water DOP compared with DOC and DON.

Pore water DOM concentration generally increased
steadily with depth during the summer and autumn in our
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Fig. 6 Seasonal variations in pore water ammonium, nitrate, and nitrite concentrations in the uppermost layer of sediment cores at stations M1,
M2, M3, and M4. The dashed lines indicate August, and the fine dashed lines indicate January/February

study area (Fig. 3), similar to trends reported for the anoxic
sediments (Burdige and Zheng 1998; Komada et al. 2004).
Komada et al. (2004) investigated the factors controlling
the accumulation of pore water DOC in mixed-redox (sub-
oxic, or oscillating between oxidizing and reducing condi-
tions) sediments and anoxic sediments in the Raritan-New
York Bay complex and the Inner New York Bight. They
suggested that the accumulation of DOC was suppressed
in the mixed-redox sediments relative to persistently the
anoxic sediments. This was likely due to the rapid hydroly-
sis of high molecular weight DOC, and the limited produc-
tion and enhanced consumption of the less reactive poly-
meric low molecular weight component of the DOC in the
mixed-redox sediments.

In recent years, many studies have examined pore water
DOM concentrations and their vertical distributions in
the marine environment. Pore water DOC concentrations
obtained in this study were within the range reported for
other estuarine sediments, such as Chesapeake Bay (Bur-
dige and Homstead 1994; Burdige and Zheng 1998) and the
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St. Lawrence Estuary (Alkhatib et al. 2013), and continen-
tal margins, such as the North Carolina Continental Slope
(Alperin et al. 1999), California continental margin (Bur-
dige et al. 1999) and the Mexican margin (Holcombe et al.
2001). In contrast, pore water DOC concentrations were
lower in Tokyo Bay than those measured at Cape Lookout
Bight (Alperin et al. 1994), probably because the water
depth in the latter is much shallower and the area receives
larger inputs of organic matter than our study area. DON
concentrations in Tokyo Bay pore water were of the same
order of magnitude as concentrations reported for other
estuarine and continental shelf sites (Burdige and Zheng
1998; Landén and Hall 2000; Alkhatib et al. 2013). Pore
water DOP concentrations in this study were similar to
those observed in intertidal sediments (Monbet et al. 2009),
and mangrove sediments (Lee et al. 2008). However, no
data have been reported on pore water DOP concentrations
in estuarine and continental shelf sites.

Among studies of pore water DOM, studies of seasonal
variation in pore water DOM are limited, with the present
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Fig. 7 Seasonal variations

in pore water phosphate and
silicic acid concentrations in the
uppermost layer of sediment
cores at stations M1, M2, M3,
and M4. The dashed lines indi-
cate August, and the fine dashed
lines indicate January/February
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study providing the most comprehensive data set. There
was a seasonal trend in pore water DOC and DON concen-
trations in the uppermost layer of the sediments, such that
concentrations were highest in the summer and lowest in
the winter in our study area (Fig. 4). This seasonal trend is
similar to that observed for DOC concentrations in Cape
Lookout Bight and Chesapeake Bay (Alperin et al. 1994;
Burdige and Zheng 1998). However, pore water DON
concentrations in the uppermost layer of the sediments
showed no obvious seasonal variability at stations M1,
M3, and M4. Pore water DON concentrations were irreg-
ularly high in the winter at all stations. Pore water DON
concentrations were high in February 2009, with samples
taken just days after the flood events. High DON concen-
trations presumably resulted from particle supply by flood-
water. There was a seasonal pattern in pore water DON
concentrations at station M3 if the value observed in Feb-
ruary 2009 was excluded (ANOVA, P < 0.05, n = 3-4).
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In contrast, there was no clear seasonal pattern at station
M4, even with the exclusion of the February 2009 value.
This is suggested to be due to the location of the station at
the mouth of the river, where surface sediments may have
been influenced by riverine deposits.

Spearman’s rank-order correlation analysis on pore
water DOM concentrations and the potentially influential
environmental parameters are summarized in Table 1. At
our study area, the temperature of the overlying water was
significantly correlated with pore water DOC (r, = 0.467,
P <0.01, n = 80) and DOP (r, = 0.429, P < 0.01, n = 80),
but not DON (r, = 0.155, P > 0.01, n = 80) (Table 1). Pre-
vious studies reported that temperature of the overlying
water was generally similar to the temperature of the pore
water (Burdige 2006). Alperin et al. (1994) suggested that
high temperatures promote elevated hydrolysis and activi-
ties of fermentative microorganisms, and thus stimulate the
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Fig. 8 Seasonal variations in DOC, DON, and DOP concentrations, and C/N, C/P, and N/P ratios of DOM in overlying water at stations M1
(circle), M2 (triangle), M3 (square), and M4 (diamond). The dashed lines indicate August, and the fine dashed lines indicate January/February

hydrolysis of POM, resulting in higher concentrations of
pore water DOM in the summer.

