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The Nitrogen Cycle in the Sea

Yasuo MIYAKE* and Eitaro WADA**

Abstract

The main processes of nitrogen cycle in the sea, especially in the euphotic
zone in the western North Pacific off Japan were investigated. In this area,
the concentration of ammonia, nitrite and nitrate in the euphotic zone in
summer were respectively 1-14, 0-0.4 and 0-7pg-atoms/l. The content of
ammonia in surface water was about 5ug-atoms/! and decreased with depth.
Nitrite showed maximum concentration at the layer of 50-100m depth.
Nitrate content increased with the depth showing the maximum of about
40ug-atoms/! below the oxygen minimum layer. The experiment to estimate
the order of chemical reactions in the nitrogen cycle by using marine bac-
teria was carried out. The experimental result revealed that the reactions
could be expressed as the first order reactions with the temperature de-
pendency in the exponential form. A cycle model for the kinetic processes
of nitrogen bearing reactions was presented by assuming that every reaction
concerned was of the first order. By this model the ratios of contents of
nitrite to ammonia and nitrite to nitrate were obtained as simple functions
of reaction velocities.

The comparison was done between the thoretical and observed ratios of
contents of these compounds. The vertical profile of nitrite was also dis-
cussed in view of water temperature, ammonia concentration and bacterial
activity. With respect to the oxidation process, linear relationship between
nitrate content and AQU was confirmed.

Introduction

In the geochemical study of nitrogen in the ocean, it is important to in-
‘vestigate its cycle. Many researchers (Cooper, 1937; von Brand et al., 1937,
1939; Vaccaro, 1963; Hamilton, 1964) studied on this problem along various
ways of approach. However, up to now, little attempt has been made con-
cerning quantitative evaluations for transformation of various nitrogen bearing
substances in the sea. .

In this paper, the main process in the nitrogen cycle in the sea, especially
in the euphotic zone will be described where the transformation of nitrogen
compounds is taking place actively.
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Method of observation

Sampling of water was made in the western North Pacific off Japan in
August 1964 aboard the R.V. Ryofu-maru (1,200 tons) which belongs to Japan
Meteorological Agency. The locations of the sampling are shown in Fig. 1.
In this area, the two big
oceanic currents, Oyashio
and Kuroshio, encounter.

For ammonia determi-
nation, non-filtered samples
were collected in 100 m/ oxy-
gen bottles. The bottles
were covered with polyeth-
ylene sheets and stored in
a freezer on a ship. The
samples were used later to
determine ammonia in the
laboratory on land.

Ammonia was expelled
from sea water by air distil-
lation at pH 12 and was 'absorbed in 0.1 N sulfuric acid followed by colori-
metry with Nessler’s reagent.

Nitrite and nitrate were determined aboard the ship within an hour after
sampling with the methods of Barnes and Folkard (1951) and Mullin and Riley
(1955) respectively.
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Fig. 1. The locations for sampling.

Result of analysis

Analytical results are given in Table 1. The range in concentration of
each form of inorganic nitrogen in sea water is as follows:

. nitrate-N; 0.0-40pg-atoms/!
nitrite-N ; 0.00-0.4pug-atoms/!
ammonia-N ; 0.0-14ug-atoms/!

A brief note on each nitrogen compound is given below.

Ammonia

The vertical distribution of ammonia is shown in Fig. 2. Average ammonia
contents at the layer of 0-50 m, 50-1,000 m and 1,000-4,000 m in this region are
5, 25 and 0.5ug-atoms/l. In the air distillation method of ammonia determi-
nation, the analytical value may include not only free ammonia but also a part
of weakly bound amide such as hexosamine.
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Table 1. Vertical distribution of nitrogenous compounds at C stations.

