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The Distribution of Iron and Aluminum in Sea Water of the Japan
Sea and its Oceanographical Significance

— (2) The Relation of the Japan Sea with the East China Sea
and the Okhotsk Sea

Yoshio Suciura and Katsumi YAMAMOTO

Abstract: Taking both concentrations of iron and aluminum with chlorinity into ac-

count, the following points have been pointed out:

(1) The surface water of the northern side of the Japan Sea is a (1:1) mixture of
Okhotsk water and Tsushima warm current water.

(2) The Tsushima warm current water is not the same as the Kuroshio water occupying
the sea area south of the Kyushu Island, but that influenced by the continental run-off at

or around the Tsushima Straits.
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Fig, 1. The location of stations in the Okhotsk
Sea. A figure aside each station shows the
depth in meters.
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Fig. 2.
graphy in the East China Sea.
aside station shows the depth in meters. A
figure aside each isobath shows the depth in

The location of stations and the topo-
A figure

meters.

Table 1. Averages and standard deviations of Al and Fe concentrations in sea water of the
southern part of the Okhoisk Sea.
Layer Surface Intermediate Deep
Depth (m) <200 200~ 500 >500
Al pg /1 22.8+ 9.02(33)" 23.7+ 6.92(18) 20.9+5.61 (35)
Fe, pg /! 23.4413.90(33) 19.0+:10.63 (18) 17.85.46(35)

* Figures in parentheses show number of samples.

(2)
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Fig. 3. The vertical distribution of iron and
aluminum above the bottom on the A-line in

the East China Sea.
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Fig. 4. The vertical distribution of iron and

aluminum above the bottom sn the C-line in
the East China Sea.
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Fig. 5. The vertical distribution of iron and

aluminum above the bottom on the E-line in
the East China Sea.
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Table 2. Frequency of occurrence of water having the concentration within each range for
waters occupying within and beyond 50 m above the bottom. In the case of the
depth beyond 200 m, the layer shallower than the depth of 200 m from the surface is
only considered.

Conc’n range Within 50 m above the bottom Beyond 50 m above the bottom Southern
Al or Fe side of
pe/l Cl>19.0% Cl < 19.0%, Cl >19.0%, Cl<19.0% Japan Sea
Al
0— 10 0 0 0 7 0
10— 20 3 7 21 32 23
20— 30 11 5 16 8 40
30— 40 3 3 2 3 14
40-- 50 1 2 0 0 8
50— 60 2 0 0 0 4
60— 70 1 1 0 0 2
70— 80 1 0 0 0 0
80— 90 0 4 0 0 1
90—100 0 3 0 1 3
100--150 0 5 0 0 10
150—200 0 1 1 0 3
>200 1 2 0 1 1
Total 23 33 40 52 109
Average, pg/l 31.1 60.4 27.9 17.5 45.8
Standard deviation 16.33 45.02 27.07 12.44 42.07
Fe
0— 10 0 2 5 17 24
10— 20 8 4 22 24 44
20—~ 30 7 1 8 5 13
30— 40 1 4 3 1 9
40— 50 2 3 1 1 6
50— 60 1 0 0 2 2
60~ 70 0 2 0 1 2
70 - 80 1 0 0 0 1
80— 90 0 0 0 0 3
90—100 1 3 0 0 2
100—150 1 6 0 0 5
150—200 0 1 0 0 0
> 200 1 3 1 1 1
Total 23 29 40 52 112
Average, pg|l 32.0 80.8 22.0 16.2 29.5
Standard deviation 26.68 84.38 29.26 12.74 33.44

¥ AEFOKIZ, Hich b REW ORI REEREK T, AREOREEM L LCE, BEL 50m &
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On the Oxygen Consumption Accomanying the Biochemical
Decomposition and Oxidation of Nitrogenous Organic
Matter in Sea Water*

Keinosuke MOTOHASHI** and Chikayoshi MATSUDAIRA**

Abstract: The oxygen consumption accompanying the biochemical decomposition and
oxidation of the diatom Skeletonema costatum which was chosen as a source of nitrogenous
organic matter in sea water has been reproduced experimentally in the dark at both tempera-
tures of 20°C and 30°C.

The biochemical decomposition of particulate-nitrogen in sea water was commenced im-
mediately after the storage in the dark. The amount of 60 to 70 per cent of it was easily
decomposed and the residual fractions were hard to be affected by biochemical decomposition.
Ammonium-nitrogen appeared in water rapidly at the beginning of the biochemical decomposi-
tion of particulate-nitrogen, and its concentration reached the maximum when the biochemical
decomposition of particulate-nitrogen almost finished. The time lag in the oxidation of
ammonia to nitrite and finally nitrate was apparently recognized among both temperatures
and the total duration of the different forms of nitrogen appeared by biochemical decompo-
sition and oxidation of nitrogenous organic matter differed at both temperatures.

A period of oxygen consumption accompanying biochemical decomposition and oxidation
of nitrogenous organic matter was subdivided into two phases: an exponential phase and a
linear phase. The time which shifted from an exponential phase to a linear phase corresponded
just to the maximum concentration of ammonia and/or the end of the biochemical decompo-
sition of particulate-nitrogen.

Between ammonia-N, nitrite-N, and nitrate-N produced by biochemical decomposition and
oxidation of nitrogenous organic matter and oxygen consumption in their oxidation there was
a fair correlation, which was linear. It might be inferred from the present study that below
the euphotic zone in open ocean the biochemical oxidation of ammonia to nitrite and finally
to nitrate would be to proceed while certain constant ratios for the oxygen consumption are

kept.

1. Introduction

The nitrogenous compounds in actual sea
water exist in the following different forms such
as ammonium-nitrogen, nitrite-nitrogen, nitrate-
nitrogen, dissolved organic nitrogen, and par-
ticulate-nitrogen. These forms play an important
role as main plant nutrient in the same way as
phosphorus compounds for the primary produc-
tion in the ocean, and are also generally con-
sidered to be the limiting factor for the growth
of marine phytoplankton.

So far, the uptake of nitrogen compounds

* Received August 27, 1969
** Department of Fisheries, Faculty of Agriculture,
Tohoku University

from sea water by diatom and the regeneration
from nitrogenous organic matter decomposing
in sea water have been studied by several groups
of researchers. COOPER (1937) discussed in
detail the nitrogen cycle in the sea using the
thermodynamics extensively. Based on this
classical contribution, VON BRAND e? al. reported
a series of heroic researches concerning biochemi-
cal decomposition and regeneration of nitrogenous
organic matter in sea water in the second half of
1930 and in the first half of 1940 (VON BRAND
et al., 1937, 1939, 1940, 1941 and 1942). These
same authors have reproduced the nitrogen cycle
experimentally and classified it into the main
stages according to the following scheme: living
organism-dead organism-ammonia-nitrite-nitrate

C6)
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-living organism.

Recently several works on such biochemical
decomposition ard regeneration of nitrogenous
compounds were carried out, in vitro, by GRILL
and RICHARDS (1963) and KAMATANI (1968).
Most of them have dealt under an experimental
condition of high organic nitrogen concentrations
which is far different from the natural sea
On the other hand,
chemical decompesition and

water. concerning bio-
regeneration of
nitrogenous compounds #n situ we may refer to
the following contributions by HARRIS (1959)
in the Long Island Sound Water, VACCARO and
RYTHER (1960), VACCARO (1963) in the
Atlantic off New England, and HAMILTON
(1964). From the above works the oxidation
of ammonia to nitrite and finally to nitrate was
expected to be caused by the following three
factors; (1) photochemical oxidation, which is
limited at the sea surface, (2) biochemical oxi-
dation in the presence of dissolved oxygen and
(3) bacterial activity.
decomposition and regeneration of nitrogenous
compounds in sea water are proceeded maily
under combined processes of biochemical oxidation

On the whole, bicchemical

and bacterial activity in the presence of dis-
solved oxygen. Therefore, the information as
to the correlation between oxygen consumption
and nutrient regeneration from orgrnic matter
decomposing in sea water has an important
meaning on the explanation of the relation be-
tween biochemical activity and relative compo-
sition of nutrients in the ocean. Furthermore,
this correlation is becoming important for many
theoretical and applied problems in the estima-
tion of primary production and in investigation
of the distribution of oxygen in the ocean.
Nevertheless, several groups of researchers up to
the present have dealt only with the compre-
regeneration from organic

hensive nutrient

matter decomposing in sea water. Therc have
been very few contributions which have dealt
with the oxygen consumption as a result of
decomposition and oxidation of
organic matter up to the present with the ex-

biochemical

ception of observations by the present authors
(1969a, ’69b, and ’69c¢), which have dealt with
some works on the oxygen consumption accom-
panying the biochemical oxidation of phosphorous

compounds in sea water.

In the present paper the authors deal first
with the rate and extent of the regeneration of
different forms of nitrogen from phytoplankton
decompesing in sea water at different tempera-
tures and next obtain the correlation between
different forms of nitrogen and oxygen con-
sumption accompanying the biochemical oxida-
tion thereof.

2. Experimental procedure

The sea water used in this experiment was
collected from Yoshida-Hama, Miyagi Prefecture
where relatively uncontaminated sea water could
be obtained, and brought into the laboratory.
It was filtered through commercial cotton, and
the nutrients were added to it at the concent-
ration of 150 pg PO-P, 1,050 p#g NOs-N, 1,500
pg SiOs-Si, and 0.5 pg vitamin By, per liter.
Sterilization was achieved in the autoclave for
an hour at ca. 100°C. After cooling at a room
the artificial culture of diatom
(Greville) Cleve was
chosen as a source of nitrogenous organic matter,
which was inoculated in the above sterilized
medium. The sample was exposed to daylight-
type fluorescent lamp that gave a total illumi-
nation of about 10,000 lux. The detailed pro-
cedure of diatom culture has been described in
the previous reports (MOTOHASHI and MATSU-
DAIRA, 1969a, ’69b). When the inorganic
phosphate concentration in medium was reduced
to a trace after inoculation, it was put aside for
several days. The light was thereafter removed
and the sample was diluted with non-sterilized
and filtered sea water as the same as used in
the above medium. The diluted sample was
bubbled with oxygen gas for a while, and then
the diluted mother sample was siphoned into
glass-stoppered oxygen bottles.

temperature,
Skeletonema costatum

The particulate-nitrogen, ammonia-nitrogen,
nitrite-nitrogen, nitrate-nitrogen, and dissolved
oxygen of the first two bottles filled with sub-
sample and the last two bottles were determined
These were used for the purpose of
showing the initial concentration of the remain-

at once.

ing oxygen bottles of subsamples. The re-
maining subsamples placed in separate dark
rooms kept at 20°C and 30°C and covered with

C7)
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sheets of black polyethylen.

After the storage in the dark, individual four
bottles of subsample in both temperatures of
30°C and 20°C were withdrawn at certain inter-
vals and used for the determination of dissolved
oxygen and different forms of nitrogen in dupli-
cate. Analyses for nitrite and nitrate were
made on filtered water that passed through a
type HA Millipore (Millipore Filter Corp., Bed-
ford, Mass.) with a 0.45-¢ pore size, and analysis
for particulate nitrogen was made on filtered
water. Analysis for ammonia was made on
unfiltered water. The subsamples collected in
the experiment after darkening were frozen
and stored until a convenient numbers had been
collected for analysis with the exception of the
sample of dissolved oxygen.

Dissolved oxygen was determined by the
Winkler methed described by THOMPSON and
ROBINSON (1939). Ammonia was determined
using Nessler's reagent improved by Winkler
after distillation of ammonia in sample with
strong alkali, advan-
tage to prevent the precipitation of calcium
hydroxide and magnesium hydroxide formed by
the addition of Nessler’s reagent reacting with
magnesium ion and calcium ion in sea water
sample.

in which there is an

Particulate-nitrogen was determined by
a micro-Kjeldahl method. The particulate sam-
ple was digested for 3-4 hours with two m/
concentrated sulfuric acid and 5mg of catalyst
mixtures prepared by grinding together potassium
sulfate, cupric sulfate, and powdered selenium.
After cooling, the digested sample is placed in
25-m/ calibrated flask filled with ammonia-free
water, and then the ammonium-nitrogen con-
tained in the sample was determined by a
steam-distillation method described above.
Nitrite-nitrogen was determined by the method
of BENDSCHNEIDER and ROBINSON (1952), in
which the nitrite was diazotized with sulphanila-
mide, and then coupled with N-(1-naphtyl)-
ethylenediamine to produce a deep red colour.
Nitrate-nitrogen was determined by the method
of WoOD et al. (1967). The sample was treated
with tetrascdium ethylenediamine tetraacetate
solution and passed through a column of cop-
perized cadmium fillings. By this treatment,
nearly quantitive reduction of nitrate to nitrite

La mer, Tome 7, N° 4 (1969)

resulted. The reduced nitrite-nitrogen was de-
termined by the diazotization method described
above. The nitrate-nitrogen value was obtained
by subtracting nitrite-nitrogen in the water be-
fore the reduction.

