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To control the water quality in the intensive shrimp mariculture pond by uptaking
the total ammonia-nitrogen with sterile Ulva sp., the growth rate of sterile Ulva sp. was
experimentally measured and the influence of the rate on the water quality control eval-
uated. The specific growth rate constant of the seaweed increased with the total ammo-
nia-nitrogen concentration, photosynthetic photon flux density and operating tempera-
ture. Then the dynamics of ammonia-nitrogen in the modeled culture pond for the
intensive shrimp farming in the tropical region were numerically simulated, in which the
seaweed was used to uptake ammonia-nitrogen. The seaweed could uptake ammonia-ni-
trogen effectively during daytime mainly due to the high intensity of sun light, and the
total ammonia-nitrogen concentration in the shrimp pond could be kept very low. The
required seaweed density to control the total ammonia-nitrogen concentration less than
the recommended maximum concentration of 1.0 - 102 kg N m™ was estimated to be

reasonable.
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Introduction

The mariculture industry has actively been de-
veloped due to the expanding demand for seafood
worldwide. The shrimp culture was also industrial-
ized especially in developing countries to bring a
large profit. However, massive shrimp mortality
caused by infectious diseases has been regarded as
a serious issue for shrimp culture industries. The
white spot syndrome virus is one of the most seri-
ous pathogens, and it has been causing frequent ep-
idemics since the 1990s'3. Up to then, shrimp farm-
ing had been operated in the traditional system with
water exchange and closed-intensive shrimp farm-
ing was suggested as one of the most promising
systems to reduce the risk of virus contamination
from the traditional system with water exchange?.
Moreover, the closed culture pond system can re-
duce the waste solution which might cause damage
to the water quality in the surrounding environ-
ment.

The major issue related to the closed system is
the rapid eutrophication in the culture pond. The
components causing the eutrophication are inorgan-
ic and organic nitrogens, phosphate, and so on.
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Among these compounds, inorganic nitrogen, i.e.
ammonia-nitrogen (ammonia-N), is the most toxic
to cause growth inhibition of the shrimp, and mor-
tality. The ammonia-N removal system is a key
technology to control the quality of culture pond
water for intensive shrimp farming.

Ryther et al.* first suggested the application of
a biofilter with seaweed to control water quality for
the fish mariculture system. Ammonia-N could be
removed by biofiltration with microalga, effectively
converting from ammonia-N to nitrate less toxic for
the aquafarming fishery products®®. The biofilter
systems employing macroalga have reported that
70-95 % of ammonia-N in the effluent could be re-
moved using Gracilaria chilensis in salmon aqua-
culture ponds'®!" and some research activities were
reported on the application of Ulva lactuca to the
farming of Oreochromis spilurus to control the wa-
ter quality in the aquaculture'>. On the other hand,
different types of treatment systems have been sug-
gested, in which the separation of ammonia-N by
some kinds of adsorbents should be carried out to
control the water quality of the culture pond. Acti-
vated carbon prepared from coconut shell was ap-
plied for the removal of the ammonia-N content
from synthesized aqueous solution, and the funda-
mental performances of the adsorption were pre-
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Harvest

N removal process
1\ (nitrification, volatilization, etc.)

Fig. 1 — Schematic diagram of ammonia dynamics in shrimp pond

sented'. Zeolite, which has an effective cation ex-
change capacity, was expected to effectively remove
ammonium cation in the aqueous solution. Arthur et
al.'* reported that, although zeolite had powerful
potential to reduce ammonia-N content in the
shrimp pond, it was found to be ineffective in sea
water due to competitive ion-exchange with other
cations. The application of natural zeolite was re-
ported to study the effects of the salinity on the re-
moval of ammonia-N content in the culture solu-
tion'". Although biofilter systems with seaweed and
separation systems with some adsorbents could sta-
bly control the water quality conditions for the fish
and a final effluent low in waste products, the facil-
ities would be rather complicated, and it is therefore
necessary to develop a simpler system, especially in
developing countries.

