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Abstract. Concentrations of recalcitrant and bioavailable

dissolved organic carbon (DOC) and their seasonal varia-

tions were investigated at three stations in Tokyo Bay, Japan,

and in two freshwater sources flowing into the bay. On av-

erage, recalcitrant DOC (RDOC), as a remnant of DOC af-

ter 150 days of bottle incubation, accounted for 78 % of the

total DOC in Shibaura sewage treatment plant (STP) efflu-

ent, 67 % in the upper Arakawa River water, 66 % in the

lower Arakawa River water, and 78 % in surface bay wa-

ter. Bioavailable DOC (BDOC) concentrations, defined as

DOC minus RDOC, were lower than RDOC at all stations. In

freshwater environments, RDOC concentrations were almost

constant throughout the year. In the bay, RDOC was higher

during spring and summer than in autumn and winter because

of freshwater input and biological production. The relative

concentration of RDOC in the bay derived from phytoplank-

ton, terrestrial, and open-oceanic waters was estimated to be

8–10, 21–32, and 59–69 %, respectively, based on multiple

regression analysis of RDOC, salinity, and chl a. In addition,

comparison with previous data from 1972 revealed that con-

centrations of RDOC and BDOC have decreased by 33 and

74 % at freshwater sites and 39 and 76 % in Tokyo Bay, while

the ratio of RDOC to DOC has increased. The change in

DOC concentration and composition was probably due to in-

creased amounts of STP effluent entering the system. Tokyo

Bay exported mostly RDOC to the open ocean because of the

remineralization of BDOC.

1 Introduction

The dissolved organic carbon (DOC) pool is the largest or-

ganic carbon reservoir in the ocean and contains 662 Pg

of carbon, which is roughly equivalent to that stored in

the atmosphere in the form of carbon dioxide (Hansell et

al., 2009). In open oceans, DOC production is ultimately

constrained by primary production (e.g., Carlson, 2002). In

coastal waters, DOC consists of diverse mixtures of carbon

with varying timescales of lability formed by primary pro-

duction and materials of terrestrial origin. Riverine DOC ex-

port to the open ocean has been estimated to range from

0.21 to 0.25 PgCyr−1 (Meybeck, 1993; Ludwig et al., 1996;

Hedges et al., 1997; Cauwet, 2002), without considering loss

or gain of DOC in coastal waters. Coastal waters are typically

considered passive conduits in regional and global carbon

budgets (Cole et al., 2007; Aufdenkampe et al., 2011; Reg-

nier et al., 2013). However, degradation of terrestrial DOC

and biological production of DOC in coastal regions can sig-

nificantly modify the flux of DOC to the open ocean. Dai

et al. (2012) recently reported that riverine DOC export to

the open ocean would be reduced to 0.17 PgCyr−1 if 10%

was degraded in coastal waters. However, their assumption

of 10 % was based on the results of only a few bottle incu-

bation experiments (Amon and Benner, 1996; Raymond and

Bauer, 2000; Moran et al., 1999). Therefore, to better un-

derstand DOC export to the open ocean, experimental data

describing DOC lability, preferably from different environ-

mental locations and different seasons, are needed.
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In this study, we measured seasonal variations in the con-

centration and lability of DOC in Tokyo Bay, Japan, to eval-

uate the significance of DOC degradation to the carbon bud-

get in coastal waters and carbon export to the open ocean.

The bay is semi-enclosed, with an area of about 922 km2

and a mean water depth of 19 m. The residence time of

water in the bay is estimated to be about 50 days (Takada

et al., 1992). The bay is located in central Japan and sur-

rounded by metropolitan areas, with a total population of

about 29 million. Tokyo Bay represents typical highly urban-

ized coastal waters, which are rapidly expanding worldwide

(Nellemann et al., 2008). We also compared our results with

those obtained by Ogura (1975), who carried out an inves-

tigation of Tokyo Bay in the 1970s and found that DOC

in coastal waters could be divided into bioavailable DOC

(BDOC) and recalcitrant DOC (RDOC). Owing to his inves-

tigation, BDOC and RDOC data from 1972 are available for

Tokyo Bay.

2 Materials and methods

Freshwater samples were collected two and eight times from

the upper and lower Arakawa River, respectively, and five

times from effluent of the Shibaura sewage treatment plant

(STP; Fig. 1) between December 2011 and October 2013.

Freshwater samples were collected using a bucket, trans-

ferred into HCl acid-washed 1 L polyethylene bottles, and

kept in the dark until being processed in the laboratory. The

bucket and sample bottles were rinsed three times with sam-

ple water before being filled. Within 2 h of sample collec-

tion, the freshwater samples were carried back to the labo-

ratory. DOC and the degradation experiment samples were

filtered immediately after arrival in the laboratory through

GF/F filters (nominal pore size 0.7 µm) that had been pre-

combusted at 450 ◦C for 3 h. Surface seawater of Tokyo

Bay was collected monthly in 8 L Niskin bottles mounted

on a conductivity–temperature–depth (CTD) rosette on the

R/V Seiyo-maru of Tokyo University of Marine Science and

Technology at three stations from January 2012 to December

2012 (Fig. 1). Within 1 h of sample collection, DOC and the

degradation experiment samples were filtered through pre-

combusted GF/F filters on board. Then, samples were kept

in the dark and carried back to the laboratory within 4 h.