3. Results and discussion

1.  Particulate-nitrogen

The biochemical decomposition of particulate-
nitrogen in stored sea water was commenced
immediately after the storage in the dark at
30°C. During the first thirty days, about 75 per
cent of the particulate-nitrogen present at the
beginning of this experiment was decomposed in
an exponential curve.

From thirty to forty-four
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~ X
{11300t "
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o Py f«mmonia\‘\ /X/
Gooor \ pr
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Fig. 1.
by the biochemical decomposition and oxidation
of the diatom Sk. costatum in the dark at 30°C.

The different forms of nitrogen produced

Table 1.
and the different forms of nitrogen produced

Concentrations of the dissolved oxygen

by the biochemical decomposition and oxidation
of the diatom Sk. costatum in the dark at 30°C.

Time, Diolved NH,N NO, N NO-N Particulaie
days oo (ee/D (eg/D (ee/D (L 0n
0 6.00 135 1.5 49.3 410
5] 6.70 162 3.0 48.2 393
8 6. 25 200 2.6 93.5 340
14 6.16 243 1.7 51.3 198
19 5.91 261 4.5 52.8 144
24 5.76 263 6.8 51.0 121
29 5.67 261 17.8 66.5 101
34 5.49 243 43.2 61.3 98
44 5.952 121 100.1 67.3 98
58 5.04 o7 210.3 78. 4 —
62 5.06 57 208. 4 80.8 —
72 4.84 — 150.6  136.1 —
86 4.63 — 39.2  243.3 —
101 4.48 - 10.1  301.9 —
113 4.29 — - — —
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Fig. 2. The different forms of nitrogen produced
by the biochemical decomposition and oxidation
of the diatom Sk. costatum in the dark at 20°C.

Table 2. Concentrations of the dissolved oxygen
and the different forms of nitrogen produced
by the biochemical decomposition and oxida-
tion of the diatom Sk. costatum in the dark at
20°C.

Time, Dissolved NHN NO&N NO;N Particulate
days  T2ED Cea/D (eg/D (ug/D P08
0 9.00 135 1.5 49.3 410
6 7.48 130 1.5 48.6 407
10 7.02 150 2.2 55.0 372
11 6. 66 180 1.7 55.3 289
22 6. 48 212 1.7 48.7 253
28 6. 36 229 2.3 48.9 200
34 6.12 228 6.7 51.0 175
40 5.99 211 17.2 52.4 164
48 5. 86 203 21.0 52.0 152
56 5.61 142 61.8 57.4 149
68 5.53 84 171.3 60. 1 148
82 5.26 - 191. 4 70.3 —
95 4.92 — 112.7 83.7 -
110 4.83 - 58.1  119.4 —
124 4.70 — 3.3 179.7 —

days, the biochemical decomposition of particulate-
nitrogen was not almost observed as shown Fig. 1
and Table 1. At 20°C temperature, on the other
hand, during the first thirty days only 50 per
cent of the particulate-nitrogen was decomposed.
Even on the first sixty-eight days after the storage,
the biochemical decomposition of particulate-
nitrogen was not more than 60 per cent (Fig. 2
and Table 2). Thus, rate and extent of the bio-
chemical decomposition of particulate-nitrogen
differ with each stored temperature. It is not
confirmed whether their differences are due to
differences in the bacterial flora of the water
itself or in the water temperature which might

influence the growth of bacteria, as described
by VON BRAND et al. (1939) and WAKSMAN
and CAREY (1935).

Furthermore, it seems from Figs. 1 and 2 (or
Tables 1 and 2) that some parts of plankton
constituting 30 to 40 per cent of the whole body
is very resistant to further biochemical decompo-
sition. According to Kamatani’s observation
(1968), some 70 to 80 per cent of the elementary
nitrogen composition of plankton is more easily
affected by biochemical decomposition and the
residual fractions are hard to be affected by
biochemical decomposition and oxidation. VON
BRAND et al. (1937) pointed out also that under
natural conditions in the sea the plankton is in-
completely decomposed, and a large part of the
particulate-nitrogen found in the deeper levels
may be contained in such resistant or slowly
decomposing plankton and bacterial residues.

2. Ammonium-nitrogen

As shown in Fig. 1 and Table 1, ammonia
in the water appeared rapidly and simultaneously
with the beginning of the biochemical decomposi-
tion of particulate-nitrogen in the sample after
the storage in the dark at 30°C. When the
biochemical decomposition of particulate-nitrogen
approached almost to the end which occurred on
the first twenty days after the system was
darkened, ammonia reached a maximum con-
centration of ca. 263 pg per liter. The condition
of its maximum was kept on for a period of
about ten days.
disappear gradually with the conversion of am-
The period
from the appearance of ammonia to its disappear-
ance was about sixty days.

After this, it was becoming to

monia into nitrite as time went on.

Concerning the appearance of ammonia at
20°C, on the other hand, it is an interesting
fact found in Fig. 2 and Table 2 that ammonia
did not almost appear during the first ten days
no matter when the biochemical decomposition
of particulate-nitrogen was commenced immedi-
ately after the storage in the dark. After thirty
days from the beginning of this experiment, the
ammonia reached its maximum concentration of
229 pg per liter. After this, the ammonia began
to disappear very slowly up to fifty day, and
then disapperred rapidly as time went on. How-
ever, the period from the appearance of ammonia

9
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to its disappearance was longer than about thirty
days as compared with that at 30°C.

Lastly, although the initial ammonia present
at the beginning of this experiment which had
been dispensed from the mother sample by a
syphon already contained 135 pg per liter, it is
not clear whether this excessively high concent-
ration is because the mother sample was put
aside for several days or because the sea water
diluting the culture medium contained a remark-
able amount of ammonia.

3. Nitrite-nitrogen

The appearance of nitrite began after the dis-
appearance of ammonia at both temperatures of
20°C and 30°C, as shown in Figs. 1 and 2.
Nitrite reaches its maximum when the ammonia
approaches approximately to its maximum. The
concentration of nitrite at the maximum amounts
to ca. 210 g at 30°C and ca. 190 pg at 20°C,
per liter, respectively and both their concent-
rations correspond to the reduction of about 15
per cent of each maximum concentration of
These reduction
may correspond to Spencer’s observation (1956),
where the failure of a sample of water to oxidize
ammonia to nitrite has shown to be not due to
the absence of catalytic bacteria in the water,
but rather due to the lack of suitable nutrient
conditions for the proliferation of the nitrifying
bacteria. After the maximum of nitrite at 30°C
it disappeared more rapidly with the process of
time than at 20°C. However, the period from
the maximum of nitrite to its disappearance
required the same time as that from the ap-
pearance of nitrite to its maximum in either

ammonia at both temperatures.

case. The total duration of the presence of
nitrite was about sixty days at 30°C and about
eighty days at 20°C respectively.

It is found from Figs. 1 and 2 that the time
lag in the oxidation of ammonia to nitrite at
20°C and 30°C temperature is recognized clearly
in the present experiment. VON BRAND et al.
(1939) pointed out that the time lag in the said
oxidation is apparently not due to the absence
of the necessary bacteria, but rather it may in
some way relate to the continuous aeration.
However, there is a doubt whether the observ-
ation by VON BRAND ef al. (1939) right or not.
Because in the present experiment the dissolved

oxygen content remains more than sufficient for
the biochemical oxidation of nitrogenous organic
After all, the time lag
in the oxidation of ammonia to nitrite and finally
to nitrate appears to be caused by the bacterial
activity relating to temperature.

From the above results it is found that the
total duration of the appearance of nitrite differs
with temperature, and the time taken for the
maximum of nitrite after the system was darken-
ed is a time lag of about ten days between 20°C
and 30°C. The appearance of nitrite begins
after the maximum of ammonia, and the maxi-

matter in the sample.

mum concentration of nitrite appears when the
ammonia disappears completely.
4. Nitrate-nitrogen

Nitrate at both temperatures of 30°C and 20°C
began to appear immediately after nitrite reached
each maximum concentration, and then increased
slowly in the water as time went on, as shown
in Figs. 1 and 2. This result corresponds almost
precisely to the observation by VON BRAND
et al., where the nitrate begins to appear only
when the nitrite disappears, and this never
seems to happen so long as a significant amount
However, the maximum
of nitrate seems to have no connexion with the
minimum of nitrite, although the ammonia
reaches the maximum concentration when the
biochemical decomposition of particulate-nitrogen
in sea water approaches almost to the end and
the nitrite reaches the maximum concentration

of ammonia remains.

when ammonia reaches the minimum as already
described.

It is necessary to state here that biochemical
decompositon and regeneration of nitrogenous
organic matter in sea water had been also investi-
gated experimentally by VON BRAND et «l.
(1939), GRILL and RICHARDS (1963), and
and KAMATANI (1968) under the high concent-
ration of nitrogenous organic matter as compared
These
same authors’ observations correspond almost to

with that of the present experiment.

the present one.
5. Oxygen consumption

The change of oxygen consumption accompany-
ing the biochemical oxidation of nitrogenous
organic matter at both temperatures of 20°C and

30°C is shown in Fig. 3. The rate of oxygen

(10)
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Fig. 3. Oxygen consumption accompanying the
biochemical decomposition and oxidation of the
diatom Sk. costatum in the dark at both temper-
atures of 20°C and 30°C.

consumption is promoted with increasing tem-
perature, and the extent of it increases ex-
ponentially during the first twenty days at
30°C and/or during the first thirty days at
20°C, respectively.  After this, the oxygen
consumption at both
gradually in linear curve until the end of each
The total amount of oxygen con-

sumption is nearly 4.50 m/ per liter at both

temperatures increases
experiment.

temperatures, although the periods of both ex-
periments after the system was darkened differ.
The further detailed description of oxygen con-
sumption is omitted here, because rate and
extent of oxygen consumption are influenced by
the relative amount of oxygen-consuming organic
matter to the dissolved oxygen content in sea
water as in other reports by the present authors
(1969a and ’69b).

An interesting fact found from Fig. 3 is that
the period of oxygen consumption is subdivided
into two phases; that is, an exponential phase
and a linear phase.
exponential phase to a linear phase corresponds

The time shifting from an

just to the maximum concentration of ammonia
or the end of the biochemical decomposition of
particulate-nitrogen. After all, it may be implied
that during the exponential phase the oxygen
consumption is caused largely by the respiration
accompanying the increase of bacterial population
as in the report by WAKSMAN and CAREY
(1935), where the rapid oxygen consumption
during the first decomposing stage of organic
matter is due to the proliferation of planktonic
bacteria.
at the linear phase on the other hand it may

Concerning the oxygen consumption

be implied that the biota in a sample is becoming
essentially constant, from the point of veiw that

the extent of oxygen consumption is considerably
little no matter when the residual dissolved ox-
ygen exists more than sufficient in subsample of
oxygen bottles. Namely, it is assumed that the
oxygen consumption during the linear phase is
almost used for the biochemical oxidation of
ammonia to nitrite and finally to nitrate. This
detailed discussion will be described later.
6. Different forms of nitrogen-oxygen

consumption relation

The plot of the different forms of nitrogen
which appeared in biocchemical decomposition and
regeneration of nitrogenous organic matter or
disappeared in the biochemical oxidation of its
decomposition products to the oxygen consump-
tion at both temperatures of 30°C and 20°C is
shown in Figs. 4 and 5, respectively. The solid
lines show the correlation between oxygen con-

o
: !
iy ]
2 OO B ;X o I' ¢
~ ; 7
i / i
) X H /‘
: P
a 1 OO [ o”,' (/’
3 I
L. !
g . of
3 /
I
%50 300 400 500

(OXYGEN CONSUMPTION, ml/Liter)

Fig. 4. Relation between the oxygen consump-
tion and the different forms of nitrogen at 30°C.
Solid line indicates the correlation between the
oxygen consumption and the ammonia (x)
appeared by the biochemical decomposition of
particulate-nitrogen. Dotted line indicates the
correlation between the oxygen consumption
and the nitrite (@) appeared by the biochemi-
cal oxidation of ammonia (simultaneously plots
the concentration of ammonia (x) disappeared
by the biochemical oxidation of ammonia to
nitrite). Dashed line indicates the correlation
between the oxygen consumption and the nitrate
(O) appeared by the biochemical oxidation of
nitrite (simultaneously plots the concentration
of nitrite (@) disappeared by the biochemical
oxidation of nitrite to nitrate). The concent-
ration of oxygen consumption is computed from
the initial dissolved oxygen at the beginning
experiment.
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Fig. 5. Relation between the oxygen consump-

tion and the different forms of nitrogen at 20°C.

