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ABSTRACT
We investigated ammonium N (NH -N) and phosphate P (PO -P) uptake by unicellular

algae as a method for removing exceisive  nitrogen (N) and ph%sphorus  (p)  from larval
shrimp rearing water and evaluated the feasibility of using algae to manage the water qual-
ity. Tetraselmis tetrad&e, Nannochloropsis oculata, Isochrysis sp. and Chaetoceros  graci-
lis were considered to be suitable algae to keep the N and P content of the rearing water low.
N and P uptake of these algae from culture media and their food value to shrimp Metapenaeus
ensis  larvae were examined by

uni-algal culture or feeding experiments. Furthermore, NH -N and PO -P uptake by N.
oculata from the larval rearing water was measured to determ&e  the effe&s of algal feed-
ing. Most of the NH -N and PO -P contained in the culture media were utilized by these
algae by 16 to 27 day: after inocilations.  Their nutritional value, in decreasing order, was
estimated to be: C. gracilis, Z tetrathele, Isochrysis sp.; and N. oculata seemed to be very
low. However, a mixed feeding of N. oculata and an artificial diet provided better growth
and higher survival rate of larvae than did each of them separately. Moreover, NH -N and
PO -P content of the larval rearing water was kept lower in the mixture feeding thr&  in the
feeding  of the artificial diet only. Therefore, even if the alga had low nutritional value for
the larvae, adding it to the rearing water was useful in keeping the N and P content low aad
improving the s&ival rate of &imp larvae.

INTRODUCTiON
Since artificial diets for shrimp larvae have been de-

veloped and their nutritive values are estimated to be as
high as live food (Kanazawa et al. 1982).  they are used in
many shrimp hatcheries in Japan. However, overfeeding
of artificial diets often pollutes the larval rearing water,
and nitrogen (N) and phosphorus (P) content in the water
increases remarkably after a short time. Excessive N and
P negatively affect larval survival and growth, so we must
consider methods of coping with such pollution.

Some species of unicellular algae which are fed to
shrimp larvae at protozoea (Z) and mysis (M) stages seem
to be useful not only as live food, but also as water purifi-
cation organisms. Unicellular algae are usually cultured
in larval rearing ponds to provide good water quality for
fish in many freshwater tinfish hatcheries in Japan. In the
current study, we investigated ammonium N (NH -N) and
phosphate P (PO -P) uptake by several species okalgae to
evaluate the fea.&bility  of using them to keep the water
quality suitable for shrimp larvae.

MATERIALS AND METHODS

DESIGN OF EXPERIMENTS~
Three experiments were carried out. The unicellulsr

algae which were provided to the larval rearing water are

expected to increase constantly in large-scale outdoor tanks
and to utilize N and P from the water effectively.
Tetraselmis tefrafhde,  Zsochrysis sp. (Tahiti strain) and
Nannochloropsis oculafa are known to exhibit constant
growth in outdoor tanks (Maruyama et al. 1986, Boussiba
et al. 1988, Okauchi 1988). and Chaetocems  gracilis is
generally used as a nutritive live food (Simon 1978).
Therefore, we selected these algae as appropriate species
for this study.

NH,-N, NO,-N and PO,-P uptake of these algae from
their culture media were examined in Experiment 1. Their
food value for the shrimp, Mefapenueus  ensis, larvae at Z
and M stages was estimated in Experiment 2. Then, in
Experiment 3, NH4-N and P04-P  uptake from the larval
rearing water by N. oculata in mixed feeding of the alga
with  artificial diets was measured, and the effects of the
algal feeding were evaluated by shrimp growth and sur-
vival.

EXPERIMENT1
Batch style culture was adopted for use in this experi-

ment. The clonal urn-algal  culture  strains of I: fetrafhde,
N. oculata, Isochrysis sp. and C. graciiis  were grown re-
spectively in four 1,000 ml flat-bottom flasks containing
800 ml autoclaved medium. The medium was G&lard  F
(Guillard and Ryther 1%2)  modified to contain an adequate
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‘&bie 1. Concentrations  of additives in em-ichd
eawater  media (modified Guillard W
used in experiment 1

Seawater
No,+? (as NW,)
NM-N (as (NH.@?+
pQ,-P(as  l+qQ,)
NaSiO,~9~0
Fe-EDTA
MnCL,4H20
CU§O,~SI$O
ZnSo,‘7lfiO
CaC&~6&0
~~aO~2~~
Viramln B,,
Biotin
Thiamin WC1

