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Abstract

Organic carbon (C) and total nitrogen (N) contents and corresponding isotope
ratios were determined in surficial sediment (0-3 cm) at 94 stations ranging from 21 to
1995 m water depth off Tokachi, Hokkaido, Japan, to elucidate the distribution and
source of sedimentary organic matter. Suspended particulate organic matter (POM) in
the seawater and suspended POM and sediment in the Tokachi River were also examined.
613C, 615N and C/N ratios of the samples in the Tokachi River suggest that the spring
snowmelt is an important process for the transport of terrestrial organic matter to the
coastal waters. 613C values of suspended POM in the surface seawater were higher in
May and November than in August, while §'°N values of the POM were higher in May
and August than in November. These changes are attributed to seasonal changes in
phytoplankton growth rate and nitrate availability. 613C and 6°N values in the sediments
off Tokachi were lowest near the Tokachi River mouth, and increased offshore to constant
values that persisted from 134 to 1995 m water depth. The spatial variation in C/N ratios
in the sediment mirrored those of 613C and 6!°N. Comparison of 613C, 615N and C/N ratios
in the sediments off Tokachi with those in the Tokachi River and seawater indicates that
about half of the organic matter in the sediment was of terrestrial origin near the Tokachi
River mouth, and the sedimentary organic matter from 134 to 1995 m water depth was of
marine origin. The organic C content in the sediment was high near the Tokachi River
mouth, and also around 1000 m water depth. The C content was significantly correlated
with silt plus clay content, with different regression lines for those stations shallower and
deeper than 134 m, owing to several stations of higher C content with the elevated C/N
ratio on the inner shelf. These results suggest that transport and deposition of

organic-rich fine sediment particles by hydrodynamic processes were major factors



controlling C content off Tokachi. In addition, the supply of a fraction of terrestrial

organic matter with high C/N probably also affected C content on the inner shelf.
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1. Introduction

Preservation of organic carbon (C) in marine sediments and subsequent
Incorporation into sedimentary rocks represent the predominant long-term sink in the
global C cycle, and contribute to the formation and maintenance of an oxygenated
atmosphere (Hedges and Keil, 1995). The burial of organic C in the ocean is estimated to
be approximately 0.13-0.23 x 1015 gC yr'1, and > 90% of this occurs in continental shelves
and slopes (Hedges and Keil, 1995; Wollast, 1998; de Haas et al., 2002). However, these
estimations require further refinement because of the large temporal and spatial
heterogeneity in continental margin sediments (Hedges and Keil, 1995; de Haas et al.,
2002). Researches on the distribution and behavior of sedimentary organic matter in
various shelf seas would help to improve estimates.

In the coastal regions, organic matter can be supplied both from marine
organisms and terrestrial sources. Identifying the source materials in the sediment is
essential to understand the mechanisms of C cycling in the marine environment. Based
on the difference of the values among the sources, stable C and nitrogen (N) isotope ratios

and C/N have been widely used to elucidate the source and fate of organic matter in the



marine environment (Hedges and Parker, 1976; Peters et al., 1978; Fry and Sherr, 1984;
Wada et al., 1987; Thornton and McManus, 1994; Ogawa and Ogura, 1997; Middelburg
and Nieuwenhuize, 1998; Tyson, 1995; Naidu et al., 2000; Cloern et al., 2002; Gordon and
Goni, 2003; Goni et al., 2003). However, it should be noted that C and N isotopic
compositions and C/N ratios in marine and riverine particulate organic matter (POM)
often vary seasonally (Altabet et al., 1991; Mook and Tan, 1991; Nakatsuka et al., 1992;
Tyson, 1995; Kendall et al., 2001; Nakanishi and Minagawa, 2003). While reliable
estimates of sedimentary organic matter sources should take into account such seasonal
variations, there have only been limited numbers of studies addressing this issue
(Cifuentes et al., 1988; Ogawa and Ogura, 1997; Gordon and Goiii, 2003; Goii et al.,
2003).

In this study, we measured organic C and total N contents and their isotope
ratios in the surface sediment from inner shelf to slope off the coast of Tokachi, southeast
Hokkaido, Japan. In addition, suspended POM in the seawater and the Tokachi River,
which were collected in various seasons, and the sediment of the Tokachi River were
examined to define isotope and C/N ratios of terrestrial and marine sources. Using these
data, we discuss the origin of organic matter in the sediment off Tokachi and the

mechanisms regulating the distribution of the sedimentary organic matter.

2. Materials and methods

2.1. Study site

The Tokachi River (156 km length) flows through the Tokachi plains and empties
into the western North Pacific (Fig. 1). River flow increases in spring and early fall

(Ministry of Land, Infrastructure and Transport, Japan,



http://www.mlit.go.jp/river/english/), due to snowmelt and an increase of precipitation,
respectively.

The Oyashio current, which originates in the western subarctic gyre in the North
Pacific and partly in the Sea of Okhotsk, flows southwestward off the southeast coast of
Hokkaido (Kawai, 1972). An alongshore current originating in the Sea of Okhotsk also
flows southwestward on the shelf of southeast Hokkaido (Ohtani, 1971, 1991). The Mixed
Water, which is the mixture of the Oyashio Water and the subtropical water originating
in the Kuroshio Current, is occasionally observed off southeast Hokkaido (Kawai, 1972).
The temperature at 100 m depth in each month (5 to 8°C) is used as a definition of the
front between the Oyashio and the Mixed Water (Kawai, 1972; Limsakul et al., 2002).
According to the database of Japan Oceanographic Data Center (http://www.jodc.go.jp/),
the mean plus 1 s.d. of temperature at 100 m depth obtained in the two grids of 42-43°N
and 143-144°E or 144-145°E from 1903 to 2003 (n = 9 to 567 in each month) are below the
definition, except that the temperature of 7.18°C in the grid of 42-43°N and 144-145°E in
October is slightly higher than the definition of 7°C. Thus the Oyashio is a dominant
water mass in our site. In the Oyashio, intensive phytoplankton blooms of diatoms occur
in April and May, and relatively small blooms are observed in October (Limsakul et al.,
2002). On the other hand, blooms do not occur in the Mixed Water (Kasai et al., 1997;

Saito et al., 1998).

2.2. Sample collection

Sediments were collected using a K-Grab sampler during the GHO2 cruise of R/V
Hakurei-maru No.2in August 2002 and using a multiple core sampler “Ashura” (Rigo Co.,

Ltd.) during the cruises of T/S Ushio-maru in May, August and November 2003 off



Tokachi (Fig. 1, Table 1). The surface sediment samples (top 3 cm depth) were stored at
-30°C. During the cruises of T/S Ushio-maru, seawater samples were collected using a
CTD/rosette multi-sampler system with Niskin bottles at Stn. T-35 (42°26.0°'N, 143°59.5’E,
567 m water depth).
Surface water samples of the Tokachi River were collected at Stn. Moiwa, ca.