The authors tested sterile Ulva sp. to uptake
ammonia-N, and nitrate-nitrogen'®!”, and the con-
trol of the culture-pond water quality with this sea-
weed was suggested!®?, The seaweed would be
cultivated in the culture pond together with shrimp
for the water quality control. The uptake rate of am-
monia-nitrogen followed the Michaelis-Menten
model with uncompetitive inhibition. The uptake
rate of ammonia-N increased with total ammonia-N
concentration, photosynthetic photon flux density
and temperature in the specified ranges. The growth
of this seaweed needs to be considered for the de-
sign of this system, however the growth rate of this
seaweed has yet to be studied.

This study aims to evaluate the potential of the
water quality control in the intensive shrimp culture
pond by sterile Ulva sp. with the consideration of
the effects of the seaweed growth rate. The growth
rates of the seaweed were measured experimentally
in terms of the effects of ammonia-N concentration
in the culture pond, photosynthetic photon flux den-
sity, and temperature. Then the ammonia-N uptake
by the simple system using seaweed, which would
be applied to the intensive shrimp culture pond in
the developing countries, was simulated to evaluate
the water quality control by the system.

Nitrogen balance and growth of
seaweed in the model shrimp pond

Figure 1 shows the conceptual diagram of ni-
trogen dynamics around the model shrimp culture
pond, developed in this study based on the works of
Burford and Lorenzen?!22. Nitrogen is supplied into
the model pond as the form of shrimp feed. Shrimp
consumes much of the feed, and the uneaten feed is
deposited as sediment in the pond. The solid excre-
tion from the shrimp is also accumulated as sedi-
ment. There are two ways to generate ammonia-N:
respiration of shrimp and sediment decomposition.
Ammonia-N in the culture pond is removed only by
seaweed uptake. Other processes of ammonia-N re-
moval, such as nitrification, volatilization, assimila-
tion by other plants, water exchange, and so on, are
neglected. The material balance of ammonia-N in a
unit volume of shrimp pond is given by,

dc

TAN __
d t - rlotal,TAN - rtotal,remove (1)

\yhere Coano ¥ ol TAN apd ot remove 3T€ the concentra-
tion of total ammonia-N in the culture pond, and
rates of generation and removal of ammona-N, re-

spectively.
Ammonia-N generation

Ammonia-N generation, produced from the
respiration of shrimp and decomposition of the sed-
iment, is given as:

Trotal, TAN = Tshr.TaN 1 T5ed. TAN (2)
where 7 SheTAN and 7,y are the generation rates of
ammonia-N from the respiration of shrimp and de-

composition of sediment, respectively. The r, . is
given by,

Tshe AN = Pran TunN 3)
where p_, . is the fraction of ammonia-N generated

from the respiration of shrimp to the total nitrogen
metabolite by shrimp. The r_, | is the excretion rate
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of total nitrogen due to shrimp metabolite per unit
volume of shrimp pond, given by,

_ ¥
Faon = Qoo Ps M “4)
where a

o 18 the generation rate of nitrogen due to
shrimp metabolite per unit shrimp mass, p, is the
culture density of shrimp, M, is average shrimp
mass and estimated from the growth model, y is an
allometric scaling parameter of shrimp metabolism.
The average mass of shrimp was estimated based
on the growth model as the von Bertalaffy Growth
Function®,

M= (ML, (M

S,max

3
~Mi)exp T (5)
where M, ., M, and K are the asymptotic weight
of shrimp, weight at the initial condition, and
growth coefficient of shrimp, respectively. The den-
sity of shrimp in the culture pond is given by an
exponential mortality model?!, expressed as,

Ps = psy exp(—K,, 1) (6)

where pg and K are the density of shrimp at the
initial condition and natural mortality rate constant.
The accumulation rate of nitrogen in the sediment is
expressed as,

dMSed
—=8 = In 15 Rseq + T n (1 KAVAN )_ Tseq,tan (7)

dt

where M, is the amount of nitrogen contained in
the sediment per unit volume of shrimp pond. The
three terms on the right side are the accumulation
rate of nitrogen from uneaten feed, discharge rate of
nitrogen from shrimp excretion except for respira-
tion, and decomposition rate of the sediment, re-
spectively, where q,, 7., R, and rg, oTan AT the
mass fraction of nitrogen in the feed, feeding rate,
ratio of uneaten feed to the total feed, and genera-
tion rate of ammonia-N from decomposition of sed-
iment, respectively. The decomposition of the sedi-
ment was estimated with the assumption that the
decomposition rate should follow the first order re-
action?', and the generation rate of ammonia-N due
to the decomposition of sediment, is given
by,

Sed, TAN?