Trial I
1OOml
2.6 mg
-

1.6 mg
3.0 mg
l.0mg
36.0 pg
1.96 erg
4.4 pg
2.0 pg
1.26 w
0.1 pg
0.1 pg
20.0 pg

Trial 2
1OOml

2.66 mg
1.6 mg
3.0 mg
1.0 mg
36.0 1.18
1.96 pg
4.4 pg
2.0 /.lg
1.26 IJ%
0.1 pg
0.1 pg
20.0 ct&

WMIW of NO,-N, NH44  and PO,-P (Table 1). Illumina-
tion was provided continucmsiy  by cool-white fluorescent
lamps t an ibid level of about 80 pEm-%-I.  The

re was kept at about  2ooC.  These cultures were
s. Sub~~ptings  from each

&teinterv&(oaixortwiwice
t. All samples were first

ters and the weight of cells
on thy fllttx w@  m~ured.  Then, NO,-N, NH,@ and
PC),-P content in tech fi&rate  ww  determined using meth-
ods dads by Strichland and Parsons (Parsons et al.
1984).

Befcxe  Experiment 3, the food values of I: refrufhele,
N. oculara and Imchrysis  sp. to the shrimp larvae were
estimated, comparing them with that of C. grucilis which
is known as a nutritious algal food for shrimp larvae (Chu
1989). Vigorous nauplii which were hatched from eggs
obtained fmm several females were randomly divided into
Ii5 groups of 1 ,WO  larvae each. Each group was held in a
12-L ~iyc~ua~ tank containing 10 L of filtered sea-
water. For each of four algal test species, four groups (I-
Ito4,N-lto4,I-lto4andC-Ito4)werefedI:tezrazhele,
M W&W, Imhry&  sp. and C. gracilis,  respectively.

These algae were cuiW  in modified Guillard F me-
dium cuing wene harve&ed during the growth phase
and fed to the larvae+ We took into account the difference
in cEtl& and sag the addition of different dgd
f+pecics  by givitrg aearIy t%pl ttxnowts by cell volume.
Thus, feeding densities were set at S-IOxW  cells/ml for

(Trial -1) (Trial - 2

/lo*Ih

1

I- POo-P r PoeP

0 10 20 30 0 10 20 30
Days

Fig. 1. Changes of NO3-N,  NH4-N  and PQ4-P concentrations
in media with the growth  of Tetraselmis tetrathele  (O-O),
Nannochlompsis  oculata (0-C)). Isochrysis sp. ..(   ----    ),  and
Chaetocems  grads  (O---O) in experiment 1.

T. zerrufhele,  10-12~1~  cells/ml for IsochTysis  sp., 15-
20x104 cells/ml forN. uculata and 10-14x1@  cells/ml for
C. grucilis.  These densities were maintained either by low-
ering the water level in a tank and adding filtered seawa-
ter or by adding cultured algae. About 10 to 20% of the
total volume of the tearing water was changed daily.

The experiment was continued for eight days. During
the experiment, air was supplied to all culture tanks; the
rearing water temperature was kept at 22 to 2YC; and il-
lumination was provided by fluorescent lamps on 12: 12 
LD cycle. At the end of the experiment, all living larvae
in each tank were counted and survival rates were calcu-
lated Furthermore, 100 larvae were randomly collected
from each tank and their metamorphic stages were identi-
fled by a photomicroscope, following the morphological
classification of Fudinaga (1942).

EXPERIMENT 3
From the results of Experiment 2, we selected N. ~ulata

as a suitable alga for this experiment. Merapenaeus  ends
nauplii used in this experiment were hatched from eggs
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Table 2. The suwival rates and metamorphic stages of Metapenaeus  ensis larvae fed on Tetnzselmk  tebrrttrele,
lsochrysis  sp., Nannochloropsis sp., and Chaetoceros grads  at the end of experiment 2

Tank

T-l
T-2
T-3
T_4
I-l
1-2
I-3
I_4
N-l
N-2
N-3
N_4
C-l
C-2
C-3
c_4

Cell density ofd Number oP Number OF
feeding algae nauplii larvae

( x l@ ceils/ml1 (N/l0 L) (N/10  L)
5- 10 1,000 762
5 - 10 1,000 701
5 - 10 1,000 883
5-10 1,ooo 752

lo- 12 1,000 691
lo- 12 1,000 712
lo- 12 1,000 818
1 2lo- 1.ooo 564
15-20 1,000 65
I5 - 20 1,000 180
15 - 20 1,000 128
15 - 20 L!J@ 80
lo- 14 1,000 712
IO- 14 1,000 910
lo- 14 l,ooO 871
1 4lo- 1.ooo 760