20 km upstream of the river mouth (Fig. 1), in April, May, June, July, August, September
and November 2003. There are no major tributaries or wastewater inputs between Stn.
Moiwa and the river mouth. In August 2003, surface waters and sediments were sampled
at three estuarine stations located at 4.8 km (Stn. Kako-1), 820 m (Stn. Kako-2) and 240
m (Stn. Kako-3) upstream of the river mouth. An Ekman-Birge grab sampler was used to
collect the sediment of the top 5 cm depth. Temperature, electric conductivity (EC),
salinity and turbidity in the waters were measured by portable sensors (U-21XD, Horiba
Ltd., Japan). Turbidity was determined by the light-transmission-scattering method.

After pre-filtration using a 315 pm mesh net, the samples of seawater and river
water were filtered through precombusted (450°C 3 hrs) Whatman GF/F filters for POM
analysis. The filters were stored at -20°C until analysis. Samples for chlorophyll a
determination were collected using GF/F filters and stored at -20°C in the dark after
soaking with N, N-dimethylformamide (Suzuki and Ishimaru, 1990). Unfiltered seawater

samples at Stn. T-35 were kept in screw-capped test tubes at -20°C for nutrient analysis.

2.3. Analyses

The sediment samples for C and N analyses were dried at 60°C, decarbonated by
1M HCI, rinsed with distilled deionized water, and dried again. The suspended POM

samples were dried at 60°C and acidified with vapor of 12M HCI. The C and N contents



and their isotope ratios in the sedimentary organic matter and suspended POM were
determined using an isotope ratio mass spectrometer equipped with an elemental
analyzer (Fisons NA1500 - Finnigan MAT 252). A part of the samples were analyzed by
another mass spectrometer (Flush EA - Finnigan MAT DELTA plus XP). The isotope
ratios are expressed as per-mil (%o) notation:

§13C = {(13C/12C)sampte / (13C/12C) standara — 1} X 1000,

§15N = {(15N/14N) sample / (15N/14N) standara — 1} X 1000.
Data are presented as the values based on the international standard of PDB and
atmospheric N2 for C and N, respectively. The replicate error was within +£0.2%o for both
613C and 6N analyses.

For the sediments collected during GHO2 cruise, grain size distribution was
determined by the combined sieving-hydrometer method (Krumbein and Pettijohn, 1938).

Chlorophyll a concentrations in seawater and river water were analyzed by
fluorometry (Parsons et al., 1984) and by high-performance liquid chromatography
(Suzuki et al., 2005), respectively. Nitrate and nitrite concentrations in seawater were
determined by the method of Strickland and Parsons (1972) with a slight modification for

the autoanalyzer.

3. Results

3.1. Suspended particles and sediments of the Tokachi River

Rainfall over the 10 days prior to each sampling date of the Tokachi River was in
the range of 12 to 36 mm (Table 2), indicating that our samples were not collected after
heavy rain events. Turbidity at Stn. Moiwa was higher in April, May and September than

on other occasions. Increases of suspended particulate organic carbon (POC) and



particulate nitrogen (PN) concentrations were also observed in April and September. The
C/N ratio of suspended POM at Stn. Moiwa was higher in April and May (12.2-14.9) than
in June to November (6.5-8.8). On the other hand, no clear pattern of seasonal variation
was observed for 613C and 65N values of the POM.

At the estuarine stations in August, salinity were < 1 in the surface waters and
increased below 2-4 m water depth, reaching 14-26 in bottom waters at 4-6.5 m depth.
Slight increases of POC and PN concentrations were observed from Stn. Moiwa to the
estuary in August (Table 2). Turbidity and chlorophyll a were also higher in the estuary
than at Stn. Moiwa. A decrease of §13C-POC and an increase of 6!°N-PN values were
observed from Stn. Moiwa to the estuary, while the C/N did not change significantly.

613C, 61°N and C/N values in the estuarine sediments were different from those of
suspended POM in the estuary in August, but were similar to those of suspended

particles at Stn. Moiwa in April and May (Table 2).

3.2. Suspended particles in seawater off Tokachi

The salinity distribution indicates that the plume of the Tokachi River water was
restricted within half of the distance between the river mouth and Stn. T-35 during the
cruises of T/S Ushio-maru (Taira, unpublished). Temperatures at 100 m depth of Stn.
T-35 (Table 3) were lower than the definition the Oyashio front (5, 6 and 8°C in May,
August and November, respectively: Kawai, 1972), indicating that Stn. T-35 was located
in the Oyashio Water.

The vertical density gradient near sea surface at Stn. T-35 increased from May to
August due to the rise of temperature, and it decreased in November, indicating the

occurrence of autumnal mixing (Fig. 2). Nitrate plus nitrite (hereafter nitrate) in surface



water was mostly depleted in May and August. An increase of surface nitrate was
observed in November. Chlorophyll a concentrations in the water column were highest in
May. Concentrations decreased in August and increased again in November. The peaks of
suspended POC and PN concentrations were observed at 0-10 m depth and decreased
with water depth. The POC and PN concentrations at 0-100 m depth decreased from May
to August, whereas an increase in concentration was observed in November. §13C-POC
was highest in the surface layer and decreased with water depth. 6!N-PN decreased from
the surface to 20-40 m depth and increased to a maximum at 100-500 m depth. The C/N
ratio increased with water depth. 613C-POC in the water column decreased from May to
August and increased again in November near the value of May. The 61°N-PN at 0-10 m
depth did not change from May to August, and decreased in November. The ratio of

POC/chlorophyll a in the water column was higher in August than in May and November.

3.3. Sediments off Tokachi

There were two areas that exhibited maxima in sedimentary organic C (Fig. 3).
One was immediately south of the Tokachi River mouth on the inner shelf, and another
was around 1000 m water depth line on the slope. The distribution patterns of total N
and silt plus clay (< 62.5 ym) in the sediment were similar to that of organic C (Fig. 4).

613C of organic C and 615N of total N in the sediment were lowest south of the
Tokachi River mouth on the inner shelf, and increased offshore and in the surrounding
areas (Figs. 5 and 6). The §3C and §'°N values were approximately constant from 134 to
1995 m depth. The distribution pattern of C/N ratios was a mirror image of C and N
isotopes (Fig. 7). The distributions of §13C, §15N and C/N generally corresponded to each

other, but the stations exhibiting peak values on the inner shelf were different (Figs. 5 to



7).

Figs. 8a and 8b show 613C - 65N and §'3C — C/N plots of the samples analyzed in
this study, respectively. The range of §13C and 6°N values in seawater POM at 0-10 m
depth overlapped generally with the sediments off Tokachi and were higher than the
river samples. Decreases of 613C and 6'°N and increase of C/N were observed in the
sediments shallower than 134 m water depth compared with those from 134 to 1995 m
depth. Suspended POM at Stn. Moiwa in April and May and the estuarine sediments
exhibited lower 613C and §'°N values and higher C/N ratios than the sediments off

Tokachi.

4. Discussion

4.1. Seasonal and spatial variations of 613C, 85N and C/N of suspended POM in the

Tokachi River

The flooding of the river by the snowmelt was probably responsible for the
increase of suspended POM concentration at Stn. Moiwa in April (Table 2). The elevated
value in September may be attributed to the increased river flow due to 15 mm of rainfall
on the day before the sampling.