Various signs are precisely the same one in
Fig. 4.

sumption and appearance of ammonium-nitrogen
caused by the biochemical decomposition of par-
ticulate-nitrogen. The dotted lines show the
correlation between oxygen consumption and
nitrite-nitrogen appeared in the biochemical ox-
idation of ammonia (simultaneously plot the
concentration of ammonia which disappeared in
the biochemical oxidation of ammonium-nitrogen
to nitrite-nitrogen). The dashed lines show the
correlation between oxygen consumption and
nitrite-nitrogen which appeared in the biochemical
oxidation of nitrate (simultaneously plot the
concentration of nitrite which disappeared in the
biochemical oxidation of nitrite-nitrogen to nitrate-
nitrogen).

Between oxygen consumption and ammonia-N,
nitrite-N, and nitrate-N produced by biochemical
decomposition and oxidation of nitrogenous
organic matter there is a fair correlation, which
is linear as shown in Figs. 4 and 5. Its linear
correlation may imply that the ratio of oxygen
consumption to the appearance of one atom
of ammonia-N, nitrite-N, and nitrate-N is
constant at various stages of biochemical de-
composition and oxidation of nitogenous organic
matter and has no relation to temperature
and/or period of experiment. In addition, the
gradient of the dashed line and that of dotted
line indicate approximately the same inclination.
It may be inferred from above facts that the
biochemical oxidation of ammonia to nitrite and
finally to nitrate accompanies a certain constant
consumption of the dissolved oxygen, while the
rate of regeneration of the different forms of
nitrogen and the rate of oxygen consumption

On the other
hand, the ratio of the oxygen consumption to
the appearance of ammonia caused by the bio-
chemical decomposition of particulate-nitrogen
(solid lines in Figs. 4 and 5) is higher as com-
pared with that of other forms of nitrogen. It
may be explained by the oxygen consumption
required for the oxidation of organic carbon in
the respiration accompanying the increment of
bacterial population at the first decomposing
process of organic matter as described in the
first decomposing process of organic matter as
described in the report ZOBELL and ANDERSON
(1936a), where there was found a much greater
increase in numbers of bacteria at the early de-
composition stage when water was stored in

indicate somewhat a time lag.

small bottles than in large bottles.

Finally, as concluding remark, it seems that
the present experimental results can be applied
for nitrogen cycle and oxygen consumption
accompanying the biochemical
nitrogenous organic matter in the ocean. Be-
cause, in general, it is known from ZoBell and
Anderson’s observation (1936b) that greatest
numbers of marine bacteria have been found in
the coastal sea and in the euphotic zone of open
ocean, but this phenomenon is not almost
observed below the euphotic zone. It may be
thereby considered that the oxidation of am-
monia to nitrite and finally to nitrate will pro-
ceeds while certain constant ratios for the oxygen
consumption are kept, regardless of depth below
the euphotic zone in the open ocean. In fact,
REDFIELD (1934) pointed out statistically that
the correlation between concentration of nitrate
and amount of oxygen utilized in waters of
Western Atlantic Ocean indicates a linear.

oxidation of
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An Energy Consideration on the Formation of Foam in Sea Water*
—The Production of a Bubble by Faliing Drop Method and its Energy Consideration—

Tomosaburo ABE** and Nobuo MORITANI**

Abstract: When the rain drop falls onto the water surface, a bubble, sometimes, is formed

on there on; whence, we try to have a drop of sea water, generated at the tip of a nozzle

and fallen slowly onto the water surface of the tank filled with sea water. From this ex-

periment, it is found that a bubble is produced when the following conditions are satisfied.
(1) The height H from the tip of a nozzle to the surface of sea water must be held a

discrete value.

(2) The mass of a drop M must be larger than a certain value.

The above mentioned results are found to be related mainly to the oscillation of the falling

drop and to the energy which the drop holds when it contacts with the surface of the sea

water. Next, in order to demonstrate the successive stages of growing bubble and jet —a
jet spurts when a bubble is not produced—photographs are taken, whence surface and potential
energies of bubble and those of jet are calculated using these photographs.

1. Introduction

Recently more interest has been taken in the
problem on bubble and foam of sea water, and
many studies have been reported concerning
decay of sea foam, its stability, stable foam,
damages due to stable masses of foam trans-
ported inland by strong winds, the relation be-
tween droplets which come from the decaying
of sea foam and salt nuclei in atmosphere which
are considered to be produced through the
bursting process of the bubbles on sea surface,
and slicks, etc.

Then, in order to consider the mechanism and
feature of the formation of foam and bubble in
the open sea and ashore, an experiment of the
production of a bubble with falling drop using
techniques of electronics is done as the funda-
mental studies.
of them.

The present paper is a report

2. Apparatus and experimental procedures
The schematic diagram of the apparatus, which
is used to for the production of a bubble by the
falling drop method, is shown in Fig. 1. This
apparatus is set in a box, whose front is made
of a sheet of glass, in order to shut out the

* Received August 2, 1969
** Department of Physics, Science University of
Tokyo

Fig. 1. Schematic diagram of the apparatus.

dust and to keep the inside of the box at a
In Fig. 1, Ty is the
upper tank and 77 lower tank and in these

constant temperature.

tanks are contained the same quantity of sea
water, respectively. The sea water in tank 77
and that in tank 7% installed outside the box,
can circulate into each other as shown in the
Fig. 1. Then, when the cock C is opened the
water in the tank 7% flows into the tank 77,
and then the sea water in tank 7 overfows
into another tank 74 installed around 77 and
as a result of this procedures the surface of the
sea water in tank 77, is cleaned.

A drop is made at the tip of the nozzle N
by pushing the pump P and then it falls onto
the surface of the sea water in tank 7. The

(14)
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height H of the tip of the nozzle over the sur-
face of the sea water in tank 77, is changeable
by setting the tank 7% on the base B which
is movable vertically, and a drop, therefore, is
able to fall from various heights.

In case, the photographs of growing stages of
bubble and jet are taken, we make use of lamp,
lens, CdS (photoconductor), delaying -circuit,
stroboscopic apparatus and camera, as described
First. as the light of the lamp
converges on the front part of the CdS through

in the following.

the lens forehand, a pulse occurs at the instant
when the drop from the nozzle is passing by
along the front part of the CdS and shuts out
the light. Next, the sign of the pulse is delayed
suitably by the work of delaying circuit and
this delayed sign of the pulse works on the
stroboscopic apparatus. In this way the photo-
graphs can be taken rather easily tc catch all
the growing stages of bubble and jet.

Diameter of the nozzle and mass of a drop
The nozzles N used i this experiment are
made of acrylite. The section of the nozzle is
shown in Fig. 2. As the nozzle is changeable,
we can vary the mass M of the falling drop
from the nozzle by means of changing the dia-

10 mm

T

htnts alatatals'

D~ — D —
Fig. 2. The sections of nozzles.
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Fig. 3. Relation between M and D. -

Table 1. The diameter of nozzle and the
mass of drop.

Diameter | Fase Off ex}friment | Mean | Devi-
(No.) ‘1 1 \ 9 ‘ 3 value | ation
mm ’ mg  mg mg| mg| mg

3.0 (1) 515 50.5| 510 51.0 = 0.5

L0 (D | 62.0| 63.0 62.0 623 %07

50 (V)& 73.0 745 73.0| 73.5| % 1.0

6.0 (VD 85.5| 8.5| 8.0 8.7| = 0.3

7.0 (VD | 98.0‘ 99.0 | 97.0| 98.0| £ 1.0

8.0 (VD l 110.0 | 113.0 ‘ 112.5 111.9  + 1.1

9.0 (IX) J 121.0 J 121.0 122.0 | 121.3 | + 0.7

9.5 (XD ‘ 113.5 % 112.0 | 129.0 | 118.0  #11.0

Note: (No.): Nozzle number
Sea water temperature: 20~22°C
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Fig. 4. Relation between M and #.
Note: The diameter of nozzle is 8.0 mm (No. VID

meter D of the nozzle. The relation between
the mass M of the drop and the diameter D of the
nozzle is shown Fig. 3 and Table 1. From Fig.
3 it follows that M is propotional to D on the
condition that the value of D is smaller than
9.5mm. Therefore, in the following experiment
nozzles having diameters 5.0 to 9.5 mm are used.
From Table 1 it is observed that the fluctuation
of each M produced by the nozzle having the
same diameter is fairly small. Next, the relation
between the temperature 6 and the mass M of
the drop which falls from the nozzle—the dia-
meter of the nozzle is 8.0 mm (Nozzle number
VII)—is shown in Fig. 4. From the Fig. 4
it is found that the change in mass M is of
considerable value for the moderate change of
temperature §. The drop, therefore, must be
kept at a constant temperature as possible,
throughout the whole stages of the experiment.
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3. Results and discussions

A drop of the sea water made at the tip of
the nozzle falls onto the surface of the sea water
in the the tank 77 from every conceivable
height H which is the distance from the tip of

a nozzle to the surface of the sea water and

produces a bubble, whose life time is always

less than 1 second, on the sea water surface at
the definite height. The relation between height

H, (n=2, 3, 4) where a bubble is produced and

each mass of drop M, and the provability of the

production of a bubble at the height H,, are
shown in Table 2 and Fig. 5. On examining
these data, following results are obtained.

(1) A bubble is produced at the discrete
values of the height (That is; at H,=FH,,
H;, H,) angainst each mass M of drops.

(2) 'The value of the height H, becomes larger
in proportion to the mass M of the drop.

(3) The heigher the H, grows, the wider
tends to become the range where a bubble
is produced.

(4) When the value of M is smaller than
60 mg, it becomes more difficult for the
drop to produce a bubble. When the
value is 50 mg, the bubble is not produced
at any height.

(5) The heigher H, grows, the more difficult
tends to become to produce a bubble, and
at the height where H is more than Hj
a bubble is seldom produced.

Hence, in order to take these interesting results

into consideration stroboscopic photographs of a

20F Ha 1
£ 15} E
o
. Hs
[
5 10} |
]
T H,

5F / J

o ) )

Q 50 100 150
MASS ,mg

Fig. 5. Relation between H and M.

Note: H, Hs and Hy are the discrete height
at which a bubble is produced.

Table 2. Results of the experiment,

M [ TP M ‘ P
(mg) | T (Hem o) | (mgy | He [Hem (g
i | |

527 H, | — \—- 86.1 | Hi @ 14.40 40
| H | — | — | | 14:55 40
| Ho | — | —|}——f—————
== 992 He | o528 100
58.3 | Hp — | — ; | 5.49 100
| ——— — | 5.55 100

| Hs | 5.70 20 | 5
| | 5.85 100 I e
| 600100 ) Hs | 10.35 10
i ! ‘ \ | 10.5¢ 80
CHe | | 110.68] 50
643 M — |- CH 1.5 %
T | 16.50 80
| Hs  6.00 20 J | 16. 65 100
; 6.15 100 : | 16. 80/ 100
; 6.30 60 | | 16.95/ 40
‘ 6.45 20 —
T | 12,6 H. | 6.00 80
H, | 10.35 40 1 | 6.15) 100
‘ 110.50 0 | 6.20 100
i 1 10.65 20 | 6.45 40
| o —i —
76.8 | H» 3.60 100 Hs'  11.85 20
R e 12.00] 30
| H, 6.60 80| = —— i
| 6.75 40 H,  19.200 20
e e | 19.35 40
H,  10.95 60 | 19.501 100
| 11.10 80 19.65 80
| 1125 40 | 19.80 20
7350 L 3.90 40| 121.5 L | 6.60 100
! | 4.05 100 - 6.75 100
4.20. 20 6.90 100
SR [ S 7.05 20
H;  7.50 100 [ e
7.65 100 CHe 12 90| 30
7.85 40 | | 13.05/ 70
PR S S | 13.20, 50
. Hy 12,00 20 | 13.35 30
i 12,15 30 " |
e My | 20.25 30
8.1 H, 4.50 70 | | 20.40, 60
| | 4.65! 100 ‘ 20.55 100
4.80 80 20,70/ 40
R A | 20.85 40
Hy | 9.00 100 21,00 40
| | 9.15 50 | 21.15/ 60
1 \‘ 9.30 20 | - 21.300 60

Note: Sea water temperature 20~22°C
Where H, is the height and P is the probability
when a drop produces a bubble.
falling drop are taken (Fig. 6). From the Fig.
6 it is found that the falling drop is remarkably
oscillating about its own spherical form and a
bubble is produced only when the drop has a
vertically long ellipsoidal shape at the instant
when it contacts with the surface. Considering
such a fact, the results (1), (2) and (3) will

(16)
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®=3.00 X10%¢/sec ®=2.66X10%c/sec
M=73.5mg M=121 mg

Fig. 6. The feature of a falling drop

by stroboscopic methad.
Note: ®: frequency of stroboscope
M: mass of drop.