We assumed that GF/F filters allow the passage of a signifi-

cant fraction of free-living bacteria into DOC samples (e.g.,

Bauer and Bianchi, 2011). In addition, Tranvik and Höfle

(1987) investigated the interactions between bacterial assem-

blages and DOC consumption using batch cultures and found

that the DOC bioavailability was independent of the inocu-

lum. Tanaka et al. (2011) also showed that the mineralization

rate of the BDOC fraction in a coral reef was not different

from natural waters and waters filtrated by GF/F; neverthe-

less, the initial bacterial abundance in the incubated waters

filtrated by GF/F was about 30–50 % of bacteria abundance

in natural waters. Therefore, we did not add the microbial

community. We also did not add nutrients for the degrada-

tion experiment because we assumed nutrients were not lim-

iting microbial growth (see Sect. 3.1). Degradation experi-

ment samples were then transferred to 600 mL amber glass

bottles and stored at room temperature (20 ◦C) in total dark-

ness until analysis. The 100 mL headspace in each glass bot-

tle contains about 900 µmol oxygen. The highest initial DOC

concentration in this study was 430 µmolL−1 (Table 1). If

we assume that 1 mol of oxygen is consumed when 1 mol

of organic carbon is mineralized into CO2, the oxygen in

the headspace should have provided sufficient oxygen sup-

ply for heterotrophic decomposition by bacteria. The degra-

dation experiments were conducted based on a total of seven

incubations (0, 5, 10, 20, 50, 100, and 150 days) per field

sampling event. After incubation, samples were dispensed

into glass vials that had been prewashed with HCl and pure

water (Milli-Q water, Millipore Corp., Bedford, MA, USA)

and then precombusted. Freshwater samples were preserved

with 6 molL−1 HCl at a concentration corresponding to 1 %

of the sample volume, then stored in a refrigerator (5 ◦C).

Tokyo Bay samples were frozen (−25 ◦C) without adding

HCl. DOC samples were measured at least in triplicate with a

total organic carbon (TOC) analyzer (TOC-VCSH, Shimadzu,

Kyoto, Japan). Potassium hydrogen phthalate (Wako Pure In-

dustries, Osaka, Japan) was used as a standard for the mea-

surement of DOC. DOC blank, including pure water, instru-

ment blank, and any carbon derived from the vials, was about

3 µmolL−1 in total.

RDOC was here defined as the concentration of DOC re-

maining at 150 days, and BDOC was obtained by subtract-

ing RDOC from the initial DOC (Lønborg et al., 2009). The

degradation rate of DOC was described by a first-order ex-

ponential decay model with a constant RDOC pool:

DOC(t)= BDOC · exp(−k · t)+RDOC, (1)

where DOC(t) is the amount of DOC remaining at time t

(day), k is the degradation rate constant (day−1), and RDOC

is the remaining DOC pool after 150 days of incubation.

BDOC is the bioavailable DOC (µmolL−1) at the beginning

of incubation and practically equals the subtraction of RDOC

from initial DOC. Using BDOC and RDOC concentrations,

k can be estimated by fitting the observed DOC(t) values to

Eq. (1) using Matlab 2012a. For comparison with the results

reported by Lønborg and Álvarez-Salgado (2012), we used

the following equation to normalize the degradation rate to

the rate at 15 ◦C:

k
(
15 ◦C

)
= k(T ) · (Q10)

T−15
10 , (2)

where k(15 ◦C) and k(T) are the degradation rate constants at

15 ◦C and T ◦C (20 ◦C for our experiment). Q10 is the tem-

perature coefficient. In this study, we used a value of 2.2,

based on Lønborg and Álvarez-Salgado (2012).

Temperature and salinity were measured in the field us-

ing a YSI EC 300 (YSI/Nanotech Inc., Yellow Springs,
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Table 1. Temperature (◦C), salinity, chl a concentrations (µgL−1), DOC concentrations (µmolL−1) ± standard deviation, and POC concen-

trations (µmolL−1) at the upper Arakawa River (upper AR), the lower Arakawa River (lower AR), and Shibaura STP stations.

Station Date Temp. Sal. chl a DOC POC

Upper AR Apr 2013 10.9 0.0 0.2 33± 0 13

Upper AR Oct 2013 17.4 0.0 0.2 42± 1 7

Lower AR Dec 2011 12.1 0.6 2.0 247± 4 178

Lower AR Jan 2012 7.0 0.2 7.6 290± 5 145

Lower AR Feb 2012 7.2 0.2 49.3 355± 3 313

Lower AR May 2012 23.6 0.2 33.9 205± 1 168

Lower AR Jul 2012 24.2 0.2 1.5 213± 2 84

Lower AR Aug 2012 23.9 0.0 1.2 185± 2 59

Lower AR Nov 2012 17.4 0.2 2.0 236± 2 63

Lower AR Dec 2012 11.8 0.2 10.7 155± 1 76

Shibaura STP∗ Jan 2012 14.9 0.4 0.9 387± 2 191

Shibaura STP∗ Feb 2012 17.2 1.2 0.1 305± 3 79

Shibaura STP May 2012 27.6 2.9 3.7 430± 4 71

Shibaura STP Jul 2012 27.9 1.9 0.5 366± 3 38

Shibaura STP Aug 2012 27.7 1.9 2.2 292± 2 48

Shibaura STP Nov 2012 20.5 4.0 0.3 341± 3 76

Shibaura STP Dec 2012 17.2 0.4 1.2 366± 3 83

∗ Sampling for water properties only (no degradation experiment).