Suspended POM in rivers exhibits 613C of -37 to -18%o, 615N of -15 to 14%o and the
molar C/N ratios of 4 to 40 (Meybeck, 1982; Fry and Sherr, 1984; Wada et al., 1987; Mook
and Tan, 1991; Bird et al., 1995; Ogawa and Ogura, 1997; Middelburg and Nieuwenhuize,
1998; Kendall et al., 2001; Cloern et al., 2002; Hein et al., 2003; Kao et al., 2003). The
values in the Tokachi River (Table 2) were within these ranges. Major sources of

suspended POM in rivers are C3 and/or C4 vascular plants, soil organic matter and

10



phytoplankton. According to a review of Kendall et al. (2001), the mean and general range
of 813C of C3 plants and organic matter in C3 plant-dominated soil, C4 plants and organic
matter in C4 plant-dominated soil, and freshwater phytoplankton are -27%o (-32 to -22%o),
-13%o (-16 to -9%o), and -30%o (-42 to -24%o), respectively. §13C-POC in the Tokachi River
ranged from -28.8 to -25.2%o (Table 2), suggesting that contributions from the C4-based
vascular plant organic matter was negligible. The molar C/N ratios in vascular plants,
soil, and riverine phytoplankton are generally > 15, 8 to 15, and 5 to 8, respectively
(Kendall et al., 2001). Because the C/N ratios of suspended POM at Stn. Moiwa were
12.2-14.9 in April and May and 6.5-8.8 from June to November (Table 2), the major source
of POM was probably vascular plants and/or soil having a high C/N ratio in spring, and
phytoplankton and/or soil having low C/N ratio in summer and fall.

The increase of chlorophyll a from Stn. Moiwa to the estuarine stations indicates
the occurrence of POM production by phytoplankton in August (Table 2). The
corresponding changes of 613C and 6N of POM from Stn. Moiwa to the estuary likely
resulted from POM production in the river. Although the data obtained in August suggest
that POM production occurred from Stn. Moiwa to the estuary, its contribution is likely to
be minor. Even in August when water temperature was highest in the year and it was not

a storm flow condition, the POM concentration increased only slightly (Table 2).

4.2, 813C, 815N and C/N of POM supplied from the Tokachi River to the coastal waters

The C/N ratio of the suspended POM and the estuarine sediment in the Tokachi
River (Fig. 8b) suggest that the former was a major source of organic matter in the
estuarine sediment in April and May. However, alternation of C/N ratios during the

organic matter decomposition should be considered. Organic N is generally remineralized
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faster than organic C, which serves to increase C/N ratios (Tyson, 1995). On the other
hand, if organic matter with high C/N is degraded under conditions of surplus inorganic
N, the C/N can decrease due to N immobilization to supply the relative N-deficit in the
substrate (Tyson, 1995). The former can increase C/N during the decomposition of
nitrogenous planktonic organic matter (Lehmann et al., 2002). The latter prevails during
the decomposition of vascular plants of high initial C/N in N-rich coastal environment
(Benner et al., 1991). Tyson (1995) reported that the molar C/N ratios of fresh vascular
plants and their degraded detritus were 23-1560 and 14-47, respectively. Molar C/N in
soils generally ranges from 8 to 15 (Kendall et al., 2001), which is also likely due to the
C/N of well-degraded organic matter originating in vascular plants. Because suspended
POM with C/N of 12.2-14.9 at Stn. Moiwa in spring (Table 2) was probably derived from
degraded plant detritus and/or soil (see section 4.1), the C/N of the POM likely changed
only slightly after the settling to the estuarine sediment. It is likely also true of the
fraction in suspended POM originating in soil from June to November. On the other hand,
part of suspended POM from June to November likely derived from phytoplankton, and
C/N ratios might therefore increase during early diagenesis. However, because the C/N of
the sedimentary organic matter of marine origin in shelves and slopes generally ranges
from 6 to 14 (Tyson, 1995), it is unlikely that the C/N of POM from phytoplankton in the
Tokachi River increased to the levels (14.3-19.3) in the estuarine sediments underlying
saline bottom water. We therefore conclude that the major source of sedimentary organic
matter in the Tokachi River Estuary was not planktonic POM, but rather the detritus of
C3 vascular plants and/or corresponding soil organic matter. The lack of a significant
increase in suspended POM concentrations from St. Moiwa to the estuary in August (see
section 4.1) also supports this inference. The C3 plant derived POM was presumably

transported from the watershed during the flood by the spring snowmelt. This process is
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probably also important for POM loading from the Tokachi River to the coastal sediment.

613C and 6N values of POM can change by post-production processes including
the preferential removal of organic compounds with different isotope ratios from bulk
POM, 3C and »N enrichments in the residual POM during degradation, transformations
through the food chain, and/or the immobilization of ambient N with different 615N from
the POM (Benner et al., 1987, 1991; Michener and Schell, 1994; Lehmann et al., 2002).
However, 613C and 6N values in the estuarine sediments in the Tokachi River were close
to those of suspended POM in May and within the range of suspended POM observed in
the Tokachi River (Fig. 8a). Therefore the changes of §'3C and §°N of POM during

settling and diagenesis were probably of limited extent in the Tokachi River.

4.3. Vertical and seasonal changes of §13C, 615N and C/N of suspended POM off Tokachi

The maximum concentration of suspended POM was observed in the surface
layer (0-10 m depth), and its level decreased with depth at Stn. T-35 (Fig. 2). Similar
patterns were also reported in previous ocean studies (Saino and Hattori, 1980, 1987;
Altabet, 1988; Altabet et al., 1991; Minagawa et al., 2001), which is a reflection that POM
production mainly occurs in the surface layer and the POM degradation occurs below the
surface (Suess, 1980).

613C-POC of -26.1 to -18.8%0 and 6'°N-PN of 3.7 to 6.9%o at 0-10 m depth at Stn.
T-35 (Fig. 2) were within the range (-28 to -12%o0 and -1.5 to 19%o, respectively) reported in
surface water at middle latitude in the northern hemisphere (Rau et al., 1982, 1998,
2001; Saino and Hattori, 1985, 1987; Altabet, 1989; Altabet et al., 1991; Saino, 1992;
Goericke and Fry, 1994; Minagawa et al., 2001; Mino et al., 2002). The C/N of 5.6 to 9.9 at

0-10 m depth fell within the range of plankton of 5-12 (Tyson, 1995). POC/chlorophyll a
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ratio at 0-10 m depth in May (47.6-56.3) and November (58.1-77.5) were within the range of
phytoplankton (20-120) (Geider, 1987; Thompson et al., 1992). On the other hand, the ratios
in August (243-547) indicate an increase of non-phytoplankton organic particles.

Lower 613C values in suspended POC in August and at deeper layer in May and
November at Stn. T-35 (Fig. 2) were similar to the values in the Tokachi River (-28.8 to
-25.2%0). By the comparison of both §3C and 615N, however, only the values at 150-500 m
depth in May and at 30-50 m depth in August at Stn. T-35, which were 6'3C of < -24%0 and
815N of < 5%o, were close to the river samples (Figs. 2 and 8a). Therefore, marine organic
matter was presumably major component of suspended POM at Stn. T-35, except for the
above samples for which we cannot rule out the possibility of terrestrial organic matter
contributions.