Some studies have reported that when reactive organic
matter was gradually added to experimental sediments
cores, pore water DON concentrations generally increased
(Enoksson 1993; Sloth et al. 1995). The major POM por-
tion supplied to the sediments in the inner part in Tokyo
Bay was produced autochthonously in the water column
(Ogawa et al. 1994; Kubo 2015). The relationship between
pore water DOC, DON and DOP, and the organic matter
content of carbon, nitrogen and phosphorus in the upper-
most layer of sediments was, however, not significant
(r, = —0.101, —0.159, 0.087; P > 0.05; n = 80) (Table 1).
Furthermore, there was no significant correlation between
pore water TDN and TDP, and the organic matter con-
tent of nitrogen and phosphorus in the uppermost layer of
sediments (r, = 0.150, 0.135; P > 0.05; n = 80), probably
because the sampling methods could not detect the freshly
deposited POM, which accumulates in the very thin layer
of the sediments surface.

Skoog and Arias-Esquivel (2009) suggested that after
the onset of anoxia in incubated overlying water, con-
comitant increases in DOC and iron fluxes resulted from
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the dissolution of previously co-precipitated iron oxyhy-
droxides and organic carbon. They reported that increases
in the DOM flux under anoxic conditions could be the
result of the release of DOM adsorbed by mineral oxyhy-
droxides. Metal oxides that accumulate near the sediment—
water interface may act as DOM filters (Skoog et al. 1996;
Skoog and Arise-Esquivel 2009). The reductive dissolution
of DOM adsorbed to mineral phases may increase pore
water DOM concentrations in the sediment surface. Chin
et al. (1998) showed that a strong correlation was observed
between Fe(Il) and DOM in pore water, which suggests that
both constituents accumulate in pore water. They hypoth-
esized that the reduction of iron oxyhydroxides coated
with organic matter releases both DOM and Fe(Il) in fresh-
water wetlands. When anoxia in overlying water occurs,
pore water DOM concentration would increase, because
of the reductive dissolution of DOM adsorbed to mineral
phases. This would appear to be linked to an inverse cor-
relation between pore water DOM concentrations and DO
concentrations of overlying water. In our study, DO con-
centrations of the overlying water showed negative corre-
lations significantly, with pore water DOC concentrations
(ry=—0.473, P < 0.01, n = 80), with DON concentrations
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Fig. 9 Seasonal variations in ammonium, nitrate, nitrite, phosphate, and silicic acid concentrations in overlying water at stations M1 (circle),
M2 (triangle), M3 (square), and M4 (diamond). The dashed lines indicate August, and the fine dashed lines indicate January/February

(ry=—0.281, P < 0.05, n = 80), and with DOP concentra-
tions (r, = —0.521, P < 0.01, n = 80) (Table 1). During the
summer, DOM may desorb from mineral oxyhydroxides,
and increase in concentration in pore water, because sea-
sonal anoxia in overlying water generally occurs during the
summer in our study area.

As discussed above, both temperature and DO concen-
trations in overlying water have significant correlations
with pore water DOM concentrations. Further statistical
analysis such as multiple regression analysis, principal
component analysis, and ANOVA, was attempted to iden-
tify the major factors that control pore water DOM concen-
trations. However, none of these statistical analyses were
able to evaluate the effects of temperature and dissolved
oxygen quantitatively, because temperature and DO were
strongly correlated.

4.2 Pore water nutrients
Pore water ammonium and phosphate concentrations

obtained in this study were in the same range as those pre-
viously reported by Imamura and Matsunashi (1997) and

Suzumura et al. (2003) in their studies of Tokyo Bay. Pore
water ammonium, phosphate, and silicic acid concentra-
tions were similar to the values reported in coastal sedi-
ment from semi-enclosed areas, such as the Gulf of Fin-
land (Conley et al. 1997) and Aburatsubo Bay (Takayanagi
and Yamada 1999), and continental shelf areas, such as the
Mexican margin (Holcombe et al. 2001) and Massachusetts
Bay (Hopkinson et al. 2001). However, the nutrient concen-
trations were much higher than those reported in intertidal
sediments of the Satilla River Estuary (Jahnke et al. 2003),
the Seto Inland Sea (Magni and Montani 2006),and the
Marano and Grado Lagoons (De Vittor et al. 2012), and in
estuarine sediments in the Gulf of the St. Lawrence (Thibo-
deau et al. 2010) and the Pearl River Estuary (Zhang et al.
2013). The low concentrations in these areas may reflect
the fact that the sediment surfaces and overlying water in
these areas were oxygenated and received lower inputs of
organic matter than our study area.