At the heights H;, where
the drop takes a vertically long ellipsoidal form,
however, a bubble is not produced (see Fig. 6).
It seems that the potential energy of the drop
which falls from the height H, is too small for
the drop to break into the surface of sea water
and to produce a bubble. The result (4) is to
be explained as described in the following.
When the mass of a drop M is smaller than a
certain value—that is; its volume becomes much
smaller—the influence of the surface tension of
the drop is so marked that the drop cannot
oscillate to great degree about the spherical
form, and the damping of the oscillation will
be increased. Then the falling drop cannot
take the favorable form for the bubble production
—that is, a vertically long ellipsoidal form.
Moreover, it will be caused by another reason
that the potential energy of the drop is too small
for the drop to produce a bubble. The result
of (5)—that is; it becomes more difficult to
prcduce a bubble at the heigher position—may
be partly caused by the damping of the falling
drop.

be explained easily.

4. Consideration of the relation between H,
and M
The relation between H, and M is to be dis-

cussed in consideration of the fact that a falling
drop oscillates. The frequency and descending
distance of an oscillating drop are expressed by
the following equations neglecting the resistance

of the air;

8T
2 —
ATV (1
H-C=gi, (2)

where w: frequency of drop
T: surface tention of drop
g: acceleration of gravity
H: the height from the surface of sea
water to the tip of nozzle
the height from the surface of
sea water to the center of a drop
which is hanging at the tip of a
nozzle.
(The value of Cis assumed to be constant for
brevity, though it will be slightly variable
according to M.)
Considering that the hanging drop takes a
vertically long shape, the duration time ¢, which
takes the hanging drop arrives at the distance

of H,, is

H-C:

n
=

, (3)

where n=2, 3, 4 mean the oscillation numbers.
Because the shape of the drop is also vertically
long at the height H,.
Therefore, upon substituting H for H,, we have
from (1), (2) and (3)

H,—C=K,M, (4)
where Kn= fgf}'iﬂ.
From the equation (4), it is found that H,—C
is proportional to M, on the condition that »
In Fig. 7 the theoretical
curve of height H versus mass M derived {from
the equation (4) and that obtained from the
present experiments are shown. The latter
curve is much steeper than the former, although
both curves are expected to agree well with each
other. This main reason will be caused by the
fact that the frequency of the drop, in the first,
second and third cycles, is considerably smaller
than the theoretical value given by the equation
(1) (see Table 3). Because the drop hanging
at the tip of a nozzle would suffer the adherent

@

and 7T are constant.

(17)
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e J
(8]
-
T
o] 4
[59]
T
150
MASS ,mg
Fig. 7. Comparison between theoretical and
experimental values.
Table 3. The frequency of drop.
o Mass M of drop (mg)
/s | i
(e/see) | 735 | 861 9.2 1126 1215
] [ T
@Wo2 23.5 21.7 20.0 ] 18.6 17.7
Wos 26.1 23.7 21.9 | 20.5 19.7
@ | 275 | 25.2 | 23.6 | 214 | 20.6
o [ I .
w | 2.8 | 2.7 | 239 | 25 | 216
i
Note;
: the frequency of drop

wo2: the mean value of the frequency of drop
between H=0 and H=H;
@®y3:  the mean value of the frequency of drop
between H; and Hs
w34:  the mean value of the frequency of drop
between Hs and Hi
@o: the frequency of drop obtained from equa-
tion (1).
effect of the surface of nozzle tip. And the
value which is derived from the experiment is
corrected considering the decreasing of the
frequency, and their resultant values of this
correction are shown in Fig. 7, with the circular
marks.

5. The stages of bubble growing

The successive stages of the bubble growing
are photographed in a special way mentioned
As it is very difficult to take photo-
graphs of the stages of the bubble growing with
exceedingly short interval—that is; a few mili
So we fall
a number of drops and take the photographs by
putting off the time length little by little for

above.

second—concernig to the same drop.

each drop making use of above-mentioned de-
laying curcuit and then grouping these obtained
photographs, we imagined the stages of the
bubble growing. These photographs are shown
in Fig. 8. From the Fig. 8, the stages of the
bubble growing are observed as following. First,
a drop of sea water has the vertically long
ellipsoidal form, in arriving at the water surface
(1). As the drop falls into the sea water to-
gether with its neighboring water, a cavity is
made in the subsurface (2). The cavity expands
like the shape of a head of overturned mushroom
(8, 4) and then, it separates into two parts and
the separated cap turns into a bubble (5).
While the bubble is descending, its shape is
slightly extended to the vertically long direction
(6, 7, 8). Then the bubble arrives at the sur-
face of sea water (9) and at last it becomes a
stable bubble within 200 msec (10).

Next, the energy of the bubble is calculated on
the each stage using Fig. 8, as shown in Fig.
10-a—that is; the potential energy is calculated
from shape and location of upper and lower
parts of the water surface, and the surface
energy is generated from the surface area of
these parts. From the Fig. 10-a, it is found
that the surface energy Es of the bubble after
16 msec is nearly constant and on the contrary,
the potential energy E, of the bubble decreases
after about 50 msec.

6. Comparision between the stages of bubble

growing with those of jet growing

When a drop falls into the surface of the sea
water, sometimes, a bubble is not produced but
a jet spurts, in spite of H equal to H,. Whence
the successive stages of jet are taken by photo-
graphs as those cases of bubble (Fig. 9). Com-
paring Fig. 9 with Fig. 8, it is found that the
most marked difference in the shape between
the stages of bubble growing and those of jet
growing occurrs at the time of 24 msec. That
is; in the former stages the cavity in a sub-
surface separates into two parts at that time
and on the contrary, in the latter stages neither
it sparates nor has constriction. The change of
the energy of jet is shown in Fig. 10-b. Then,
from the Fig. 10-a and the Fig. 10-b, it is
found that the surface energy of bubble is nearly

(18)
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1) Initial (2) 6 msec (3) 14 msec (4) 20 msec

w

%

(6) 36 msec (7) 48 msec (8) 56 msec (9) 92 msec (10) 200 msec
Fig. 8. The successive stages of the growing bubble. (M=98.0mg, H=10.0cm)

(1) Initial (2) 10 msec ‘ (3) 24 msec (4) 38 msec (5) 46 msec

(6) 50 msec (7) 68 msec (8) 90 msec v (9) 94 msec (10) 200 msec

Fig. 9. The successive stages of the growing jet. (M=98.0mg, H=10.0cm)
T T T T T T T T T { T T T T T - . - {}1—!
|O 3 B
R s ) ]
o A B
s 8 | 2 gt 4
No Nw
= et % : o
> 14 —~ 6+ ~.o 1
& 4l / . i > S ~
u T 8 a4t 4 N 4
5 A pF ll" w / \
>
2t .7 //, 1 z 4 \\
¥ w 2F / U \ E
ol o o T - I g
0 20 40 60 80 200 0 M
1
TIME , msec o] 20 40 60 80 102
Fig. 10-a. The change of the energy ‘‘case of TIME , m sec
bubble’’.

Fig. 10-b. The change of the energy ‘‘case of jet.”
Note: Dotted line A—B is shown the energy of & © change ¢ energy -case obJe

a falling drop hold initially. Note: Dotted line A—B is shown the energy of

0—O0 Surface energy of bubble (Es) a falling drop hold initially.
x——x Potential energy of bubble (Ep) O—0 Surface energy of jet (Es)
@—® Total energy of bubble (E=Es+Ep) ®—® Total energy of jet (E=Es+Ep)

(19)
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“onstant after 16 msec and on the contrary that
of jet is considerably changeable, and the total
energy of jet is also more changeable than that
of bubble. It means that the sea water is
violently agitated with a falling drop when a
jet is produced and on the other hand, when a
bubble is produced, this agitation may be soften
by the bubble. The qualitative consideration on
the above interesting phenomenon will be dis-
cussed later.
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Aerodynamic Roughness of the Sea Surface*

Noriyuki IWATA**

Abstract: In the turbulent boundary layer over a rigid surface having arbitrary roughness
elements, it is found that the equivalent roughness length referred to Nikuradse’s uniform
sand-grain is proportional to the mean square slope of the surface considered of arbitrary

roughness pattern.

Applying the same reasoning to the sea surface, we have found empirically that the rough-
ness parameter u#x2o/¥ depends not only on usH/v but also on the mean square slope of the
sea surface. Assuming that the major part of the mean square slope of the sea surface could
be ascribed to the equilibrium range of the power spectrum, it is concluded that the shear
parameter of the wind ¢gzo/us® is not constant but changes with both u4%/gv and ¢H/u4® and
that the drag coefficient is dependent not only on the mean wind velocity but also on the

mean wave height caused by local wind.

Notation

H;: average height of uniform sand-grain rough-
ness of Nikuradse’s experiments or equivalent
roughness of arbitrary surface

<

kinematic viscosity of the air

us: friction velocity, square root of surface
stress divided by the density of the air
thickness of viscous sublayer

(Sl

mean velocity of the wind at arbitrary height
in the turbulent boundary layer

T

average height of arbitrary roughness or of
wave elevations of the sea surface
vector form of wave number

1

mean square slope of arbitrary roughness

elements or sea surface

a: angular frequency of surface wave movement

To: mean value of zero-up crossing periods

Tp: mean value of crest-to-crest periods

L: average wave length of roughness elements
or sea waves caused by local wind

ow: density of sea water

T: surface tension of the sea surface

1. Introduction

Turbulent flow over a rigid surface is described
as aerodynamically smooth or rough in the two
In aerodynamically smooth flow,
there is a viscous sublayer near the wall. In

limiting cases.

* Received September 20, 1969

** Tnstitute of Coastal Oceanology, National Research
Center for Disaster Prevention, Science and Tech-
nology Agency

this region of the flow, the turbulent Reynolds
stress is negligible and the constant total stress
is supported by molecular viscosity. At the
othe extreme, the surface is so rough that the
wall stress is supported by the form drag of
roughness elements of the surface.

In the air flow over the sea, where few or no
ripples are present, the air flow can be regarded
as aerodynamically smooth. As wind velocity
increases, sea surface is agitated and gravity
waves develop gradually. The drag coefficient
becomes in this range considerably greater than
that for aerodynamically smooth flow. However,
the steepness of the sea surface is limited by
wave breaking and the mean square slope is
always bounded so that the direct viscous stress
remains to be appreciable. The air flow over
the sea would be better described as transitional
between smooth and rough flows.

Introducing the steepness of the sea surface
as a primary parameter for aerodynamic rough-
ness, it follows from dimensional reasoning,

9= _g;[fﬁ gH <Ii>2]
us? gy’ w2’ \L/ }’

In the extreme case of fully arisen sea with
infinitely large fetch and duration of time, the
power spectrum of surface waves will be de-
termined only by u4 and g, the acceleration of
gravity, so that parameters gH/u4* and (Hd/L)*
For sufficiently high

are regarded as constant.

(21)
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wind in addition, one expects that the molecular
viscous stress at the surface becomes small and
that only in this limiting case the following
Charnock’s (1955) formula,

g=o
= const,
Usx

is applicable asymptotically. Now, the steep-
ness of the swells propagated from elsewhere is
always small and they contribute no remarkable
effect to the roughness of the sea. The major
part is mainly due to the higher frequencies of
the spectrum. Assuming the equilibrium range
of the spectrum as suggested by PHILLIPS (1958),
we could represent (H/L)? as a function of
gH/u? and we propose here a formula describing
the following relationship,

gzo ﬂq)(ﬂﬁ 9@)

U2 gv ' owl )’
using the empirical relation between u,2/v and
(H/L)?>uxH/v conjectured from rough flow over
a rigid surface.

2. Equivalent roughness of a rigid suface
having arbitrary roughness elments

From Nikuradse’s experiments on flow
through circular pipes with walls of uniform
sand-grain roughness, it is concluded that for
uyH;/v <5 the effect of u4d/v is not small, but
that for wsH;/v>55 we have a {ully rough wall
condition, with no effective viscous sublayer.

For aerodynamically smooth surface, the so-
called semilogarithmic law of mean velocity
distribution is well established,

U_1, w2, p (1)
Ux K v

where z is taken vertically upwards and its
origin is assumed to lie near the mean level of
roughness elements comparing the volume trans-
port of pipe flow having smooth and rough sur-
faces each other. Here, # and B are constant
and assumed as follows,
£=0.4, B=55.
For tubulent flow over uniform sand-grain rough-
ness, it is also known,
U 1 2
S

Uy K Hs

where Bs is another constant and estimated in

-+ By, (2)

extreme case of completely rough flow as,

It is noticed here that the value of Bs is in
general not constant but a function of wu«Hs/v
as demonstrated by SCHLICHTING (1968). For

smooth flow, we have from (1) and (2),
B =L mf‘LHS
v

K

+B. (3)

In the transitional régime between smooth and
completely rough flow, we notice evidently from
experiments by SCHLICHTING the region in which
roughness function Bs changes more slowly with
usHs/v than for smooth flow as expected from
(3.