The patterns of vertical change of §13C, §15N and C/N in this study (Fig. 2) were
consistent to those reported in previous ocean studies (Eadie and Jeffrey, 1973; Saino and
Hattori, 1980, 1985, 1987; Altabet, 1988; Altabet et al., 1991; Saino, 1992; Tyson, 1995;
Voss et al., 1996; Wu et al., 1999; Minagawa et al., 2001). The occurrence of a subsurface
615N-PN minimum has been interpreted as the result of a large isotope fractionation
during N assimilation under light-limited N-replete condition in the subsurface layer
(Saino and Hattori, 1985; Altabet et al., 1986). The changes of C/N and isotope ratios at
deeper layer likely resulted from the post-production processes as mentioned in section
4.2.

In May, nitrate in surface water at Stn. T-35 was mostly depleted while surface
chlorophyll 2 showed a high value of 13.6 pg 1 (Fig. 2), suggesting that the water was in
the late stage of spring bloom. In August, nitrate depletion and low chlorophyll a
concentration in the surface water were probably due to summer stratification. Increases

in nitrate and chlorophyll z in the surface layer in November suggest that vertical mixing
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in fall supplied nutrients and stimulated the growth of phytoplankton.

The §'3C values of surface POC at Stn. T-35 were higher in May and November
than in August (Fig. 2). When the growth rate of phytoplankton increases and/or
dissolved molecular COz concentration decreases, heavy 6'3C-POC is produced because of
a decrease in isotope fractionation during C fixation (Takahashi et al., 1991; Rau, 1994;
Laws et al., 1995). In May and November, elevated phytoplankton growth during spring
and autumn blooms thus probably accounted for heavy C isotope ratios. Although
dissolved molecular COz was not determined in this study, its decrease due to elevated
phytoplankton growth could also contribute to the rise of §13C-POC. Phytoplankton
growth in August may have been suppressed by low nutrient availability, resulting in the
decrease of 613C-POC. Although the increase of non-phytoplankton particles such as
detritus and heterotrophs in August may have affected 6:3C-POC due to the 613C changes
during POC degradation and §!3C increase through food chain (see section 4.2), these
effects were not apparently observed.

615N in surface PN at Stn. T-35 was higher in May and August than in November
(Fig. 2). Availability of nitrate is an important factor controlling the isotope ratio of PN
produced in the ocean (Altabet and Francois, 1994; Montoya, 1994). At the onset of the
bloom when surface nitrate is not significantly consumed, phytoplankton biomass is
depleted in 15N relative to nitrate existing initially in the surface layer because of isotope
fractionation during N assimilation (Montoya, 1994). The 65N in phytoplankton
increases as the nitrate pool is depleted due to the increase of 61°N in residual nitrate.
When the substrate (nitrate) is completely exhausted, §!°N of the product (suspended
plus sinking PN) integrated throughout the reaction reaches the same value as the initial
substrate (nitrate). Therefore, the higher N isotope ratio in surface PN in May at Stn.

T-35 was probably attributed to nitrate depletion in the late stage of spring bloom.
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Although 6°N of suspended PN in stratified surface water can be altered by grazing,
degradation and/or incorporation of PN by heterotrophs, PN removal via sinking particles,
and PN production from regenerated ammonium (Altabet and Francois, 1994; Michener and
Schell, 1994; Montoya, 1994), their influences appear to be of limited extent from May to
August off Tokachi. Nitrate was probably supplied continuously to the surface layer by
autumnal mixing, which presumably accounts for the decrease of 615N-PN in November
via isotope fractionation during N assimilation.

The seasonal variation of isotope and C/N ratios in suspended POM below the
surface layer (Fig. 2) might result from the propagation of the change in the nature of

POM produced in the surface layer via sinking particles.

4.4. Estimation of 13C and §°N in sinking POM off Tokachi

The Oyashio is a dominant water mass off Tokachi (see section 2.1). Intensive
phytoplankton blooms occur in the Oyashio, but not in the Mixed Water (Kasai et al.,
1997; Saito et al., 1998). Therefore, POM production in the Oyashio, in which our samples
were obtained, would be the major process regulating §'3C and 6N in POM off Tokachi.

Because our data were obtained both during high productivity periods (with high
§13C-POC in spring and fall blooms) and a low productivity period (with low §3C-POC in
summer stratification), the annual mean §3C-POC in the surface layer of Stn. T-35
weighted for POC concentration was likely to fall within the range obtained in this study
(Fig. 8a). Although §3C-POC at another low productivity period in winter could be lower
than that in summer, its influence might be of limited extent because the suspended POC
concentration would also be low. Vertical POM transport in the ocean is mostly mediated

by rapidly sinking larger particles, but not by slowly sinking smaller particles, i.e.,
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suspended POM (Suess, 1980). Nakatsuka et al. (1992) showed that §!3C of sinking POC
collected just below the surface layer (16 m depth) was similar to that of
surface-suspended POC during the bloom experiment in a mesocosm. Lourey et al. (2004)
reported that sinking POC had 613C values similar to surface-suspended POC in the
period of high sinking flux in the subantarctic waters, while the 63C of the sinking POC
became higher than that of suspended POC in the low flux period. They showed that the
weighted mean 613C value of sinking POC at 1060 m was 1.5%o higher than that of
surface-suspended POC from September and February (austral spring to summer).
Therefore, averaged 613C of sinking POC may also have been 1.5%o higher than that of
surface-suspended POC off Tokachi.

In phytoplankton blooms in the ocean, 55N of the integrated product (suspended
plus sinking PN) becomes equal to the value of the substrate (nitrate) when nitrate is
completely consumed (Montoya, 1994). If part of PN is removed from the surface layer via
sinking PN before all nitrate is converted to PN, 615N of PN left in the surface layer when
nitrate is depleted should be higher than the initial nitrate, because of the removal of
15N-depleted sinking PN. Hence, 6°N of nitrate consumed in the surface layer at Stn.
T-35 was presumably lower than, or equal to, the value of the surface-suspended PN at
late stage of spring bloom (i.e. in May). Because phytoplankton probably grow under a
nitrate-replete condition in November, it is likely that the 615N of surface-suspended PN
was lower than the nitrate owing to the isotope fractionation. Therefore, 615N of nitrate
consumed at Stn. T-35 was presumably within the range from 3.7 to 6.9%o (Fig. 8a). This
estimated range is consistent with §1°N of nitrate (6.3 to 6.8%0) measured in the
intermediate water in the western subarctic North Pacific Minagawa et al., 2001).

If surface nitrate is supplied by vertical mixing from fall to winter and is

completely consumed in summer as in the present study, the annual mean 615N of PN

17



sinking from the surface layer should be equal to that of the consumed nitrate (Altabet et
al., 1999). According to historical data (Limsakul et al., 2002), however, the mean + s.d. of
surface nitrate of the Oyashio was 0.8 £ 1.7 pM in August, i.e., it was not always depleted
in summer. The average surface nitrate of the Oyashio in March, when the value became
highest in a year, was 20.2 pM, implying that 96% of the nitrate supplied to the surface
was consumed from spring to summer. Based on 1st order Raleigh fractionation kinetics
(Altabet and Francois, 1994) and the fractionation factor of 2 to 12 during N assimilation
by phytoplankton (Montoya, 1994), the §5N of the integrated product PN was estimated
to be -1.6 to -0.3%o lower than the source nitrate when 96% of nitrate was consumed.
Therefore, the 615N of the sinking PN was likely -1.6 to 0% lower than the range of

surface-suspended PN.