Figure 1. Map of Tokyo Bay. Locations of sampling sites are indi-

cated by black circles.

OH, USA) at freshwater sites and a CTD (Falmouth Sci-

entific Inc., Bourne, MA, USA) for sites in the bay. Wa-

ter samples for chlorophyll a (chl a) measurement were fil-

tered through precombusted (450 ◦C, 3 h) GF/F filters. Af-

ter filtration, chlorophyllous pigments were extracted using

N, N-dimethylformamide, and the concentrations of chl a

were determined by the fluorometric method (Suzuki and

Ishimaru, 1990; fluorometer used: TD-700, Turner Designs,

Sunnyvale, CA, USA). Samples for particulate organic car-

bon (POC) were filtered through precombusted (450 ◦C, 3 h)

GF/F filters, after which the filters were stored at −80 ◦C

until analysis. The samples for POC analyses were dried at

60 ◦C and acidified with vapor at 12 molL−1 HCl to remove

carbonate before analysis. POCs were measured using an

isotope ratio mass spectrometer (Hydra 20-20, SerCon Ltd.,

Crewe, UK) coupled to an elemental analyzer (ANCA-GSL,

SerCon Ltd., Crewe, UK).

3 Results and discussion

3.1 Nutrient conditions in Tokyo Bay

Nutrient concentrations in freshwater and Tokyo Bay sites

were high throughout the year (Tables S1 and S2 in the

Supplement). During summer, the phosphorus concentration

generally decreased and the nitrogen / phosphorus ratio was

higher than the Redfield ratio of 16 (Redfield et al., 1963),

suggesting that phosphorus acts as a limiting factor of pri-

mary production in the bay. A degradation experiment with

phosphate (KH2PO4, 2 µmolL−1) was conducted in July

2012 to ensure that phosphorus was not a limiting factor;

at this time, the concentration of phosphate was the lowest

in the year (0.1 µmolL−1; Tables S1 and S2). The results of

the degradation experiment with added phosphorus were not
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significantly different from those of the degradation experi-

ment without added phosphorus (y = 1.1x−8.2, R2
= 0.97,

p < 0.05). We did not add nutrients for the degradation ex-

periment because we assumed nutrients were not limiting mi-

crobial growth.

3.2 Lability and sources of freshwater DOC flowing

into Tokyo Bay

The lowest chl a, DOC, and POC concentrations were ob-

served at the upper Arakawa River station, which is con-

sidered to be pristine (Table 1). The average concentration

of DOC was 38 µmolL−1 at the upper Arakawa River sta-

tion. Headstream water sources in Japan are mostly surface

runoff from neighboring watersheds and groundwater input

which runs through the mineral soil horizon before enter-

ing surface water (Nakamura et al., 2011). Precipitation is

characterized by very low DOC concentrations (Avery Jr. et

al., 2003). Groundwater inputs through the mineral soil hori-

zon typically have low DOC concentrations because mineral

soils have the ability to adsorb a significant amount of DOC

(Aitkenhead et al., 2003). Such low concentrations of DOC

in headstream waters have commonly been reported in Japan

(e.g., Maki et al., 2010), as well as in other countries (e.g.,

Yamashita et al., 2011). The results of the DOC degradation

experiments at the upper Arakawa River station are shown in

Fig. 2a. Rapid degradation of the labile pool was observed

within the first 20 days of incubation. Additionally, the av-

erage concentration of RDOC was 25 µmolL−1, which was

the lowest value in freshwater and Tokyo Bay sites, and its

contribution to the total DOC was 67 %.

Relatively high temperatures and DOC values were ob-

served at Shibaura STP, while seasonal variations in chl a and

POC were relatively small (Table 1). The average concentra-

tion of DOC was 355 µmolL−1, which was about 9 times

higher than the value at the upper Arakawa River station.

The annual mean concentration of RDOC was 278 µmolL−1,

while the mean contribution of RDOC to the total DOC

was 78 % (Fig. 2b). The RDOC concentrations did not vary

greatly between observation months, and a significant lin-

ear relationship was observed between BDOC and DOC

(R2
= 0.976, p < 0.001, slope= 1.16), indicating that the

seasonal variations in DOC were mostly due to variations in

the bioavailable fraction. Typically, STP effluents have high

organic carbon concentrations and a large bioavailable frac-

tion (Servais et al., 1995, 1999; Kaushal and Belt, 2012). In

contrast, effluent of Shibaura STP showed a high proportion

of RDOC (67–93 %). These findings suggest that most of the

BDOC were degraded before being discharged. This likely

occurred because STPs in Japan conduct secondary treat-

ment, which consists of the removal of wastewater suspended

solids by sedimentation and degradation of dissolved organic

matter by activated sludge treatment (Kadlec and Wallace,

2008).

Figure 2. Changes in dissolved organic carbon (µmolL−1) in sur-

face water of (a) the upper Arakawa River station, (b) Shibaura STP,

and (c) the lower Arakawa River station. Error bars represent the

standard deviations.