Now, the majority of experimental results are
represented in the form for 2 zo,

U_1np2. (4)

Ux K 20

Comparing (4) with (1) we obtain for smooth
flow,
?:e“mzo.ll. (5)

For completely rough flow, on the contrary, we
get from (2) and (4),
Uy R0
v

u H,

:e*‘BST«zO.OS.'M (6)

u*Hw
—
The above considerations are only applicable to
the uniform sand-grain roughness. For turbulent
flow over arbitrary roughness elements with
mean height H, we could expect also universal
relationship from dimensional reasoning,

wg—*:%ln5+Bl. (7
It is noticed however that roughness function
Bi, is somewhat different from B and B; in (1)
and (2). CLAUSER (1956) and HamaA (1954)
proposed a formal representation for mean veloc-
ity distribution over arbitrary roughness elements
as follows,

U _Lyuwe,p AU g

Ux K Y Uy

where 4U/uy shows the vertical shift in the
mean velocity distribution and in two limiting
cases it is given by,

0
'AU:{I wsH

U —In
K

; smooth

+DB—DBy; rough .

(9)

Y

¢22)
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Fig. 1. Effect of wall roughness on the shift of the velocity distribution

profile, reproduced from Clauser’s (1956) publication.
line is added to show the modification by (20a).

Lower dashed

Introducing (9) in (8) we get again (1) and (7)
for flow over smooth and rough surfaces re-
spectively.

The values of 4U/u, for quite different type
of roughness have been determined experimental-
ly. Fig. 1 is reproduced from Clauser’s (1956)
publication. It is seen obviously that the above
mentioned critical values #sH/v=5 and 55 are
valid only for uniform sand-grain roughness and
that B; is by no means a universal function of
usxH/v but dependent closely on the type of
roughness, z.e., B; is not a constant but some
function of shape, size and distribution pattern
of roughness elements.

Hitherto it has been unknown for us how to
formulate parameter(s) to express the effect of
such a roughness pattern. Only for completely
rough flow we could derive equivalent rough-
ness pattern comparing (7) with (2) as follows,

$
A ao
It is noticed that H; is independent of wuyH/v
only in the region of completely rough flow.
Substituting (10) into (9) we have also,

AU 1, uuH,
ity btk
Ux K Y

=exp [£(Bs—Bi] .

+B—DB;.

(10a)

23)

Now the question is to find a parameter chara’
cterizing arbitrary roughness pattern. In Fig. 2
is shown the relationship between H,/H and
(H/L)? calculated from Schlichting’s (1968)
experimental data. For all type of roughness
pattern shown in Fig. 2 we get approximately,

H, _ (g)?
H ~A\1L/)

where a takes the same value for roughness
type No. 1-No. 3, but it is about
jArger for type No. 4,

an

one order

w

=

L o
e &

Fig. 2: Results of measurements by SCHLIGHTING
(1968) on regular roughness patterns in regard

0 0

to equivalent sand roughness.
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. {23 ; roughness type No. 1-No. 3
a=
210; No. 4.
Now, the roughness pattern No. 3 may be
expanded in Fourier series,

1—co <nkd>
(o) - S 5
}75 Ekw kd”lek d;z / cos (n kx)] ,
n
2
where d denotes the width of triangular rough-

ness elements as cited in Fig. 2. Then the slope
of each wave number component is given by,

It follows from the above formula,

e L, (KHN 1 2 cos(an)
,,:1‘9" N\ 2 e ;ZK‘Z n?

. si%@] |

n2

(12)
where
kd
a=—-.
‘ 2
The right hand side of (12) is not convergent,
" but for sufficiently large n we get

= 1 77,'2

WZ1n? 6
then we get after some algebra,
® ., (kH\ =z
Z~<—> kd
“If it is broadly assumed that the roughness
pattern No. 4 corresponds to the roughness pat-
tern No. 3 in which d is reduced one order
smaller, then we could expect for mean square
slope 32
[5*INo. 4~10[5"INo. 3.
At any rate we could conjecture the following
relation even if it is not yet confirmed experi-
mentally,

D2 =75%. (14)
Comparing (14) with (10) we obtain,
exp (—eB1) =yexp (—«B)32. (15)
From (4) and (7) it follows also,

20

I exp(—«B)) . (16)

Comparing (15) with (16) we get finally,

HHR0 s exp( f/ch)-u*I{EZ
= ﬁui';lj (%)H; B=aexp(—«DBs). (17)

For completely rough flow Bs;=8.5 and if we
use the value of a« from Schlichting’s experi-
ments for roughness type No. 1-No. 3, we get
8=0.77

3. Roughness of the sea surface

Formula (17) is derived from artificial regular
roughness pattern of a rigid surface and especially
from the experiments carried by SCHLICHTING
having rather large mean square slope.

For a rigid surface H/L is independent of
usH/v but for the sea surface, as later shown,
it is a function of uxH/v and bounded by wave
breaking. Then we expect that the variation
of wuyzo/v 1s gentler than for a rigid surface.

Fig. 3 shows the experimental results of
KunisHr (1963) and HAMADA (1963) obtained
in water-tunnel. The scatter of observed values
is considerable but we could infer,

ez, fuidd <fj>
y ONTUA\L)

2
“E@D =104, (18)
where b is constant and given experimentally,
b=10.

From the above empirical formula we could
conclude that the wind disturbed sea surface is
aerodynamically neither smooth nor rough but
remains in transitional régime. Now we assume

Fig. 3. Dependence of the roughness parameter
on wind caused waves and on wave slope.
1) experimental data from KUNISHI (1663),
3) observed data from TAKAHASIHI (1558), 4)
experimental data from HaMADA (1963).

(24)
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the same relation as (11) for the sea surface
but with different constant of proportionality o,
then it follows from (17) and (18),

exp(kB) = \/ wsH < ) 19)

Substituting (11) into (19) we get equivalent
roughness function B, of the sea surface as
follows,

us

I
B, —*l +D; D-~ InS (20)

b
Comparing (20) with (3) it is seen that the
equivalent sand roughness function B; of a dis-
turbed sea surface increases with w4 H;/y more
gradually than for a rigid smooth surface. If
we substitute (20) into (10a) we have also,

AU 1 Zt*Hs

=—1In +B—D
U 2K
:Qil “*H+B D

+~i«lnl:a’ (I;ﬂ . (20a)

Thus 4U/uy changes more slowly compared
It is similar to
Colebrook’s data in Fig. 1 for intermediate
wall condition not hydraulically rough but direct
viscosity effect is still sappreciable.

with completely rough flow.

It may be
also resembled to the transitional region of
Prandtl-Schlichting
5<uyH/v<10.

Thus the assumption of the form (11) with
different constant of proportionality for a dis-
turbed sea surface and empirical formula (18)
would be better to describe a sea surface con-
dition.

sand-grain  roughness for

Mean square slope of wind caused sea surface
is represonted by definition,

xasmdn— - 5 deﬂ oS(o)ds. (21)

where b(lc) denotes wave number spectrum of
the sea surface. Contribution to §* is mainly
due to higher wave number range, we assume
now,

A
Sty =] 7t keshshy
0 ; k<ko, k>ky ,

where ko is optimum wave number of the power
spectrum and £y is cut-off wave number. Intro-

ducing in (21) and integrating both in direction
and wave number, we get easily,

#2=Aln hy . 22
ko

Total power of wind waves is represented ap-
proximately for this case,

E:ZS S die=— (23)

/-c 2
Introducing the dispersion relationship in the
gravity waves, a2=gk, we get finally from (22)

and (23),
_A z£>
= 2 ln</€N A (24)
HeVve(1—-HE, (25)

where ¢ shows the parameter indicating the
Introducing (25) into (24) it
follows immediately,

y 3N\1/2
oe ] (2]
3 P

2 r 3/ gH \*/+
=—A ln]fns x <g_{2> J’ (26)
3 gy \ ux

k;
where a;=[rA(1l—e)]~ ‘/(ng>

spectrum  width.

Now, we denote the n-th moment of the
spectrum by,

M,= Sma"’S(U) do

0

we get then from the statistical theory of RICE
(1944)

(ﬂ)ﬂ_ My (£>2_ M,
o ) T M:® \ 2¢ /) My’

Introducing into (21) we have a representation

for the mean square slope

52 L

= (ZT)4 ';J?T;[ , @n

where ¢ is defined by,

2 __ rjjl’ 2
s (Y

When we denote L, mean wave length, defined

as follows,
T2
T 28)

we get from (25) and (27) the slope of the
mean wave,

14: -

(25)
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Fig. 4. Dependence of wave slope on wave
height. Symbols as for Fig. 3.

Hy_ 1,
Z‘—TZ;S.

In reality observed mean wave length L may be
somewhat smaller than the value estimated from
(28). At any rate we obtain from (26) and

29,
. g E3 N\ Ve
<%1> z%ln[al?’( gle ) J . (30)

Fig. 4 shows the observed results. The curve
is drawn by (30) on the assumption that

29

Fig. 5. Fetch-Graph referred to friction velocity.
8) experimental data from HIDY-PLATE. Other

symbols as for Fig. 3.
a1=0.55; A=1.8x10"2

The value of A is about three times larger than
plreviously estimated values (PHILLIPS, 1966).
It may be partly due to the overestimated value
of L using (28). However, the curve fits well
observed values for gH?®/12>10. It corresponds
to the mean wave height 0.0l cm for ¥y=0.15
and g=980. The discrepancy for ¢gH?3/y2<100
is due to the ‘effect of capillary waves. This
effect is remarkably observable in the so-called

1 T
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5 (40~500)
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10

12

@ 13(70~1700)
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Fig. 6. Dependence of shear parameter on [riction velocity and on wind-caused wave

height. 5) observed data from HASSE (1968),
al. (1968), 10) observed data from VINOGRADOVA (1959),
KuznNeEcHov  (1965),

Other symbols as for Fig. 5.

9) observed data {from NAN-NITI et
12) observed data from

13) observed data from SNOPKOV and RoOMANOV (1965).
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Fetch-Graph in Fig. 5.
meter for the capillary waves, we may take
9T/pwus*. When the value of this parameter
becomes larger than 10 for small u4, the mean
wave height is obviously influenced by surface
tension and reduced even for large fetch.

As a characteristic para-

As is shown by LONGUET-HIGGINS (1969)
H/L is also bounded and smaller than 1/2r.
Inserting this value in the left hand side of (30)
we get sufficiently large value for H as upper
bound.

Now introducing (30) into (18) we obtain,

\ g x H
. e
o A8 I.. N * U .
99 " ° * T
- ~B_ a ® 110 ~107 B
I 00 A 3Q0Y
| A0 TR %x__ A 10109 1
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Fig. 7:

Relation between drag coefficient and mean wind velocity over the sea surface

with regard to wave height as parameter. Symbols as for Fig. 6.
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Fig. 6 is the representation of the observed
results of &£ as function of w«,®/gy for various
values of gH/us®. The curve is drawn by (31)
assuming

b=10, £=0.4, A=0.018, a;=0.55.

For aerodynamically smooth flow it follows from

5,

v
Q=2 —ﬂli_g
=K"e R
L

Obviously £ depends not only on wu4®/gv but
also on gH/u4? Calculated values of £ from
(381) fit well experimental data in wind-water
tunnel. However for field observations, the
observed values are rather scattered and show
somewhat larger values of gH/u4? than expected
from (31). It is partly due to the overestima-
tion of H in the field observations. Average
height H must be taken as mean wave height
caused only by local wind, excluding the swell
propagated from elsewhere. At any rate we see
in Fig. 6 that for a definite value of u4®/gv, 2
increases with ¢gH/wu,®> which is originally de-
pendent function of fetch (¢gF/u4?) and duration
(gt/uy). In the stage of wave development £
then increases with ¢#/uy. When we assume
Miles’ (1957) régime for wave generation, we
could conjecture that the energy transfer co-
efficient of MILES becomes several times larger
for earlier stage due to rather small value of 2.

Drag coefficient is defined as follows,

_(# Y
cw_( Uw)

Introducing the above formula into (4) we get,

? K gzt )‘/8< U3>—2/3
2= L E NN DY s
CmeXP< ~/Cm>< V2 gv (32)

From (31) it follows similarly,

La mer, Tcme 7, N* 4 (1969)
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equating both representations, we get finally,
K
Gt =)
I ()
3w\ g=? U2 gv

87 gH N\
\/ln{mg ;(%7;) } (34)

Fig. 7 shows the observed results of drag co-
efficients. The straight lines are empirically
determined by SHEPPARD (1958), DEACON-
WEBB (1962) and DEACON (1962)
Cio=(0.84+0.11U10) X107% : SHEPPARD
=(1.040.07U1) X10-3 : DEACON-WEBB
=(1.104+0.04U1) X 1073 : DEACON
The curves are drawn using (34) for various
values of gH/Uie®. It is noticed that Cyo is re-
markably dependent on wave height caused by
local wind and that for a definite value of
gH/U?, it changes quite slowly with Ul.
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The Larval Development of Macrobrachium nipponense
(De Haan) reared in the Laboratory”

KwoN Chin Soo** and Yutaka UNO**

Résumé: Les auteurs élévent la larve de Macrobrachium nipponense (De Haan) dans un
bassin expérimental & 27,8°~28,2°C de température et a 4,56~5,15% de chrolinité. La larve

d’ Artemia saline est donnée comme appAt.
périodes de zoé.
brachium rosenbergi (De Man).