Mean of
survival rate

I%)+ s a
Metamorphic stage of larvaed
zJM1WM3
0

77.5k6.7 0
0
4
0

69.6ti.O 0

11
60

11.3zh4.5 70
52
gP

0
81.3+&O 0

0
I!

0 10 90
0 35 65
0 14 86

B
70

0 22 78

5 0 0
30 0 0
48 0 0
0   0   0
0 6 94
0 12 88
0
0

a Feeding densities of I: Tetrathele  (Ltank T-l, T-2, T-3, T-4), Zsochrysis  sp. (Tank I-1, I-2, I-3. E-4),  N. oculata (tank N- 1,
N-2, N-3, N-4) and C. gracilis (tank C-l, C-2, C-3, C-4). The densities were maintained during the experiment.
b The number of M. ensis nauplii acocnnnodated  in a tank at the beginning of the experiment.
C The number of living larvae in a tamk until the end of the experiment.
d The metamorphic states of 100 larvae collected from each tank at the end of the experiment (23:  protoaoel  stage 3, Ml:
mysis 1, M2: mysis 2, M3: mysis 3).

obtained from several females. Healthy nauplii which had
been reared about 6 h after hatching were collected and
then randomly divided into three groups of 5,000 nauplii
each. Each group was held in a 30-L polycarbonate tank
(tanks AN- 1, C-l, A- 1) containing 25 L of filtered seawa-
ter provided with adequate aeration. Artificial diets and
N. oculata were provided in tank AN-l, C. gracilis only
was provided in tank C- 1 and artificial diet only was pro-
vided in tank A- 1. The larvae were reared from Zl to M 3
stages for seven days. The experiment was repeated using
eggs obtained from other females (tanks AN-2, C-2, A-2).

Nannochloropsis oculata and C. gracilis, cultured in
modified Guillard F medium Cultures, were harvested
during their growth phases and added to each tank. Dur-
ing the experiment, algal cell densities in tanks AN and C
were measured twice daily with a Coulter counter and ad-
justed to 15-20x1@ cells/ml for N. oculata and 10-14x104
cells/ml for C. gracilis by lowering the water level and
adding filtered seawater or by adding algae. About 10 to
20% of the rearing water in each tank was exchanged daily
to remove metabolites and uneaten artificial diet. NH  $J
and PO4-P were measured every day by the same method
used in Experiment 1. Larval density in each tank was
estimated by counting larvae in five 500 ml samples. Sur-

vival rates of larvae were calculated at the end of the ex-
periment. Larval growth was measured in terms of the
metamorphic stage, and recorded daily by taking two
samples of 10 larvae from each tank The water tempera-
ture was kept at 25°C.

RESULTS AND DISCUSSIONS

NAND P UPTAKE  OF ALGAE
The results of Experiment 1 are shown in Fig. 1. All

algae increased well during this experiment. On the other
hand, NO3-N, NH,-N and PO,-P  in each medium decreased
with the growth of algae in trials 1 and 2. NO,-N was
completely utilized by I: tetrathefe 21 days after the algal
inoculation, and by N. oculara and Isochrysis  sp. after 27
days. The NO3-N uptake rate of C, gracilis was low com-
pared with that of the other algae used, and about 8 mg/L
of NO3-N remained at the end of the culture period. NH,-
N was completely utilized by I: tetrathele and N. ocukzta
after 16 days. In Isochrysis sp. and C. gmcilis cultures,
the uptake rate of NHaN was high-almost equal to that
of other algae-but the rate went down after the 16th to
18th day, so that 2-4 mg/L  of NH,-N remained at the end
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F&,  2, &x@ changt?s of&n&&  (()L---l)) and metamorphic stages of living M. ensis larvae, and daily changes of ammonium-N
QM and ~~s~~e-~  (6-a)  concentmtions  in the larval rearing water in experiment  3. Artificial  diet and N. ocuiata were
P &to  th@ maring water in tank  &I(-1 and -2). On the other hami,  C. gracilis  was provided into tank C (-I and -2), artificial
diet  wos ~#~~~ ftttt~ tank A (-I and -ii!). Zl S~GWS  pmtozoed stage 1, 22:  protozoeal stage 2, ZT: pmtozoeal  state 3, MI: mysis
stag&?  f, M& nlysis stage 2, M3: nysls srage 3,

‘IBUS, NH++-N  seemed to be more
trogen soume by these algae than

N8,-N, TMR ~~~0~~~0~  was especially  clear in C. gm-
c& cuhun. However, concentrations of NH4-N and NO3-
N in larval rearing water under normal conditions seemed
to be lawer than those of the medium used in this experi-
ment. Therefore, even if C. grucilis  were added to the
larva rearing water, NH4-N and NC&-N  were utilized ef-
fectively and their concentrations were kept at low levels.
Pusthermom,  PO,-P was almost completely utilized 16
days after beginning the culture regardless of algal spe-
cies. Therefore, the algae can be effective in removing
excessive N and P from the shrimp rearing water.