Relatively high chl a and POC concentrations were ob-

served at the lower Arakawa River station (Table 1). The

maximum concentrations of chl a, DOC, and POC were

observed in spring. The average concentration of DOC

was 235 µmolL−1, while the annual mean concentration

of RDOC was 149 µmolL−1 and the mean contribution of

RDOC to the total DOC was 66 % (Fig. 2c). The concentra-

tions of DOC were more than 6 times higher than those at the

upper Arakawa River station. High concentrations of nutri-

ents were also observed at the lower Arakawa River station

(see Tables S1 and S2), which was likely a result of inputs

of DOC and nutrients from STPs between observation sites.
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The RDOC concentrations did not show large differences be-

tween observation months, and a significant linear relation-

ship between BDOC and DOC was observed (R2
= 0.942,

p < 0.001, slope= 1.12), indicating that the seasonal varia-

tions of DOC at the lower Arakawa River station were due to

variations in the bioavailable fraction.

Freshwater flowing into Tokyo Bay primarily consists of a

mixture of river water and STP effluent. The total discharge

ratio of river water to STP effluent in the bay is about 1 : 1

(Japan Sewage Works Association, 2010; Bureau of Sewer-

age, 2013). Assuming that the ratio of river water to STP

effluent is 1 : 1 and that data collected at the upper Arakawa

River station and Shibaura STP represent these two sources,

the average concentrations of RDOC and BDOC in freshwa-

ter would be 152 and 47 µmolL−1, respectively. These values

are comparable with those observed at the lower Arakawa

River station (149 and 86 µmolL−1, respectively). Arakawa

River, which is the largest river flowing into the bay, ac-

counts for about 30 % of the freshwater discharge (Nihei et

al., 2007a). Most rivers flowing into the bay have similar wa-

ter quality because of similar land use within the drainage

basin (Nihei et al., 2007b); accordingly, we can reasonably

assume that observed RDOC and BDOC concentrations at

the lower Arakawa River station represent concentrations of

total river water flowing into Tokyo Bay.

Table 2 summarizes the first-order decay constants ob-

tained by fitting the exponential degradation of DOC with

time. The annual average degradation rate constant nor-

malized to 15 ◦C at the lower Arakawa River station was

0.031± 0.005 day−1, which was similar to other coastal wa-

ters (0.066± 0.065 day−1; Lønborg and Álvarez-Salgado,

2012).

3.3 Tokyo Bay

Seasonal variations in temperature, salinity, chl a, POC, and

DOC at the three stations in Tokyo Bay are presented in

Fig. 3. High values of temperature, chl a, POC, and DOC

were observed during spring and summer, while low values

were observed during autumn and winter. Salinity was higher

during autumn and winter than in spring and summer. DOC

concentrations ranged from 81 to 182, 76 to 153, and 60 to

108 µmolL−1 at stations F3, F6, and 06, respectively (Fig. 3).

The concentrations of DOC were generally lower than these

at the lower Arakawa River station.

3.3.1 Lability of DOC

Rapid degradation of the labile pool occurred within the first

20 days of incubation, indicating that BDOCs were reminer-

alized during the residence time of the bay water (Fig. 4).

The seasonal variations in DOC, RDOC, and BDOC con-

centrations at the three stations in Tokyo Bay are shown in

Fig. 5. RDOC ranged from 70 to 120 µmolL−1 at F3, 58

to 130 µmolL−1 at F6, and 48 to 80 µmolL−1 at 06. The

Table 2. Degradation constants for DOC (k20) and normalized

degradation constants at 15 ◦C (k15) ± standard deviation at the

upper Arakawa River (upper AR), the lower Arakawa River (lower

AR), and Shibaura STP stations. R2 indicates coefficient of deter-

mination.

Station Date k20 R2 k15

(day−1) (day−1)

Upper AR Apr 2013 0.072± 0.006 0.99 0.049± 0.004

Upper AR Oct 2013 0.053± 0.007 0.98 0.036± 0.005

Lower AR Dec 2011 0.038± 0.004 0.97 0.025± 0.003

Lower AR Jan 2012 0.040± 0.004 0.99 0.027± 0.003

Lower AR Feb 2012 0.038± 0.003 0.96 0.026± 0.002

Lower AR May 2012 0.028± 0.004 0.99 0.019± 0.003

Lower AR Jul 2012 0.025± 0.005 0.99 0.017± 0.004

Lower AR Aug 2012 0.045± 0.010 0.99 0.031± 0.007

Lower AR Nov 2012 0.052± 0.005 0.97 0.035± 0.004

Lower AR Dec 2012 0.110± 0.014 0.97 0.071± 0.010

Shibaura STP May 2012 0.019± 0.005 0.99 0.013± 0.004

Shibaura STP Jul 2012 0.021± 0.006 0.99 0.014± 0.004

Shibaura STP Aug 2012 0.040± 0.021 0.97 0.027± 0.015

Shibaura STP Nov 2012 0.062± 0.006 0.99 0.042± 0.004

Shibaura STP Dec 2012 0.110± 0.005 0.92 0.072± 0.004

Figure 3. Seasonal variations in salinity (white square), tempera-

ture (◦C; black square), dissolved organic carbon (µmolL−1; black

square), particulate organic carbon (µmolL−1; white square), and

chlorophyll a (µgL−1; gray square) at stations (a) F3, (b) F6, and

(c) 06.