Elle se métamorphose 4 la postlarve par neuf
Sa forme & chaque période est illustrée et comparée avec celle de Macro-
Elles sont distinguées par les mandibules, les premiéres

maxilles et la couleur du troisiéme somite abdominal.

1. Introduction

The prawn, Macrobrachium nipponense (De
Haan) is very commonly met with in brackish
and fresh waters of Far East region, especially
China, Formosa, Japan and Korea (HOLTHUIS,
1950). The species is one of the important
commercial fresh water prawns in Japan and
Korea.

Recently, interest has been shown in the pos-
sibilities of the culture for mass-production of
the genus in the world. Macrobrachium car-
cinus has been reported by LEWIS et al. (1965)
and M. rosenbergi by LING (1961, 1962) and
UNO and KwoN (1969).

The taxonomical and ecological studies of the
prawn has been reported by KUBO (1940, 1949,
1950). However, there is little evidence on
larval development so far except of Icho’s in-
formation (1940). The present paper is dealt
with larval development of the species reared in
the laboratory, as the first place of the propa-
gation on this prawn.

Our acknowledgements are due to Mr. H.
YAMAKAWA, assistant of the University, for pro-
viding assistance in setting apparatus of this work.

2. Materials and method

Ovigorous female prawns used for this work
were obtained from the Lake, Kasumiga-ura,
Ibaragi Prefecture and removed our university

* Received October 5, 1969
** Ecological Laboratory, Tokyo University of Fish-
eries

for culture; after rearing and being adapted in
the aquaria under the controlled conditions, we
were able to breed larvae of new generation.
Culture methods have already described (KwWON
and UNO, 1968). Throughout the aquaria were
kept continuously in constant temperature 27.8
~28.2°C, salinity 4.56~5.15 %, CL.

Individuals of zoea larvae of the various stages
were placed one in 300 m/ jar to assure of molt-
ing periods. After assurance of molting the
species were anesthetized with 1% T-cain solu-
tion, and then placed on slideglass for observa-
tion. After dissection all parts of the larval
appendages, they were sketched by camera lucida.
The length of each appendage was measured
with a micrometer.

3. Results

The eggs are slightly oval in shape, measur-
ing from 0.54%0.67 mm change to 0.56x0. 92
mm on average and their color bright-gray and
change from right to dark color owing to ad-
vance of developmental embryo. The larvae
emerge from the eggs as zoea.

First zoea: body length, 2.06 mm, from the
posterior margin of telson to the base of sub-
orbital spine and carapace length 0.53 mm on
average. The cephalothorax is covered with the
unarmed carapace, while rostrum projects almost
horizontally. Six abdominal somites, the last is
not separated from telson, which is thin, much
laterally dilated and spatular in structure. Eyes
are sessile.

Posterior margin of spatular expansion armed
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with seven pair of spines, and still no segment
between sixth somite and telson, almost with
chromatophore at rudimentary anus. Outer two
pair of telson spines devoid of branching cilia
on outer margin, while the remaining pair with
cilia. on both margins (Pl. VII, 8).

The prominent chromatophores locate on the
dorso-lateral part of third abdominal somite,
base of eyes, anal part and instinct light pink
pigment on mid-ventral carapace; abdominal
chromatophores consisted of one expansive at
mid-portion and two contractive at outer portion,
outer two develop more distinctly in future
stages. This stage larvae are almost transparent
white.

Antenna (Pl. II, 1) biramous; basis segmented,
with a minute spine on the inferior surface;
flagellum unisegmented, shorter than scale, with
a long terminal plumose seta and a small spine
at the distal end; scale foliaceous in shape, a
little concaved near the top on outer margin,
armed with one plumose and a single setae on
outer margin, and eight setae on the anterior
and inner margin, and one rudimental minute
seta at mid-portion; scale of a long basal seg-
ment, which is convex on inner side, and four
short terminal segments.

Antennule (Pl II, 11) simple; peduncle un-
segmented; basal segment bears a long stout
plumose seta terminally, a little outer flagellum
with four aesthetes and a slender plumose seta.

Mandible (PI. III, 1) without palp, so simple;
incisor process with incomplete two teeth at tip;
molar process without toothed cutting edge; a
movable tooth in angle between molar and in-
First maxilla (Pl. III, 11) un-
iramous, consisting of three lobes; basis with
two teeth and a spine; coxa with five spines

cisor processes.

covered with cuticular membrane; exopod tiny,
palp-like, with two rudimental minute spines
Second maxilla (Pl
IIT, 21) biramous, plate-like; protopod three-
lobed, armed with three, three and three setae;
endopod unsegmented, bears two setae on a lobe
near the proximal end and a seta terminally;
exopod a flattened gill bailer with three anterior-
ly, one laterally and one plumose setae poster-
iorly.

terminally, without seta.

First maxilliped (PL. IV, 1) biramous; protopod

rudimentary folded, armed with three or four
medially directed seta on inner margin; endopod
also unsegmented, armed with four plumose
setae on terminal extremity; exopod with apicial
setae, longer than endopod. Second maxilliped
(PL. IV, 11) biramous; coxa reduced; protopod
with a seta on inner margin; endopod three-
segmented, with a strong at the junction of ul-
timate and penultimate segments, two small
setae at near distal portion and strong terminal
claw; the proximal segment is longer than the
others; exopod with four apical setae, longer
than endopod. Third maxilliped (Pl IV, 21)
biramous; longer than second maxilliped, almost
similar to the former in structure but the follow-
ing only difference: basal segment armed with
two setae on inner margin; merus with two
strong setae at the junction of ultimate and
penultimate segments.

First and second pereiopod (Pl. V, 1) rudi-
mentary, biramous; the former somewhat longer
than the latter in size.

Second zoea: body length 2. 27 mm, carapace
length 0.53 mm. Differs from the previous larva
in the followings: chromatophores of third dorso-
abdominal somite and the anal portion more
extensive. Carapace with a pair of branchio-
Telson (P1. VII,
9) armed with eight pair of setae, of which the
last outer pair is devoid of outer branching cilia.
Rudimentary articulation of uropod appears at
the last period of this stage; fifth somite of ab-
dominal pleura is pointed posteriorly. Eyes
stalked, with chromatophores at base of stalk.
Antennal scale (Pl. 1I, 2) longer than flagel-
um, with a seta on outer margin; flagellum

stegal and sub-orbital spines.

1

with 1 long, 2 small setae and a spine at
terminal end. Antennule (Pl II, 12) with two-
segmented peduncle, bearing a long stout and
3 short plumose setae on distal end of pro-
ximal segment, and 4 short plumose setae at
the articulation between segments; peduncle
flagellum with 4 aesthetes and 1 slender seta
at the distal end.

Mandible (Pl III, 2) without palp; incisor
process with 3 teeth at tip; molar process
with 5 fine-toothed cutting edge, 2 movable
teeth in angle between molar and incisor pro-

cesses. First maxilla (Pl 11, 12) uniramous,
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consisting of 3 lobes; coxa with 5 inwardly
directed spines; basis with 3 spines and 4
teeth; exopod simple, palp-liked with a rudi-
mentary minute terminal seta. Second maxilla
(PL. II1, 22) biramous, plate-like; protopcd three-
lobed, armed with 4, 3 and 3 plumose setae;
endopod unsegmented, more or less folded near
the mid-portion, bears 2 setae on a lobe at
mid-portion and a seta terminally; exopod a
flattened gill bailer with 3 anteriorly, 2 plumose
setae posteriorly.

First maxilliped (Pl. IV, 2) biramous; pro-
topod unsegmented, folded only; primitive basis
armed with 5 medially directed setae on inner
margin, a seta near the folded portion; endoped
unsegmented with 4 setae on terminal ex-
tremity; exopod with 4 apical setae, longer
than endopod; epipod appear, not segmented.
Second maxilliped (Pl. IV, 12) biramous; coxa
reduced; protopod with a seta on inner margin,
endopod three-segmented, with a strong and a
small setae at the junction of ultimate and
penultimate segments, ultimate segment with a
seta at middle portion and 2 small slender
setae near the distal end; exopod with 4 apical
and 2 sub-apical setae. Third maxilliped (Pl
IV, 22) more advanced than previous stage in
size, almost similar to the former stage in struc-
ture except for 2 strong setae at the junction
of ultimate and penultimate segments; exopod
with 4 apical and 2 sub-apical setae.

First pereiopod (Pl. V, 2) biramous; coxa
reduced; somewhat longer than third maxilliped;
endopod four-segmented, merus, carpus, propodus
and dactylus, and more advanced strong claw
than third maxilliped at the terminal end: merus
bearing with 2 setae inner margin, a seta at
the junction of carpus and propodus outer mar-
gin, 2 stout setae at the junction of propodus
and dactylus, and a small slender seta near the
terminal portion; basis armed with 2 setae on
inner margin; exopod with 4 apical and 2
Second pereioped (Pl 'V, 12)
biramous; coxa reduced; somewhat longer than
first pereiopod, almost similar to first pereiopod;
exopod shorter than endopod. Third and fifth
pereiopod (Pl. VI, 2; Pl. VI, 17) both rudimen-
tary; the former biramous, the latter uniram-
ous; fourth pereiopod no appeared.

sub-apical setae.

Third zoea: body length 2.61 mm, carapace
length 0. 58 mm.
followings: carapace (Pl 1, 3) with a dorsal
rostrum tooth and a pair of branchiostegal spines.

Differs from the former in the

Sixth abdominal somite separates from telson;
all spines of telson (Pl. VII, 10) with branch-
ing cilia. Uropod biramous; endopod bare, ru-
dimentary; exopod with 6 setae. Antennal
scale (Pl. II, 3) two-segmented, armed with 13
plumose and a simple setae; flagellum with 2
segments and a short peduncle near the basis
and 4 short setae at the terminal end. An-
tennular peduncle (Pl II, 13) with 2 large
plumose setae and 2 flagella at the terminal
segment; inner flagellum small, with a setae;
the outer with 4 aesthetes and a slender seta,
and terminally near the prominance 4 short
setae on the opposite side; proximal segment
armed with a long stout plumose, 2 long at
the mid-portion and about 4 small setae at
the articulation of segment on the inner side,
2 setae sub-terminally on the outer side, about
plumose short setae middle-laterally and one or
two small setae on the prominance near the
base, future stylocerite, on the inner side. En-
dopod of second maxilla (Pl III. 23) with 5
anteriorly, 1 laterally and 2 setae posteriorly,
one of two posterior setae longer and stouter
than the other. Basis of first maxilliped (Pl. IV,
3) with 5 medially directed setae; endopod with
a minute seta near the middle portion on inner
side; exopod with 4 apical and 2 sub-apical
plumose setae; epipod biramous uncompletely.
Second maxilliped (PL. IV, 13) more advanced;
endopod four-segmented, with a strong and two
setae; exopod with 4 apical and 2 sub-apical
Third maxilliped (Pl IV, 23) biramous;
coxa reduced; basis with 2 setae; endopod four-
ischium and merus with 2 setae
each, two stout spines at the junction of pro-
podus and dactylus with a spine; of the 4
segments, the merus longer than the others;
exopod with 4 apical and 2 sub-apical setae,
longer than endopod. First and second pereiopod
(PL.V, 3; Pl. V, 13) biramous as in third max-
illiped in shape except of difference from being
armed with 3 spines at the junction of propodus
and dactylus.

setae.

segmented,

Fourth zoea: body length 3.07 mm, carapace
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length 0.70 mm. Differs from the former stage
in the followings: light-pinkish chromatophores
appear at the ventral portion of fourth abdomi-
nal somite; red chromatophores on merus, carpus
and propodus of third maxilliped, first, second,
fourth and fifth pereiopods endopods.

Carapace (Pl. I, 4) with 2 rostrum teeth.
Telson (Pl. VII, 11) oblong and almost recu-
tangular, with five pair posteriorly and a pair
of spines laterally. Uropod (Pl. VII, 11) biram-
ous; outer ramus with about 11 plumose setae
and a small spine; inner ramus with about 8
Antennal scale (Pl II, 4) unsegmented
at distal portion; disto-lateral tip pointed spine,
somewhat concaved at distal end; blade with
about 16 plumose setae. Antennule (Pl II, 14)
almost similar to the former stage in shape;

setae,

terminal peduncle with 4 large plumose setae;
two flagella distinctly; proximal peduncle with
more setae at the articulation of segment than
the former stage and 4 setae sub-terminally on
the outer side; proximal segment with 10 plu-
mose, 1 setae at the mid-lateral portion on in-
ner side and about 6 setae on the prominance
near the base.

