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We have developed an ecosystem model including two nitrogen isotopes (N and 1°N),
and validated this model using an actual data set. A study of nitrogen isotopic ratios
(6*N) using a marine ecosystem model isthought to be most helpful in quantitatively
under standing the marine nitrogen cycle. M oreover, the model study may indicate a
new potential of 8'°N as a tracer. This model has six compartments: phytoplankton,
zooplankton, particulate organic nitrogen, dissolved organic nitrogen, nitrate and
ammonium in a two-box model, and has biological processes with/without isotopic
fractionation. We have applied this model to the Sea of Okhotsk and successfully
reproduced the 8'°N of nitrate measured in seawater and the seasonal variationsin
J'°N of sinking particles obtained from sediment trap experiments. Simulated &°N of
phytoplankton are deter mined by &°N of nitrate and ammonium, and the nitrogen f-
ratio, defined as the ratio of nitrate assimilation by phytoplankton to total nitrog-
enous nutrient assimilation. Detailed considerations of biological processes in the
spring and autumn blooms have demonstrated that there is a significant difference
between simulated 8°N values of phytoplankton, which assimilates only nitrate, and
only ammonium, respectively. We suggest that observations of 8*°N values of
phytoplankton, nitrate and ammonium in the spring and autumn blooms may indi-
cate theratios of nutrient selectivity by phytoplankton. In winter, most of the simu-
lated biogeochemical fluxes decrease rapidly, but nitrification flux decreases much
more slowly than the other biogeochemical fluxes. Therefore, simulated 8'°N values
and concentrations of ammonium reflect almost only nitrification. We suggest that
the nitrification rate can be parameterized with observations of °N of ammonium
in winter and a sensitive study varying the parameter of nitrification rate.
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Incubation experiments with the artificial addition
of PN tracers have been widely conducted to estimate
the various marine biogeochemical fluxes and rates of
nitrogenous nutrients. For example, uptake rates of nu-
trients and nitrogen f-ratios, defined as the ratio of ni-
trate assimilation by phytoplankton to total nitrogenous
nutrient assimilation, have been estimated with on-deck
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and/or in-situ incubation experiments through assimila-
tions of 'N-nitrate, ’N-ammonium or '"N-urea by
phytoplankton (e.g., Dugdale and Wilkerson, 1986;
Sambrotto and Mace, 2000; Wilkerson et al., 2000;
Sambrotto, 2001). Nitrification rates have been measured
in in-situ incubation experiments through '"’N-ammonium
oxidation (Sutka et al., 2004). These fluxes and rates are
usually estimated with small bottles for a few hours, or
up to two days at most. That is, the condition of the incu-
bation experiment is restricted to a small space and a short
time. Moreover, these experiments are difficult to con-
duct under the condition of the actual concentration of
substrate, because artificial "N addition changes this
concentration. In a strict sense, these are reasons why the
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Fig. 1. Map of the Sea of Okhotsk and locations of the sediment trap mooring M4 and M6. Arrows show a pattern of the surface
current. The square off the east coast of Sakhalin shows the region where our model is applied.

Table 1. Site information for sediment trap mooring.

Site Lat. Long. Time period Trap depth (m)  Depth of water (m)

M4 53°00'N  145°29'E  1998.8.7-1999.8.7 300 1754
53°01'N  145°30'E  1999.9.8-2000.6.7 300 1756

M6 49°31'N  146°30'E 1998.8.7-1999.8.7 300 812
49°31'N  146°29'E  1999.9.27-2000.6.7 300 804

incubation experiments cannot simulate a natural ecosys-
tem. On the other hand, the natural abundance of nitro-
gen isotopes has also been observed to understand ma-
rine biogeochemical processes. For example, 6'°N val-
ues of nutrients in the surface water usually show the
degree of nutrient utilization (e.g., Miyake and Wada,
1971; Altabet et al., 1991; Waser et al., 1998), and the
relationship among &'°N values of phytoplankton,
zooplankton, fishes, marine mammals, etc., indicates the
degree of trophic level (Minagawa and Wada, 1984; Wu
et al., 1997; Adams and Sterner, 2000). Moreover, 0'°N
of nitrogenous components in a special region indicate
the source of nutrients affected by denitrification or ni-
trogen fixation (Ostrom et al., 1997; Altabet et al., 1999),
although these processes do not occur in the Sea of
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Okhotsk. These estimations are made under natural eco-
system conditions. However, little quantitative estimation
has been done, since natural abundances of nitrogen iso-
topes are determined by complex biogeochemical proc-
esses. In this study, we not only use actual observed data
of 8N, but also an ecosystem model including various
biogeochemical processes and nitrogen isotopes to quan-
titatively understand nitrogen isotopic dynamics. Further-
more, we suggest a new potential of natural abundance
of nitrogen isotopes as a tracer instead of the incubation
experiment.

Observed 8N values of nitrogenous components
record information concerning the marine biogeochemical
cycle, as described above. However, OPN of nitrogenous
components are hard to observe frequently throughout the
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Fig. 2. Schematic view of interactions among the six model compartments in the upper (0—20 m deep) and lower (20—120 m deep)
layers. The symbol NO; indicates nitrate concentration, NH, ammonium, PHY phytoplankton, ZOO zooplankton, PON
particulate organic nitrogen, and DON dissolved organic nitrogen. Dashed and solid arrows indicate nitrogen flows with and

without isotope fractionation, respectively.

year. To validate our model comparing the simulated 8'°N
values and the observed data set, we are also in need of
another recorder. Information of 8'°N in surface water is
transmitted to 8'°N of sinking particles. Seasonal varia-
tions in 8'°N of the sinking particles obtained from sedi-
ment trap experiments can reproduce the seasonal varia-
tions in biogeochemical processes in surface water. 3'°N
values of sinking particles reflect the proportion in the
components of sinking particles, which consist of dead
phytoplankton and zooplankton bodies, as well as fecal
pellets (Voss et al., 1996; Wu et al., 1999; Peiia et al.,
1999), and the state of nutrients in the surface water, such
as the degree of nutrient utilization (Altabet and Deuser,
1985; Altabet et al., 1991; Altabet and Francois, 1994,
2001; Voss et al., 1996; Nakatsuka and Handa, 1997; Pefia
etal., 1999). In this study we also compare the simulated
0N values of sinking particles with those observations
in order to confirm our model’s consistency with real sea-
sonal variations in 6"°N of nitrogenous components.

We have developed an ecosystem model including
nitrogen isotopes based on recent ecosystem models,
which successfully simulated several time series obser-
vations in high latitudes (Kawamiya et al., 1997, hereaf-

ter KKYS; Fujii et al., 2002; Yamanaka et al., 2004, here-
after YYFANK). We apply this model to the region off
the east coast of Sakhalin in the Sea of Okhotsk (Fig. 1;
49-53°N, 144-146°E). The Sea of Okhotsk is located at
the northwestern rim of the North Pacific, where the maxi-
mum primary production reaches 5000 mgC/m?/day,
which is much higher than typical values of the north-
western Pacific (Sorokin and Sorokin, 1999). CTD ob-
servations and water sampling were taken in the Sea of
Okhotsk during three research cruises by R/V Professor
Khromov. Sediment trap experiments were also carried
out at two mooring stations off the east coast of Sakhalin
for two years (Table 1), where a seasonal variation in
fluxes of sinking particles has been observed (Yoshikawa
et al., 2001; Nakatsuka et al., 2004). These observations
provide us with enough data (e.g., "°N of sinking parti-
cles and nitrate, fluxes of sinking particles, concentra-
tions of nitrate, ammonium and chlorophyll-a) to construct
and validate the ecosystem model (Yoshikawa et al., 2001,
2005; Nakatsuka et al., 2004).

2. Model Description
The ecosystem model in this study has six compart-
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Table 2. Biological parameters.