mean contributions of RDOC to the total DOC were 81 %

at F3, 77 % at F6, and 72 % at 06. Both RDOC and BDOC

showed similar seasonal variations as DOC, with high vari-

ations being observed in spring and summer and low vari-

ations in autumn and winter. The contribution of RDOC to

the total DOC was higher than that of BDOC at all sta-

tions for the entire observation period. The RDOC concen-

trations of the surface water were significantly higher than

www.biogeosciences.net/12/269/2015/ Biogeosciences, 12, 269–279, 2015
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Figure 4. Changes in dissolved organic carbon (µmolL−1) in

the surface water of stations (a) F3, (b) F6, and (c) 06. Black

square: January 2011; gray square: February 2011; white square:

March 2011; black diamond: April 2011; gray diamond: May 2011;

white diamond: June 2011; black triangle: July 2011; gray trian-

gle: August 2011; white triangle: September 2011; black circle:

October 2011; gray circle: November 2011; white circle: Decem-

ber 2011. Error bars represent the standard deviations.

those of the bottom water at 06 (see Table S3 in the Supple-

ment). Thus, our RDOC results likely include a fraction of

semi-labile DOC. Degradation of this semi-labile DOC frac-

tion would occur by bacterial mineralization with a longer

time span, photodegradation (Moran and Zepp, 1997; Opsahl

and Benner, 1997; Obernosterer and Benner, 2004), aggrega-

tion (Sholkovitz, 1976; Mulholland, 1981), and/or sorption

to particles (Chin et al., 1998; Kerner et al., 2003). How-

ever, the results of this study did not change significantly

Figure 5. Seasonal variations in DOC (black square), bioavailable

DOC (BDOC; white square), and recalcitrant DOC (RDOC; gray

square) at stations (a) F3, (b) F6, and (c) 06. Error bars represent

the standard deviations.

when DOCs were divided into BDOC, semi-labile DOC, and

RDOC. The lifetime of semi-labile DOC is about 1.5 years

(Hansell, 2013), which is considerably longer than the res-

idence time of Tokyo Bay (Takada et al., 1992). Therefore,

in our analysis, there was no problem with the inclusion of

semi-labile DOC in RDOC. In addition, Ogura (1975) only

divided DOC into BDOC and RDOC; therefore, we divided

DOC in the same way to enable comparison with that study.

Table 3 summarizes the degradation constants of DOC

for the bay surface waters. The annual average degradation

rate constants normalized to 15 ◦C at F3, F6, and 06 were

0.128± 0.014, 0.094± 0.016, and 0.083± 0.010 day−1, re-

spectively. Most degradation rate constants for the bay water

were higher than those of freshwater (Table 2). The half-lives

of BDOC were calculated from the degradation rate constant.

The annual average half-lives of BDOC at F3, F6, and 06

were 5.4, 7.4, and 8.4 days, respectively. BDOC produced

Biogeosciences, 12, 269–279, 2015 www.biogeosciences.net/12/269/2015/
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Table 3. Degradation constants for DOC (k20) and normalized

degradation constants at 15 ◦C (k15) ± standard deviation in Tokyo

Bay (stations F3, F6, and 06). R2 indicates coefficient of determi-

nation.

Station Date k20 R2 k15

(day−1) (day−1)

F3 Jan 2012 0.236± 0.032 0.98 0.159± 0.022

F3 Feb 2012 0.162± 0.012 0.99 0.110± 0.008

F3 Mar 2012 0.093± 0.007 0.97 0.063± 0.005

F3 Apr 2012 0.120± 0.012 0.99 0.081± 0.008

F3 May 2012 0.203± 0.009 0.99 0.137± 0.006

F3 Jun 2012 0.286± 0.007 0.99 0.193± 0.005

F3 Jul 2012 0.127± 0.010 0.97 0.086± 0.007

F3 Aug 2012 0.109± 0.005 0.99 0.074± 0.004

F3 Sep 2012 0.153± 0.010 0.99 0.103± 0.007

F3 Oct 2012 0.301± 0.025 0.98 0.203± 0.017

F3 Nov 2012 0.269± 0.024 0.87 0.182± 0.017

F3 Dec 2012 0.221± 0.019 0.97 0.149± 0.014

F6 Jan 2012 0.150± 0.016 0.98 0.101± 0.011

F6 Feb 2012 0.095± 0.020 0.99 0.064± 0.014

F6 Mar 2012 0.100± 0.003 0.99 0.067± 0.002

F6 Apr 2012 0.151± 0.011 0.98 0.102± 0.008

F6 May 2012 0.115± 0.005 0.98 0.077± 0.004

F6 Jun 2012 0.209± 0.007 0.99 0.141± 0.005

F6 Jul 2012 0.083± 0.006 0.99 0.056± 0.004

F6 Aug 2012 0.050± 0.012 0.97 0.033± 0.008

F6 Sep 2012 0.120± 0.016 0.95 0.081± 0.011

F6 Oct 2012 0.188± 0.054 0.84 0.127± 0.040

F6 Nov 2012 0.243± 0.025 0.91 0.164± 0.020

F6 Dec 2012 0.170± 0.021 0.92 0.115± 0.015

06 Jan 2012 0.043± 0.007 0.94 0.029± 0.005

06 Feb 2012 0.223± 0.012 0.97 0.150± 0.008

06 Mar 2012 0.091± 0.007 0.98 0.061± 0.005

06 Apr 2012 0.133± 0.010 0.99 0.089± 0.007

06 May 2012 0.134± 0.007 0.99 0.090± 0.005

06 Jul 2012 0.089± 0.010 0.97 0.060± 0.007

06 Aug 2012 0.085± 0.006 0.97 0.057± 0.004

06 Sep 2012 0.094± 0.008 0.99 0.063± 0.006

06 Oct 2012 0.085± 0.005 0.99 0.057± 0.004

06 Nov 2012 0.146± 0.021 0.94 0.098± 0.014

06 Dec 2012 0.240± 0.013 0.87 0.162± 0.009

by phytoplankton in the bay water might have led to faster

degradation rates because the half-lives of BDOC were about

5 times faster than the residence time of the bay water.