4.5. Source of sedimentary organic matter off Tokachi

Since 613C, 615N and C/N values in the estuarine sediments result from the
integrated processes such as the transport, settling, and diagenesis of POM, it seems
plausible that terrestrially-derived organic matter in the sediment off Tokachi had values
similar to those of the estuarine sediment.

According to sediment trap observations in the ocean, both decreases and
increases of 613C values with water depth have been observed for sinking POC
(Nakatsuka et al., 1997; Wu et al., 1999; Nakanishi and Minagawa, 2003; Lourey et al.,
2004). Regarding 65N of sinking particles, both a decrease and negligible change with
depth were reported (Altabet et al., 1991; Nakatsuka et al., 1997; Wu et al., 1999;
Nakanishi and Minagawa, 2003; Lourey et al., 2003). Because §'3C and 85N values in the

sedimentary organic matter were near constant from 134 to 1995 m depth (Figs. 5 and 6),
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it is unlikely that C and N isotope ratios in sinking POM changed significantly with
water depth off Tokachi.

According to the compilation of previous reports by Nakanishi and Minagawa
(2003), §13C and 55N values tend to increase from sinking POM to organic matter in
surface sediment in the ocean. The mean + s.d. of the increases were 1.4 + 0.6%o and 1.3 +
1.1%o, respectively, at sites of 1000-2200 m water depth with oxic bottom water. Although
there have been no reports at the sites shallower than 1000 m water depth, the changes
between sinking particles and sediment may be smaller than those at 1000-2200 m water
depth because these changes are reduced with decreasing water depth.

Based on the change of §13C from surface-suspended particles to sinking particles
(1.5%0) estimated in section 4.4 and that from sinking particles to sediment (< 1.4%o), §13C
values of marine organic matter in the sediment off Tokachi was likely 1.5 to 2.9%o higher
than the value of surface-suspended POC (-26.1 to -18.8%o), i.e., from -24.6 to -15.9%o (Fig.
8a). With respect to §15N, the sum of the former (-1.6 to 0%o) and the latter (< 1.3%o)
changes was -1.6 to 1.3%o, so that 615N of marine organic matter in the sediment
estimated from the value of surface-suspended PN (3.7 to 6.9%0) was 2.1 to 8.2%o (Fig. 8a).

The C/N ratio tends to increase while POM sinks through the water column in
the ocean (Schneider et al., 2003). Also, during diagenesis in the sediment, the C/N ratio
can increase as mentioned in section 4.2. However, because the C/N ratio in the sediment
was constant from 134 to 1995 m water depth and was similar to the values of
surface-suspended POM (Figs. 7 and 8b), it is unlikely that the C/N ratio significantly
altered during particle sinking and early diagenesis in our study site.

The plots of §13C vs. §15N and §13C vs. C/N (Fig. 8) indicate that there were two
sources of the sedimentary organic matter off Tokachi. The relationship of §'3C, §'°N and

C/N between the sediment and the estimated values of terrestrial and marine sources

19



suggest that terrestrial organic matter was supplied from the Tokachi River to the inner
shelf sediment in addition to the supply of organic matter from marine primary
production, and the sedimentary organic matter from 134 to 1995 m water depth was of
marine origin. The horizontal distributions of §3C, §'°N and C/N in the sediment off
Tokachi also support this interpretation (Figs. 5 to 7).

The signals of terrestrial organic matter were strongest south of the Tokachi
River mouth, rather than perpendicular to the shoreline (Figs. 5 to 7), presumably as a
result of an alongshore current flowing southwestward over the shelf (Ohtani, 1971,
1991).

Although spatial patterns of 612C, N and C/N showed strong co-variation, the
station exhibiting the highest value was different for each parameter (Figs. 5 to 7). The
discrepancy suggests that terrestrially-derived POM was heterogeneous, and the
deposition and decomposition of these particles on the shelf probably fluctuated
depending on their specific characteristics.

Using the averages of §13C, 65N and C/N values in three estuarine sediments
(-26.9%o0, 2.3%0 and 16.4, respectively) and those in the sediments from 134 to 1995 m
water depth (-21.0%o, 5.9%0 and 8.4, respectively) as terrestrial and marine end members,
respectively, we calculated the fraction of terrestrial material in sedimentary organic
matter at the stations with the lowest §3C (Stn. 201), lowest §15N (Stn. T-31), or highest
C/N (Stns. 201 and 210) (Figs. 5 to 7, Table 1). The fractions estimated by §3C, 13N and
C/N were 54, 52 and 45%, respectively. Therefore about half of the organic matter in the
sediment deposited near the mouth of the Tokachi River was probably of terrestrial

origin.

4.6. Mechanisms regulating distribution of sedimentary organic matter off Tokachi

20



In continental margin sediments, maximum organic C contents have been often
observed near river mouth and in the upper slope (Tyson, 1995; de Haas et al., 2002; Kao
et al., 2003). Organic C content is generally well correlated with silt plus clay content in
the sediments above 2000 m water depth (Tyson, 1995). Our results also showed such
trends (Figs. 3 and 4). The correlation between C and silt plus clay has been attributed to
the accumulation of organic matter in fine sediment fraction, because of the sorption of
organic matter onto mineral surfaces and its subsequent protection against microbial
degradation and/or the similarity of the settling velocity between fine mineral grains and
discrete organic particles (Hedges and Keil, 1995; Tyson, 1995). Currents and waves
inhibit sedimentation of fine particles on the shallow shelf, which often results in low silt
plus clay content in the sediment except near the river mouth where fine sediment is
continuously supplied (Tyson, 1995; de Haas et al., 2002).

The contents of organic C, total N and silt plus clay at Stn. 108 (908 m) and at
Stn. 188 (1076 m) were lower than at other stations located at water depth around 1000
m (Figs. 3 and 4). However, the slope of the sea floor at Stn. 108 is relatively steep
compared to the other stations and Stn. 188 is located on the ridge of a spur. Such
topography presumably inhibits the sedimentation of organic-rich fine-sediment.

Organic C content in the sediment off Tokachi was well correlated with silt plus
clay content, but with different regression lines for the stations shallower and deeper
than 134 m water depth (Fig. 9). The slope of the regression line of shallower stations is
steeper than that of deeper ones due to several stations with higher organic C / (silt +
clay), which were located around the mouth of the Tokachi River (Stns. 189, 201, 210, 219
and 220) and in the western end of the shelf (Stns. 236 and 244) (Fig. 4). These results

suggest that organic C content in the sediment off Tokachi was controlled mostly by the
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above-mentioned processes, but other factors also play a role.

The ratio of organic C / (silt + clay) in continental margin sediments is generally
higher in the areas of high productivity with low oxygen bottom water than in others,
which has been explained by the suppression of biological degradation under anaerobic
conditions (Hedges and Keil, 1995). However, this explanation cannot apply to the shelf
sediment off Tokachi under oxic bottom water (Kudo, pers. comm.). If the finer particle
content in the silt plus clay fraction at the above-mentioned stations was higher than
others, organic C / (silt + clay) can be elevated because of the larger surface area. Organic
C / (silt + clay) was correlated with (clay content: < 3.9 um) per (silt plus clay content) at
the stations of > 134 m water depth (Fig. 10a). At the shallower stations, however, such
correlation was not observed (p> 0.05) and clay / (silt + clay) was not higher than at
deeper stations.