Vi Phytoplankton Maximum Photosynthetic Rate at 0°C 0.5 /day

Kyno,  Phytoplankton Half Saturation Constant for Nitrate 2 uUmolN/1
KNH4 Phytoplankton Half Saturation Constant for Nitrate 0.2 UmolN/1

W Phytoplankton Ammonium Inhibition Coefficient 1.5 1/pmolN

k Phytoplankton Temperature Coefficient for Photosynthetic 0.0693 /°C

lope Phytoplankton Optimum Light Intensity 104.7 W/m’

M., Phytoplankton Mortality Rate at 0°C 0.04375  1/pmolN/day
Ky Phytoplankton Temperature Coefficient for Mortality 0.0693 /°C

R, Phytoplankton Respiration Rate at 0°C 0.03 /day

Kq Phytoplankton Temperature Coefficient for Respiration 0.0519 /°C

y Phytoplankton Ratio of Extracellular Excretion to Photosynthesis 0.135 (nodim.)
G Zooplankton Maximum Grazing Rate at 0°C 0.3 /day

kg Zooplankton Temperature Coefficient for Grazing 0.0693 /°C

I Zooplankton Ivlev Constant 1.4 1/molN
P*, Zooplankton Threshold Value for Grazing 0.04 UmolIN/1

a Zooplankton Assimilation Efficiency 0.7 (nodim.)

B Zooplankton Growth Efficiency 0.3 (nodim.)
M, Zooplankton Mortality Rate at 0°C 0.0585 1/ pumolN/day
Ky Zooplankton Temperature Coefficient for Mortality 0.0693 /°C

a, Light Dissipation Coefficient of Sea Water 0.04 /m

a, Self Shading Coefficient 0.04 1/ umolN/m
Seon PONsinking Velocity 20 m/day

Ky Nitrification Rate at 0°C 0.03 /day

Nyio Temperature Coefficient for Nitrification 0.0693 /°C

Viao Remineralization Rate of PON to Ammonium at 0°C 0.1 /day

Ko Temperature Coefficient for PON Remineralization to Ammonium  0.0693 /°C

Vino Decomposition Rate of PON to DON at 0°C 0.1 /day

Kep Temperature Coefficient for POM Decomposition to DON 0.0693 /°C

Va0 Remineralization Rate of DON to Ammonium at 0°C 0.2 /day

Kpa Temperature Coefficient for DON Remineralization to Ammonium  0.0693 /°C

The equations of each processes with these parameters are reported in Yamanaka et al. (2004).

ments, the prognostic variables being concentrations of
nitrogen (N). Figure 2 illustrates the six compartments,
phytoplankton (PHY), zooplankton (ZOO), particulate
organic nitrogen (PON), dissolved organic nitrogen
(DON), nitrate (NO5) and ammonium (NH,). The equa-
tions for the nitrogen cycle are the same as those in KKYS
and are presented in detail in Appendix A.1. Photosyn-
thesis is formulated as a function of light intensity, tem-
perature and concentrations of nitrate and ammonium. The
other biological processes are formulated as functions of
temperature and nitrogen concentrations. The PON in this
model consists of dead phytoplankton and zooplankton
bodies and fecal pellets of zooplankton. The parameters
are based on those in YYFANK applied to the northwest-
ern Pacific, since the ecosystem there is similar to that in
the Sea of Okhotsk (Table 2). As YYFANK has two classes
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of phytoplankton and two species of zooplankton, param-
eters for planktons in our model are set to the mean val-
ues of those of the small and large classes.

We added the '°N (nitrogen isotope) cycle to the ni-
trogen cycle in KKYS. The !N concentrations of the six
compartments are also prognostic variables, and their
equations are presented in detail in Appendix A.2. Iso-
topic fractionation of each process has been studied as
follows. Phytoplankton assimilates mainly nitrate and
ammonium as its nitrogen source. Since '*NO;~ and
Y“NH,~ are more readily assimilated than '>NO;~ and
ISNH,", the 8"°N of nitrate and ammonium in the surface
water increase as phytoplankton takes up these nutrients
(e.g., Miyake and Wada, 1971; Altabet et al., 1991; Waser
et al., 1998). The isotopic fractionation during uptake of
nitrate by phytoplankton is estimated to be from —4 to



Table 3. Nitrogen isotope effects (€) in biogeochemical processes.

Process

& (%0)

Remarks

NO,™ assimilation by phytoplankton

NH,™ assimilation by phytoplankton

Excretion by zooplankton
Egestion by zooplankton

Nitrification

Remineralization (PONto NH,")
Remineralization (DON to NH,")
Decomposition (PON to DON)

g =-5

in field

-5 (Wada, 1980)

—7 (Horrigan et ., 1990)

—5~—6 (Wuetd., 1997)

—4~-6 (Sigman et a., 1999)

-5 (Altabet et al., 1999)

—6~-8 (Altabet et a., 2001)

in culture

0~—15 (Montoya and McCarthy, 1995)
—2~—6 (Waseret al., 1998)

in field

—9 (Cifuentes et a., 1989)
-7~-8 (Montoyaet d., 1991)
in culture

—5~-29 (Pennock et a., 1996)
—16~-26 (Waseret a., 1998)

—2~-8 (Checkley and Miller, 1989)
no data

—5~-21 (Miyake and Wada, 1971)

—12~-17 (Horrigan et a., 1990)
—14~-38 (Casciotti et a., 2003)

no data
no data
0~-2 (Miyake and Wada, 1971)

—8%o in the field (Wada, 1980; Horrigan et al., 1990; Wu
etal., 1997; Sigman et al., 1999; Altabet et al., 1999) and
from —2 to —15%o in culture (Montoya and McCarthy,
1995; Waser et al., 1998). As for ammonium, the isotope
fractionation is estimated to be from -6.5 to
—9.1%o in the field (Cifuentes et al., 1989; Montoya et
al., 1991) and from -5 to —29%o in culture (Pennock et
al., 1996; Waser et al., 1998). The ammonium excreted
by zooplankton is lighter, by 2 to 8%o, than the concen-
tration of their bodies (Checkley and Miller, 1989), but
their fecal pellets are roughly 1%o heavier than the diet
(Altabet and Small, 1990; Montoya et al., 1990). The net
result of these two processes is an increase in d'°N of
animal tissue relative to the animal’s diet. An average
increase of 3.4%o (ranging from O to 6%o) per trophic level
was estimated in previous studies (Minagawa and Wada,
1984; Wu et al., 1997; Adams and Sterner, 2000). The
enrichment in 8'°N of PON associated with microbial deg-
radation has been inferred in many studies (Saino and
Hattori, 1980, 1987; Altabet and McCarthy, 1985; Ostrom
etal., 1997). PON is known to be decomposed to ammo-

nium by microbial processes. The fractionation of am-
monification is estimated to be from 0 to —5%0 (Miyake
and Wada, 1971; Hoch et al., 1996; Ostrom €t al., 1997;
David, 2001). Ammonium is oxidized to nitrate by nitri-
fying bacteria. The fractionation for nitrification is esti-
mated to be from -5 to —38%oc (Miyake and Wada, 1971;
Horrigan et al., 1990; Casciotti et al., 2003), which is
larger than the other indicated values. The isotopic
fractionation effect (& (%o)) for each process is set to a
mean value within the range of the following effects, as
in previous studies (Table 3). For the representation and
discussion in this paper, we use the traditional notation,
OPN, converted from °N concentrations, although these
values are calculated in the model. The 8"°N value is de-
fined as 515N (%0) = ((lSN/MN)sample/(]5N/l4N)atmospheric N2
— 1) x 1000 using >N and '*N of each compartment.
We applied the box model including the biological
processes described above to regions off the east coast of
Sakhalin in the Sea of Okhotsk (Fig. 1). This model has
two vertical layers (Fig. 2). In this region, mixed layer
depths, which are given in reference to the observed ver-
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Fig. 3. Seasonal variations: (a) water temperature simulated in
the upper layer (solid line) and the lower layer (dashed line)
and obtained from WOA94 in the upper (O) and lower lay-
ers (), (b) solar radiation simulated (solid line) and ob-
tained from NCEP (open circle), and (c) the coefficient of
water exchange between the upper and lower layers (g;:
solid line) and between the lower layer and layer deeper
than 120 m (g,: dashed line).

