





























276 Journal of Marine Research (50,2

Table 1. Equations in the mass balance model of carbon and nitrogen.

1. Conservative equations of carbon

d[POC]/dt = P(poc) — D(poc) — §(poc) (1-1)
d[DOC]/dt = P(doc) — D(doc) (1-2)
d[DIC]/dt = D(poc) + D(doc) — P(poc) — P(doc) (1-3)
P(doc) = 0.2 - P(poc) (1-4)
2. Conservative equations of nitrogen
d[PON]/dt = P(pon) — D(pon) — S(pon) (1-5)
d[DON]/dt = P(don) — D(don) (1-6)
P(pon) + P(don) = U(NQO3) + U(NH,) Q-7
d[NO;)/dt = — U(NOs) (1-8)
d[NH,)/dt = D(pon) + D(don) — U(NH,) (1-9)
3. Assumptions on the C/N ratio of organic compounds
S (poc)/S (pon) = C/N(pom) (1-10)
D (poc)/D (pon) = C/N(pom) (1-11)
P(doc)/P(don) = D(doc)/D(don) = 15 (1-12) (1-13)

The terms are defined as follows: [POC], [PON] concentration of suspended particulate
organic carbon and nitrogen (pmole/l); fDOC], {[DON] concentration of dissolved organic
carbon and nitrogen (pmole/l); [DIC], [NO;], [NH,] concentration of dissolved inorganic
carbon, nitrate and ammonium (pmole/1); P(poc), P(pon), P(doc), P(don) production rate of
particulate organic carbon, nitrogen, dissolved organic carbon and nitrogen (pmole/l/day);
U (NO;), U(NH,) uptake rate of NO;~ and NH,* by phytoplankton for photosynthesis
(wmole/l/day); D(poc), D(pon), D(doc), D(don) decomposition rate of particulate organic
carbon, nitrogen, dissolved organic carbon and nitrogen (umole/l/day); S(poc), S(pon) sinking

-rate of particulate organic carbon and nitrogen, defined per unit volume of the concerned
surface water layer (umole/1/day); C/N(pom) C/N ratio of particulate organic matter.

4, Models and discussions

a. Mass balance model of carbon and nitrogen in CEE. In order to understand what
factors actually govern the temporal variations in 313C and 3°N values of suspended
POM, we make mass and isotope balance models of carbon and nitrogen. Firstly, we
propose the mass balance model of carbon and nitrogen which can completely
simulate the actual changes of carbon and nitrogen budgets in the CEE during this
experiment, using the data of temporal changes in POC, PON, DOC and production
rate of POC, under several assumptions regarding the carbon and nitrogen cycling in
the CEE. On the basis of the reconstructed variations in the carbon and nitrogen
budgets, the variations in 3!*C and 8N of each organic and inorganic component in
the CEE will be discussed with the other models which represent isotope mass
balance of carbon and nitrogen.

The mathematical notations and the schematic illustration of the mass balance
model are presented in Table 1 and Figure 4, respectively. The following seven
components of carbon and nitrogen are considered: POC, PON including mainly
phytoplankton and additionally other organisms and detritus; DOC, DON; DIC
including CQ,, HCO;~, and CO32~; NO;~ and NH,*.
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Figure 4. Schematic illustration of mass balance model for carbon and nitrogen cycling in the
CEE. Closed stars indicate budgets and flux whose magnitudes can be calculated explicitly
using the data in Figure 1. Symbols of # mean POM and DOM fluxes whose C/N ratios are
prescribed for mass balance calculation. All names of fluxes in this figure correspond to the
notation in Table 1.

The particulate organic matter (POM) is assumed to be produced only by the
photosynthesis of phytoplankton, and the production of POM through the microbial
loop is neglected here (Eqs. 1-1 and 1-5), because the photosynthetic activity of
phytoplankton was very high in the phytoplankton bloom in this experiment (Hama
et al., 1988). It is also necessary to simplify the condition of calculation under the
limitation of data on the carbon and nitrogen budgets in this study. The production
of DOM is also assumed to occur only as the exudation of phytoplankton accompa-
nied with the photosynthetic production of POM, and the contribution of heterotro-
phers was neglected (Eq. 1-4). The phytoplankton exudation fraction of organic
carbon during photosynthesis is assumed to be constant at 20% although it may be
affected by change in environmental factors (Ignatiades, 1973) (Eq. 1-4). All vertical
flux of carbon and nitrogen outside the concerned layer in the CEE is attributed to
only the sinking of POM, and the diffusive transport of dissolved matter is neglected
here (Egs. 1-1, 1-2, 1-3, 1-5, 1-6, 1-8 and 1-9), except for some DOM flux in the later
period of the experiment mentioned below, because the water column was stratified
by temperature gradient after day 1 and there are usually only small gradients in the
concentrations of dissolved components between 0—4 m, 4-8 m and 8-12 m layers
(Fig. 1). PON and DON are produced using substrates NO;~ and NH¢* (Eq. 1-7).
The decomposition of POM and DOM directly contributes to the increases of DIC
and NH,* (Egs. 1-3 and 1-9), and it is assumed that nitrification cannot occur in CEE
(Egs. 1-8 and 1-9). The production of calcium carbonate is also neglected (Eq. 1-3)
because CaCO; producing plankton like coccolithus were not identified in the CEE.