The stations of high organic C / (silt + clay) ratio were generally located on the
inner shelf where terrestrial organic matter was supplied (Fig. 4). Although organic C /
(silt + clay) tends to be elevated at stations with low §13C, these parameters were not well
correlated to each other (Fig. 10b). However, the correlation between organic C / (silt +
clay) and C/N was relatively high (Fig. 10c), suggesting that a fraction of terrestrial
organic matter having a higher C/N ratio served to elevate organic C/ (silt + clay) at the
shallower stations. Volkman et al. (2000) reported higher organic C / (silt + clay) in some
sections of a sediment core from the tidal flat in the German Wadden Sea compared to the
TOC-grain size relationship obtained by other sections. They attributed it to the inclusion
of eroded peat in these layers. Deposition of discrete organic particles derived from
terrestrial vascular plants might result in an elevated ratio in the shallow sediments off
Tokachi. Thus, it is likely that the differences of the origin and the nature of organic

matter are additional factors affecting the distribution of organic C content in the
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sediment off Tokachi.

5. Summary and conclusions

Comparison of §13C, 61°N and C/N values in riverine suspended POM with
estuarine sediment of the Tokachi River revealed that POM transport during the spring
snowmelt was likely an important process for the supply of terrestrial organic particles to
the coastal waters. The changes in §'3C and 65N of surface-suspended POM off Tokachi
observed in May, August and November probably reflected seasonal changes in
phytoplankton growth rate and nitrate availability.

Based on spatial patterns of §13C, §1°N and C/N values in surface sediments off
Tokachi, and the relationship of these values between the sediment and terrestrial and
marine end members (estimated from Tokachi River and seawater data), we conclude
that about half of the organic matter in the sediment was of terrestrial origin near the
mouth of the Tokachi River and the sedimentary organic matter from 134 to 1995 m
water depth was of marine origin.

Organic C and total N contents in the surface sediment off Tokachi were high
near the Tokachi River mouth on the inner shelf and at around 1000 m on the slope.
Organic C content was well correlated with silt plus clay content, but with different
regression lines for those stations shallower and deeper than 134 m. The slope of the
regression line for the shallower stations was steeper than for deeper ones due to the
several stations of higher C content with the elevated C/N ratio. Transport and deposition
of organic-rich fine-grained particles by hydrodynamic processes are major factors
controlling the distribution of sedimentary organic matter off Tokachi. In addition, the

supply of a fraction of terrestrial organic matter with high C/N probably also contributed
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to increase organic C content on the inner shelf.
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Figure captions

Fig. 1. Sampling locations of river water (Stn. Moiwa: V), estuarine water and sediment
(Stn. Kako-1, Kako-2 and Kako-3: A), seawater (Stn. T-35: o), and shelf and slope
sediments collected during the cruises of R/V Hakurei-maru No. 2(#) and of T/S

Ushio-maru (0).

Fig. 2. Vertical distributions of density (00), nitrate plus nitrite, chlorophyll a (Chl.a),
suspended POC, suspended PN, C/N, §13C-POC, 6*N-PN and POC/chlorophyll a at Stn.
T-35 off Tokachi. ¢, May; X, August; A, November. Note the difference on the ordinate

between 0-100 m and 100-500 m water depth.

Fig. 3. Horizontal distribution of organic C contents in the surface sediments off Tokachi

(left panel) and its change with water depth (right panel).

Fig. 4. As Fig. 3, but silt plus clay content in the sediment.

Fig. 5. As Fig. 3, but §13C of organic C in the sediment. An arrow indicates the station

exhibiting the lowest 613C.

Fig. 6. As Fig. 3, but 815N of total N in the sediment. An arrow indicates the station

exhibiting the lowest 615N.

Fig. 7. As Fig. 3, but C/N ratio in the sediment. Arrows indicate two stations

exhibiting the highest C/N.
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Fig. 8. The §'3C - §15N plot (a) and §'3C — C/N plot (b) of all samples obtained in this
study. The rectangle of dashed line in Fig. 8a represents the estimated range of marine
organic matter (see section 4.5). The arrow on the abscissa in Fig. 8b indicates C/N ratio

in suspended particles at Stn. Moiwa in April.

Fig. 9. The relationship between organic C content and silt plus clay content in the
surface sediment off Tokachi. Open and closed circles represent the values at stations

with a water depth of < 134 m and > 134 m, respectively.

Fig. 10. The plot of organic C content / (silt + clay content) against clay content / (silt +
clay content) (a), §13C (b) and C/N (c) in the surface sediment off Tokachi. Open and
closed circles represent the values at stations with a water depth of <134 m and > 134 m,

respectively.
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Table 1. Locations of the sampling site, organic C and total N contents, their isotopic
compositions, and silt plus clay content in the surface sediment off Tokachi.

Stn.? Latitude Longitude Water Org.C°®  TNP® CIN 5°C ®'°N  Silt+
depth Clay

N) (°E) (m)  (weight %) (weight %) (mol mol™") (%opps) (%oar) (Weight %)