Pore water ammonium and phosphate concentrations
were highest in summer, perhaps owing to an increased
temperature in the overlying water and a greater supply
of organic matter to the sediment (Enoksson 1993; Banta
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Fig. 10 Seasonal variations in DOM and nutrient fluxes from the
sediment to the water column at stations M1 (circle), M2 (triangle),
M3 (square), and M4 (diamond) (positive values imply a source from

et al. 1995; Cowan and Boynton 1996; Landén and Hall
1998; Hopkinson et al. 2001). Furthermore, anoxic condi-
tions in the overlying water may have a similar influence
on concentrations of phosphate and DOM in pore water.
The increase in pore water phosphate concentrations under
anaerobic conditions could be the result of redox-dependent
release of phosphate adsorbed by iron oxyhydroxides and
carbonates (Viktorsson et al. 2013; Lehtoranta et al. 2015),
liberation from manganese dioxide (Baldwin et al. 2001)
and anaerobic degradation of organic phosphorus adsorbed
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to sediment, such as inositol hexaphosphate (Suzumura
and Kamatani 1995). The seasonal variations in silicic acid
concentrations were consistent with the seasonal variabil-
ity in the temperature of the overlying water (r, = 0.504,
P < 0.01, n = 80) (Table 1). Temperature was the major
factor controlling the dissolution process, and temperature
increases in the summer strengthened the rate of silica dis-
solution from diatoms, resulting in elevated silicic acid
concentrations in the sediments (Kamatani 1982; Yamada
and D’Elia 1984).
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Table 1 Spearman’s rank-order correlation coefficients of correlation analysis on pore water DOM and nutrients in the uppermost layer of the

sediments, and environmental parameters (n = 80)

Pore water DOM and nutrients concentrations (juM)

DOC DON DOP NH,* NO;~ NO,™ PO~ Si(OH),

Pore water

DOC (uM) 1.000

DON (uM) 0.687** 1.000

DOP (uM) 0.419%* 0.272% 1.000

NH,* (uM) 0.638%** 0.385%* 0.421%#* 1.000

NO;™ (WM) —0.259* —0.245* —0.222%* —0.270* 1.000

NO,™ (LM) —0.249* —0.193 —0.130 —0.333** 0.125 1.000

PO~ (M) 0.419%* 0.215 0.578%*%* 0.678%* —0.223* —0.355%* 1.000

Si(OH), (WM) 0.320%* 0.159 0.354%%* 0.589%%* —0.102 —0.391%* 0.755%%* 1.000
Overlying water

Temperature (°C) 0.467%** 0.155 0.429%%* 0.606%* —0.167 —0.178 0.592%#* 0.504%*

Dissolved oxygen (mg 17')  —0.473%* —0.281* —0.521%* —0.595%* 0.255* 0.406%** —0.636%* —0.672%*
Sediment (organic matter content of the uppermost layer; Usui et al., in preparation)

% C (dry weight sediment) ~ —0.101 —0.179 —0.011 0.183 0.117 —0.278* 0.181 0.297%**

% N (dry weight sediment)  —0.154 —0.159 0.019 0.200 0.078 —0.330%* 0.278%* 0.427%%*

% P (dry weight sediment) —0.130 —0.066 0.087 0.118 0.092 —-0.077 0.146 0.269*

*P<0.05, %% P<0.01

4.3 Significance of DOM fluxes

Benthic DOC, DON, DOP, ammonium, phosphate, and
silicic acid were released from the sediments to the water
column all year around (Fig. 10). The annual average fluxes