Fseatan = It M Sed N (3

where 7 is the rate constant of decomposition.

Ammonia-N removal

The removal rate of ammonium-N in a unit
volume of shrimp pond is given by,

rtotal,remove = pU ﬂTAN (9)
where p and 7, are the density of seaweed in
shrimp pond and specific uptake rate of ammonia-N
by seaweed. The growth of sterile Ulva sp. was as-

sumed to follow the model of the autocatalytic reac-
tion, and the growth is expressed as,

P
—F=upy, In——=ut  (10), (11)
dr o
where u is the specific growth rate constant. It was
reported that this constant should be affected by
some factors, and u was expressed as a function of
Cran photosynthetlc.phot_on flux .dens1ty, 1, and
temperature, 7, and in this study it was assumed

that x could be expressed as,

Coe 1 E
exp| —— | (12)
K +Cpp I +1 RT

M= o

where K, I, and E mean the half saturation con-

stants for C_,  and /, and apparent activation energy

for ammonia-N uptake, respectively. The effects of
C. . I and T on u were considered to follow the
Monod model, model suggested by Ogawa et al.**,
and the Arrhenius model, respectively. The uptake
rate of ammonia-N by the seaweed, 7, , and the
Michaelis-Menten model are given by the following

equations, such as,

Ty = _L dCTAN , Tlpan = TT ax 'CTAN (13)’ (14)
py At Ky +Crax

where # and K, are the maximum specific uptake
rate, and half saturation constant of TAN concentra-
tion, respectively. Considering that the uptake of
ammonia-N is necessary for seaweed growth, the
uptake rate of ammonia-N by the seaweed, 7, , is
closely related to the growth rate of the seaweed.
Then z_,. was assumed able to be derived in the

TAN
similar way as u. The effects of C_,. on 7, were

represented by the Michaelis-Mer{?gn moggl, and
the effects of / and T were assumed to follow the
model suggested by Ogawa et al.** and the Arrhe-
nius model, respectively. Then Eq. (14) was rewrit-
ten as,

C 1 E
‘T[TAN :n'max AN exp(_ ) (15)
Ky +Cpp Lo +1 RT

The parameters of 1, K, K, I, and E would
experimentally be obtained in the following discus-
sion, and the value of 7' was estimated later with
the assumption that x# was proportional to 7, .

Effects of operating conditions
on ammonia-nitrogen uptake
by sterile seaweed

Experimental study of ammonia-nitrogen
uptake and growth rate of sterile seaweed

Materials

Sterile Ulva sp. was collected from March to
August 2011 from Kanazawa Bay, in Yokohama,
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Japan 35°20'32N, 139°38'32E, and the principal
characteristics of the seaweed used in this study
were shown in our previous studies. Commercial
sea salt of Aqua Zalts, purchased from Nissei
Sangyo Co. Ltd., was used to prepare artificial sea-
water whose salinity was set as 30 %o. Ammonium
chloride, sodium dihydrogen phosphate and sodium
hydrogen carbonate, which were special grade from
Wako Pure Chemical Industries, Ltd., were used as
sources of ammonia-N, dissolved inorganic phos-
phorus, and dissolved inorganic carbon in the sea-
water.

Preservation of seaweed

The collected seaweed was preserved using the
same method as described in our previous works.?
The principal conditions for the preservation are
shown in Table 1. A commercially available glass
beaker of 5.0 - 10* m? was used as an aquarium,
equipped with aeration agitation and metal halide
lamp, EYE Clean-Ace M400DL/BUDP, purchased
from Iwasaki Electric Co., Ltd. (Japan). The col-
lected seaweed was meticulously washed with arti-
ficial seawater to remove epiphytes and mud, and
cultivated in the apparatus for more than 24 hours
with the artificial seawater containing no additive
agent, to prepare “starved seaweed”. The tempera-
ture and photosynthetic photon flux density, /, were
controlled at 295 K and 800 umol m2s™" as daytime
conditions, and at 295 K and 0 pumol m?s! as
nighttime conditions, respectively. The daytime/
nighttime cycle was fixed as 14 hours and 10 hours,
respectively. After preservation, the dry mass of the
seaweed, DM, was measured using the same meth-
od as in our previous work!'""*, The “starved sea-
weed” was wiped with paper towels to remove
solution on the surface, and kept in the desiccator
with silica gel at room temperature for several days
until the mass of dried seaweed became constant, to
be determined as the initial dry mass of the seaweed.