The transfer of CO, through the water surface is neglected (Eq. 1-3) because the
CEE was covered with the plastic sheet as mentioned above, and almost no exchange
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of gases can be expected through the water surface under completely windless
conditions as in this study (Etcheto et al,, 1988). Even if it is assumed that the wind
speed on the water surface is 1 m/s, the CO; transfer velocity k must be calculated as
0.17 cm/h (about 4 cm/day) at 20°C (Wong and Chan, 1991), which cannot affect the
DIC concentration in the CEE significantly. This is because, under the condition k =
4 cm/day, the CO, flux through the water surface cannot exceed 1000 pmole/m;/day,
which is approximately equivalent to only 1/20000 of the DIC pool of 10 m water
column in the CEE, even when CO;[aq] has been consumed greatly by phytoplank-
ton and AP¢q, reaches —300 ppm.

In order to perform the mass balance calculation with the limited data, we define
the C/N ratios of the following four fractions of organic matter as follows. The C/N
ratios of both the sinking POM and the POM fraction, which is to be decomposed,
are assumed to be equal to the C/N ratio of POM standing stock at that time (Eqgs.
1-10 and 1-11). The C/N ratios of both the produced and the decomposed DOM
(and as a result, DOM standing stock itself) are put at 15 (Egs. 1-12 and 1-13),
because the C/N ratio of DOM is usually much higher than that of POM (Williams,
1975). The constancy in C/N ratio of DOM does not appear realistic for strict
calculation of nitrogen mass balance, because we have no information on DON in the
CEE and DON concentration must always be determined using the data of DOC in
Fig. 1g and this C/N ratio. The variation in DOM concentration is, however, much
slower than that in POM (Fig. 1), therefore, this assumption on DOM does not affect
budget of POM seriously, even if the C/N ratio of DOM is, in fact, not constant but
variable.

Using these thirteen independent equations in Table 1, we can simulate the
temporal variations of carbon and nitrogen budgets in the CEE explicitly, because
A[POC] (A[POC] means that d[POC]/dt - At), A[DOC], A[PON], A[NO;], A[NH,],
C/N(pom) and P(poc) in the equations can be calculated directly from the observed
data in Figure 1 and there remain only the following thirteen unknown variables
(whose number is equal to that of the equations), D(poc), S(poc), P(doc), D(doc),
A[DIC], P(pon), D(pon), S(pon), AIDON], P(don), D(don), U(NOs) and U(NH,).
The initial concentration of [DIC} is put at 1830 pmole/l as an approximate estimate
with the temperature (15°C) and salinity (29) data by the method of Persons et al.
(1984a). The photosynthetic production of POC (P(poc)) per day is set as 22 times (a
in Fig. 2a; higher than 12 but lower than 24) that observed per hour in Fig. 1h,
because the photosynthetic activities per hour were measured during day time from
10:00 to 15:00 and the highest photosynthetic activities are usually observed not at
noon but early in the morning (Taguchi, 1976).

The simulation of the temporal variations in carbon and nitrogen budgets is
carried out on the data at the 0-4 m depth interval of the CEE. To simplify the
conditions of calculation, the rates of transformations of carbon and nitrogen
components (e.g. P(poc), D(poc), S(poc)) in the concerned layer are assumed to be
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constant during each sampling interval (2 or 3 days). The P(poc) during each
sampling interval is defined as the average of those at both the beginning and the end
of that interval which can be calculated with the data in Figure 1h. Although these
assumptions on the conditions of calculation would not appear highly realistic, the
simulation will present useful results in sufficient detail for the assessment of isotopic
dynamics on the basis of mass balance because the sampling intervals are very short
in this study.