(£ standard deviation) were 0.30 £ 0.15 mol m~2 year’1
-2 1

for DOC, 002 £ 001 mol m year  for
DON, 0002 + 0.002 mol m2 year ! for
DOP, 188 =+ 130 mol m 2 year’1 for ammo-

nium, —0.10 &+ 0.06 mol m™2 year’1 for nitrate,
—001 + 001 mol m2 year‘1 for nitrite,
0.15 £ 0.18 mol m~2 year! for phosphate, and
1.18 £ 0.69 mol m~2 year™! for silicic acid. The DON
and DOP fluxes contributed 1.0 and 1.5 % of the TDN
and TDP fluxes, respectively. Data from this study indi-
cate that most of the nitrogen and phosphorus fluxes were
in dissolved inorganic forms, and DOM fluxes repre-
sented a small fraction of the sediments in Tokyo Bay.
Burdige and Zheng (1998) showed that benthic DON
fluxes represented 3 % of TDN fluxes in Chesapeake Bay,
and Hopkinson (1987) reported a value of approximately
10 % in Georgia Bight, USA. The contribution of DOM
fluxes in Tokyo Bay appeared to be lower than the values
reported for other coastal and estuarine sediment. Fur-
thermore, benthic DON flux in Tokyo Bay was smaller
than that in other coastal areas, such as Chesapeake Bay
(0.07 & 0.02 mol m~? year™ ') (Burdige and Zheng 1998).
Considering that the benthic flux of ammonium released
from sediments in Tokyo Bay was similar to those in the

Chesapeake Bay (1.96 + 0.17 mol m~2? year') (Burdige
and Zheng 1998), most DOM in Tokyo Bay likely be min-
eralized in the sedimentary layer, and that may result in
smaller contribution of the benthic DOM flux.

The benthic fluxes of DOM and nutrients also varied
seasonally. The fluxes of DOC, DOP, ammonium, phos-
phate, and silicic acid were highest in the summer. Most
of the seasonal variation appeared to reflect the variation in
pore water concentration.

We extrapolated the average fluxes of DOM and nutri-
ent calculated in this study for the total sediment surface
area of Tokyo Bay (922 km?), and estimated the annual
release from the sediments to the water column. Since our
study area is located at the innermost part of the bay where
biological activity is relatively high, the estimated annual
release should be considered as the maximum estimate.
Calculation results for benthic DOM and nutrients fluxes
for Tokyo Bay are shown in Table 2. Benthic fluxes of DOC,
DON, and DOP were estimated as 3.3 & 0.6 Gg C year™ !,
0.22 4+ 0.07 Gg N year™!, and 0.059 + 0.005 Gg P year™!,
respectively. Kubo et al. (2015) estimated that the riverine
discharge of DOC into Tokyo Bay was 50 Gg C year ',
whereas riverine discharges of DON and DOP were esti-
mated at 6.6 Gg N year ! and 0.57 Gg P year™!, respec-
tively, by Suzumura and Ogawa (2001) and Matsumura and
Ishimaru (2004). A comparison of the estimates of ben-
thic DOM fluxes from this study with estimates of river-
ine discharges of DOM shows that the benthic fluxes were
equivalent to approximately 7, 3, and 10 % of the riverine
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Table 2 DOM and nutrients

‘Lable Tnput DOC DON DOP DIN DIP
input into Tokyo Bay
—1
(Gg year™) Riverine input 50 6.6° 0.57° 76 4.1
Benthic flux 33406 0.22 £ 0.07 0.059 = 0.005 223449 40+04

% From Kubo et al. (2015)

b The flux is calculated with data from Suzumura and Ogawa (2001) and Matsumura and Ishimaru (2004)

discharges of DOC, DON, and DOP to Tokyo Bay, respec-
tively. The DOM fluxes from sediment in Tokyo Bay were
small in comparison with the riverine input of DOM, but
were not negligible.

5 Conclusions

We measured the concentrations of pore water DOM
(DOC, DON, and DOP) and nutrients over 6 years at
four stations in the inner part of Tokyo Bay. Pore water
DOM and nutrient concentrations were highest in the
summer and lowest in the winter. In our study area, tem-
poral variations in pore water DOM concentrations were
significantly correlated with the temperature (DOC and
DOP) and DO concentrations (DOC, DON, and DOP)
in the overlying water. Rapid decomposition of organic
matter under high temperature might be one of the main
reasons for the seasonal cycles of pore water DOM con-
centrations. The reductive dissolution of DOM, adsorbed
to mineral phases caused by anoxia in overlying water,
might also increase the pore water DOM concentrations
of the sediment surface. The DON and DOP fluxes com-
prised 1.0 and 1.5 % of the TDN and TDP fluxes, respec-
tively, showing that the benthic DOM fluxes were insig-
nificant to the benthic nutrients fluxes. Furthermore DOC,
DON, and DOP fluxes were equivalent to about 7, 3, and
10 % of the riverine discharge of DOC, DON, and DOP
to Tokyo Bay, respectively. Benthic DOM release was
smaller than the river discharge of DOM in Tokyo Bay,
but was not negligible.
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