Table 1 — Principal experimental conditions for ammonia-ni-
trogen uptake by sterile Ulva sp.

Total volume of aquarium, V' [m] 0.0005
Initial concentration of 5

ammonia-N in solution, C, [kg N'm™] 0-0.005
Initial concentration of [kg P m?] 0.0003

phosphorous in solution, C,,,

Initial concentration of inorganic

-3
carbon in solution, CC'O kg C m”] 0.024
[kg m?] 30

[kg DM m>]  0.15 + 0.03

Salinity of culture solution
Initial density of seaweed, p;,

Photosynthetic photon flux

density, 1 [umol s m?] 0 - 2000

Temperature, T [K] 287 —-313

Temp. controller Metal halide lamp

Air

Seaweed

Magnetic stirrer

Fig. 2 — Schematic diagram of experimental apparatus for
batch uptake measurements

Uptake of ammonia-N by seaweed

The principal conditions and experimental ap-
paratus for ammonia-N uptake by seaweed are
shown in Table 2 and Fig. 2, respectively. A metal
halide lamp was used as a light source, and / was
measured at several points of the solution surface
by a quantum meter, same as in the preservation. A
magnetic stirring tip was used to completely mix
the culture solution. To avoid the seaweed from be-
ing torn apart by contact with the stirrer tip, a nylon
net of 3360 pum line gap and 1000 um diameter line
was equipped to cover the agitation part by the
magnetic stirrer. The seaweed could not pass
through the net and the solution in the vessel could
be fully agitated. Before each uptake run, the
starved seaweed was acclimatized for more than 0.5
h at 295 K and 800 pmol m™?s™" in the culture solu-
tion without ammonia-N. The specified amounts of
ammonia-N, dissolved inorganic phosphorus, and
dissolved inorganic carbon were added to the culti-
vation solution to start the uptake run. After the
specified periods of the ammonia-N uptake, the
concentration of total ammonia-N in the solution,
C.,n» and DM were measured. The CTAN’O, I, and T
were varied to study the effects on the seaweed
growth rate.

Analysis

The concentration of ammonia-N in the solu-
tion was determined by the indophenol blue meth-
od. The / was measured at several points of the
solution surface by a quantum meter of Model
QMSS of Apogee Instruments Inc.

Numerical simulation of culture-pond quality
control by sterile seaweed

The control of water quality in the model cul-
ture pond was simulated in terms of the dynamics



H. Habaki et al., Effects of Sterile Ulva sp. Growth Rate on Water Quality Control...,

Chem. Biochem. Eng. Q., 30 (3) 341-349 (2016) 345

Table 2 — Principal experimental conditions for ammonia-ni-
trogen uptake by sterile Ulva sp.

Parameters relating to ammonia-N generation

Fraction of ammonia-N due to -] 0.8
shrimp respiration, p.,

Allometric scaling parameter of -] 0.75
shrimp metabolism, y

Maxmum weight of shrimp, M,

S,max

[kg shrimp]  0.13

Growth coefficient of shrimp, Kg [h'] 0.00031
Natural mortality rate constant, X [h'] 0.000078
Mass fraction of nitrogen in feed, p [-] 0.046
Ratio of uneaten feed to total -] 0.1

feed, R,

Rate constant sediment [h™] 0.0025

decomposition, r,

Parameters relating to ammonia-N uptake

Half saturation constant for C,, ., K [kg m”] 0.0018

TAN?

Half saturation constant for C_, ., K, [kg m™] 0.0023

TAN?