RDOC concentrations in Tokyo Bay were negatively cor-

related with salinity and positively correlated with chl a

(Table 4). In the bay, salinity was lower in spring and summer

than in autumn and winter (Fig. 3) because of high freshwater

input during spring and summer. The freshwater RDOC con-

centration was higher than that of Tokyo Bay water; there-

fore, a negative relationship between RDOC and salinity was

observed. RDOC is also produced directly by phytoplankton

(Kragh and Søndergaard, 2009). Hence, the positive relation-

ship between RDOC and chl a observed in this study likely

reflected RDOC produced by phytoplankton.

Table 4. Correlation coefficients (R2) of the significant (p < 0.05)

linear regressions between DOC and hydrological data in Tokyo

Bay (stations F3, F6, 06, and total data). X indicates dependent vari-

able. N.s. indicates not significant.

Station X Salinity chl a

F3 DOC 0.54 0.36

F3 RDOC 0.68 0.56

F3 BDOC n.s. n.s.

F6 DOC 0.74 0.64

F6 RDOC 0.64 0.59

F6 BDOC 0.37 0.31

06 DOC 0.81 0.51

06 RDOC 0.54 0.47

06 BDOC 0.29 n.s.

Total data DOC 0.68 0.52

Total data RDOC 0.73 0.62

Total data BDOC 0.11 n.s.

3.3.2 RDOC sources

To estimate the sources of RDOC in Tokyo Bay, multiple

linear regression analysis with salinity and chl a as the in-

dependent variables was applied to all RDOC data observed

at three stations in Tokyo Bay. BDOC in Tokyo Bay was not

well correlated with salinity and chl a (Table 4), so multiple

linear regression analysis was not applied to the BDOC data.

We obtained the following multiple linear regression equa-

tion (Model I):

[RDOC]= (259± 38)− (5.96± 1.20) · [Sal]

+ (0.597± 0.20) · [Chl a] (3)(
r2
= 0.79, P < 0.001, n= 35

)
,

where [RDOC] is the RDOC concentration (µmolL−1), [Sal]

is salinity, and [Chl a] is the chlorophyll a concentration

(µgL−1) of each sample. The end-member of terrestrial

RDOC ([RDOCterr-end]) was as follows when the salinity was

0:

[RDOCterr-end]= (259± 38)+ (0.597± 0.20) · [Chl ariver] , (4)

where [Chl ariver] is the chl a concentration (µgL−1) at the

freshwater site. The end-member of terrestrial RDOC was

higher than the average RDOC concentration at the lower

Arakawa River station (149µmolL−1) and was similar to

that of Shibaura STP (278µmolL−1). The ratio of river wa-

ter to STP effluent was 1 : 1 (Japan Sewage Works Associa-

tion, 2010; Bureau of Sewerage, 2013), and data collected at

the upper Arakawa River station and Shibaura STP represent

these two sources (see Sect. 3.2). It is possible that fresh-

water inputs into Tokyo Bay were more strongly influenced

by STPs than headstream waters. Alternatively, if we assume
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that the RDOC concentration at salinity = 0 and chl a = 0

was close to the average RDOC concentration actually ob-

served at the lower Arakawa River station (149µmolL−1), we

obtain the following multiple regression equation (Model II):

[RDOC] = 149− (2.65± 0.26) · [Sal]

+ (1.03± 0.40) · [Chl a] (5)(
r2
= 0.71, P < 0.001, n= 35

)
.

The end-member of terrestrial RDOC ([RDOCterr-end]) is as

follows when salinity is 0:

[RDOCterr-end]= 149+ (1.03± 0.40) · [Chl ariver] . (6)

In this study, we assumed that [Chl ariver] was 6.0 µgL−1

(Ministry of the Environment: http://www.env.go.jp), which

was the average value of surface waters in Arakawa

River. Although [Chl ariver] is usually lower than 10 µgL−1

throughout the year, phytoplankton blooms occasionally per-

sist (Ministry of the Environment: http://www.env.go.jp).

The calculation of the RDOC sources using the minimum

and maximum chl a concentration at the lower Arakawa

River station (Table 1) resulted in estimated RDOC sources

that did not differ significantly from the minimum and max-

imum concentrations.

The concentrations of RDOC in the open ocean

([RDOCocean-end]) can be estimated by assuming that salinity

and chl a in the open ocean were 34.5 (Okada et al., 2007)

and 1.0 µgL−1, respectively (Japan Meteorological Agency:

http://www.jma.go.jp/jma/index.html), which were the av-

erage values of surface waters offshore from Tokyo Bay.