D VALUES OF ALGAE

cell wall, so that larvae are unable to digest it.
On the other hand, the survival and development rates

of larvae fed on I: tetrutheie or Isochrysis  sp. were slightly
lower and slower than those of larvae fed on C. grucilis.
T. tetrathele is bigger than N. oculata  and has a relatively
thin cell wall, while Isochrysis sp. does not have a cell
wall, so that larvae seem to digest them easily. However,
these algae have been found to contain little
eicosapentaenoic and docosahexaenoic acid in compari-
son with C. gmcilis (Helm and Laing 1987, Okauchi 1988,
Su et al. 1988). These fatty acids were shown to be essen-
tial for Penaeus  japonicus larvae (Kanazawa et al. 1978).
Therefore, the nutritive values of T. tetrathele and
fsochrysis sp. seem to be inferior to that of C. gracilis.

The survival rates and metamorphic stages of M. ensis
larvae at the end of Experiment 2 are shown in Table 2.

val and development rates of larvae fed on N.
were obviously inferior to those of larvae fed on

5, Most larvae in tank N (-1 to -4) died
es, and the few surviving larvae were 23
the end of the experiment. Therefore, N.

be h&eqate 85 a food organism for
The principal reason for this result  seems

to~~~~~~~is~s~~chew~dh~ah~
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EFFECTS OF MIXFD FEEDING OF ALGAE
WITH ARTIFICIAL FEED

We chose N. oculutu as the alga to be added to the lar-
val rearing water in Experiment 3 so as to minimize the
food effect and make the effect of N and P reduction clear.
Daily changes in densities and metamorphic stages of lar-
vae in each tank are shown in Fig. 2. Other results of
Experiment 3 are presented in Table 3. Larval densities
gradually decreased during this experiment, and there was
no significant difference in terms of changes in larval den-
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sities between each tank. Mean survival rates of tanks
AN, C and A in two trials were 71.3%,  57.5%,  and
63.8%,  respectively. On the other hand, the develop-
ment of larvae in tank A was obviously slower than
that of the other tanks. Although all larvae in tanks
AN and C had already metamorphosed into mysis
stage 3 at the end of the experiment, more than 50%
of the larvae in tank A were still in mysis stage 1.
NH4-N and PO4-P concentrations in tanks AN and C
decreased from the beginning of the experiment, and
they remained at low levels. Conversely, these con-
centrations in tank A gradually increased, and were
about three to eight times for NH4-N and about two to
six times for PO4-P in comparison with concentra-
tions in other tanks at the end of this experiment.

As confirmed in Experiment 2, the nutritional value
of N. oculata was low and that of C. gracilis was high.
However, the survival rate of larvae in tank AN was
highest of all, and the development rate was almost
equal to that of larvae fed on C. gracilis. One reason
for such results could be that the artificial diet used in
this experiment seemed to be nutritious enough for
larvae, but it polluted the water and seemed to create
an unsuitable environment for the larvae. On the other
hand, N. oculata effectively utilized NH -N and PO -
P from the water, so that the water quaky remain&
appropriate for larvae in spite of the addition of artifi-
cial diet. Therefore, suitable conditions in regard to
both nutrition and water quality were maintained by
mixed feeding of N. oculara  and artificial diet.

EFFICIENT LARVAL REARING TECH-
NIQUES USING ARTIFICIAL DIETS AND
UNICELLULAR ALGAE

The use of artificial diets should increase in popu-
larity and those of high quality which are nutritious
and almost insoluble in the rearing water will undoubt-
edly be developed in the near future. However, shrimp
larvae, especially from protozoeal to mysis stages, are
very sensitive to water pollution and nutrient defi-
ciency. Furthermore, adequate change of the rearing
water is difficult without damage to larvae in large
outdoor ponds. Therefore, water pollution by shrimp
metabolites and uneaten artificial food will remain a
serious problem.

We found that N. oculata was useful in removing
excessive NH4-N and PO,-P  from the larval rearing
water. Other algae which were used in this study uti-
lized NH4-N and PO4-P as effectively as IV. OCUkm.
Nutritional values of the other species, in descending
order, were: C. grads,  ‘I: tetrathele  and Isochrysis
sP*

Judging from these results, if we added these al-
gae instead of N. oculata to artificial diet, the larvae

6



could eat and digest both algae and artificial diet in a suit-
able environment. Therefore, maintaining unicellular al-
gae at a suitable density in larval rearing ponds is a useful
culture technique. Unicellular algae have been studied
mainly as food organisms since the development of large-
scale production of i? japonicus  by Fudinaga and Kittaka
(1966, 1967).