tical distribution of monthly temperature, show a mini-
mum value of 20 m in summer and a maximum value of
120 m in winter. The boundary depth between the upper
and lower boxes and the bottom boundary depth are set
to the minimum and maximum mixed layer depths, re-
spectively. To represent seasonal variations of the mixed
layer, the values of water exchanges between the upper
and lower layers (g;) and between the lower layer and
that deeper than 120 m (g,) are changed seasonally (Fig.
3). The sensitivities of g, and g, are discussed in Appen-
dix A.1. Boundary conditions for the nitrate concentra-
tion and its 6'°N value at 120 m depth are fixed to 23
pmol/l and 6%o, respectively, which are the means of the
observations from 1998 to 2000. The East Sakhalin Cur-
rent flows southward along the east coast of Sakhalin
(Ohshima et al., 2002). The data also reveal a flow to the
south of approximately 0.3 m/s in winter and 0.05 m/s in
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summer at the mooring stations (Mizuta et al., 2003).
However, horizontal advection is ignored, since the con-
tribution of horizontal advection, which is estimated from
the horizontal gradients of observed nitrate concentrations
at the north and south sides of the domain applied our
model, is much smaller than seasonal changes in the sur-
face nitrate concentration. The water temperature used in
the equations for biological processes is interpolated from
the monthly values in the World Ocean Atlas 94 (WOA94)
climatology data (Fig. 3). The solar radiation is obtained
from the monthly mean from 1998 to 1999 in the Na-
tional Center for Environmental Prediction (NCEP) data
set by interpolation, except for the period when the re-
gion is covered with seasonal sea ice. Only in the period
when the region is covered with seasonal sea ice, is the
radiation fixed to the winter minimum NCEP data of 20
Wm™2. Under climatological forcings, we repeat the an-
nual cycle four times to obtain a quasi-steady state. We
compare the last two years with the observations from
August 1998 through to July 2000.

3. Calculated Resultsin the Control Case

Figure 4 shows seasonal variations in primary pro-
duction, the flux of sinking particulate organic nitrogen
and concentrations of chlorophyll-a, zooplankton, nitrate,
ammonium and dissolved organic nitrogen. Simulated
primary production and chlorophyll-a concentration cal-
culated with the phytoplankton concentration have two
peaks. These peaks are typical of the Sea of Okhotsk
(Honda et al., 1997; Yoshikawa et al., 2001; Nakatsuka
et al., 2004) and correspond to phytoplankton blooms,
which occurs in spring and autumn. The simulated peak
of primary production in the autumn bloom is higher than
in the spring bloom, although the simulated peak of chlo-
rophyll-a concentration in the autumn bloom is smaller
than in the spring bloom. The reason for this difference is
that temperature in the autumn bloom is higher by about
8°C than that in the spring, and therefore the ratio of pho-
tosynthesis flux to PHY concentration in the autumn
bloom is about 1.7 times as high as that in the spring
bloom. The rates of primary production are about 2200
mgC/m?/day in spring and 2400 mgC/m?/day in autumn,
and about 700 mgC/m?/day from July to August. During
the cruises in July to August 1992 (Sorokin and Sorokin,
1999), the maximum primary production in the Sea of
Okhotsk in patches of bloom reached 5000 mgC/m?/day,
and primary productions after the spring bloom in the
region off Sakhalin were 570 to 1330 mgC/m?/day. The
simulated primary productions are within the observed
range reported in a previous study. The simulated chloro-
phyll-a concentration is about 5 pgChl-a/l in spring and
3 pgChl-a/l in autumn at the upper layer (Fig. 4(b)). The
simulated chlorophyll-a in the spring bloom is within the
observed range. Observed chlorophyll-a concentration in
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Fig. 4. Seasonal variations: (a) simulated primary production, (b) chlorophyll-a concentrations simulated in the upper and lower

layers and observed in the upper and lower layers, (c) ZOO concentrations simulated in the upper and lower layers, (d) NO,
concentrations simulated and observed in the upper and lower layers, (e) NH, concentrations simulated and observed in the
upper and lower layers, (f) sinking PON fluxes simulated at 300 m deep and observed from August 1998 to August 1999 (open
circle) and from September 1999 to June 2000 (open triangle) at both M4 and M6 sites (Yoshikawa et al., 2001; Nakatsuka et
al., 2004) and (g) DON concentrations simulated in the upper and lower layers. Solid and dashed lines and symbols O and x
are the simulated and observed values, respectively, in the upper and lower layers. The observed data are collected by three
cruises, conducted in June 2000, from July to August 1998 and in September 1999, in the region where our model is applied.
Simulated chlorophyll-a concentrations are calculated using the nitrogen-chlorophyll ratio of 1:1.325. To compare simulated
fluxes of sinking particles with the observation by sediment traps at 300 m deep, the simulated fluxes of sinking particles in
(f) are estimated by the effect of decomposition with sinking from 120 m to 300 m depth, multiplied by 1/3, and by the
trapping efficiencies of sediment traps, multiplied by 15%, due to strong currents. These traps collect sinking particles at
about two week intervals.

June 2000 is widely scattered, because some observation
points fall during the spring bloom stage and have high
chlorophyll-a and nitrate concentrations, whereas others
occur after the spring bloom, and therefore have low con-
centrations. Observed chlorophyll-a in early September

1999 is lower than that of simulation. This is because the
observation in 1999 was conducted before the beginning
of the bloom (Yoshikawa et al., 2001; Nakatsuka et al.,
2004). The autumn bloom in 1999 is also much weaker
than that in 1998, estimated from sediment trap and the
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Fig. 5. Seasonal variations: (a) 8'°N values of PHY simulated in the upper and lower layers, (b) 8'°N values of ZOO simulated in
the upper and lower layers, (c) 8'°N values of NO; simulated and observed in the upper and lower layers by Yoshikawa et al.
(2004), (d) 8N values of NH, simulated in the upper (solid line) and lower layers, (e) 0N values of simulated sinking PON
and observed from August 1998 to August 1999 (open circle) and from September 1999 to June 2000 (open triangle) by
Yoshikawa et al. (2001) and (f) 8'°N values of DON simulated in the upper and lower layers. Solid and dashed lines and
symbols O and X are the simulated and observed values, respectively, in the upper and lower layers. The observed data are
collected by three cruises, which were conducted in June 2000, from July to August 1998 and in September 1999, in the region

where our model is applied.

SeaWiFS data (Fukuda, personal communication), al-
though the chlorophyll-a during the bloom in 1998 was
not measured, unfortunately. The simulated chlorophyll-
a in the autumn bloom roughly reproduces the observed
level before the beginning of the bloom.