Depth  Temp. NHf | wo; | oy NO7 NO;
m °C ug-atoms/! NOg NH{
St.C-1 - ! i I -
0 - 269 9.2 | 0.036 I 1.35 | 0,027 0. 0039
10 23.9 7.8 i 0.024 0.70 0. 034 0. 0031
20 22.3 0.0 | 0021 | 000
30 200 0.0 0.036 | 015 0.24
50 . 181 11.2 0.380 |, 6.50 0. 058 0. 034
5 . 16.4 3.0 . 0125 | 7.65 0.016 0. 042
100 . 144 22 1 015 | 540 0. 023 0. 057
St. C-2 ! ‘
0 . 27.0 3.8 0. 006 0.35 0.017 0. 0016
10 ' 266 6.9 0. 006 0.15 0. 040 0. 0009
20 | 255 0.8 0.036 0.55 0. 065 0. 045
30 212 5.6 0.012 0. 00 0. 0021
9 ' 164 13.9 0.018 0.15 0.12 0. 0013
74\ 14.0 12.1 0.278 7.35 0.038 0.023
9 | 12.4 1.5 0.108 9.85 0.011 0. 072
St. C-3
0 25.0 0.0 0.005 0.35 0.015 0.026
10 24.1 0.9 0. 024 0.45 0. 053 0.027
20 17.6 _ 0. 024 0.15 | 0.16 —
29 i 153 3.8 0.128 0. 00 0.034
8 | 125 2.1 0.100 3.73 0. 027 0.048
72 11.5 1.6 0.078 9,85 0. 008 0. 049
97 i 9.3 2.6 0.024 7.70 0. 003 0. 092
St.C-4 |
0 ! 25.9 0.020 1.15 0.017
10 ! 257 0. 000 0.0
21 21.3 0.043 0.0
31 | 19.2 0.035 0.0
52 16.6 0. 230 5.5 0.042
77 15.1 0.088 10.3 | 0008
103 12.2 0. 072 87 i 0008 |
St. C-5 P
0 ., 27.6 4.8 0.008 0.65 ' 0.012 0. 0017
10 27.1 2.6 0.00 0.15
20 27.0 9.8 i 0.016 0.00 | 0. 0016
30 24.2 — . 0.008 0.50 | 0.016 —
50 20.1 5.1 | 0.016 0.65 | 0.025 0. 0031
75 i 169 57 ' 0.053 0.80 | 0.066 | 0.0093
100 | 14.6 2.7 ; 0.016 ;| 4.8 0.003 | 0.0059

Recently, Sagi (1966) presented smaller values of 0.0-1.0p4g-atoms/! of am-
monia at the depth below 100 m in the same region. He used phenol, sodium
hypochlorite and nitroprusside as reagents. The discrepancy in analytical
results may be due to the difference in the methods.

However, “ ammonia ” obtained by the air distillation method may also be
useful in considering the oxidation process of nitrogen.

Nitrite
It is known that the concentration of nitrite shows maximum at a certain
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depth in shallow layers where a steep density gradient is observed. (Rakestraw,
1936). In our observation, though depths are a little different from area to
area, the nitrite maximal layers are generally discovered in the range between
50 to 100 m depth at every location (Fig. 3).

Nitrate
In the sea nitrate is the most abundant nitrogen compound among others.

Its occurrence is closely related to other nutrients, phosphate, silicate and dis-
solved oxygen. The concentration of nitrate increases with the depth and the
maximum concentration is usually found just below the oxygen minimum. In
Fig. 4 the vertical distribution of nitrate is shown.

‘The experiment to estimate the order of chemical reactions involved in the
nitrogen cycle

Grill (1951) reported that the decomposition reaction of organic nitrogen to
:ammonia was regarded as the pseudo-first order reaction. An attempt to esti-
mate the order of reactions of the oxidation processes has been carried out in
our laboratory by using marine bacteria, nitrite and nitrate formers, which
<convert ammonia to nitrite, and nitrite to nitrate respectively.

The bacteria had been collected by Dr. Kawai in the Maizuru Bay on the
«coast of the Japan Sea. The composition of the media for bacteria culture was
as follows: ammonia or nitrite, 30 mg-N/I/; NaCl, 32g/l; KH,PO, 2mg/!;
‘EDTA-Fe, 0.2mg/! and pH, 82 (with K,COy). '

It may be said that the velocity of reactions which take place in the pre-
' sence of marine bacteria, is controlled by temperature (T), salinity, pH, the
concentration of a reactant (C) and bacterial population.

According to Kimata, Kawai and Yoshida (1963), the effects of variation
in pH and salinity on the activity of bacteria are very small in the existing
range of these factors in the sea. It may be, therefore, enough to take account
-only for the effects of T, C and bacterial density on the reaction velocity.

The dependency of reaction velocity on concentration of reactant (C) was
-determined as follows. Two kinds of bacteria, nitrite and nitrate formers were
incubated in glass flasks at a constant temperature (24+1°C) and the change
with time in the nitrite concentration was observed.

When the reactions, ammonia to nitrite and nitrite to nitrate are of the
first order reactions at constant temperature and with constant activity and
«ensity of bacteria, following equations will hold.

_4dc
dt

Ce=C,ekt (2)
Cy'=Cy(l—ekt) (3)

=kC (1)
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“where, C, is a concentration of reactant at the time t=0; C; and C/ are re-
.spectively concentrations of a reactant and a reaction product at the time t;
k is a velocity constant.

In the reaction, ammonia to nitrite, concentrations of ammonia and nitrite
are respectively represented by C. and C¢/. In the reaction, nitrite to nitrate,
C. represents the nitrite concentration.