Further studies are needed on the role of unicellular
algae in water purification and a suitable system of water
quality management using algae should be developed.
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ABSTRACT
Artificial seed productions of the Japanese surf clam Pseudocardium  sachalinensis and

the poker-chip venus  Meretrix lamarckii are carried out at several prefecturaJ  hatcheries,
where a couple of million juveniles 3 mm in shell length am produced at each hatchery.
Usually, the bulk of the juveniles are released directly at sandy shores, but this has not been
successful. Two approaches are being used for future success in clam mariculture on sandy
shores. One is nursery culture in natural conditions. It is necessary to grow clams to a larger
size because 3 mm juveniles are moved by wave action. The experimental field nursery
culture of the Japanese surf clam f! sachalinensis is performed in an artificial pond fenced
in by iron plates. The pond will protect the juveniles from waves and help them grow larger.
Water exchange and food supply in the pond will be sufficient for the growth of clams.
Another is the prediction of movement of the clam seed. Dispersion and migration are very
significant factors in the release of clam juveniles. On sandy shores, movement by waves is
most important for clams. Numerical models for the on-offshore movement in a transection
of beach are developed on the basis of hydrodynamics. The availability of the models is
recognized in comparison with the field survey and the flume experiment.

INTRODUCTION
In Japan, the technology of clam mariculture, especially

in growout  and nursery culture, on sandy shores is not
advanced in comparison with seed production. On sandy
shores, it is very difficult to carry on intensive culture un-
der completely artificial control because the wave action
may wash and disperse the clam seeds. For exposed, high
energy sandy beaches which have abundant primary pro-
ductivity (Brown and McLachlan 1990, Adachi et al.
1994),  extensive culture to utilize the shallow nutritious
water is suitable. In this regard the supplement of artificial
seed for natural resources seems to be effective for stabiliz-
ing the harvest. Actually, the artificial seed productions of
the Japanese surf clam Pseudocarrlium  sachulinensis are
carried out at several prefectural hatcheries on the northern
Pacific coast of Japan. Most of the hatcheries can produce a
couple of million juvenile clams 3mm in shell length. Con-
sidering the cost and the time, this size is maximum as far as
feeding live algae in land-based tanks. Usually, the bulk of
the hatchery-reared juveniles is released in the natural envi-
ronment directly, but that has not been successful. The. size
of the seed is too small to stay at the released point. Thus, it
is necessary to grow them to a larger size in the nursery SYS-
tern. In this article, we introduce studies for the future sue-
cess in clam mariculture on sandy shores. One is nursery
culture in natural conditions. Another is the prediction of
movement of the clam seed.

PRODUCTION OF CLAMS
The abundant clam resource is the result of a dominant

year-class in the variance of the natural population. Since
1987, landing of the poker-chip Venus Mererti 1amaEkii
at Kashima-nada in Ibaraki Prefecture, Japan, is ea.300
kg/boat/day. It is worth approximately 200 to 300 thou-
sand yen (equivalent to US $2000-3000).

The location of Kashima-nada in Ibaraki Pref~ture  and
the study sites of both the experimental nursery culture
and the field survey of the distribution of clams are shown
in Fig. 1. Fig. 2 shows the annual landings of both the
Japanese surf clam Z? sachulinensis and the poker-chip
Venus M. lamarckii  in Ibaraki Prefecture on the Pacific
Ocean (Maoka 1993). The landings apparently fluctuated
from year to year, and the standing stocks of these clams
also similarly change. At the lower level of the smaller
year-class population, the landing was less than 1% of the
highest level.

The environmental factors affecting the survival, move-
ment and dispersion of the early stage of clams in their
natural condition are amount of food, water quality and
clam movement by water current and wave action. The
movement by waves and currents is the most severe pmb-
lem for the early stage of clams on sandy shores.

POND NURSERY CULTURE
Whenever clam seeds are planted in the natural envi-
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FQ. I. bcation of rhe Hiraiso fishing port and the Hasaki
Ocranographical Research Station along the coast of
KaMw-& in ibaraki  Pnfecture.

moment, some protective device from waves, predators
and other factors is needed. In commercial clam species
of the world, various manners of nursery systems have

n adopted, such as net pen, suspended bucket as in sea-
based systems and raceway tanks, and upflow and

sys~~ as in laud-based systems (Manzi and
1989).