The results of simulation at 0—4 m depth interval are presented in Figure 5, in
which all units of fluxes and budgets are unified to pmole/l/day and pmole/l,
respectively. The sinking rate and decomposition rate of POC per unit concentration
of POC varied from 0 (—0.1; see below) to 0.9 and from 0.1 to 1.1 (/day), respectively
(Fig. 5b, 5c and Fig. 1e). This specific sinking rate at 0—4 m depth interval is
equivalent to the sinking rate 0 to 4 m per day, which is reasonable for phytoplankton
and detritus (Walsby and Reynolds, 1980). The relatively high specific decomposi-
tion rates are mainly governed by the high specific production rate of POC during the
phytoplankton bloom, which varied from 0.25 to 1.5 in this experiment (22 times
those in Fig. 1h). The maximum sinking POC flux outside 0—4 m is observed at the
sampling interval of days 4-6, which precedes the maximum in the sedimented POC
flux identified at 16 m depth for about 5 days. This result is consistent with the
observation of the temporal changes in POC concentration at three depth intervals
in the CEE.

Because the temporal variations in the concentrations of carbon and nitrogen
components in the CEE (Fig. 1) were measured independently by the different
methods which have different accuracy and there are some bold assumptions in the
equations in Table 1, the results of simulation on the basis of those data may have
some contradiction. In fact, there are two discrepancies in this simulation, One is the
occurrence of “upward sinking” flux of POM at three sampling intervals (Fig. 5¢ and
51); and the other is the fact that the decomposition rate of DOM is calculated as the
value under zero during the last interval from day 20 to day 23 (Fig. 5e and 5k).

In relation to the sinking POM flux in the first discrepancy, the following equation
can be derived from Eq. (1-5) to (1-9).

S(pon) - At = —(A[PON] + A[DON] + A[NO,] + A[NH,]), )

where At means the time length of the sampling interval. Because A[PON], A[NO;]
and A[NH,] can be calculated explicitly with the observed data in Figure 1 and
A[DON] can be guessed from A[DOC] (as like Eqs. 1-12 and 1-13), the S(pon) can
be thought to be the most reliable value obtained with the equations in Table 1. The
calculated “upward flux of POM” is, therefore, not the mistake derived from the
model situations but an actual result associated with other phenomena like turbulent
mixing of particles in the CEE and/or diffusive flux of dissolved DON or DIN. As the
occurrence of “upward flux” (day 10-13, 13-16, 20-23) are, in fact, always associated
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Figure 5. Reconstructed variations in carbon and nitrogen cycling rates (a—n) and concentra-
tion of dissolved inorganic carbon (o) at 0-4 m depth interval of the CEE, calculated using
the data in Figure 1 and the equations in Table 1 (See text).
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with the relatively large increases in DOC pool (Fig. 1g), the upward fluxes are here
assumed to be attributed to diffusive fluxes of DOM. The second discrepancy of
“minus decomposition” rate is apparently caused by the extraordinary high DOC
value on day 23 (Fig. 1g). Although some analytical error in the DOC measurement
may affect this value, it is assumed that during the last sampling interval, the
production rate of DOC was much higher than 20% of that of POC to compensate
the “minus decomposition.”

The corrected version of the simulation is also presented in Figure 5 (see dashed
lines). Because there was no information on the sinking rate of POM and/or the
decomposition rate of DOM during the corrected periods mentioned above, these
rates are put at zero during those periods. Although this is not realistic, this
reformation can be thought to be trivial compared to the whole of the carbon and
nitrogen cycle in the CEE.

b. Isotope mass balance model on CEE carbon budget. On the basis of the recon-
structed temporal variations in the carbon budget at 0-4 m depth interval (Fig. 5a, b,
¢, d, ¢, f and o), we simulate the variations of !3C values of the three components of
carbon (POC, DOC, DIC) at the concerned layer, using several assumptions on the
isotope fractionations during transformation processes of carbon.
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Table 2. Equations of the isotope mass balance model of carbon.

d (5C (poc) - [POC])/dt = (8°°C(dic) + AS13C) - P(poc) — 8°°C (poc)

-(S(poc) + D(poc)) (2-1)
d(5"*C(doc) - [DOC])/dt = (3C(dic) + A87C) - P(doc) ~ 313C (doc)
- D(doc)(+8C (UPdoc) - UP(doc))* (2-2)
d(3"C (dic) - [DIC])/dr = —(83C (dic) + ABRC) - (P(poc) + P(doc))
+ 81C(poc) - D (poc) + 3'13C(doc) - D(doc) (2-3)

The terms are defined as follows: 83C(poc), 8/3C(doc), 5"*C(dic) carbon isotope ratios of
suspended particulate organic matter, dissolved organic matter and dissolved inorganic
carbon, defined as %, (PDB); A3YC isotope discrimination during photosynthesis production
of organic carbon by phytoplankton; UP(doc), 83C(UPdoc) flux (umole/1/day) and its isotope
ratio of upward diffusive transport of dissolved organic carbon; The rests are the same as those
in Table 1.