Half saturation constant for 7, / [umol s' m?] 190

Maximum /, I [umol s m™2] 1800:

clear day
100:
cloudy/
rainy day
Maximum 7, I K] 303
Minimum 7, [ K] 298
Apparent activation energy, £ [J mol ] 69000
Initial conditions
Initial ammonia-N concentration [kg N m~] 0

in culture pond, C.,\

Initial weight of shrimp, M, [kg shrimp]  0.0001

Initial density of seaweed, p,; [kg DM m~] 1.0

Initial density of shrimp, p [m7] 40

Table 3 — Feeding schedule for shrimp

Feeding rate, 7,

Shrimp mass, M [ke] [kg feed kg ! shrimp h']

0.0002 and below 0.0057

0.002 — 0.013 0.005
0.013 - 0.03 0.0017
0.03 and above 0.0012

of ammonia-N, as illustrated in Fig. 1. The values
of the coefficients relating to the ammonia-N gener-
ation and uptake of ammonia-N by the seaweed,
and calculation conditions are listed in Table 2. Pe-
naeus monodon was selected as the model shrimp
because it was the most popular shrimp for farming
in Southeast Asian countries. For the parameters re-
lating to the growth of Penaeus monodon, y of Eq.
(4), and M, Sma , K, of Eq. (5) were referred to
the previous studies'* 10 The feeding rate was decid-
ed according to the work of Lim, and is listed in
Table 3.2¢ The parameters relating to the properties
of the sediment and its decomposition, such as R,
r.q,, were also referred to the previous studies**'.

The climate conditions were determined based
on the report from Thai Meteorological Department
and research of pond water temperature change in
Rayong of Thailand*’*®. The times of sunrise and
sunset are approximately 6:00 a.m. and 6:00 p.m.
throughout the year, and the time at the culmination
point of the sun is nearly at noon. Then, the / and T’
are expressed as,

[=1_sin’ {#} (6 h <7< 18 h: daytime) (16)

I=0(0h<¢t<6h,18 h<¢<24 h: nighttime) (17)

(~LSH+DL/2 _
DL +2P

min max min

T=T, +(T, —T.)~sin( )
(18)
(6 h <7< 18 h: daytime)

T:Tmin_Ts'eXp(_W/T) (T, -T,,, )-exp{~(t—1,)/7}

1—exp(—n/7) (19)
(O h<7r<6h,18 h<t<24 h: nighttime)

where [ is the photosynthetic photon flux density
at the culmination point of the sun, and fixed as
1800 pmol m2s! in clear days and 100 umol m2s™!
in cloudy or rainy days; 7 and 7 . are the maxi-
mum and minimum temperatures fixed as 303 K
and 298 K, attained two hours after the culmination
point of the sun and just before sunrise, respective-
ly; LSH, DL, T, t, 7, and 7 are the time at the cul-
mination point of the sun, daylight hours, sunset
temperature, sunset time, time coefficient, and
nighttime length; C.,  and M, were decided as
0 kg N m™ for both, and Py, Was set as 1.0 kg DM m>,
For the evaluation of water quality control in the
intensive culture pond, the culture density of shrrrnp,
Ps, Was 40 m- 3. Pond area and depth were 4000 m?
and 1.0 m. The cultivation period was decided for
90 days, which was a general period for cultivation
of the shrimp. With these conditions and equations,
the dynamics of ammonia-N around the model cul-
ture pond was simulated.
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Results and discussion

Experimental study of ammonia-nitrogen
uptake and growth rate of sterile seaweed

Figure 3 shows the Michaelis-Menten plot for
the ammonia-N uptake with the seaweed at 7= 300
K. The uptake rate of ammonia-N increased as
Ciane» and asymptotically attained constant value in
the range of higher C., , as observed in the previ-
ous study. Then, the K, and = in Eq. (14) were
estimated as 2.3 - 10" kg N m? and 11.6 - 107
kg N kg DM h', respectively. Although the K,
value in this study was slightly smaller than that
in the previous study (K|, = 103 kg N m?),
the = value was same as in the previous study
(z = 11.3 - 107 kg N kg DM ' h™"). The seaweed
used in this study was regarded to show approxi-
mately the same performance for the ammonia-N
uptake as the seaweed used in the previous study.