In our study, experimental field nursery culture of the
Japanese  surf clam !? suchalintnsis  was performed in an
artificial pond fenced in by steal  plates. Fig. 3 shows the
pBnd  ~0~~~~ inside of the Hiraiso fishing port in

EZach  part of the plate was conntifxi
and ~~e~~~ by angle steel, The
was  2.8 m, and the height of the wall

~~rnO”l mto~.5md~e~~~~&level~
shaws 8 rough sketch of the pond and the dis-

position of wave gauges, thermometers inside and outside
dam recorder. The wave gauge utilized
type pressure gauge connected airtightly

la000
1

v.

to the PVC pipe. Seawater was exchanged through the
openings of the walls. Nylon screens of 3.6mm mesh were
attached to the openings in order to prevent the juvenile
clan-is  from passing through. Plastic filtration materials l&e
sponge gourds were installed on the top of the pond to
protect clam seeds from the turbulence of waves. Initially,
478 thousand juveniles which had been produced at the
IJXU-&~  Seafarming Association were planted in the pond
On 4 July 1995. Average shell length was 2.8 mm at the
start. At the same time, juveniles were aho cultured in
buckets with sand, suspended at the center of the port. ‘Ibis
work was carried out cooperatively with the Ibaraki Pre-
fectural Fisheries Experimental Station.

The tide levels and water temperature on the inside and
outside of the pond from July 25 to August 30, 1995,  are
demonstrated in Figure 5. Higher temperatures more than
28’C  were observed at ebbs in the spring tide. Duration of
high temperature, over 26-C,  continued no more than 12 h
even on hot sunny days, because the wave absorber also
played the ioie of a sunshade. As the Japanese surf clam
survived and grew at 28-C,  this temperature was not fatal
to the clam throughout the experiment.

The change of water level measured by the wave gauges
indicated that the exchange rate of seawater by waves was
much greater than that by tides. Furthermore, a cumula-
tive exchange of seawater in a day corresponded to about
50 m in height of the water column in the pond. In other
words, daily exchange of water reached 30-40 times the
volume of the pond. The water flow of the pond was ana-
lyzed from the measurement of the currents. Inward cur-
rents of the upper openings were about 50 cm/set, and,
even on the bottom, current velocity of 1 or 2 cm/set was
observed in calm conditions. These facts show that the
structure of the pond was enough to transport phytoplank-
ton and provide food to the clam seed.

Figure 6 shows the survival and the growth of the juve-

Pseudacardium sac&uYnensis

,  Meretrix Iamarckii

YEAR
f% 2 .-hwd f@d@  of the hpwwe  surf dam Pseudocardium sachalinensis and the poker-chip Venus Meretrix lamarckii
Ibarakf  Prz$&@reg J&p&?&



Higano, Adachi and Kuwaham

nile Japanese  surf clam. Approximately 107 thousand
clams were yielded 77 days later, and the average shell
length reached 10.4 mm. This showed rapid growth com-
parable to that of the natural population and the suspended
culture. On the other hand, apparently low survival of the
clams was attributed to the extremely high density of the
planted clams and predation by paperbubbles Philine
argentata. In the former, initial density of the seed clam
was about 100,000 individuals/m2. In an extremely dense
state, clams are not able to feed and keep their niche. The
survival rate will increase in appropriate density. On the
other hand, the invasion of predators, especially carnivo-
rous mollusks such as the paperbubble (Philinidae), the
moonsnail (Naticidae), and the starfish, is the most severe
problem in field nursery systems. Fig. 3. Photograph of the nursery pond at the Hiraiso  fishing

port.
PREDICTION OF CLAM MOVEMENT

On sandy shores, the passive movement by waves is
most significant for clams. In fact, onshore-offshore move-
ment of clams with rapid change of profile (Higano et al.
1993) and long distance transportation of released clams
were reported by Shimura and Honma (1971). The pur-
pose of this study is the development of a numerical model
by computer simulation for the prediction of clam move-
ment in the wave field. The numerical models (Kuwahara
and Higano 1994a, b) for on-offshore movement in a
transection of beach were constructed as a result of the
hydrodynamics and the mechanics of the clam. The model
consisted of three main calculation steps based on physi-
cal processes. The validity of the model was examined in
comparison with the real distribution of the field survey
and the flume experiment.

The first calculation steo was the wave field in the on-
offshore direction including the surf zone at an optional
beach profile, with the time-dependent mild slope equa-
tions (Watanabe and Maruyama 1984). The second was
the clam movement by one wave. The moving distance
during a period of the wave is calculated using the equa-
tion of motion. And then, the moving distance by a wave
train was calculated by superposing of the distance by one
wave.

Fig. 4. Sk-etch of the nursery pond and the  disposition of wave
gauges, termometers,  dota  recorder and wave absorbers.