Figures 4(d) and (e) show the seasonal variations in
nutrient concentrations of nitrate and ammonium. The
simulated nitrate concentration in the upper layer de-
creases during the spring bloom, and in summer it is de-
pleted to about 1 umol/l. The simulated nitrate increases
in autumn, because of the presence of a supply of water
with large amounts of nitrate below. Strong convective
mixing during winter keeps the simulated nitrate concen-
trations in the upper and lower layers very close to the
values in the layer below 120 m (23 pmol/l). The ammo-
nium concentration in the lower layer peaks one month
after the spring and autumn blooms, when PON produced
during the blooms is remineralized and zooplankton ex-
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crete ammonium. On the other hand, the peak in the up-
per layer is very small, because ammonium is rapidly
consumed by photosynthesis. In winter, the ammonium
accumulated from summer to autumn is consumed by ni-
trification, as discussed in Section 5. The concentrations
of nutrients in our model successfully reproduce the ob-
served nutrient concentrations. Figure 4(f) shows the sea-
sonal variations in the flux of sinking PON in compari-
son with data from the sediment trap experiments at 300
m depth. The flux of sinking PON has two peaks corre-
sponding to spring and autumn blooms, as well as the
primary production and chlorophyll-a concentration. The
collected sinking particles in sediment trap experiments
show maxima occurring in September 1998, June 1999,
September 1999 and May 2000. As mentioned before, the
observed autumn bloom in 1998 is strong, but that in 1999
is weak. From January to March in 2000, some of the
observed fluxes are slightly high, due to contamination
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Fig. 6. Budgets for one year: (a) nitrogen cycling and (b) >N cycling. Bold fonts indicate the average column-integrated nitrogen
masses per 1 m? (gN/m?) (a) and the average &'°N values (%o) (b) for one year of each compartment. Regular fonts indicate
nitrogen budgets (gN/m?/year) in (a) and their &' N values (%o) in (b) for one year.

by resuspended matter from the ocean floor (Nakatsuka
et al., 2004). Simulated seasonal variations in fluxes of
sinking particles almost reproduce the observed seasonal
variations.

Next, in Fig. 5, we see the seasonal variations in the
0N values of phytoplankton, zooplankton, nitrate, am-

monium, particulate organic nitrogen and dissolved or-
ganic nitrogen. All compartments, except nitrate, show
low 8N values from spring to autumn, and high 6"°N
values in winter. The seasonal variations of nitrate in our
model successfully reproduce the observations from
spring to autumn (Fig. 5(c)). During the spring bloom,
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the simulated &'°N of nitrate in the upper layer increases
as its concentration decreases, because phytoplankton
assimilates '*NO;~ more readily than '"'NO;. In summer,
the simulated &'°N of nitrate in the upper layer shows a
high value of about 10%o, and its concentration is near
zero. The simulated &N values of nitrate in autumn de-
creases, because water with large amounts of low-0"N
nitrate is supplied from below. We predict from the simu-
lation that strong convective mixing during winter keeps
the 8"°N of nitrate in the upper and lower layers very close
to 6%o in the layer below 120 m, although we could not
observe 3N of nitrate in winter. The seasonal variations
in the 8N values of sinking particles in our model al-
most reproduce the observed variations (Fig. 5(e)). At the
start of the spring bloom, the simulated 6'°N values of
sinking particles decrease rapidly from 11 to 3%o. This is
because PON becomes rich in phytoplankton with lower
0N than zooplankton, and because this phytoplankton
assimilates mainly nitrate with lowest 8N in a year. At
the latter half of the spring bloom, 8'°N values of sinking
particles increase, because &'°N of nitrate and
phytoplankton become high due to preferential uptake of
“NO, by phytoplankton. The &'°N values of sinking par-
ticles maintains low values of about 7%o during summer
and gradually increases to about 12%o from autumn to
winter. The observed sinking particles from January to
March in 2000 are not consistent with the simulated val-
ues of 10%o, because these values are contaminated by
resuspended matter from the ocean floor, and the OPN
shifts to about 7%o, which is the value for surface
sediments in this region (Ohnishi, personal communica-
tion).

Figure 6(a) represents a nitrogen budget in our model
for one year. The sum of simulated primary production in
the upper and lower layers is 45.54 gN/m?/year (301
gC/m?/year), which is much higher than the observed av-
erage of the northwestern Pacific (Imai et al., 2002
(KNOT: 89 gC/m?/year)). This result is consistent with
the previous observed primary production in the Sea of
Okhotsk, which is much higher than that in the north-
western Pacific (Sorokin and Sorokin, 1999). The simu-
lated production of PON is 25.41 gN/m?/year, which is
about 56% of simulated primary production. As nearly
80% of the PON is degraded above the 120 m depth in
our model, simulated export production is only 5.02
gN/m?/year. Thus, the e-ratio calculated from the ratio of
simulated export production to simulated primary pro-
duction is about 0.11. Of the total primary production,
the simulated nitrate uptake is 22.57 gN/m?/year, and the
simulated ammonium uptake is 22.97 gN/m?/year. Hence,
the f-ratio calculated from the ratio of simulated nitrate
uptake to simulated total nitrogen uptake (nitrate + am-
monium), is about 0.50, and this value is similar to previ-
ous model studies in the northwestern Pacific (Fujii et
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al., 2002 (KNOT: 0.58); YYFANK (A7: 0.60)). The simu-
lated uptakes of nitrate supplied from the layer deeper
than 120 m and nitrified from ammonium are 5.02
gN/m?/year and 15.22 gN/m?/year, respectively, which are
11% and 33% of the total nitrogen uptake. Therefore, re-
generation including nitrification above 120 m depth is
89% of the simulated total nitrogen uptake. It is impor-
tant to consider, not only regeneration in the upper layer,
but also the following cycle: PON in the upper layer sinks
to the lower layer, and is remineralized and nitrified to
nitrate, which is then transported to the upper layer.
Figure 6(b) shows a >N budget in our model for one
year. The annual average of simulated 6'°N of
phytoplankton above the depth of 120 m, weighted by
the column-integrated nitrogen masses of PHY in the
upper and lower boxes (see Fig. 6(a)), is 5.3%o, the mini-
mum among the six compartments. This is due to the large
isotopic fractionations at the inflows to PHY, which are
—5%0 and —10%c during nitrate and ammonium uptakes,
respectively (Table 3), and also the absence of isotopic
fractionations at the outflows from PHY. The annual av-
erage of simulated 6'°N of zooplankton above the 120 m
depth is 8.3%o, which is 3.0%o higher than that of
phytoplankton, because of there are no isotopic
fractionations at the inflows to ZOO, and large isotopic
fractionations at the outflows from ZOO, which are —5%o
and —2%o during excretion and egestion by zooplankton,
respectively (Table 3). The annual average of simulated
0"°N of ammonium above the depth of 120 m is 17.5%o,
the maximum among the six compartments, since the iso-
topic fractionations at the outflows from NH,, which are
—14%o0 and —10%o during nitrification and ammonium up-
take by phytoplankton, respectively, are much larger than
the those at the inflows to NH,, which are —1%o at both
decomposition and remineralization (Table 3). The
weighted average of simulated 6'°N values and the sum
of the inflows to each compartment are equal to those of
the outflows from each compartment. The simulated &'°N
and flux of sinking PON are equal to the values of water
exchange between the lower layer and the layer below
120 m, those being 6.5%o and 5.02 gN/m?/year, respec-
tively. This model is therefore in a quasi-steady state.

4. Case Studies

Our model successfully reproduced observed sea-
sonal variations in 8'°N and concentrations of biological
components, as discussed in the previous section. How-
ever, some defects and restrictions may be hidden in our
model, which were not found by the comparison between
the simulation and observation. To confirm that our model
is suitable for the simulation of the seasonal '°N varia-
tions in surface water, we conducted two case studies on
comparison with the generalized model and the sensitiv-
ity of isotopic fractionation effects.
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Fig. 7. Schematic view of interactions among the compartments of four model stages: (a) NPZD model, (b) NPZD-A1 model,
(c) NPZD-A2 model and (d) control model (explanations of these stages are presented in the text). The symbols NUT indicate
nutrients concentration, NOj nitrate, NH, ammonium, PHY phytoplankton, ZOO zooplankton, DET detritus, PON particulate
organic nitrogen, and DON dissolved organic nitrogen. Dashed and solid arrows indicate nitrogen flows with and without

isotope fractionation, respectively.