As shown in Figs. 5 and 6, the variations with time in nitrite concentration.
in-two reactions, ammonia to nitrite and nitrite to nitrate, indicate that for a
certain length of time these reactions may be regarded roughly as the first
order reactions with different values of rate constants k.

NO;—NO; 24 £1°C
NH,—NO; 2421 T
10 o
10
' % i IH
* ° 2 '
0l % - 01 N .
0 100 200 300 0 00 200
Incubation time (hours)
Incubation time ( hours)
Fig. 5. Relation between the oxi- Fig. 6. Relation between the oxi-
dation of ammonia to nitrite by nitrite dation of nitrite to nitrite by nitrite
former and incubation time. former and incubation time.

The above result of experiment suggests that the biochemical reactions im
the sea in which alterations of inorganic nitrogen compounds take place may
pe regarded also as the first order reactions.

According to Kimura et al. (1963), the effect of temperature on the reaction
velocity in the biochemical reaction, ammonia to nitrite, can be expressed as:
follows.

—E—ker @

where C is the concentration of ammonia, k/ and a are constants, T is the
temperature in the range from 0°C to 30°C.

By combining the equations 1 and 4, the next equation which expresses the-
relationships between the reaction velocity, concentration and temperature can

be deduced.

5y e 5

where A is a constant for a given activity and density of bacteria.

B e i R A Rk R AR I A o NP
R TIL PR LA CEE RIS TR S B O
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The cycle of nitrogen compounds in the sea

In order to explain the distribution of inorganic nitrogen compounds in the
sea, a following cyclic model for the kinetic processes of reactions is presented.

K, K, K,
Org.-N — NH}{ — NO; — NOj

Ik & x|

In the above diagram, K is a rate constant for an individual step of the cycle.
The reactions associated with biological actions are assumed to be irreversible.

In a closed system, the change with time in concentration of each nitrogen
compound is expressed as follows.

d(Org.-N)

22) =K,(N—Org.-N)—K;(Org.-N) ®)
AT) K, (Org.-N)— (K, +K.) (NHS) ™
9(%‘%’~=K2<NH4+)—(K5+K,,)(No;) ®)
B2, = K,(NO7) —K,(NO7) ©
(Org.~N)+(NH}) + (NO7) -+ (NO;) =N (10

At the steady state, the concentration of each form of nitrogen compound

can be given as a function of each reaction velocity constant and the total
concentration of nitrogen (N) as follows.

(Oré.—N):E—K_T_FKI— ‘N 1)
NHY =g KRy N 12
NOD = Ry KPR iy N -
N0 = RR KA ey R N a4

From above equations, the following simple equations can be deduced by
taking the ratio of a pair out of the four components.

(NHf) _ K

(Org~N) = K, +K; (15)
{NER= KgK- 16)
(NOD)

(NO7) = n
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Disqussion on the observed res_ults in the sea

In the area studied, the concentration of ammonia, nitrite and nitrate in
the euphotic zone in summer are respectively 1-14, 0-0.4 and 0-7pg-atoms/L.
The vertical distribution of the ratios, nitrite to ammonia and nitrite to nitrate
and occurrence of the nitrite maximum in the euphotic zone will be discussed

below.

Nitrite to ammonia ratio
Eq. 16 which gives the ratio of nitrite to ammonia concentration can be

modified as follows.

NO7) _ K, 1 ‘
(NED K, K K (18)
K: K,

where K,/K, is equal to NO;/NOj (Eq. 17) which ranges from 0.01 to 0.2 and
K,/K, is considered to be arround 1 or smaller than 1.
Eq. 18 can be, therefore, simplified as follows.

=K )

where K, and K, are rate constants of the reactions, ammonia to nitrite and

nitrite to nitrate.
As mentioned above, K, and K; can be expressed as follows.

K.=A exp - aT (20)
K,=B exp - 8T (21)
From the equations (20) and (21), the next equation is deduced.
(NO7) _ 108 4 (o
In- (NED =In B +(a—p)T (22)

In the above equation, (a—p) is derived from the difference in temperature
dependency of K, and K, and A and B may include various biological factors
in which a population and activity of bacteria may be predominant. A constant
« is 0.10 according to the study by Kimata et al. (1963).

In Fig. 7, vertical variation of the ratio of nitrite to ammonia versus sea
water temperature is given. In Fig. 8, relations of log(NO7/NHY) and water
temperature are shown. As shown in Fig. 8, the relation between log(NO;z/
NH;) and temperature is approximately linear and a constant value of (a—p)
of about —0.15 (8 of 0.25) can be obtained.