The [RDOCocean-end] values were 54.0 and 58.6 µmolL−1

for Models I and II, respectively, which were comparable

to the annual average RDOC concentration of the bottom

water at 06 (see Table S3). Following the method described

Ogawa and Ogura (1990), we estimated the contributions of

RDOC from different sources (RDOC from the open ocean

[RDOCocean origin], terrestrial RDOC [RDOCterr], and RDOC

from phytoplankton [RDOCphyto]), using two models of the

multiple linear regression analysis. The RDOC concentra-

tions can be expressed as follows:

[RDOC] =
[
RDOCphyto

]
+

[
RDOCocean origin

]
+ [RDOCterr] . (7)

The equation describing RDOC derived from the open ocean

([RDOCocean origin]) is as follows:[
RDOCocean origin

]
= [RDOCocean-end] · [Sal]/34.5. (8)

The terrestrial RDOC ([RDOCterr]) is as follows:

[RDOCterr]= [RDOCterr-end] · (34.5− [Sal])/34.5. (9)

The RDOC derived from phytoplankton ([RDOCphyto]) can

be estimated from Eq. (7):[
RDOCphyto

]
= [RDOC] −

[
RDOCocean origin

]
− [RDOCterr] . (10)

For each multiple linear regression equation (Eqs. 3 and 5),

the two-sided 95 % confidence bounds of each coefficient

and intercept were estimated. For the concentrations of

RDOC originating from phytoplankton, terrestrial, and open-

oceanic waters, we estimated the upper and lower bounds by

changing an equation within its error range. The relative con-

centrations of RDOC (%) with error in the bay originating

from phytoplankton, terrestrial, and open-oceanic waters at

the three stations are presented in Table 5. The results show

that the open ocean is the major source of RDOC in Tokyo

Bay. At station F3, which is located close to land, terrestrial

RDOC was comparable to that from the open ocean. The

concentration of terrestrial RDOC was significantly higher

than that of RDOC from phytoplankton at all stations, even

at the bay mouth.

The influx of terrestrial TOC (POC+DOC) from the

rivers to Tokyo Bay was estimated using a mass balance

model (8.1× 1010 gCyr−1; Yanagi et al., 1993), and the

DOC / TOC ratio at the freshwater site was 0.62 (Kubo,

unpublished data). Hence, the influx of terrestrial DOC

was estimated to be 5.0× 1010 gCyr−1, and RDOC ac-

counted for 66 % of terrestrial DOC (see Sect. 3.2; 3.3×

1010 gCyr−1). The efflux of TOC from the surface bay to

the open ocean was estimated using a mass balance model

(9.4×1010 gCyr−1; Yanagi et al., 1993), and the DOC / TOC

ratio in the surface bay mouth was 0.69 (Kubo, unpub-

lished data). Hence, the efflux of DOC was estimated to be

6.5×1010 gCyr−1, and RDOC accounted for 73 % in the sur-

face bay mouth (see Sect. 3.3; 4.7× 1010 gCyr−1). Assum-

ing that terrestrial and phytoplankton RDOC were exported

outside of the bay in the same ratio as at the bay mouth

(Table 5), Tokyo Bay exported mostly terrestrial RDOC to

the open ocean, owing to the high concentration of terrestrial

RDOC and remineralization of BDOC. Moreover, the ratio

of terrestrial RDOC input into the bay (3.3× 1010 gCyr−1)

and terrestrial RDOC efflux to the open ocean (0.9× 1010

and 0.6×1010 gCyr−1, respectively, for Models I and II) was

28 and 17 %, respectively. Residual terrestrial RDOC in the

bay may be removed from the water column by photodegra-

dation (Moran and Zepp, 1997; Opsahl and Benner, 1997;

Obernosterer and Benner; 2004), aggregation (Sholkovitz,

1976; Mulholland, 1981), and/or sorption to particles (Chin

et al., 1998; Kerner et al., 2003).

The fate of terrestrial DOC in the coastal ocean and the

open ocean has long been the subject of debate (Hedges

et al., 1997). For example, biomarkers (e.g., lignin phe-

nols) and the stable carbon isotopic composition of DOC

are commonly used to estimate the contribution of terres-

trial DOC to the open ocean (Druffel et al., 1992; Hedges

et al., 1997; Raymond and Bauer, 2001; Bauer and Bianchi,

2011). Lignin phenol analysis indicated that terrestrial DOC

comprises only a small fraction (4–10 %) of the total DOC in

the open ocean (Meyers-Schulte and Hedges, 1986; Opsahl

and Benner, 1997; Hernes and Benner, 2006). In addition, the

stable carbon isotopic composition of DOC also indicated
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Table 5. Relative concentration of RDOC (%) ± error∗ in Tokyo

Bay derived from phytoplankton, terrestrial, and open-oceanic

waters, estimated from two multiple linear regressions. ∗See

Sect. 3.3.2.

Station Model I Model II

Phyto. Terr. Ocean Phyto. Terr. Ocean

F3 12± 7 42± 3 46± 5 14± 6 29± 3 57± 4

F6 8± 6 35± 3 57± 5 10± 6 23± 2 67± 3

06 4± 4 20± 4 76± 4 5± 4 12± 2 83± 4

Total data 8± 6 32± 3 59± 5 10± 5 21± 3 69± 4

that terrestrial DOC represents less than 10 % of the total

DOC (Bauer et al., 2002). As a result, most terrestrial DOC

is remineralized in coastal waters, and only a small fraction

is exported to the open ocean. In this study, terrestrial RDOC

in the surface bay mouth accounted for less than 20 % of the

total RDOC (Table 5). Although these levels were slightly

higher than those reported in previous studies using lignin

phenols and stable carbon isotopic compositions of DOC,

they are probably reasonable given that exported terrestrial

RDOC were further diluted with open-oceanic water once

outside the bay. Nevertheless, more complete information re-

garding the sources and lability of DOC are important to en-

able a better understanding of the fate of DOC in the coastal

ocean and open ocean.