Figure 7 shows the components of forces acting upon a
clam, such as gravity, frictional resistance, mass force and
other factors. In the model, the shape of the clam was as-
sumed to be a sphere. The equation of motion can be ex-
pressed as follows:

Mdujd&u,/dt Gmd(u,,-u,)/dt +1/2CoAp,lu,-Us  l(u,,-us)
- (M-m)gsinB - &&VI-m)cosDu/lu,l

where M denotes mass of clam ( 1/6n&Da, ps; specific grav-
ity of clam, D: shell length of clam); m: mass of water
corresponds to the volume of the clam ( 1/6xp,D3,  P,: spe-
cific gravity of water); t+,: water velocity at the bottom by
waves; u,: velocity of clam movement due to water veloc-

Jul. 25 Aug.1 11 21 30
DATE

Fig. 5. Change of water temperature and tide level insiak  and
outside of the pond.
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Fig. 6. Growth of the Japanese surf clam Pseudocardium
~~~ns~s planted in the pond and the suspended buckets at
the htjralsa  jishing port.

~~~~rn~s~~: t!~ compot~nt  of gravity pamlkl  to the seabed
SUrface

-~~~~rn~oS~~~~:  thej+ictional  nsistance force caused by
sliding of the bivalve on the seabed

ity; ub, C,, Cn: coefficient of apparent mass force and
bag force, respectively; A: area of the clam  that projects;
and & the frictional resistance coefficient.

In the field survey, sampling WaS Carried Out at inter-
vals of 10 m along the research pier of the Hasaki  Oceano.
graphical  Research Station (Fig. 8), Fort  and Harbor Re-
search Institute, Ministry of Transport, on June23, 1987,
just after a storm. Figs. 9(a) and 9(b)  show the distribution
of bivalves and the beach profile, respectively. It clearly
shows hat equilateral Venus  Gomphina melanaegis was
accumulated at the bottom of the trough, 200 m offshore
from the shoreline.

In the calculation of the model, the values of variables
are given in Table 1. It is assumed that the wave condition
was moderate and the physical characteristics of the clam
corresponded to young G. melunaegis.  Figure 9(c) shows
the result of the numerical simulation. The vertical lines
indicate the periodic movement of clams in the calcula-
tion. It was assumed that the clams were placed on the
seabed at intervals of 10 m, and the beach profile was the
same as Figure 9(b). The clams gradually accumulated at
the bottom of the trough. Figures 9(d) and 9(e) show the
calculated distributions of the model clams 10,000 set af-
ter the start of the calculation, for different shell length
and specific gravity.

Another means to examine the validity of the model is
the comparison between the laboratory experiment and the
calculation. The experiment was carried out in the flume
tank with a plunger-type wave generator at the National
Research Institute of Fisheries Engineering. The tank and
set of the experiment are shown in Figure 10. Initially,
juveniles of the Japanese surf clam f? suchalitt.ensis were
placed on the sand bed at intervals of 40 cm from the shore-
line to the offshore end of the bed along the beach profile
which already had wave action for 2 h. After generating
waves for 15 min. the juveniles were collected from the
sand bed with a siphon at intervals of 10 cm.

Figure 11 shows the distances of clam movement in
the flume experiment and the calculation, respectively. The
juveniles were accumulated approximately 1 m and 5.5 m
from the shoreline. The values of variables in the calcula-
tion are given in Table 2. In the calculation, the clams were
accumulated 1.1 m and 6.5 m from the shoreline. Both the
experiment and the model showed the divided areas in
which the clams moved onshore and offshore. The calcu-
lated results also coincide with the flume experiment for
the Japanese surf clam f? suchalinensis.

In the numerical model, it is difficult to consider the
biological aspects such as burrowing behavior, shell shape
and other factors. In our model, the coefficients CD, C,,
prs and j+d express their characteristics inclusively, and
we adopted C, and C, as 0.5 for both G. melanaegis and
I! sachalinensis.  From the oscillational flow tank experi-
ment, Yamashita  et al. (1995) showed that the Cn and C,
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Table 1. Values of the physical characteristics of
waves and clams adopted in the simula-
tion for the field survey

Wave height
Period
Shell length
Specific gravity of shell
Coefficient

of mass force
of drag force

Frictional resistance coefficient
static
dynamic

Ho = 1.5m
T = 7.0sec

D=2Omm
pS= 1.8

CM = 0.5
CD = 0.5

lufs = 1.0
j$ = 0.5

of F! suchulinensis were 0.5 and 0.1, respectively. Each
clam species has different characteristics, thus correspond-
ing to proper values of the variables. It is necessary to
determine appropriate values for target species.