*The occurrence of upward diffusive transport of DOC is limited to the three periods (day
10-13, 13-16 and 20-23) on the basis of the result of mass balance calculation (see text). Their
fluxes are not so large compared to the whole of the carbon cycle in CEE (Fig. 5).

The mathematical notations of the carbon isotope mass balance model are
presented in Table 2. These equations are, in fact, approximate ones because 3'3C is
not the BC/('2C + 3C) itself. Within the variations of about 20%, in 313C, however,
they can simulate the actual isotope mass balance almost completely. The 33C of
newly produced POC is represented as the sum of the 3'*C of DIC (total inorganic
carbon) and A3'3C, the isotope discrimination during the photosynthetic production
of POC from DIC (Eq. 2-1). Because there is no information on the 8!*C of newly
produced DOC, it is made equal to that of POC (Eq. 2-2) under the assumption that
DOC is always produced by phytoplankton associated with the photosynthesis. The
d13C values of the sinking POC, decomposed POC and the decomposed DOC are
assumed to be equal to the 83C of bulk POC and DOC, respectively, at that time
(Egs. 2-1 and 2-2). The 3!3C values in the “upward” DOC fluxes during days 10-13,
13-16 and 20-23 (Fig. 5f) are also assumed to be equal to that of DOC standing
stock. The last assumption has no basis, yet does not seem to affect the simulated
result of 8'3C of POC significantly, because it can hardly be assumed that the 313C
value of DOC changes greatly in vertical profile, and their fluxes are not so large as
other fluxes of carbon (Fig. 5). The initial §'*C values of DOC and DIC on day 1 are
arranged to the values, equal to that of POC, and 0-2%, (Kroopnick, 1985),
respectively.

While it is believed that the isotope discrimination A3'3C is highly variable
reflecting the change in the environmental conditions and/or the phytoplankton
species, we firstly simulate the variation in the 33C of POC and DIC under the
condition that A33C in Egs. 2-1 to 2-3 is constant (Fig. 6). Because the isotope
discrimination during the photosynthesis by phytoplankton is usually about —20%,
and the DIC concentration decreased more than 10% during this experiment, the
313C of DIC increased about 2%, by the end of experiment (Fig. 6b). This increase in
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Figure 6. Simulated results of temporal variations in §'*C of POC, 2CO, and DOC at 04 m
depth interval, using equations in Table 2 and results shown in Figure 5, with assumption
that magnitude of isotope fractionation during uptake of dissolved inorganic carbon by
phytoplankton (A3'C) is constant. Figures a, b, ¢ show results of POC, ZCO, and DOC,
calculated under same conditions for initial 13C value of ZCO, (1%) and A33C (—21%a).
Figures d, e and { indicate results of POC, calculated under different conditions for A8!3C
(=20, —21 and —22), initial 8'*C of CO, (2, 1 and 0) and both of them, respectively. (Open
circles show the actual change in §3C of suspended POC at 0—4 m.)

the 8'°C of DIC may possibly explain more than the half of the actual increase in the
d13C of POC at 0~4 m until day 6 (Fig. 3a). The most unique characteristic of the
temporal variation of the 813C of POC in this experiment is, however, the fact that the
d13C of POC decreased together with the decrease of POC concentration to reach
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the 313C value equal or lower than that of initial POC (Fig. 3a). This change in the
313C value of POC in the late part of phytoplankton bloom in this experiment cannot
be explained by the constant A3'3C model.

Possible reasons for the great decrease in 3'3C of POC in the late part of the
phytoplankton bloom are as follows.

(1) Decrease in 8°C of DIC

(2) Change in CO,[aq] concentration

(3) Change in the kind of DIC substrate (CO, or HCOj;~) used by phytoplankton
for photosynthesis

(4) Change in the pathways of enzymatic reaction to fix the DIC by phytoplankton

(5) Change in the predominant species of phytoplankton

(6) Change in the photosynthetic production rate of POC per individual phytoplank-
ton cell

The first hypothesis, however, does not seem applicable because the rapid
penetration of CO, from the atmosphere into the water could not occur in this CEE
as discussed above, and the 8'3C of DIC proved to be almost constant after day 6 by
the mass and isotope balance models, which do not consider air-water CO, exchange
(Fig. 6b). Even if the air-water CO, exchange occurs to a certain degree, it is difficult
for the 83C of DIC to return to the initial value by the end of this experiment as
observed in the 8'3C of POC (Fig. 3a).

The second is attributed to the hypothesis that the isotope fractionation during
photosynthesis by phytoplankton is mainly controlled by the ambient CO, concentra-
tion, proposed by Rau er al. (1989, 1991). Also, in the CEE of this study, the
concentration of CO,[aq] must have changed greatly by the uptake of CO, by
phytoplankton. This hypothesis, however, cannot explain the decrease in 3'3C of
POC in the late part of this experiment for the same reason as the first one
mentioned above, because the concentration of CO; must decrease together with the
phytoplankton bloom and cannot increase much until the end of the experiment.