T-21 42°35.50'° 143°37.50' 23 110  0.124 10.3 -235 4.3 I
T-24 42°27.00' 143°49.50' 158 026  0.039 78 212 56 -
T-31 42°39.00' 143°40.50' 21 0.34  0.040 93 -236 4.0 -
T-32 42°37.00' 143°44.00' 37 0.46  0.054 98 -230 49 -
T-33 42°33.50' 143°49.00' 85 0.42  0.059 84 -212 56 -
T-34 42°30.00' 143°54.50' 254 0.47  0.065 83 -21.0 5.0 -
T-43 42°37.50' 143°54.00' 89 053  0.066 94 -212 59 -
101 42°29.80' 144°36.58' 1868 1.06  0.144 86 -212 6.0 588
108 42°36.04' 144°28.00' 908 053  0.074 83 -21.0 6.3 224
110 42°27.98' 144°31.98' 1445 144  0.196 86 -209 6.0 648
111  42°23.00' 144°36.03' 1575 118  0.159 86 -21.2 58 792
112 42°17.97" 144°40.01' 1784 078  0.110 83 -21.2 61 493
113 42°12.98' 144°43.99' 1995 1.02  0.144 83 -21.2 55 649
118 42°35.30' 144°24.68' 1280 161  0.228 82 -21.0 58 832
119  42°32.01' 144°23.99' 1057 1.80  0.240 88 -21.0 6.2 802
120 42°28.00' 144°25.98' 1124 187  0.257 85 -208 58 864
121  42°24.03' 144°28.01' 1399 145  0.195 87 -21.1 58 828
122 42°19.03' 144°32.01' 1622 156  0.219 8.3 -21.1 57  87.0
123 42°14.00' 144°34.01' 1757 117  0.169 8.1 -21.1 55 71.9
124  42°09.09' 144°40.03' 1852 1.01  0.144 82 -21.1 58  67.9
125 42°04.04' 144°44.04' 1970 0.73  0.100 85 -21.0 57 565
130 42°35.99' 144°15.95' 756 0.74  0.100 87 -210 55 395
131 42°32.00' 144°18.01' 935 121 0.161 87 -21.1 6.0 61.6
132  42°28.00' 144°19.98' 1042 205  0.276 87 -21.1 55 920
133 42°23.99' 144°22.01' 1251 185  0.257 84 -21.0 6.0 830
134  42°20.03' 144°24.02' 1434 155  0.219 82 -209 62 876
135 42°15.00' 144°28.03' 1558 152 0218 81 -208 59 920
136  42°10.02' 144°31.97'° 1633 110  0.156 82 -209 56 796
137 42°05.01' 144°36.00' 1699 067  0.094 84 -21.2 53 597
143  42°35.99' 144°09.96' 664 1.02  0.142 84 -206 62 505
144 42°31.98' 144°15.00' 792 122  0.162 88 -21.3 58 464
145 42°28.00' 144°14.03' 941 140  0.192 85 -21.0 65 742
146 42°23.97" 144°15.96' 1118 233  0.316 86 -21.1 58  86.8
147 42°20.00' 144°18.05' 1288 187  0.256 85 -21.1 54 858
148 42°16.09' 144°20.15' 1380 178  0.250 83 -209 57 930
149  42°11.01' 144°24.11' 1491 140  0.195 84 -209 57 813
150 42°05.99' 144°27.99' 1548 099  0.143 80 -209 66 739
151 42°01.00' 144°31.99' 1706 095  0.129 86 -21.0 53  77.1
155 42°39.92' 144°02.00' 134 0.34  0.048 83 -21.2 59 164
156 42°36.00' 144°04.03' 531 133 0.183 85 -21.1 6.1 726
157 42°31.99' 144°05.99' 678 139  0.195 83 -209 6.0  66.1
158 42°28.00' 144°08.01' 916 174  0.231 88 -21.0 6.0 874
159 42°23.90' 144°09.98' 948 1.82  0.248 8.6 -21.1 59 87.6
160 42°19.98' 144°11.98' 1073 169  0.242 81 -208 61 773
161 42°16.06' 144°14.04' 1220 193  0.265 85 -21.1 56 859
162 42°12.09' 144°16.91' 1345 140  0.195 8.4 -21.1 64 815
163 42°07.03' 144°20.02' 1381 158  0.220 84 -207 57 875
164 42°01.99' 144°24.01' 1558 129  0.179 8.4 -21.1 58  69.4
165 41°57.00' 144°28.00' 1754 126  0.175 84 -212 54  58.1



Table 1. (continued)

Stn.? Latitude Longitude Water Org.C°®  TNP® CIN 5°C ®'°N  Silt+
depth Clay

N) (°E) (m)  (weight %) (weight %) (mol mol™") (%opps) (%oar) (Weight %)

166 42°44.00' 143°53.99' 38 029  0.043 80 -21.7 61 104
167 42°39.95' 143°55.97' 78 065  0.088 87 -21.2 63 269
168 42°35.95' 143°57.90' 224 089  0.123 85 -21.0 6.3 437
169 42°32.02' 143°59.96' 454 090  0.121 87 -209 6.0 584
170 42°28.02' 144°02.04' 621 150  0.200 88 -209 62 749
171 42°23.95' 144°04.04' 766 171 0.252 79 -209 61 594
172 42°19.97" 144°05.97° 903 151  0.219 81 -208 59 716
174  42°12.03' 144°09.99' 1150 1.96  0.256 89 -209 58 903
175 42°07.99' 144°12.00' 1196 169  0.222 89 -209 59 829
176  42°02.98' 144°15.98' 1369 120  0.157 9.0 -21.1 59  52.1
177 41°57.98' 144°19.94' 1617 138 0.183 88 -21.0 54 672
178 42°39.86' 143°49.91' 43 045  0.054 96 -222 62 154
180 42°32.01' 143°54.00' 134 0.30  0.047 76 -208 56  10.1
181 42°27.99' 143°55.99' 382 060  0.083 83 -209 64  31.1
182 42°23.97" 143°58.01' 564 0.82  0.108 88 -21.0 58 465
183 42°19.78' 143°59.80' 770 094  0.135 81 -209 58 550
184 42°15.98' 144°02.00' 940 1.85  0.253 85 -21.0 62 824
186 42°08.00' 144°05.98' 1014 1.90  0.253 88 -209 56 889
188 41°58.95' 144°12.01' 1076 056  0.078 84 -21.0 61 186
189 42°36.02' 143°45.87' 47 137  0.138 116 -23.0 45 333
190 42°32.02' 143°47.98' 85 055  0.073 8.7 -21.1 59 189
191 42°27.98' 143°50.03' 138 0.33  0.051 76 -206 59 121
192 42°23.97" 143°52.01' 386 067  0.091 87 -209 65 459
193  42°19.99' 143°54.02' 611 118  0.164 84 -209 62 599
194 42°15.91' 143°55.98' 841 140  0.200 81 -208 6.1 667
195 42°11.80' 143°57.12' 933 163 0218 87 -210 58 868
201 42°31.95' 143°42.07' 52 126  0.123 120 -242 49 399
202 42°27.98' 143°44.00' 90 0.31  0.044 81 -209 59 17.1
203 42°23.97' 143°46.03' 148 0.37  0.056 78 209 57 135
204 42°19.90' 143°48.01' 434 116  0.158 86 -209 6.0 665
205 42°15.98' 143°49.99' 687 128  0.184 8.1 -21.1 62  69.2
210 42°27.96' 143°37.99' 55 112 0.109 120 -234 51 236
211 42°24.02' 143°40.01' 99 054  0.072 86 -213 57 234
212 42°20.03' 143°42.01' 146 0.44  0.063 82 -21.2 56 173
216 42°03.96' 143°50.05' 829 172 0.227 88 -209 6.0 812
219  42°24.02' 143°33.99' 54 0.70  0.081 101 226 56 222
220 42°20.02' 143°35.95' 94 0.74  0.097 89 -215 59 250
221 42°16.01' 143°38.00' 135 061  0.083 86 -212 57 235
227 42°20.03' 143°29.97' 43 042  0.056 89 -224 6.0 225
228 42°15.97' 143°32.00' 83 1.01  0.124 95 -22.1 56 375
229 42°11.96' 143°33.98' 119 065  0.086 88 -21.3 6.0 277
231 42°03.98' 143°37.96' 235 0.58  0.080 84 -208 58 205
235 42°12.01' 143°27.99' 61 063  0.074 99 -228 6.0 322
236 42°07.80' 143°30.50' 109 127  0.161 92 -22.1 57 437
244  42°07.94' 143°23.98' 34 028  0.038 86 -220 47 8.4

& At Stn. T-21 to T-43 and at Stn. 101 to 244, the samples were collected during the cruises of
T/S Ushio-maru and during the GHO2 cruise of RV Hakurei-maru No. 2, respectively.
®: The C and N contents in the sediments are on dry weight basis after making the correction of
weight loss during the pretreatments.

°: Not measured.