Figure 4 shows the effects of C,,, 7 and T on
PylPy, The pU/pU , increased as did the uptake time,
t, and with an increase in these three parameters.
When C, = 0 and I = 0, p/p,, remained un-
changed 0 be kept at unity along the operating
time. The logarithm of p,/p , was proportional to ¢
and it was confirmed that the seaweed growth fol-
lowed the model of the autocatalytic reaction in this
measurement range, as expressed by Eq. (11). When
C>40-10°kg N m™ or 7> 308 K, chlorosis of
the seaweed was observed. This concentration range
of TAN was much higher than the maximum TAN
concentration recommended for stable farming of
shrimp, 1.0 - 103 kg N m=. Even in tropical condi-
tions, T cannot be maintained more than 308 K for
a long time. Therefore, the effects of chlorosis
might be less serious in actual situations. In the
range of /> 1500 umol m2s™', I had less influence
on p /p,, and almost kept constant. Figure 5 shows
the effects of C,,\» I and T on u. In all cases, u in-
creased with C... I and 7. With these results and

TAN?

0.015 ,

0.05 |- m

17, [kg N kg™ DM h']

0 |
0 0.01 0.02
Cran [kg N m?]

Fig. 3 — Michaelis-Menten plot

Eq. (3), the values of the four parameters were ob-
tainedas u_ = 5. 7 10 'h', K, =1.8-10° kg N m?,
I,= 189 pmol m2s! and E 6.86 - 10*J mol ™. In
thlS estimation, the results in which the chlorosis of
seaweed was observed were excluded. Then, u was
estimated, and is shown by solid lines in Figure 3.
The model of seaweed growth could fully express
the growth of sterile Ulva sp. The average ratio of
u /m was estimated at 2.1 kg DM kg N, used in

max

the numerical simulation of shrimp culture pond
quality.

Crano
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Numerical simulation of shrimp
culture pond quality

In this study, C.,., I, and T were assumed to
influence the uptake rate of ammonia-N and sea-
weed growth rates in the same way, as shown in
Egs. (12) and (15), and 7’ was estimated from
u . and Eq. (15) at 1.2 kg N kg DM h™'. Figure 6
shows the example of the time variations of C_,
and removal rate of ammonia-N, ol removal? through

the day on the 60th cultivation day. The C_, de-

[-10] [-10-9]
T

F -y
[kg N m=h™]

w

Ciano [ka N m=3]
N

otal,remove

r

-

sunset

N
[y
W

20

| sunrise I-' -
0 \'I |
0 10

Time [h]

Fig. 6 - ﬂme variations of C,, andr, .
vation day

o

on 60th culti-

10~
1 [ ] T T T T

o o
o )

C.. [kg N m~]
o
kS

0 20 40 66 80
d [day]

Fig. 7 — Transitions of C,,s at 6:00 a.m. and 12:00 p.m.
along cultivation period

creased from sunrise, attained minimum value
around 2:00 p.m., and increased up to sunrise. After
2:00 p.m., C,, gradually increased with time, and
the increment was accelerated after sunset. As ex-
pressed by Eq. (15), the seaweed was assumed to
uptake no ammonia-N during the nighttime because
1=0, ie. ot remove — 0- Then the ammonia-N was
accumulated during nighttime and the removal of
ammonia-N started from sunrise. The ol remove sud-
denly increased from sunrise and attained maximum
value around 9:00 a.m. In the morning, C._ . was

TAN
relatively high to cause large r . In the after-

noon, / and 7 were relatively higﬁl,’refln((;@ever 7 otalremove
was small due to small C,, . Figure 7 shows the
changes of C,, s at 6:00 a.m. and 12:00 p.m. The
seaweed could effectively control C,, . such low
level around 12:00 p.m. During nighttime, the sea-
weed inefficiently took in ammonia-N, and C,, be-
came relatively high until 6:00 a.m. The recom-
mended maximum C_,  was reported to be less than

1.0 - 10° kg N m34The C___ could be controlled

TAN
less than the recommended concentration of ammo-
nia-N using the seaweed throughout the farming

process. The p,; increased from 1.00 kg DM m™ to
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1.12 kg DM m™ in 90 days. Then, 480 kg DM sea-
weed could be obtained as by-product when the
general scale of the culture pond was used in which
the area of the culture pond and depth were 4000 m?
and 1.0 m, respectively. The shrimp pond is gener-
ally operated in a large area. Though the amount of
harvested seaweed was relatively large, the incre-
ment of the seaweed density in the shrimp pond was
insignificant. Therefore, the frequency of seaweed
harvesting may be low, and operation is expected to
be simple.