Because 3'3C of HCO;~ is commonly 7%, more or less higher than that of CO,[aq]
(Deuser and Degens, 1967), the change in the photosynthetic substrate between
these two may possibly alter the 3!3C of POC. This third mechanism, however, seems
not to have produced the observed change in the 3!3C of POC because the
concentration of CO,, which has a lower 313C value and may produce the lower 313C
of POC being assimilated by phytoplankton, must have not increased greatly even in
the late part of experiment.

Descolas-Gros and Fontugne (1985) observed that the higher the contribution of
PEP (phosphoenolpyruvate) carboxylase (the enzyme of C, pathway) to the whole
photosynthetic CO, fixation by phytoplankton, the higher the 8'*C of produced POC,
in both the incubation experiment and the open ocean observation. This fourth
possibility also does not seem to correspond to the situation of this study because the
marine diatoms, which were predominant at the time when the 813C of POC reached
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the maximum (Fig. 1d and 3a), do not have PEP carboxylase activity (Descolas-Gros
and Fontugne, 1985) which make the 3!*C of produced POC higher.

The temporal changing pattern of phytoplankton species composition (the propor-
tion of centric diatoms in Fig. 1d) appeared to correspond well with that of the 83C
of POC (Fig. 3a). In fact, Gearing et al. (1984) reported that the 33C of large
phytoplankton like diatom is about 29, higher than that of nanoplankton in
Narragansett Bay. If this correlation is applicable in this study too, the decrease in
the 813C of POC in the late part of this experiment may be explained by the change in
the phytoplankton species as suggested by many previous studies (Wong and Sackett,
1978; Fontugne and Duplessy, 1978). Upon closer examination, however, the change
in the composition of phytoplankton species proves not to correspond with that in
the 813C of POC at all. For example, on day 16, the sub-maximum of §'3C of POC can
be observed (Fig. 3a), associated with that of POC concentration (Fig. 1e), although
the ratio of the number of centric diatoms to that of nanoflagellates became very low
at that time, due to the second bloom by nanoflagellate (Fig. 1d). This fact indicates
that the 313C of POC is not simply governed by the composition of phytoplankton
species.

The photosynthetic production rates of POC in three depth intervals (Fig. 1h) also
appeared to correspond well with the variations in §°C of POC (Fig. 3a), expect that
the decreases in the production rates after their maxima are much faster than those
in 313C. This sixth hypothesis can, moreover, explain the existence of the sub-
maximum in the 8'3C of POC on day 16, because it can be attributed to the peak of
the production rate, irrespective of the phytoplankton species change (Fig. 1h).

The positive relationship between the 33C of POC and the production rate of
POC has been interpreted by the effect of limitation of DIC supply for photosynthe-
sis in phytoplankton (Cifuentes et al., 1988) and the supply of DIC is usually thought
to be loaded by the diffusion of CO,[aq] through cell membrane (O’Leary, 1981,
Farquhar et al., 1989; Popp et al., 1989). However, if the carbon for photosynthesis of
phytoplankton is always supplied through the diffusion of CO,, the change in
CO;,[aq] concentration must affect critically the 3*C of POC as well. Such relation-
ship between CO,[aq] and 33C of POC was not suggested in this experiment as
mentioned above. As an alternative for the diffusion of CO,, Berry (1989) suggested
that the active transport of HCO;~ is the main pathway bringing carbon into the
phytoplankton cell for photosynthesis, due to the fact that many phytoplankton
species have the ability to uptake HCO;~ (e.g., Lucas and Berry, 1985) and the
CO,[aq] concentration in the cell sometimes exceeds that outside the cell. He
showed a simple model of CO, concentrating system by phytoplankton (Fig. 7) and
proposed the following equation on the isotope discrimination during photosynthe-
sis, assuming that the fractionation accompanied with the active transport of HCO;~
can be neglected.

AYPBC* = (a + b) + ¢ — ¢+ Fy/F, (2)
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Figure 7. Schematic illustration of phytoplankton HCO;~ uptake model, presented by Berry
(1989). F,, F, and F, mean the rates of active transport of HCO,~ into phytoplankton cell,
RuBP carboxylation and diffusive leak of CO; out of cell.

where A3C* means the isotope fractionation from air CO, to phytoplankton, and a,
b and ¢ are the discrimination factors associated with the processes of dissolution of
CO,, equilibrium conversion of gaseous CO; to HCO;~, and RuBP carboxylation,
respectively. Fy and F; mean the fluxes of active transport of HCO; ™ into the cell and
the rate of RuBP carboxylation in the cell, respectively (see Fig. 7).