Table 2. C and N isotope ratios in suspended particles and sediments, and related parameters in the Tokachi River

Stn. Date Antecedent Temp. EC  Turbidity Chl.a POC PN Org.C TN C/N 5%c  ®"N
rainfall within
10 days °
(mm) (°C) (Scm™) (mgl") (ugr") M) (uM) (weight %) (weight %)(mol mol") (%opps) (%onr)
River water
Moiwa April 24, 2003 25 (18-38) 7.3 100 230 L 125 8.40 > P 14.9 > P
May 10, 2003 35 (20-59) 9.0 80 160 L 450 3.68 b P 122 -27.8 1.7
June 17,2003 12 (2-22) 16.0 100 11 L 330 4.20 b P 79 -26.2 1.2
July 3, 2003 14 (7-23) 16.0 150 12 L 430 4.89 b P 8.8 -288 0.4
August 4, 2003 36 (23-57) 19.1 128 11 164 206 3.19 b P 6.5 -25.2 15
Sept. 26, 2003 27 (7-45) 11.7 120 110 6.60 147 185 b P 80 -25.2 2.5
Nov. 6, 2003 28 (13-73) 7.5 130 25 129 623 7.62 b P 82 -27.3 1.4
Kako-1 August 4, 2003 27 (7-45) 17.4 130 76 224 231 3.50 P P 6.6 -27.7 3.6
Kako-2  August 4, 2003 27 (7-45) 17.9 340 41 3.09 197 3.22 P P 6.1 -28.1 4.1
Kako-3  August 4, 2003 27 (7-45) 18.2 520 60 2.34 264 3.77 P b 7.0 -285 35
Sediment
Kako-1 August 4, 2003 27 (7-45) P b b P P P 2.99 0.244 14.3 -26.6 2.7
Kako-2  August 4, 2003 27 (7-45) b b b P P P 1.55 0.116 15.6 -26.9 2.4
Kako-3  August 4, 2003 27 (7-45) b b P P P P 2.50 0.152 19.3 -27.1 1.9

a: Mean and range (value in the parentheses) of rainfall measured at 21 stations in the catchment of the Tokachi River by

Japan Meteorological Agency (www.jma.go.jp/JMA_HP/jma/indexe.html).

b: No data.



Table 3. Temperature, salinity, nitrate plus nitrite, chlorophyll a (Chl.a), and the concentrations and
isotope ratios of suspended POC and PN in seawater at Stn. T-35 off Tokachi.

Date Depth Temp. Salinity NO; + Chla POC PN C/N 5%C-  &'°N-
NO," POC PN
(m) (°C) (M) (g™ (M) ©M) (mol mol™) (%opps)  (%oar)
May 11, 2003 0 335 3272 0.2 136 54.1 6.58 8.2 -19.7 6.9
5 293 3278 02 122 565 6.09 9.3 -193 6.3
10 2.01 32.81 02 119 55.8 7.1 7.8 -18.8 6.3
20 1.66 32.83 9.0 982 298 453 6.6 -20.0 4.0
30 1.39 32.85 10.1  9.10 -2 -2 -2 -2 -2
40 1.28 32.85 13.9 542 17.8 2.78 64 -21.3 3.1
50 1.10 32.87 17.3 5.40 14.2 2.23 64 -214 3.2
60 0.88 32.90 18.1 -2 -2 -2 -2 -2 -2
70 0.64 3292 20.6 3.28 9.3 1.48 6.3 -214 3.5
80 0.39 33.00 22.4 -2 -2 -2 -2 -2 -2
100 0.50 33.08 237 1.10 6.3 0.77 8.1 -239 3.6
125 0.62 33.13 25.6 -2 -2 -2 -2 -2 -2
150 0.69 33.17 26.3 0.55 3.1 035 89 -245 29
175 0.80 33.22 27.6 -2 -2 -2 -2 -2 -2
200 1.02 33.27 28.9 -2 3.1 0.30 104 -24.7 3.6
250 1.31 33.37 30.8 -2 -2 -2 -2 -2 -2
300 1.64 33.47 33.1 -2 -2 -2 -2 -2 -2
400 1.95 33.57 35.0 -2 28 0.16 17.7 -27.3 4.8
500 2.51 33.75 39.1 -2 20 0.12 15.9 -27.6 4.8
August 3, 2003 0 15,57 32.86 0.1 0.43 -2 -2 -2 -2 -2
5 1551 33.04 0.0 0.39 7.9 1.03 77 -25.2 6.2
10 15.02 33.18 0.1 0.42 19.0 1.91 99 -26.1 6.3
20 7.57 32.85 0.7 1.59 -2 -2 -2 -2 -2
30 494 3297 9.8 1.07 8.0 1.04 7.7 -26.3 3.8
40 3.58 32.99 172 0.24 -2 -2 -2 -2 -2
50 2.66 33.05 189 0.12 29 0.33 8.9 -27.1 4.0
60 219 33.09 211 -2 - -2 - -2 -2
70 198 33.11 22.1 0.05 - -2 - -2 -2
80 206 33.12 22.6 - - -2 .8 2 2
100 1.98 33.17 240 0.05 25 0.18 13.7 -27.3 8.6
125 243 33.28 24.2 0.03 -2 -2 - -2 -2
150 2.27 33.31 24.6 -2 - -2 - -2 -2
175 1.72 33.30 27.0 -2 - -2 - -2 -2
200 1.71  33.33 28.7 -2 2.2 0.17 127 -271 7.6
250 2.03 3347 34.3 -2 - -2 - -2 -2
300 212 33.56 34.4 -2 - -2 - -2 -2
400 238 33.65 38.1 -2 -2 -2 -2 -2 -2
500 294 3386 42.0 -2 40 0.16 246 -284 6.7



Table 3. (continued)

Date Depth Temp. Salinity NO, + Chl.a POC PN CIN  &"c- &"N-
NO, POC PN

(m)  (°C) M) (ugl") (M) (M) (mol mol") (%opps)  (%oair)
Nov. 1, 2003 0 10.54 33.31 30 365 179 3.18 56 -19.4 45
5 10.54 33.31 32 347 168 269 62 -19.9 4.0
10 10.24 33.31 40 263 17.0 2.32 73 213 3.7
20 10.13 33.33 35 307 115 1.80 6.4 -19.7 3.4
30 9.97 3333 46 2.23 2 _a _a _a _a
40 952 33.32 6.9 1.99 2 _a _a 2 a
50 7.82 3319 120 128 6.0 0.91 6.6 -23.4 4.2
60 7.55 3328 17.0 -2 _a _a _a a a
70 733 3329 172 -2 _a _a _a a a
80 6.73 3324 182 0.30 2 _a _a _a _a
100 5.91 3323 222 020 22 0.36 6.1 -245 6.6
125 4.06 33.20 2 025 2 _a _a _a _a
150 3.26 33.21 -2 _a _a _a @ _a _a
175 2.46 33.23 -2 _a _a _a @ _a _a
200 210 33.27 -2 2 13 047 72 -26.3 7.6
250 1.92 33.38 -2 _a _a _a @ _a _a
300 1.99 3347 -2 _a _a _a @ _a _a
400 2.36 33.67 -2 2 24 026 90 -256 7.4
500 2.54 33.74 -2 2 22 025 85 -25.0 7.2

a: Not measured.
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