Mandible (Pl III, 4) incisor process with 3
teeth at tip; molar process with 3 fine-toothed
cutting edge, 3 movable teeth in angle between
molar and incisor processes. Second maxilla
(PL. III, 24) exopcd a flattened gill bailer with
7 anteriorly, 1 laterally and 3 setae posteriorly;
two of them small and another large plumose
Second maxilliped (Pl. IV, 14) with 3
strong setae at the junction of ultimate and
penultimate segments, two of them on inner
margin and one on outer margin. Third max-
illiped (Pl. IV, 24) almost similar to the former
stage excepting of 3 strong setae at the junction
of dactylus and propodus of endopod.

First and second pereiopod (Pl. V, 4; PL. V,
14) more advanced. Third pereiopod (Pl. VI,
3) similars to the third maxilliped, being 2
strong setae at the junction of propodus and
dactylus; exopod smaller than endopod; exopod
armed with 4 apical and 2 sub-apical setae.
Fifth pereiopod (Pl. VI, 19) uniramous; coxa
reduced; merus with 2 setae and 1 short seta at
the junction of ischium, propodus with 2 and 1
short setae at the junction of propodus and carpus

setae.

and dactylus with 1 seta, terminated in a strong
claw. Fourth pereiopod (Pl. VI, 10) biramous,
rudimentary.

Fifth zoea: body length 3.71 mm, carapace
length 0.88 mm. Differs from the former in the
followings: chromatophores of fourth abdominal
somite and locomotive appendages are advanced.
Carapace with a seta on the first rostrum tooth
(PL. 1,5). Telson (Pl. VII, 12) more elongated,
with five pair posteriorly and two pair of spines
laterally, and terminal edge somewhat narrower
than the basis. Rudimentary buds of pleopods
appear (Pl. I, 5). Antennal flagellum two-
segmented (Pl. II, 5), almost same as scale in
length; scale with about 20 plumose setae.
Peduncle segment of antennule (Pl II, 15) with
more setae around than the previous stage, 6
large sub-terminally on the outer side and about
9 setae on the prominance, stylocerite, and it’s
angle acute; proximal segment bears a tooth at
the about mid-way on the ventral side. Molar
process of mandible (Pl III, 5) with 4 fine-
toothed cutting edge. Coxa of first maxilla (PL
III, 15) with 6 inwardly directed spines. Ex-
opod of second maxilla (Pl. III, 25) with 8 an-
teriorly, 4 laterally and 4 setae posteriorly.
First maxilliped (Pl. IV, 5) with 5 setae medially
directed and 2 setae near the middle portion on
inner margin of basis; exopod with 1 seta on
outer side; epipod biramous. First and Second
pereiopod (Pl. V, 5; Pl V, 15) more developed,
armed 2 spines in each at the articulation of
propodus and carpus. Third pereiopod (Pl. VI,
4) more advanced, with 2 spines of carpus and
Fourth
pereiopod (Pl. VI, 11) biramous, still uncom-
plete; endopod sometimes without apical and
sub-apical setae, shorter than exopod. Fifth
pereiopod (Pl. VI, 20) more advanced; dactylus
with a stout spine on inner side, a seta at the
articulation of dactylus and propodus; propodus
with setae on inner side and 2 setae at the
Uropod
(PL. VII, 12) more advanced, with more setae
of both ramus,

2 setae on inner margin of protopod.

articulation of propodus and carpus.

Sixth zoea: body length 4.24 mm, carapace
length 0.98 mm. Differs from the former stage
in the followings: all appendages are advanced

in size. Carapace bears 2 small setae under the

(33)



282 La mer, Tome 7, N° 4 (1969)

first rostrum tooth (Pl I, 6). Five pair of
pleopods (Pl. VII, 1) appear, bare, biramous.
Antennal flagellum (Pl 1I, 6) two or three-
segmented; almost similar in length as the scale;
(PL. II, 6) with about 22 setae; basis of anten-
nal flagellum three-segmented; proximal segment
armed with a seta on inner side. Antennular
peduncle (Pl II, 16) bears more setae at the
articulation of proximal and sub-proximal seg-
ment increasing prominance setae at the mid-
portion on the inner side, about 11 setae. Man-
dible (Pl III, 6) with 5 movable teeth in angle
between molar and incisor processes.  First
maxilla (Pl. III, 16) basis with 5 teeth and 3
spines, coxa with 6 inwardly directed spines.
Second maxilla (Pl. 1II, 26) exopod a flattened
gill bailer with about 22 setae, especially 4
First maxilliped (Pl. IV, 6)
basis with 7 setae medially directed, 2 median
setae near the middle portion on inner margin;
exopod with about 3 setae near the proximal
Third maxilliped (PL. IV,
26) with 2 setae at the articulation of propodus
and carpus, merus with 2 setae. Endopod of
first and second pereiopod (Pl. V, 6; Pl. V, 16)
protubarant at inner distal corner, forming rudi-
mentary chelae with dactylus and propodus;
propodus with 2 at the articulation of propodus
and carpus, 2 small at the distal of the protu-
berance and 3 setae near the articulation of
carpus and propodus; merus with 3 setae; en-
dopod with 4 apical and 2 sub-apical setae in
each. Third pereiopod (PL. VI, 5) biramous;
endopod with 4 at the articulation of dactylus
and propodus, 2 at the articulation of carpus
and propodus, 2 on inner side of merus and 2
setae on basis; exopod developed in length, with

posteriorly stout.

portion on outer side.

4 apical and 2 sub-apical setae, larger than fourth
pereiopod. Fourth pereiopod (Pl. VI, 12) with
3 setae at the articulation of dactylus and
propodus; endopod with 4 apical and 2 sub-
apical setae, longer than exopod. Fifth pereiopod
(Pl. VI, 21) more developed in size, with 2 setae
at the articulation of carpus and merus. Telson
(Pl. VII, 13) with three pair on lateral spines
and four pair of distal spines, the minute inner
Uropod (Pl. VII, 13) and tel-

son more enlarged, setae of both ramus increased;

spine disappears.

outer ramus with about 2 small setae near

the top on outer margin.

Seventh zoea: body length 4. 69 mm, carapace
length 1.09 mm. Differs from the former stage
in the followings: carapace with about 3
small setae under the first rostrum tooth (Pl I,
7). Chromatophores more prominant than pre-
vious stage, especially ventral portion of abdo-
minal somite appears; buds of pleopods more
advanced, rudimentary setae only appear at the
proximal edge of endopod but still bare (Pl. VII,
2). Antennal flagellum (Pl II, 7) somewhat
longer than the scale, three or four segmented;
scale with about 28 setae. Antennule peduncle
(PL. 1I, 17) beared with more setae around at
the articulation of proximal and sub-proximal
segments and also mid-portion of proximal ped-
uncle; and about 10 setae on the styloserite.
The outer flagellum divided with two branches;
inner branch with 4 terminally and 2 aesthetes
sub-terminally on the folded appendices; the
outer segmented, longer than the inner, with 2
setae at the distal top and another minute seta
near the distal top; the outer peduncle flagellum
somewhat longer than the inner, with 2 distal
setae and a minute seta near the distal portion.
First maxilla (Pl III, 17) more advanced in
size; coxa with 7 inwardedly directed spines;
basis with 5 teeth and 4 spines. Second maxilla
(PL. III, 27) more advanced; endopod with
more setae, about 30 setae all. First maxil-
liped (Pl IV, 7) with 9 setae medially directed;
basis with 2 median setae near the middle
portion on inner margin; exopod with about
5 setae near the proximal portion on the outer
side. Second maxilliped (Pl IV, 17) five-seg-
mented, dactylus, propodus, carpus, merus and
aschium, advanced in size, with one more setae
Third maxilliped (Pl. IV, 27)
with 3 stout setae at the articulation of
propodus and carpus; exopod with 4 apical and
4 sub-apical setae.

First and second pereiopod (Pl. V, 7; Pl. V,
17) more or less advanced chelation but not
movable chela still, with 4 apical and 6 sub-
apical setae in each; second pereiopod longer than
the first. Third pereiopod (Pl VI, 6) with 4
setae on merus. Fourth pereiopod (Pl. VI, 13)
endopod with 4 stout setae at the articulation
of dactylus and carpus, 3 setae on merus.

on dactylus.
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Fifth pereiopod (Pl. VI, 22) more advanced,
with 6-7 stout setae on propodus inner side.
Telson (Pl VII, 14) more elongated, narrower
posteriorly, the proximal edge begins more or
less extending back from the mid-portion. Uropod
(PL. VII, 14) more enlarged, all setae of both
ramus increased.

Eighth zoea: body length 5.15 mm, carapace
length 1.19 mm. Differs from the former in the
followings: carapace bears about 3-4 setae and 1
rudimentary tooth under the first rostrum tooth
(PL. I, 8). Pleopods (Pl. VII, 3) advanced al-
most fully; exopod with rudimentary appendices
internae except for first pleopod.

Antennal flagellum (PL II, 8) longer than the
scale, four-segmented, distal top bears with 6
terminal setae; scale with about 29 plumose
setae on blade and a slender small single seta
Antennular
peduncle (Pl II, 18) with more setae around at
the articulation of proximal and sub-proximal
segments, and also mid-portion of sub-proximal
segment; about 12 setae on the stylocerite. Inner
peduncle flagellum divided with 2 or 3 segments.
First maxilla (Pl III, 18) coxa with 8 inwardly
directed spines. Second maxilla (Pl III, 28)
entire outer edge of endopod almost setose, about
35 setae; three-lobed protopod armed with 3, 4
First maxilliped (Pl IV,
8) with about 12 setae on inner margin of basis;
exopod with 5-6 setae near the proximal portion
Second maxilliped (Pl IV, 18)
almost similar to previous stage. Third maxil-
liped (Pl IV, 28) with 4 setae on merus.

First and second pereiopod (Pl. V, 8; 18) more
advanced; the former smaller than the latter,
both chelae movable. Third pereiopod (Pl. VI,
7) with 3 setae at the articulation of propodus
and carpus; exopod with 4 apical and 6 sub-
Fourth pereiopod (PL. VI, 4) al-
most similar to third pereiopod. Fifth pereiopod
(Pl. VI, 23) essentially as previous stage in
structure, merus with 4 setae. Uropod (Pl VII,

near the disto-lateral pointed edge.

and 3 plumose setae.

on outer side.

apical setae.

15) more enlarged, with more setae on margin
of both rami; more larger than telson. Telson
(PL. VII, 15) more enlarged and narrower pos-
teriorly, proximal edge extended back from the
mid-portion.

Ninth zoea: body length 5.60 mm, carapace

length 1.28 mm. Differs from the former stage
in the followings: carapace bears about 3 to 5
small setae under the first rostrum tooth (PL
I, 9), sometimes appear 1 to 4 small teeth front
Pleopods (Pl. VII, 4)
advanced with margin setae at both rami, still
not setose; exopod with apparent folded appen-
dices internae except for first pleopod. Anten-
nal flagellum (Pl II, 9) with 6 to 9 segments,
much longer than scale, 6 distal setae on tip;
scale with about 34 setae.

Antennular peduncle (Pl. II, 19) with more
setae at the articulation of proximal and sub-
proximal segments, and also mid-portion of sub-
proximal segment; inner branch of outer flagel-
lum with three folded appendices, two of the
terminal with aesthetes as before stage but the
last folded appendix without aesthetes, the
outer branch four-segmented; inner flagellum
devided with 3 segments apparently. Mandible
(PL III, 9) with 7 movable teeth in angle be-
tween molar and insicor processes. First maxilla
(PL. 11, 19): basis with 6 teeth and 5 spines;
coxa with 8 inwardly directed spines. Second
maxilla (PL III, 29): entire outer edge of endopod
setose, about 40 setae, and three-lobed protopod
armed with 2, 4 and 3 plumose setae. First
maxilliped (Pl IV, 9): basis with about 16 setae
at the inner margin on outer side; endopod with
7-8 setae near the proximal portion on outer
side. 2nd to 5th pereiopods (Pl. V, 19; VI, 8,
15, 24): inner ramus with about 4 or 5 setae,
the outer with 1 or 2 setae in each; Ist pleopod
(Pl. VII, 4a) inner ramus with about 2 setae,
the outer without seta and small in size. Telson
(Pl. VII, 16): proximal edge more extended back
from the mid-portion than previous stage. Uro-
pod (Pl. VII, 16) with more setae on margin
of both rami, more enlarged.

of large rostrum tooth.

body length 5. 31, carapace length
1.41 mm. Rostrum somewhat shorter than scale,
with 9 dorsal teeth, the first of which is on the
carapace directly over the posterior margin of
the orbit, and 1 ventral tooth, which is directly
beneath the last second tooth; tip of rostrum
free of teeth (PL I, 10); carapace with antennal
and two pair of complete branchiostegal spines
(PL. 1, 10).
pleurae rounded (Pl I, 10). Anal spine absent,

Postlarva:

Posterior margins of abdominal
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Table 1.