4.1 Comparison of our model with a generalized model

Giraud et al. (2000) developed a simple ecosystem
model for a simulation of 3N of sediments. Their model,
which consists of four compartments (PHY, ZOO, detri-
tus and nutrients), is a typical generalized ecosystem
model (e.g., Oschlies and Gargon, 1999; Giraud et al.,
2000, 2003; Waniek, 2003). It does not distinguish am-
monium from nutrients. Assimilation and nitrification of
ammonium with its large isotopic fractionation is not in-
cluded in their model, although it should contribute to
0N of marine biological components in surface water.
Therefore, we developed a six-compartment model, which
consists of PHY, ZOO, PON, DON, NO; and NH,, and
thoroughly examined seasonal variations in 8'°N of sink-
ing particles. To understand the difference between the
generalized four-compartment model and ours of six, and
to investigate the sensitivity of the biogeochemical proc-
esses involving ammonium, we conduct case studies us-
ing the following models: the generalized model (NPZD
model in Fig. 7(a)), a model with ammonium and ammo-
nium assimilation by phytoplankton added to the NPZD
model (NPZD-A1 model in Fig. 7(b)), a model with ni-

trification added to the NPZD-A1 model (NPZD-A2
model in Fig. 7(c)), and a model with DON and associ-
ated processes added to the NPZD-A2, which is the same
as our original model (control model in Fig. 7(d)).
Figures 8(a) and (b) show comparisons of seasonal
variations in the fluxes and 8'°N values of sinking parti-
cles at 120 m depth as simulated by each of the four mod-
els. In all cases, the fluxes of sinking particles represent
the observed two peaks in spring and autumn, except the
maximum in July of the NPZD-A1 (Fig. 8(a)). The d'°N
of sinking particles also reproduce the observed varia-
tions from spring to summer (Fig. 8(b)). However, in the
cases of NPZD and NPZD-A1 models, the "N of sink-
ing particles does not show the observed increase from
autumn to winter (Fig. 8(b)). Previous studies explained
the high 0"°N of sinking particles in winter as a result of
particulate matter production by zooplankton, which have
a 0N about 3%o higher than that of phytoplankton
(Altabet et al., 1991; Voss et al., 1996; Peiia et al., 1999;
Altabet and Francois, 2001). Although these two models
include the effects of zooplankton, the 8"°N of sinking
particles of these cases in winter show the minimum in a
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Fig. 8. Comparisons of the seasonal variations in: (a) fluxes of sinking PON, (b) &N of sinking PON, (c) concentrations of
ammonium, (d) 8"°N of ammonium and (e) 8N of phytoplankton as simulated by each of the four models. Thin, dotted,
dashed and bold lines are the values in the model cases of NPZD (Fig. 7(a)), NPZD-A1 (Fig. 7(b)), NPZD-A2 (Fig. 7(c)) and
control (Fig. 7(d)), respectively. Open circles and triangles indicate observed vales of sinking particles from August 1998 to
August 1999 and from September 1999 to June 2000, respectively.

year. There seem to be other factors that maintain the high
0N of sinking particles in winter.

Figures 8(c), (d) and (e) show comparisons of sea-
sonal variations in the concentrations and &'"°N values of
ammonium from the three models, except the NPZD
model and 8N values of phytoplankton from the four
models, respectively. In the case of the NPZD-A1 model,
which added ammonium to the NPZD model, the 6N of
ammonium has its annual minimum in winter, which does
not agree with the results from the NPZD-A2 and control
models and observations (Fig. 8(d)). This is because only
the nitrification with its large isotopic fractionation (in-
cluded in the NPZD-A2 and control models) affects the
winter 0N of ammonium, and the other processes af-
fecting the &'>N values of ammonium show extremely low
fluxes, as discussed in detail in the next section. On the
other hand, the NPZD-A1 model does not include nitrifi-
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cation and, therefore, 8N and concentrations of ammo-
nium in winter from the NPZD-A1 model are low and
unrealistically high, respectively. In the first half of the
spring bloom in May, phytoplankton in the NPZD-A1l
model mainly assimilates not nitrate but ammonium, due
to the inhibition of nitrate assimilation by the high con-
centration of ammonium. In the last half of the bloom,
nitrate remains in the surface water, although ammonium
is exhausted by phytoplankton. Thus, the fluxes of sink-
ing particles show a maximum in July, which is not con-
sistent with the observation (Figs. 8(a) and (c)). In the
autumn bloom, phytoplankton mainly assimilates not ni-
trate supplied by the winter convective mixing, but am-
monium accumulated by the spring bloom. Therefore, the
fluxes of sinking particles in the autumn bloom show an
earlier maximum than that in the other cases. Moreover,
0"°N of phytoplankton in the NPZD and NPZD-A1 mod-
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Fig. 9. Comparison of 8'°N of sinking particles among experiments changing the isotopic fractionation effects within the range
measured in previous studies: (a) nitrate assimilation by phytoplankton of the small case of 0%o, the control case of —5%o and
the large case of —10%o, (b) ammonium assimilation by phytoplankton of the small case of —5%o, the control case of —10%o and
the large case of —15%o, (c) nitrification of the small case of —9%o, the control case of —14%o, the large case of —19%o and the
non-fractionation case (thin line), (d) excretion by zooplankton of the small case of —2%o, the control case of —5%o and the
large case of —8%o, () egestion by zooplankton of the small case of —0%o, the control case of —2%o and the large case of —4%o
and (f) decompositions of the small case of —0%o, the control case of —1%o and the large case of —2%o. Dashed, thick and dotted
lines and open circles are small, control and large cases and observed values, respectively. Open circles and triangles indicate
observed vales of sinking particles from August 1998 to August 1999 and from September 1999 to June 2000, respectively.

els are low in autumn bloom and winter, unlike the sea-
sonal trends for the NPZD-A2 and control models (Fig.
8(d)). This is because phytoplankton in the NPZD model
assimilates nitrate, which is poor in >N from autumn to
winter. For the NPZD-A2 model, which added nitrifica-
tion to the NPZD-A1 model, 8'°N values of ammonium,
phytoplankton and sinking PON show the same trends as
those from the control model.

As previously discussed, the generalized NPZD

model can almost reproduce the seasonal variations in the
observed fluxes of sinking PON. This model can also re-
produce the observed minimum &N values during the
spring bloom. However, the model does not reproduce
the observed 8'°N increase of sinking PON from autumn
to winter. The NPZD-A2 and control models, which have
ammonium assimilation and nitrification added to the
generalized NPZD model, can reproduce the observed
seasonal 87N values well. We conducted case studies in
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comparison with observed data at high latitude, where
ammonium accumulates in subsurface water from autumn
to winter. Our model including assimilation and nitrifi-
cation of ammonium simulates the seasonal variations in
0N of sinking PON at high latitude better than the gen-
eralized NPZD model.

4.2 Sensitivity studies of isotopic fractionation effects

The isotopic fractionation effect (£ (%o)) for each
process is set to a mean value of the fractionation effects
estimated in previous studies. To investigate the sensitiv-
ity of each isotopic fractionation effect to the seasonal
O"N variations in our model, we conducted case studies
varying each effect within a possible range and compared
these results with the observed seasonal variations in 8N
of sinking particles.