Conclusions

The growth rate of the sterile seaweed was
measured to study the effect of the following oper-
ating conditions, such as the total ammonia-nitro-
gen concentration, photosynthetic photon flux den-
sity, and temperature. The seaweed density increased
as these parameters increased. The logarithm of the
seaweed density ratio was proportional to the oper-
ating time, and the growth was found to follow the
model of the autocatalytic reaction in this measure-
ment range. The specific growth rate constant in-
creased as each parameter increased, and was repre-
sented by the Monod and Arrhenius models.

The water quality control using the sterile sea-
weed was numerically simulated, and the ammo-
nia-nitrogen in the shrimp pond was effectively
controlled with the seaweed. During daytime, the
seaweed could effectively uptake ammonia-nitrogen
to keep so low a level in the pond. On the other
hand, during nighttime, the ammonia-nitrogen con-
centration should increase until daybreak because
the seaweed should require sunlight to uptake am-
monia-nitrogen. However, the maximum concentra-
tion was smaller than the permissible concentration
and, consequently, this system could control the wa-
ter quality in terms of ammonia-nitrogen concentra-
tion. After farming, a large amount of seaweed was
obtained as by-product. The increment of the sea-
weed density was estimated to be small. This sys-
tem required less frequency of seaweed harvesting
and simple operation could be expected.

Nomenclature

A wn — nitrogen metabolite excretion rate,
kg N kg shrimp h™!
Coc — inorganic carbon concentration, kg C m™
Cow — phosphorous concentration, kg P m™
Cran — TAN concentration, kg N m™
d — cultivation time, day
DL — day length, h
E — apparent activation energy in Eq. (12), J mol™

1

max

LSH

0

NI

S,max

Sed,N

Ir

qTAN

Sed, TAN

T SheTAN

~

total,remove

total, TAN

p U0

— photosynthetic photon flux density,

umol m=2 s™!

— [ at maximum solar height (midday),

pmol m2 !

half saturation constant of 7, pmol m=2 s™!
growth coefficient of shrimp, h!

half saturation constant of TAN concentra-
tion for uptake, kg N m=

half saturation constant of TAN concentra-
tion for growth, kg N m=

time of maximum solar height, h

shrimp mass, kg shrimp

shrimp mass at initial, kg shrimp

shrimp mass at maximum growth, kg shrimp

nitrogen in sediment per unit volume of pond
water, kg N m™

delay in T’ with respect to LSH, h

feed rate per shrimp mass,

kg feed kg ! shrimp h!

TAN fraction of shrimp respiration to total
nitrogen metabolite, —

gas constant, J mol! K™!

feed rate per unit area of shrimp pond,

kg feed h!

nitrogen metabolite excretion rate by shrimp,
kg N m> h!

rate constant of sediment decomposition, h'!
fraction of shrimp assimilation in feed, —
fraction of leftover in feed, —

— TAN generation rate from sediment

kg N m= h!

— excretion rate of TAN by shrimp respiration,

kg N m> h!

— total TAN removal rate, kg N m= h!
— total TAN generation rate, kg N m= h'!

time, h

water temperature, K

cultivation time, h

maximum daily water temperature, K
minimum daily water temperature, K

sunset time, h

sunset temperature, K

night length, h

specific growth rate constant of seaweed, h!
maximum specific growth rate of seaweed, h!
maximum specific uptake rate of TAN,

kg N kg! DM h!

specific uptake rate of TAN, kg N kg! DM h'!
culture density of shrimp, m=

density of seaweed in culture medium,

kg DM m

density of seaweed in culture medium at ini-
tial, kg DM m™?

— density of seaweed in culture medium at ¢,

kg DM m
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