F,, in Eq. 2, appears proportional to the production rate of POC per unit cell (also
to the specific production rate of POC). Takahashi et al. (1991) thought that F, is
proportional to the specific growth rate of phytoplankton and F, is nearly constant
because of the large and relatively consistent amount of HCO;~ pool in the water,
and actually found the linear relationship between A31°C* (from CO; in feeding air
to POC) and p (specific growth rate) with Chlamydomonas Reinhardtii (fresh water
green algae) in the water equilibrated with air CO, by the continuous culture
experiment as follows.

ARPC* = =253 +354-u (r=-0.92) 3)

where —25.3 and 35.4 correspond to (a + b) + ¢ and —c - (F,/F;)/w (which become a
proportional constant when F; is constant and F, is proportional to W) in Eq. 2,
respectively. If (@ +b) in Eq. 2, the isotope fractionation during equilibrium
conversion between air CO, and HCO;™ in water, is 7%, Eq. (3) can be rewritten as
follows.

ASPC = —323 4354 ()

where A3!3Ct is the isotope discrimination from HCO;~ to POC. While Takahashi et
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Figure 8. Simulated results of temporal variations in §!3C of POC, 2CO, and DOC at 4 m
depth interval, using equations in Table 2 and results shown in Figure 5, with assumption
that A31C changes according to Eq. 5. Figure a shows result of POC, calculated with values
—32.3 and 35.4 for constants A and B in Eq. 5, which were deduced from Takahashi et al.
(1991). And Figure b, ¢ and d indicate results of POC, ZCO, and DOC, calculated with
three combinations of values for A and B (*“—23 and 2,” “~24 and 3” and “~25 and 4”). In
each case, initial 8"°C of 2CO, is set as 1%,. (Open circles show the actual change in §13C of
suspended POC at 0—4 m.)

al. (1991) confessed that the coefficients in Eq. 3 does not seem applicable directly to
marine phytoplankton, this good correlation suggested that the 8*C of POC may be
governed mainly by the specific growth rate of phytoplankton.

In order to confirm the relationship between w and A33C, following equation on
the A3"°C is arranged to set in the isotope mass balance model (Table 1) for the
simulation of $*C in POC.

ASPC=A4+B-X (5)

where X is the specific production rate of POC (the production rate of POC per unit
POC concentration per day), which is nearly equivalent to the specific growth rate of
phytoplankton (p) in the particles consisting of phytoplankton mainly, and A and B
are some constants as shown in Figure 8. In this equation, A3"3C is defined as the
magnitude of isotope discrimination from total DIC to newly produced POC.
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However, this A3!3C is approximately equivalent to A3'3C’ (isotope discrimination
from HCO;~ to POC) because HCOj;" is highly dominant in DIC pool and its §!3C
value is nearly equal to that of total DIC.

The results of simulation using Eq. 5, which bring the growth rate control onto the
A3C, are presented in Figure 8. When Eq. 4 is used directly instead of Eq. 5, the
simulated result of 8'*C of POC increases extraordinarily together with the develop-
ment of phytoplankton bloom (Fig. 8a). Even if it is considered that the uncertainty
for the calculation of the specific production rate of POC per day using that per hour
(Fig. 1i), this results of the simulated 3'3C of POC seems too high. As suggested by
Takahashi et al. (1991), the quantitative correlation between p and A3"3C, observed
in fresh water algae, cannot be applied directly to the marine phytoplankton.

The observed variation in the 83C of POC, however, can be well reconstructed
when suitable values are arranged for A and B in Eq. 5 (Fig. 8b), except for the
following discrepancies. In the initial stage of the experiment, the simulated 3'3C of
POC does not increase as fast as the observed one. On the other hand, the simulated
813C of POC decreases much faster than the observed one just after day 6. The first
discrepancy, however, can be explained by the fact that the production rate of POC
measured on day 2 was extremely low by chance due to the very cloudy condition at
that time (Hama et al., 1988). The second discrepancy can also be explained by the
possibility that, just after the maximum stage of phytoplankton bloom on day 6, the
specific production rate of POC was underestimated in relation to the specific growth
rate of phytoplankton, due to much detritus in the suspended particles at the time.

The coefficients A and B in Eq. 5 are arbitrarily defined in this case (Fig. 8).
Nevertheless, the well reconstructed variation in the 8*C of POC using Eq. 5 (Fig.
8b) clearly suggests the impact of specific growth rate of phytoplankton on the 3'3C of
POC. Further studies will be required for the reliable determination of the factors in
Eq. 5, using marine phytoplankton.