3.4 Change of DOC over 4 decades

Ogura (1975) investigated the concentrations of RDOC and

BDOC in Tokyo Bay and freshwater sources flowing into

the bay in the 1970s using GF/C filters (nominal pore size

1.2 µm) to collect filtrate of degradation samples and found

that the contribution of the DOC fraction from 0.45 µm (Mil-

lipore HA filter, Millipore Corp., Bedford, MA) to 1.2 µm

was about 10 % of the total DOC in Tokyo Bay. Ogawa

and Ogura (1992) also showed that the low-molecular-weight

DOC (< 10 000 Dalton; < 0.2 µm) in the bay comprised a

major portion of the total DOC filtered by 1.2 µm (78–97 %).

Hence, the DOC fraction from 0.7 to 1.2 µm comprised a

minor proportion of the DOC in Tokyo Bay. Ogura (1975)

used a wet chemical oxidation method to measure the sam-

ples, while Ogawa and Ogura (1992) showed that both a

wet chemical oxidation method and high-temperature cat-

alytic oxidation method for measuring DOC concentrations

of Tokyo Bay waters generated similar results. Ogura (1975)

conducted degradation experiments with a short incubation

time (about 50 days) compared to our experiment (150 days).

However, BDOC can be consumed by bacteria over short pe-

riods (days to weeks; Lønborg and Álvarez-Salgado, 2012),

and, therefore, the remaining DOC pool after 150 days of in-

cubation, used in Eq. (1), is not significantly different from

RDOC concentration at 50 days. Actually, degradation rate

constants calculated using data from the first 50 days (k50)

and those using all data from 150 days of experiment (k150)

are not significantly different (k50 = 0.90·k150+0.016, R2
=

0.86, p < 0.01). Therefore, we assume that our degradation

rate constants are comparable to those reported by Ogura

(1975).

In 1972, the average concentrations of RDOC and BDOC

were 224 and 337 µmolL−1 (40 and 60 % of the total DOC,

respectively) in the freshwater environment of the lower

Tamagawa River, which flows into Tokyo Bay (Ogura, 1975).

The present RDOC and BDOC concentrations at the lower

Arakawa River station (149 and 86 µmolL−1) are lower than

those reported by Ogura (1975). If we assumed that the

amount of freshwater discharge into the bay has increased by

24 % (Okada et al., 2007), the amount of RDOC and BDOC

flowing into the bay would have decreased by 17 and 68 %,

respectively. Ogura (1975) also estimated a degradation rate

constant (k15) of 0.087 day−1, which is much higher than

that observed in the present study (Table 2). These changes

are consistent with the fact that the proportion of treated

wastewater to the total freshwater inflow to the bay increased

from 11 to 28 % from 1970 to 2000 (National Institute for

Land and Infrastructure Management, 2004). The degrada-

tion of DOC at STPs before being discharged should lower

the BDOC fraction more than RDOC. Overall, our results in-

dicate that the quantity of DOC flowing into the bay has de-

creased, and the quality of DOC becomes more recalcitrant.

In Tokyo Bay, the concentrations of DOC at station F3

decreased from 287 µmolL−1 in 1972 (Ogura, 1975) to

124 µmolL−1 in 2012, most likely because of a decrease

in DOC discharge from rivers and a decrease in primary

production (Yamaguchi and Shibata, 1979; Yamaguchi et

al., 1991; Bouman et al., 2010). The concentrations of RDOC

and BDOC observed in this study (100 and 24 µmolL−1, re-

spectively) were lower than those estimated by Ogura (1975)

in 1972 (165 and 100 µmolL−1, respectively). Conversely,

the contribution of RDOC to the total DOC in this study

(80.6 %) is higher than the value observed in 1972 (57.5 %;

Ogura, 1975). The concentrations of RDOC and BDOC in

Tokyo Bay have decreased because of a decrease in DOC

load from the land, especially for BDOC. As a result, DOC

becomes more recalcitrant. In addition, decreasing nutrient

loads in the bay have caused decreasing primary produc-

tion (Yamaguchi and Shibata, 1979; Yamaguchi et al., 1991;

Bouman et al., 2010). Therefore, DOC produced by phyto-

plankton should also have decreased.

4 Summary

Rapid degradation of the labile pool was observed at fresh-

water sites and Tokyo Bay within the first 20 days of incuba-

tion. BDOCs are remineralized during the residence time of

the bay water. The contribution of RDOC to the total DOC

was higher than that of BDOC at all stations for the en-

tire observation period and accounted for 77 % of the total.
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Accordingly, Tokyo Bay exported mostly terrestrial RDOC

to the open ocean owing to the high concentration of terres-

trial RDOC and faster half-lives of BDOC relative to the res-

idence time of the bay water. The concentrations of RDOC

and BDOC have decreased in the last 40 years at freshwa-

ter sites and Tokyo Bay, during which time DOC has be-

come more recalcitrant because of improved sewage treat-

ment. Since organic carbon degradation occurs at STPs be-

fore being discharged, DOC flowing into the bay has de-

creased, especially the BDOC fraction.

The Supplement related to this article is available online

at doi:10.5194/bg-12-269-2015-supplement.
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