By using the values of (@—p) of —0.15and the ratio of nitrite to ammonia,
the relation between water temperature and A/B, which is expressed in the
relative values to the surface value at the station C-1 can be obtained. The
results show that the values of A/B can be roughly classified into two groups,
0.5 and 3.5 respectively for higher and lower temperatures. The ratio A/B is

RIS
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considered to be related to the ratio of Gg) g
population and activity of nitrite and 307 ! 2 i 4 5

nitrate formers at each station.

Further studies are needed concern-
ing the physico-chemical meanings of A
and B or A/B, in other words, concern-
ing the relations between reaction veloc-
ity of oxidation reactions for nitrite and
nitrate formation and biochemical, cata-
lytic activities.

Temp. (*°C)

Vertical profile of nitrite concentration . .
. Fig. 7. The variation of the
in the sea . . .
. L ratio of nitrite to ammonia versus

As mentioned above, nitrite shows sea water temperature.
the maximum value in its concentration
from 50 to 100 m depth. The nitrite concentration is controlled by three factors
as given in Eq. (22), i.e., A/B, ammonia concentration and water temperature.

x10°

log NOz.
°9°NHE
(-]
]
[+]
o
Q

30 20 10
Temp. (°C)

Fig. 8. Log (NOz/NH}) versus sea water temperature.

When both the ratio A/B and ammonia concentration do not much vary verti-
cally, there is no appreciable maximum in nitrite concentration. The nitrite
profile at the station C-5 illustrates the above case. When values of A/B are
different between the higher and lower temperature layers and the accumula-
tion of ammonia occurs at a certain depth, a remarkable nitrite maximum
appears by the effect of three factors. The nitrite profile at the stations C-1,
2 and 4 is regarded to be the latter case.

Nitrite to nitrate ratio

The ratio nitrite to nitrate concentration in the euphotic zone can be ex-
plained by Eq. 17 as follows.

K, in Eq. 17 might be proportional to the rate of the primary production.
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The rate of primary production in regard to nitrogen can be expressed as rM,
where M is a biomass and r is a function of temperature and light intensity.
When the change in a biomass, M, is small throughout the euphotic zone and
the concentration of nitrate in the same zone is also very small, it may be
plausible to assume that the rate of the primary production is approximately
proportional to nitrate concentration. The vertical variation of the primary
productivity in the Kuroshio region was given by Saijo et al. (1962).

K, is the rate constant in the reaction of nitrite to nitrate. If the same
type of temperature effect as in the reaction, ammonia to nitrite, is valid for
the reaction, nitrite to nitrate, K; can be expressed in the form of B exp-fT,
in which B is a constant for a given density and activity of bacteria.

Thus, Eq. 17 can be rewritten as follows.

(NOg) _ ™™
(NO;) — B exp-BT
‘To compare vertical variation of the ratio of nitrite and nitrate in the euphotic
zone at several stations, the relative values with respect to the surface value
{0.020 on an average) are used. In Eq. 23, M/B is assumed to be constant
throughout the euphotic zone. As to the vertical variation of r, the values
given by Saijo et al. (1962) are employed.
The vertical variation of exp-B8T is
5 6 calculated by using a constant 8 of 0.25
as above.
In Fig. 9, a comparison between the
observation and calculation of the verti-
cal profile of the ratio of nitrite to nitrate

(23)

::E— is given. As shown in the figure the
g calculation agrees fairly well with the
observation.
The main process of the nitrogen
bearing reactions in intermediate and
Fig. 9. The variation of the deep layers is the oxidation process.
Ztizh(’f nitrite to nitrate versus With respect to nitrate, Richards
pth.

(1965) and Sugiura et al. (1964) gave the
relation between nitrate concentration (zg-atoms/l) and apparent oxygen utili-
- zation (A.O.U. ml/l) as follows:

(NO7 )observea=5 A. O. U.4-(NOg)preserved (24)

In Fig. 10, the relation between nitrate concentration and A. Q. U. is shown in
which a solid line is given by Eq. 24.

The concentrations of both nitrite and ammonia are very low in these
layers. The observed ratios of nitrite to ammonia were 0.005 to 0.015 in the
temperature range from 13 to 3°C. If the equation (22) holds in these layers,
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Fig. 10. Relation between nitrite and A. Q.U at D station.

nitrite to ammonia ratio should increase with depth. However, in these layers,
little correlation between observed ratios and sea water temperature was found.

Generally, a few nitrite maximum layers are found in the sea. In the
region near the station D, two nitrite maximum layers are found at the depth
of around 50 m and 700 m. The occurrence of deeper maximum may also be
mainly due to the vertical variation of the concentration of ammonia and the
factor (A/B) as explained in the case for the euphotic zone.
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