¢. Isotope mass balance model on CEE nitrogen budget. The variations of 8N values
in PON, DON, NO;~ and NH,* at 04 m depth interval are also simulated based on
the results of the reconstructed temporal variations in the nitrogen budget at 0-4 m
depth interval (Fig. 5g, h, i, j, k, I, m and n). The mathematical notations of the
nitrogen isotope mass balance model are presented in Table 3.

The 33N of newly produced PON is affected by proportions of NO;~ and NH,* for
the substrates utilized by phytoplankton (Eq. 3-3). While it is assumed that there is
no isotope fractionation at NH,* assimilation, a large isotope fractionation (A§'>N)
is set to occur during uptake of NO;~ by phytoplankton, which is the process
involving the largest isotope fractionation of nitrogen in this model (Eq. 3-3). Just as
in the case of carbon isotope mass balance model, the 8°N of newly produced DON
is assumed to be equal to that of PON (Eq. 3-2), and it is assumed that no isotope
fractionations occur during the sinking and decomposing processes of PON and
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Table 3. Equations of the isotope mass balance model of nitrogen.

d (8"N(pon) - [PON})/dt = !N (p) - P(pon) — 8"*N(pon) - S(pon)

—('N(pon) — 3) - D (pon) (3-1)
d(85N(don) - [DON])/dt = 85N(p) - P(don) — 8'N(don) - D(don)

(+38N(UPdon) - UP(don))* (3-2)
8ISN(p) = ((3N(NOs) + ASUN) - U(NO,) + 3N(NH,)

- U(NH,))/(U(NO;) + U(NH,)) (3-3)
d(35N(NO,) - [NOy])/dt = —(8N(NO,) + A8N) - U(NO,) (3-4)
d(8N(NH,) - [NH,])/dt = —5"N(NH,) - U(NH,) + (8'N(pon) — 3) - D(pon)

+ 815N(don) - D(don) (3-5)

The terms are defined as follows: 8°N(pon), 8°N(don), 8°N (NO;), 8"°N(NH,) nitrogen
isotope ratios of suspended particulate organic matter, dissolved organic matter, nitrate and
ammonium, defined as %o, (AIR); 8°N(p) nitrogen isotope ratio of newly produced organic
matter by phytoplankton; A3/°N isotope discrimination during uptake of nitrate by phytoplank-
ton; UP(don), 85N(UPdon) flux (pmole/l/day) and its isotope ratio of upward diffusive
transport of dissolved organic nitrogen; The rests arc the same as those in Table 1.

*The occurrence of upward diffusive transport of DON is limited to three sampling intervals
(See in Table 2).

DON, except the decomposition of PON in which NH.*, 3%, lower than PON
(Checkley and Miller, 1989), is regenerated (Eqgs. 3-1 and 3-2). In addition, the 35N
values in the “upward” DON fluxes are made equal to that of DON standing stock.
The initial 85N values of DON and NH,* on day 1 are arranged to 3¢, lower than
that of PON on the assumption that the isotopic equilibrium between PON, DON
and NH,* had been established there before day 1. Because there is no information
on the initial 5N values of NO;~ which was supplied artificially into the CEE,
several 815N values of initial 815N of NO;~ were tried for the simulations.

The results of simulations using the isotope mass balance model in Table 3 are
shown in Figure 9. The actual pattern of temporal variation in the 8N of PON at 04
m can be very well simulated by this nitrogen isotope model (Fig. 9a). The 8N value
of NO;~ increases rapidly together with the development of bloom (Fig. 9b), which
directly results in the change of 3N of phytoplankton. This clearly demonstrates
that, during phytoplankton bloom, the temporal variation in 8N of PON is
principally governed by the isotope fractionation process during uptake of NO;~ by
phytoplankton. This result is consistent with previous observations in the natural
waters (Saino and Hattori, 1985; Goering et al,, 1990; Altabet et al., 1991). On the
other hand, the 8"°N of NH,* follows the change of 3°N in PON (Fig. 9¢) because
the standing stock of NH,* in surface water is always sustained by the regenerated
NH,* from PON and/or DON. The NH,* regeneration process (the other isotope
fractionation process in this model) does not appear to affect the 3N of PON
greatly, because the almost same variation in 3N of PON can be reconstructed
without the isotopic discrimination during regeneration of NH,* (Fig. 9h).
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Figure 9. Simulated results of temporal variations in 8N of PON, NO;~, NH,* and DON at
0~4 m depth interval, using equations in Table 3 and results shown in Figure 5. Figures a, b,
¢ and d show the results of PON, NOs;~, NH;* and DON, respectively, which were
calculated under same conditions for initial 85N of NO;~ (3%,) and magnitude of isotope
fractionation during uptake of NO;~ by phytoplankton, A3 Nyq;- (—6%). Figures e, f and
g indicate results of PON, calculated under different conditions for A3 Nyo3 (—8, —6 and
—4), initial "N of NO;~ (5, 3 and 1) and both of them, respectively. In Figure h, a result is
shown as dashed line, derived from the assumption that no isotope fractionation occur
during regeneration of NH,* from PON. (Open circles show the actual change in 8N of

suspended PON at 0—4 m.)