Figure 9(a) shows a comparison of the 8'°N of sink-
ing particles among three experiments by changing the
isotopic fractionation effect of nitrate assimilation by
phytoplankton: 0%o (non-fractionation case), —5%o (con-
trol case) and —10%o (large case). In the control and large
cases (thick and dashed lines, respectively), the OPN of
sinking particles in the spring bloom has its annual mini-
mum, although that of the non-fractionation case (dotted
line) does not. Figures 9(b) and (c) show comparisons of
the 0"°N of sinking particles among experiments chang-
ing the isotopic fractionation effect of ammonium assimi-
lation by phytoplankton: —5%o (small case), —10%o (con-
trol case) and —15%o0 (large case) and the isotopic
fractionation effect of nitrification: 0%o (non-fractionation
case), —9%o (small case), —14%o (control case) and —19%o
(large case), respectively. All cases of 0'°N of sinking
particles show approximately the same values in spring,
but different values from summer to winter. Only in the
non-fractionation case does the 0'°N of sinking particles
show extremely low values in winter (Fig. 9(c)). The an-
nual maximum &N of sinking particles in winter can be
simulated with large isotopic fractionation of nitrifica-
tion. Figures 9(d) and (e) display comparisons of the 8'°N
of sinking particles from three experiments varying in
isotopic fractionation effects of excretion by zooplankton:
—2%o (small case), —5%o (control case) and —8%o (large
case) and the isotopic fractionation effect of egestion by
zooplankton: 0%o (non-fractionation case), —2%o (control
case) and —4%o (large case), respectively. In all cases, the
0N of sinking particles show almost the same values
from spring to summer, and slightly different values from
summer to winter. Figure 9(f) shows a comparison of the
0N of sinking particles from three experiments varying
in isotopic fractionation effects of both decomposition and
remineralization: 0%o (non-fractionation case), —1%o (con-
trol case) and —2%o (large case). In all three cases, the
isotopic fractionations by decomposition and
remineralization contribute little to the seasonal varia-
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Fig. 10. Seasonal variations: (a) f-ratio and (b) the three kinds
of &'°N of phytoplankton in the upper later when allowed
to assimilate 1. both nitrate and ammonium (solid line),
2. only nitrate (dotted line) and 3. only ammonium (dashed
line). 85N values of phytoplankton assumed to assimilate
only nitrate and ammonium are calculated using the iso-
topic fractionation effects of —10%o and —5%o, respectively.

tions in &'°N of sinking particles.

Three fractionations contributing most to 0'°N of
sinking particles are those for nitrate and ammonium up-
takes by phytoplankton and nitrification (Figs. 9(a), (b)
and (c)). The minimum &N in the spring bloom are af-
fected only by fractionation from nitrate uptake, and the
maximum O'°N in winter are affected by all three
fractionations. We need precise values of isotopic
fractionation effects during nitrate and ammonium uptakes
by phytoplankton, and nitrification is important to un-
derstanding seasonal &'°N variations in the surface wa-
ter.

5. Discussion

5.1 Seasonal variationsin 6N of phytoplankton
Phytoplankton assimilates nitrate with isotopic
fractionation, and thus there is an inverse relationship
between &N of nitrate and nitrate concentration. The
0N information of nitrate is transmitted to the 8'"°N of
phytoplankton. Therefore, 8'°N of suspended PON in
surface water, which consist of mainly phytoplankton,
have been used to understand the degree of nutrient utili-
zation in previous studies (Altabet and McCarthy, 1985;
Altabet et al., 1991). In our model, 8'°N of phytoplankton
is determined by the inflows to PHY (compartment of
phytoplankton in Fig. 2), since there are no isotopic
fractionations of the outflows. Figure 10(b) shows the



three kinds of simulated &'°N values of phytoplankton,
which assimilate both nitrate and ammonium, only ni-
trate, and only ammonium, respectively. 8'°N values of
phytoplankton assumed to assimilate only nitrate and
ammonium are calculated using the isotopic fractionation
effects of —10%o0 and —5%o (see Table 3 and Fig. 10 cap-
tion), respectively. In the spring bloom, 8N values of
assimilated nitrate (dotted line in Fig. 10(b)) are higher
than those of assimilated ammonium (dashed line in Fig.
10(b)), because f-ratios show high values, that is,
phytoplankton assimilate mainly nitrate with isotopic
fractionation. In the autumn bloom, &N values of as-
similated ammonium are higher than those of assimilated
nitrate, because low 8N of nitrate supply from the lower
layer and f-ratios show low values, that is, phytoplankton
assimilate mainly ammonium with isotopic fractionation.
There is a maximum of about 5%o difference in 8'°N val-
ues of phytoplankton between the spring and autumn
blooms, which assimilates only nitrate, and only ammo-
nium, respectively. We suggest that observations of 8'°N
of phytoplankton, nitrate and ammonium in the spring
and autumn blooms may indicate the ratios of nutrient
selectivity by phytoplankton. In winter, "°N of assimi-
lated ammonium show extremely high values of about
30%o. The &'°N of PHY in winter is the highest at 13%o in
a year, because of the uptake of high 6'°N of ammonium
assimilated with an f-ratio of 0.3-0.7, even though the
0N of nitrate is at its minimum.

To understand why ammonium in winter has ex-
tremely high 6'°N in this model, we consider the effects
affecting the seasonal variation in 6'N of ammonium.
0N of NH, (ammonium compartment in Fig. 2) is de-
termined by both processes of ammonium production and
consumption. Because the exchange of ammonium be-
tween the upper and lower layers is strong in winter due
to convective mixing, we can consider the average am-
monium concentration for those two boxes, ANH,. In
winter, the 0"°N of ANH, increases while its concentra-
tion decreases (Figs. 11(a) and (b)). The total budget of
the ANH, in winter shows a deficit, meaning that ANH,
decreases (Fig. 11(c)). Nitrification, which is one of the
consumption processes of the ANH,, is the largest sink
for ANH, (Nitri in Fig. 11(c)). To show the effect of each
production and consumption process on the 3'°N values
of ANH,, we define the 8'°N tendency of ANH, as fol-
lows:

F
ANH,

(515NF _ 515NANH4 )’

where F and 8'°Np are the 8'°N and flux of each process,
and ANH, and 8'°N ,yy, are the average 8'°N and its flux.
The positive tendency of 8'°N of ANH, in winter is af-
fected only by nitrification, because other inflows and
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Fig. 11. Seasonal variations of (a) simulated ANH, concentra-
tion, which is the average of ammonium in the upper and
lower layers, (b) simulated 0'°N values of ANH,, (c) the
fluxes of budgets of the ANH,: average budget of ANH,
(bold line), remineralization of PON (Pomre: dotted line),
remineralization of DON (Domre: dashed line), excretion
of zooplankton (Zooex: broken line), nitrification (Nitri:
solid line) and photosynthesis (Photo: dash-dotted line), and
(d) the tendencies of 8'°N values as defined in the text.

outflows are much smaller than the flux of nitrification
(Nitri in Fig. 11(c)). That is, '°N and concentrations of
ammonium in winter increase and decrease, respectively,
reflecting almost only nitrification. 8"°N of ammonium
has not been observed in winter and the nitrogen cycle in
winter is not yet understood in terms of the fate of am-
monium. The observation may indicate the consumption
ratio of ammonium in winter, which is accumulated by
biological activity from summer to autumn. We consider
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Fig. 12. Seasonal variations of (a) simulated (solid line) and observed (open circle: August 1998—August 1999, open triangle:
September 1999-June 2000) fluxes of sinking particles, (b) simulated (solid line) and observed (open circle: August 1998—
August 1999, open triangle: September 1999—June 2000) &'°N values of sinking particles, (c) simulated ratio among compo-
nents of sinking particles which originated from dead bodies of phytoplankton (phytoplankton: short-dashed line), dead bod-
ies of zooplankton (zooplankton: solid line) and fecal pellet (fecal pellet: long-dashed line), in the sinking particles, and
(d) simulated 6'°N values of dead bodies of phytoplankton (phytoplankton: short-dashed line), dead bodies of zooplankton
(zooplankton: solid line), fecal pellet (fecal pellet: long-dashed line), and sinking particles (sinking PON: thick line). The
values in (a) and (b) are the same as those in Figs. 4(f) and 5(e).
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that the nitrification rate can be parameterized with ob-
servations of 8'N of ammonium in winter and a sensi-
tive study varying the parameter of nitrification rate.