La mer, Tome 7, N° 4 (1969)

The recognized characters of larvae, Macrobrachium nipponense (De Haan) reared in the

laboratory under the conditions of water temperature 27.8-28.2°C, salinity 4.56-5.15 % Cl and
feeding on Artemia salina nauplii. B, biramous; R, rudimentary; U, uniramous; D, degenerative;

I, incomplete; Aps, apical setae; Sps, sub-apical setae; Sne, segment of endopod.

\\Item‘ Body Posi. Number of appendages
! lengtyh Recognized characters tion Masxilliped Pereiopod
Stage \ | ] . Ist 2nd 3rd Ist 2nd  3rd  4th 5th
| mm)| / | o . o B N
| | \ Aps | 4 4 4 ‘
Z1 ‘ 2.06 Sessile eyes . Sps — — — | -~ — — —
‘ Sne B 3B 3B R:B R'B — — —
Aps 4 4 4 4 4 — — —
Z 2 2.27 Stalked eyes Sps B - - .
Sne B 4B 3B 4B 4B RB — RU
A rostral tooth, telson Aps 4 4 - B -
Z 3 2.61 Sps 2 2 - -
and uropod Sne B 4B 4B 4B 4B RB — RU
Two rostral teeth, Aps ‘ 4 4 4 - 4 -
Z 4 3.07 uropod biramous with Sps 2 2 2 — 4 -
‘ setae Sne B 4B 4B 4B 4B RB 4B 6U
Buds of pleopods, Aps l 4 4B 4B RB —
Z5 i 3.71 antennal flagellum Sps 2 : 2 2 — 2 —
} two-segmented Sne B 4B 4B 4B 4B 1B 4B 6U
‘ Pleopods biramous and | Aps 4 4 4 4 -
Z6 | 424 rudimentary; rudimen- | Sps 2 2 2 2 2 2
tal chelae of pereiopods | Sne B 4B 4B 4B 4B 4B 4B 6U:R
i Pleopods  biramous, Aps 4 4 4 L4 -
i bare; antennal flage- 9 P | _
z1 | 4,69 llum 3 or 4-segmented Sps - 2 4 | 6 2
1 . Sne B 5B 4B 4B 4B 4B 4B 6B
B I
| Movable chelae, telson Aps 4 4 4 4 4 -
Z 8 | 5.15 | Sps 2 2 4 . 6 6 6 6 —
| convex pOStEl‘lOl’Iy Sne 5B 4B 4B i iB 4B 4B 4B 6B
- . Pleopods with setae, . 4 _
‘ antennal flagellum 7- Aps 4 4
Z9 5.60 | 9-segmented, antennul-. Sps 2 2 6 6 -
{ ar inner flagellum | = 4B 6B
| 3-segmented ‘jne- - B 5B 4B 4B 4B 4B 6
Behaviors of swimm- Aps 4 4 4 - — - - -
PL 5.31 ing and locomotion as Sps \ 2 — - - = =
adult. i B 5B 3B ‘BB-D 5B:D 5B+D 5B-D 6B-D

Sne ]

Telson (Pl VII, 17) with a pair of large single
spines, a pair of single and another pair of
plumose setae terminally; two pair of lateral
spines moved dorsally. Antennal flagellum with
about 28 to 34 segments; length of antennular

scale about four times of its width, outer mar-
gin slightly concaved; anterior end of spine
projects free of blade and slightly shorter (Pl
II, 10). Antennal flagellum over half of total
length. Antennular peduncle (PL 1II, 10) of
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3 segments; stylocerite less than the half
length of the basal segment of peduncle; antero-
lateral spines of basal segment exceeding an-
terior margin of segment; inner side of peduncle
with about 10 setae; basal segment containing
a statocyst and a short ventral tooth. Inner
antennular flagellum simple and with about 8
segments; outer branch of outer flagellum with
about 8 segments, the inner branch with 3
folded appendices bearing 4, 2 and 0 aesthetes,
from distal to proximal folded appendices. Man-
dible (Pl. III, 10) strong, incisor process stouter
than that of zoea larva; teeth of molar process
large, forming a triangular surface, without
movable teeth in angle. Basal portion of first
maxilla (PL III, 20) bilobed, each lobe bearing
on its inner surface numerous coarse setae;
endopod palp-like. Basal portion of second maxilla
bilobed, each lobe bearing on its inner surface
with coarse setae (Pl III, 30); endopod unseg-
mented, bare; exopod setose around margin.
Basal portion of first maxilliped (PL IV, 10)
large, bilobed, the lobes with coarse setae directed
inwardly; endopod reduced with 2 distal setae;
exopod with about 14 setae at the proximal
portion of basis, and 4 apical and 2 sub-apical
setae; epipod large and bilobed completely.
Second maxilliped (PL. IV, 20) with five-segmented
endopod, ultimate and penultimate segments
wider than long, armed with coarse spines; ex-
opod with 4 apical and 2 sub-apical setae; epipod
tiny, biramous. Third maxilliped (Pl. IV, 30)
with three-segmented, endopod coarsely setose
throughout each segment; exopod reduced, with
4 apical and 4 sub-apical setae; epipod tiny, and
bilobed. First and second pereiopod (Pl. V, 10,
20) chelate, first pereiopod shorter than second;
both of exopod rudimentary. Cutting edge of
chelae neither serrations nor teeth, carpus shorter
than palm. Third, fourth and fifth pereiopod
with strong claw; endopods with coarse setae
in each segment; exopods rudimentary if present,
or lacking; commonly fifth pereiopod without
exopod (Pl. VI, 25).

Uropodal exopod (Pl. VII, 17) setose along
outer margin with a tooth and a movable spine
in the disto-lateral corner (Pl. VII, 17a), numer-
ous setae around the tip and on inner edge;
endopod setose.

Table 2. The growth of larvae, Macrobrachium
nipponense (De Haan) in the laboratory. Rear-
ing conditions: water temperature 27.8-28.2°C,
salinity 4.56-5.15 % Cl, feeding on Artemia
salina nauplii. m, mean; sd, standard deviation.

\%m“ Inter-\ C?;?gafe L Body length ‘ No. of
\ molt | 4_\'*”—*‘\ spe‘:ci-
Stagg\\,‘ period . m sd . m sd | men
days | mm mm|
Z1, 1-2  0.53 0.005 2.06 0.027 | 11
72 33 0.5 0.007 227 0.027 10
23 35  0.58 0.017| 261 0.062 11
74| 57 0.70 0.072 3.07 0.074 13
25\ 6-9  0.88 0.013  3.71 0.071| 16
26‘ 8-12 0.98 0.026 4.24 0.154 22
Z7|11-15 1..9 0.017 4.69 0.103 22
z8|13-17| 1.19 0.07 5.15 0.151 23
Z9 1520 1.28 0.047 | 5.60 0.218 25
PL 1823 L4l 0.077 531 0.344 30

The distinctive chromatophores on all body
surface which characterized the zoea larvae are
concentrated, and transparent white in the post-
larva.

The recognized characters of each stage are
summerized in Table 1. The larva of Macro-
brachium nipponense metamorphoses a day after
hatching to second zoea and from three zoea
spends regularly molting period, three or four
days per a molting.

Larval growth of body length and carapace
length are shown in Table 2 and Fig. 1. Bedy
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Fig. 1. The growth of larvae, Macrobrachium
nipponense in the laboratory. Black circles,
body length; white circles, carapace length.
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length in each stage from the first through ninth
zoea to postlarva is respectively as follows: 2.06
+0.027, 2.27£0.027, 2.61+0.062, 3.07+0.074,
3.71%0.071, 4.24+0.154, 4.69+0.103, 5.15+0.151,
5.60+0.218 and 5.31+0.344 mm.

Body length, especially abdominal length be-
comes short when zoea larvae molt to post-
larvae. Standard deviations of body length from
the first to fifth zoea are less than 0.1 mm, while
the values of the sixth to postlarva, more than
0.1mm. It is found that the varying of body
length in the larvae of earlier stage till fifth zoea
almost does not occur, but from sixth zoea is
distinct.

4. Discussion

The larva of Macrobrachium nipponense,
mentioned above in the result, metamorphoses
a day from hatching to second zoea under the
present laboratory conditions and third zoea to
the ninth spends regularly molting period, three
or four days. This species molts to postlarva
through nine zoeal stages, but Macrobrachium
rosenbergi, through eleven zoeal stages (UNO
and KWON, 1969).

The differences of morphological characters of
appendages, distribution of chromatophores and
varying of body length on each early develop-
mental larvae are slight, in general, and the
similarities are great between Macrobrachium
nipponense and M. rosenbergi. The distinct
differences of both species are of larval size,
structure of mandible and first maxilla, and dis-
tribution of chromatophores of third ventro-ab-
dominal somite of newly hatched larva. The
mandible incisor process of this species is less
advanced than that of Macrobrachium rosen-
bergi; first maxilla coxa is formed with four
or five tiny spines covering with thin cuticle
membrane. Distributed chromatophores of both
species as shown in Fig. 2. Chromatophores of
M. nipponense are two contractive outer and a
expansive inner located on the third somite as
compared with M. rosenbergi, two expansive
outer and a contractive inner. The larvae of
M. nipponense from the first to eighth zoea
are larger than those of M. rosenbergi in body
length, while the ninth zoea and postlarva are
distinctly less than M. rosenbergi.

Fig. 2. Distributive differences of chromatophores
of newly hatched larva on the third ventro-
abdominal somite between Macrobrachium nip-
ponense (A) and Macrobrachium rosenbergi(B).

It is similar phenomenon which we have re-
ported on M. rosenbergi that body length of
this species becomes short when zoea larva molts
to postlarva.

5. Summary

1.  Macrobrachium nipponense of ovigorous
female prawns are breeded in the laboratory
under the conditions of temperature 27.8-28.2°C,
salinity 4.56-5.15 % Cl and flow of water 0.8/
min.

2. Eggs are slightly oval in shape more than
that of Macrobrachium rosenbergi, measuring
from 0.54x0.67 mm change to 0.59X%0. 92 mm
on the average; being light greenish gray pri-
mitively in color and changed to light gray
owing to advance of development; body length
of newly hatched zoea larvae is 2.06 mm and
first postlarvae is 5. 31 mm on the average. This
species is also decreased on body length when
ninth zoea larvae were metamorphosed to first
postlarvae as Macrobrachium rosenbergi did.

3. Under the laboratory conditions, larvae
go through nine zoeal stages to first postlarvae
in 20 days approximately, while fastest develop-
ment from eggs to postlarvae occurred in 18
days. Zoeal stages are described and figured.

4. The differences of morphological characters
of appendages, distribution of chromatophores
and variance of body length on each early de-
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velopmental larvae are slight, in general, and
the similarities are great between Macrobrachium
nipponense and Macrobrachium rosenbergi,
while some of differences of both species are as
followings: 1) Incisor process of mandible is
less advanced than that of Macrobrachium ro-
senbergi; this species forms incisor process with
incomplete two teeth at tip, molar portion with-
out fine toothed cutting edge and a movable
tooth in angle between molar portion and in-
cisor process. 2) Coxa of first maxilla of this
species is formed with four or five tiny spines
covering with thin cuticle membrane as com-
pared with Macrobrachium rosenbergi, coxa
3) This
species is distributed with two contractive outer
and one expansive inner chromatophores located
on dorso-ventral portion of third abdominal somite
when just hatch out.

5. Variation of body length occurs in the
same zoeal stage, especially from sixth zceal stage
apparently.

with four inwardly directed spines.
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Plate I. Macrobrachium nipponense (De Haan), lateral view. 1-9, zoea I-IX; 10, postlarva.
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Plate II. Macrobrachium nipponense (De Haan). Antenna: 1-9, zoea I-IX; 10, postlarva.
Antennule: 11-19, zoea I-1X; 20, postlarva.
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Plate III. Macrobrachium nipponense (De Haan). Mandible: 1-9, zoea I-1X; 10, postlarva. First
maxilla: 11-19 zoea [-IX; 20, postlarva. Second maxilla: 21-29, zoea I-1X; 30, postlarva.
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Plate IV. Macrobrachium nipponense (De Haan). First maxilliped: 1-9, zoea I-1X; 10,
postlarva. Second maxilliped: 11-19, zoea I-1X; 20, postlarva. Third maxilliped:
21-29, zoea I-IX; 30, postlarva.
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Plate V. Macrobrachium nipponense (De Haan). First pereiopod: 1-9, zoea I-IX; 10,
postlarva. Second pereiopod: 11-19, zoea I-IX; 20, postlarva.
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Plate VI. Macrocrachium nipponense (De Haan). Third pereiopod: 1-8, zoea 11-1X;
9, postlarva. Fourth pereiopod: 10-16, zoea IV-IX; 16, postlarva. Fifth pereiopod:
17-24, zoea II-1X; 25, postlarva-
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Plate VII. Macrobrachium nipponense (De Haan). Pleopod: 1-4, zoea VI-VIII; a-e,
1st-5th pleopod. Postlarva pleopod: 5-7, 1st, 3rd and 5th pleopod. Telson and
uropod: 8-16, zoea I-IX; 17, postlarva.
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