From the quantitative viewpoint, the actual variation at 0-4 m depth seems to fit
best the result from combination of 3, as the initial 31N value of NO;-, and —6, as
the size of isotope fractionation during uptake of NO;~. The value of —6 as the
isotope fractionation during uptake of NO;~ is very similar to those in the previous
reports (Horrigan et al., 1990; Wada, 1980). On the other hand, the value of 3 as the
initial 88N of NO,~ seems to be somewhat low because the weighted mean 35N
value of suspended and sedimented PON collected by day 23 is about 6%,. This
apparent discrepancy may be caused by some other isotope fractionation processes
than NO;~ uptake, which are not involved in this model, like DON production and
decomposition. In this model, the variability of the magnitude of isotope fraction-
ation during uptake of NO;~ (Wada and Hattori, 1978} is also neglected. However,
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Figure 9. (Continued)

we cannot discuss these possibilities more in detail because the data for 8°N values
of DON and NO;~ are not presently available now.

5. Conclusion

The phytoplankton bloom in the controlled ecosystem enclosure (CEE) revealed
the predominant temporal variations in the §3C and 85N value of suspended POM.
Using the detailed mass balance model, the carbon and nitrogen dynamics in the
CEE were reconstructed, and on the basis of the results, the isotope mass balance
models of carbon and nitrogen were produced and used to understand the temporal
changing pattern of $'°C and 3N of POM, not only qualitatively but also quantita-
tively.

As the result, it was suggested that the main factor which control the variation of
313C of POM during phytoplankton bloom is not the change in carbon dioxide system
nor phytoplankton species change in the water but the change of phytoplankton
growth rate. This may have great implications for the 1*C biogeochemistry of organic
matter in the ocean, especially for the paleoceanographic study of $!°C in organic
matter. Because most sedimentary organic matter in high productive ocean derives
from the settling particles produced during phytoplankton bloom (Wefer, 1989), this
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Figure 10. Distribution pattern of §!3C and 85N of suspended particulate organic matter at
0—4 m depth interval. Small numbers in figure indicate the day of sampling. The Roman
numerals indicate “phases” during development of phytoplankton bloom (see text).

correlation between 8'3C of POM and phytoplankton growth rate during bloom must
provide a firm constraint for the interpretation of sedimentary 8'*C record.

On the contrary, the temporal variation in 315N of POM during this phytoplankton
bloom was consistent with the previous reports on the temporal variation in 3°N of
POM in natural waters, both from the qualitative and quantitative viewpoints. It
could be explained principally by only one isotope discrimination process, the NO;~
uptake by phytoplankton.

In this study, however, the 313C and 8N values of dissolved carbon and nitrogen
were not measured, and the carbon dioxide system in the water was not observed
either. If we use these data, several assumptions in the mass and isotope mass
balance calculations in Table 1, 2, 3 can be cancelled, and more distinct constraints
must be provided for the magnitudes of isotope fractionations at some other carbon
and nitrogen transformation processes than uptake of DIC and NO;~ by phytoplank-
ton.

The temporal observation of 813C and 3PN of POM during the course of this
nutrient controlled phytoplankton bloom (Fig. 3) led us to classify the POM into
three phases of the bloom from an isotopic viewpoint (Fig. 10): (I) The early stage of
the phytoplankton bloom when NO,~ are still in excess in water (high 8'3C and low
31N); (I1) the late stage of the bloom when NO;~ has just been depleted (high 812 C
and high 8N); and (III) the quasi-steady state phase, a few days after the depletion
of NO;~ (low 8*C and high 8N). In phase I, rapid uptake of newly supplied NO;~
by phytoplankton (low 8'°N) supports high production rate of POC (high §'3C). In
phase II, although the NO;~ has been depleted (high 35N), the production rate of
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POC has not decreased (high §3C) and organic compounds of high C/N ratios are
being produced (Goldman, 1980; Hama et al., 1988). In phase III, quasi-steady state
balance between NH,* and PON has been established (high 8N) and the produc-
tion rate of POC has become lower (low 33C).

In addition, it is notable that the changes in §!13C and 8N of the sedimented POM
followed those in suspended POM consistently. This means that the characterization
of POM by 8'3C and 35N values, in the viewpoint of development of phytoplankton
bloom, is possible not only in suspended POM but also in sinking POM and sediment
(Altabet and Deuser, 1985; Handa et al., 1992).
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