5.2 Seasonal variationsin 6*°N of sinking particles

0N information of phytoplankton, which records
the "N information of nutrients, is further transmitted
to 0N values of sinking particles. Thus, 6'°N values of
sinking particles have been widely used to reproduce 6'°N
information in nutrient conditions of surface water
(Altabet and Deuser, 1985; Altabet et al., 1991, 1999;
Altabet and Francois, 1994, 2001; Voss €t al., 1996;
Nakatsuka and Handa, 1997; Wu et al., 1999; Pefia et al.,
1999). We detailed the effect of seasonal variations in
0N values of sinking particles as follows. Figures 12(a)
and (b) show the seasonal variations in flux and 6'°N of
sinking PON in comparison with the sediment trap ex-
periment at 300 m depth off East Sakhalin in the Sea of
Okhotsk shown in Fig. 1. The sinking particles consist of
dead bodies of phytoplankton and zooplankton and fecal
pellets of zooplankton, in proportions that vary season-
ally (Fig. 12(c)). The sinking particles are rich in
phytoplankton during the spring bloom. The three com-
ponents are present in roughly equal proportions from
summer to autumn. During winter, approximately 90%
of sinking particles are derived from zooplankton. The
0N of sinking particles is determined by the ratio among
components of the PON and J'°N of each component.
Thus, the 0N of sinking particles approaches that of
phytoplankton during the spring bloom and shows the
mean value of the three components from summer to au-
tumn, and it approaches the 8'°N of zooplankton in win-
ter (Fig. 12(d)). The &N of phytoplankton from spring
to early autumn is 1%o lower than that of fecal pellet and
3%o lower than that of zooplankton, which is consistent
with previous studies (Minagawa and Wada, 1984; Altabet
and Small, 1990; Montoya et al., 1990; Wu et al., 1997;
Adams and Sterner, 2000).

The &N of each of the three components increases
gradually from autumn to winter (Fig. 12(d)). Previous
studies pointed out three reasons why &'°N of sinking
particles from autumn to winter increases despite the de-
crease in "N of surface nitrate: (1) the contribution of
zooplankton, which have a 8'N about 3%o higher than
that of phytoplankton (Altabet et al., 1991; Voss et al.,
1996; Peiia et al., 1999; Altabet and Francois, 2001);
(2) the contribution of old particles most degraded with
isotope fractionation in a year (Altabet et al., 1991; Pefia
etal., 1999; Altabet and Francois, 2001); and (3) the con-
tribution of the most fractionated particles by trophic level
transfer via the longest food web structure of the year
during winter (Wu et al., 1999; Pena et al., 1999). We
estimate from Fig. 12(d) that the first effect contributes
about 40% and that the second contributes about 4% from

spring to winter, but there is little contribution from au-
tumn to winter (Fig. 7(f)). We found that the contribution
of about 60% to the increased &'°N of sinking particles
was from the increase in &'>N of ammonium and
phytoplankton by nitrification. The third effect is not rep-
resented in our model. However, the samples of sinking
particles in winter included various zooplanktons, which
are both herbivorous and omnivorous zooplankton. 6'°N
of omnivorous zooplankton is still higher than that of
herbivorous zooplankton, especially in winter when
trophic level becomes high (Wu et al., 1999; Peiia et al.,
1999). Therefore, the third effect may contribute to the
increase in 0'°N of sinking particles in winter, and the
estimation of the ratios of contributions about nitrifica-
tion and contribution of zooplankton to the 8'°N of sink-
ing particles in winter using our model may be somewhat
overestimated. Models representing many classes of
plankton explicitly should allow us to estimate the third
effect. In this model, we would consider the effect of
mineral ballasts (Klaas and Archer, 2002), although our
model in this study does not consider this effect as it com-
prises only one class of planktons. The effect of mineral
ballasts should also affect the '°N values of sinking par-
ticles in winter.

6. Summary

To clarify the potential of nitrogen isotopic studies
for understanding the marine nitrogen cycles, we have
developed an ecosystem model including nitrogen iso-
topes. Applied to the Sea of Okhotsk, this model success-
fully reproduced the concentrations of chlorophyll-a,
ammonium and nitrate and the 8'°N of nitrate from ob-
servations over three seasons (spring, summer and au-
tumn). It also reproduced the seasonal variations in the
0"°N and fluxes of sinking particles obtained from sedi-
ment trap experiments.

From the sensitivity studies changing isotopic
fractionation effects, we found that the annual minimum
0N of sinking particles in the spring bloom is sensitive
to the fractionation effect during nitrate assimilation by
phytoplankton, but insensitive to other fractionation ef-
fects, and that the "N increase of sinking particles from
autumn to winter is sensitive to three fractionation ef-
fects of nitrification and nitrate and ammonium assimila-
tions by phytoplankton. We also conducted case studies
comparing the generalized four-compartment model with
our six-compartment model. Both models could repro-
duce the observed 6'°N minimum of sinking PON during
the spring bloom. However, from autumn to winter, the
generalized model did not agree with the 8'°N increases
of sinking PON from our six-compartment model and
observation. A model that added ammonium assimilation
and nitrification to the generalized model could repre-
sent the observed 8'°N increases from autumn to winter.
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For simulations of seasonal variations in the >N of sink-
ing PON at high latitudes where ammonium accumulates
in subsurface water, our model, which included ammo-
nium assimilation and nitrification, is more suitable than
the generalized model, which did not include these proc-
esses.

We detailed seasonal variations in 8'°N of
phytoplankton. In our model, the 6'°N of phytoplankton
are determined by &'°N of nitrate and ammonium, and
the f-ratio. In the spring and autumn blooms there was a
difference between &'°N values of phytoplankton, which
assimilates only nitrate or ammonium. We suggest that
observations of 8'°N of phytoplankton, nitrate and am-
monium in the spring and autumn blooms can indicate
the ratios of nutrient selectivity by phytoplankton. In win-
ter, the &'°N of phytoplankton is the highest in a year,
because of the uptake of high 6'°N of ammonium with
the f-ratio being from 0.3 to 0.7, even though the &'°N of
nitrate is at its minimum. 8'°N and concentrations of
ammonium in winter, increase and decrease, respectively,
reflecting almost only nitrification. We also suggest that
the nitrification rate may be parameterized with observa-
tions of 0'°N of ammonium in winter and a sensitivity
study varying the parameter of nitrification rate.

Nitrogen fixation and denitrification are important
processes for considering nitrogen budget in the global
ocean, although the values of the parameters for nitrogen
fixation and denitrification in previous studies have great
uncertainties. As there are many observations of these
processes using &'°N, nitrogen isotopes would help us to
set the parameters for these processes. As a result, we
could estimate the precise nitrogen budget in the global
ocean.
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Appendix A. Equationsin the Model
A.1. Governing equations for the nitrogen cycle

All equations for the nitrogen cycle are the same as
those developed by KKYS. The prognostic variables are
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Fig. Al. Comparisons of fluxes (a) and 8N values (b) of sink-
ing particles among experiments changing the coefficient
of water exchange between the upper and lower layers (g;)
to half (dashed lines) and twice values (dotted lines). Open
circles and triangles indicate observed vales of sinking par-
ticles from August 1998 to August 1999 and from Septem-
ber 1999 to June 2000, respectively.

PHY, ZOO, PON, DON, NO; and NH,. The prognostic
variables for nitrogen cycle are calculated as units of
umol/l, a function of time, and each box using the fol-
lowing six governing equations:

d[PHY]/dt
= (Photosynthesis) — (Respiration) — (Mortalitypyy)
— (Grazing) — (Extracellular Excretion) + Exc(PHY),
(A1)

d[ZOO]/dt = (Grazing) — (Mortality,,o) — (Egestion)
— (Excretion) + Exc(Z0O0), (A2)

d[NO,]/dt = —{ (Photosynthesis) — (Respiration) } X Fygw
+ (Nitrification) + Exc(NO,), (A3)

d[NH,]/dt
= (Excretion) + (Remineralizationpgy)
+ (Remineralizationpgy) — (Nitrification)
— {(Photosynthesis) — (Respiration) } x (1 — Fygw)
+ Exc(NH,), (A4)



d[PON]/dt
= (Mortalitypyy) + (Mortality,,) + (Egestion)
— (Remineralizationpgy) — (Decomposition) — (Sinking)

+ Exc(PON), (A5)
d[DON]/dt
= (Decomposition) + (Extracellular Excretion)

— (Remineralizationpgy) + Exc(DON), (A6)

where terms representing each process are described be-
low.

Exc(C) represents the vertical exchange process be-
tween upper and lower layers for a specific compartment,
C. That is, Exc(C) is defined as follows:

EXC(Cupper) = _EXC(Clower) = _l/gl(Cupper - Clower)' (A7)

For NO; in the lower layer, nitrate supply from the deeper
layer is also included.

EXC([NO3]10wer) = _1/g1([NO3]upper - [NO3]lower)
- 1/g2([NO3]lower - [NO3]deeper)’ (A8)

where g, and g, are the coefficients of vertical exchange
(Fig. 3). g, cannot be constrained by the observed data,
as this coefficient is given in reference to the observed
vertical distribution of monthly temperature. We con-
ducted a sensitivity study changing g, to half and double
values, since mixed layer depths should greatly affect the
surface biological activities in high latitude (Fig. Al). In
the small exchange case, the peak in spring bloom and
the drop timing in &'°N are earlier than those in the con-
trol case. This is due to early improvement of light con-
dition by the stratification. In the large exchange case,
the peak in autumn bloom is earlier than those in the con-
trol case. This is due to early nitrate supply by the con-
vective mixing. In spite of changing g, to half and dou-
ble values, the shifts of peaks in the spring and autumn
blooms and of 8N drop in the spring bloom are within 2
weeks in these cases, and the seasonal variations in fluxes
and "N values are common characteristics in these cases.
We conclude that the uncertainty of g, does not affect the
discussion in this study. The coefficient of g, is set to a
typical value below the bottom of the mixed layer. We
confirmed that g, is insensitive to seasonal variations in
prognostic values.

Photosynthesis by phytoplankton is formulated as
follows:

(Photosynthesis)
_v_ g NOs exp(-W[NH ])+—M—%
" HNOS| + Ky, U INH ]+ K, |

@Xp(kT) I photo [PHY] ’ (A9)

where |, is light intensity in the each layer, and T is
temperature (Fig. 3). For calculating the vertical average
of |00 using the following vertical integration, we di-
vide each layer into sublayers of 1 m, respectively.

O O N
ZB—I (2 expB] - I(Z)EEdZ
Dlopt Iopt
Iphoto 2 , (AIO)
J2
I (Z) = lgurface exp{ _(al + aZ[PHY] uppef)%
for the upper layer,  (A11)
I (Z) = |(20m) exp{ _(al + aZ[PHY] lower )(Z - 201’11}
for the lower layer,  (A12)

where |, 1S light intensity at the sea surface (Fig. 3)
and z is the depth of sublayers. The f-ratio can be defined
as

[NO;]
. [NO;] +Kyo,
new [NOg]
[NO;| + Ko,

exp(—LIJ[NH4])

[Nt
[NH,] + Ky,
(A13)

exp(—lP[NH4]) +

Respiration, extracellular excretion, mortality, graz-
ing and egestion of plankton types are represented as fol-
lows:

(Respiration) = V.,; exp(kg T)[PHY], (A14)
(Extracellular excretion) = y(Photosynthesis), (A15)
(Mortality pyyy ) = Mpg exp(kyp T)[PHY]?, (A16)
(Mortality;00) = My exp(ky, T)[Z0O] %, (A17)

= Grypax maX[O,l —exp{/\S(PzIj —[PHY]} exp(kGST)[ZOO]],
(A18)
(Excretion) = (o - B)(Grazing), (A19)
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(Egestion) = (1 - a)(Grazing). (A20)

Remineralization of PON, DON, decomposition and
nitrification are represented as follows:

(Remineralization poy ) = Viag exp(Kp T)[PON], (A21)
(Remineralization oy ) = Vpap exp(kpa T)[DON],  (A22)

(Decomposition poy 1 pon ) = Vepo €xp(kep T)[PON], (A23)

(Nitrification) = Ny exp(Ky; T)[NH,]. (A24)
Sinking of particles is described by:
o 1
(Sinkingpoy ) = 7 (Sox[PON]). (A25)

where AZ is the thickness of upper (20 m) and lower (100
m) layers. Values of parameters described in this subsec-
tion are shown in Table 3.

A.2. Governing equations for the '°N cycle

All equations for the '°N cycle are based on the above
equations for the nitrogen cycle. The prognostic variables
for the N cycle are calculated as a function of time, t,
and each box using the following six governing equations:

d[lSNPHY]/dt
= {(Photosynthesis) - (Respiration} X Fyew % Rvo, >y
+{ (Photosynthesis) - (Respiration} X (1 - FNEW) * Run,

X, — (MortalityPHY) x Royy —(Grazing) x Rypyy

—(Extracellular Excretion) X Ryyy +Exi(PHY),  (A26)
d[ "N ol/dt
= (Grazing) % Rpyy — (Mortality, o) X Ryq0

— (Egestion) X Ryqq X O3

— (Excretion) X R ;54 x a, + Exi(ZOO), (A27)

d[15N03] Jot
= —{(Photosynthesis) - (Respiration} X Fyew % Ryo, oy

+(Nitrification) x Ry, x a5 +Exi(NO,), (A28)
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d[ SNH 4] [t
= (Excretion) X R,oq X a4
+(Remineralizati0nPON) X Rogn X0
+(Remineralizati0nD0N) X Ryon X 04
—(Nitrification) x R, *0s
—{(Photosynthesis) - (Respiration} X (1 - FNEW) X R,

xar, + Exi(NH,), (A29)

d[PO'*N]/dt
= (Mortalitypyy) X Rpyy + (Mortality,o0) X Rz00
+ (Egestion) X Ry X 05
— (Remineralizationpgy) X Rpon X Qg
— (Decomposition) X Rpgy X 05 — (Sinking) X Rpay
+ Exi(PON), (A30)

d[DO"°NJ/dt
= (Decomposition) X Ry X Oy
+ (Extracellular Excretion) X Rpyy
— (Remineralizationpgy) X Rpon ¥ @87 + Exi(DON),
(A31)

where R are ratios of ’N/N for a specific compartment,
C, and a; are isotopic fractionation coefficient. That is,
a, are calculated by:

a, = exp(§/1000) (A32)
where & are isotopic fractionation effects listed in Table
3.

Also, Exi(C) represent the vertical exchange proc-
ess for N cycle between upper and lower layers for a
specific compartment, C, defined as follows:

Exi(Cupper)
= _EXi(Clower) =-1 / gl(Cupper x F% _CIOWCY x F%]owe, )

(A33)

upper

For '>NO; in the lower layer, the N of nitrate supply
from the deeper layer is also included.



Exi( 15Nog] )
“Jlower

=-1/g
5 d
ﬂl NOS] upper X RNO3 upper _[15N03]10wer X RNO3 lower [
-1/g,
5 5 0
! Nos]lower X RNO3 lower _[1 NO?:] deeper X I:21\103 deeperD

(A34)

where g, and g, are the coefficients of vertical exchange
(Fig. 3).

The &N values for a specific compartment C are
calculated by:

"N (%o)

R CR S

- -1 1000, (A35)
NN

where Atmospheric N, is defined as a standard sample
including ['°N] being 0.365%.
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