CONCLUSIONS

From the results of the field experiments of the nursery
pond, it is evident that the pond has a possibility to work
well as an intermediate growth area. Therefore, we will
propose the larger scale pond near the shoreline as one of
the methods of clam culture on exposed sandy beaches. It
has the advantage of the utilization of abundant phytoplank-
ton in the surf zone and water intake utilized by wave en-
ergy. The problems pointed out are seeping fresh land
water, storm damage, accumulation of sand and invasion
of predators. The numerical model can predict the move-
ment of released clams and also natural populations. As a
further step, however, the model must be applied to a su-
perficial field. Further studies are necessary for commer-
cial culture on sandy shores.
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tion for the flume experiment
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of mass force
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ABSTRACT
Estuaries are coastal watercourses that  are subject to both marine and riverine  influ-

ences. Their principal hydrographic controls are morphology, tides, freshwater inflows,
meteorology, and density currents.  The propagation of tides and the distribution Of salinity
are important indicators of circulation in an estuary. Circulation in particular imposes a
limit on the ability of an estuary to assimilate wastes without degrading its water quality.
This is an important constraint on concentrated aquaculture operations that circulate water,
since these produce a large volume of wastewater and also require a supply of uncontami-
nated water. A general procedure is outlined for determining the “carrying capacity” of the
estuary. This requires (1) specification of the water quality parameter(s) that form the basis
of water quality evaluation, (2) determining the parameter value(s) of acceptable water
quality, (3) development of a water quality model appropriate for the estuary, and (4) estab-
lishing the conditions that are critical for water quality.

The water quality model is central to the procedure: it is a combined hydrodynamic and
mass balance calculation, designed to reflect the space-time scales controlling the water
management problem. Its development requires an extensive base of field data. The model
is applied to predicting the water quality regime that would result under a hypothetical
distribution and volume of wasteloads. The largest volume of wasteloads  that results in
water quality equal to the level judged acceptable under critical conditions is the a~simila-
tive capacity. It is important to note that assimilative capacity is a function of position in the
estuary, and depends upon both local  and larger scale hydrography. Single values of “carry-
ing capacity” or “flushing time” applied to an entire estuary are of little US A case study is
presented of shrimp aquaculture  in Golfo de Fonseca,  Central America. A preliminary analysis
of the Operations around Ester0  Pedregal is performed using a one-dimensional model, to
illustrate the kinds Of analyses that can be carried out and the types Of results that Can be
obtained. These results indicate that shrimp aquaculture in this area iS tidy approaching
a level of being self-limited.

THE ESTUARY SETTING
Estuaries are watercourses that occur on the fringe of

the sea. An estuary is therefore influenced by both terres-
trial and oceanic processes, and is transitional  between a
purely riverine system and a purely marine system. An
estuary is generally considered to have the following prop
erties:
l coastal waterbody
l semi-enclosed
* free connection to open sea
. influx of seawater
. influx of freshwater

The biochemical functioning of an estuary, including
its ability to assimilate wasteloads, is governed largely by

circulation processes which determine the capacity for di:: ‘,
lution and the intensity of mixing. Circulation in estuarie%~:’
is generally determined by the following hydrographi$“’
features: )_ )

Morphology-the physical dimensions and shape of th;.
system. The trajectories of flow are strongly controlle&~
by the distribution of deeps, barriers and shoals, by,:‘
the configuration of the shoreline, and by bathymebry:

Tides-the movement of water in the oceans in responst3
to differential gravitational accelerations by celestial
objects, viz. the moon and sun. Tide propagates into
an estuary through the mouth or main inlets, being at-:,
tenuated and lagged by friction, but amplified by r&‘. ,
fkction from the convergence of the shoreline, ‘,

Freshwater inflow-the supply of freshwater into the bay. L
Dilution of seawater by inflow is responsible for es- ’

71  ’



Mbshng  a salinity gradient across the estuary.
M~mlogkal  forcing-the effects of winds and pressure

systems on the estuary, These include generation of
short-crested  windwaves, development of large-scale
internal circulations within the bay and wind tides, in-
cluding storm surges.

Density  currents-the net movement of water forced by
the honrontal gradient in water density (itseif a COn-
sequence of the salinity  gradient). These currents are
largely responsible for the high dispersion in an estu-
at-y, and are particularly sensitive to water depth.

Turbulent  diffusion-the combined effect of small- and
large-scale water movement that results in mixing out
gradients  of concentration. Turbulence is especially
im~~t  in determining the rate of dilution of pollut-
ants, and dispersion of drainage plumes from aquacul-
ture operations.

The hy~~p~c charactetistics of an estuary, or a seg-
ment al an esniarine system, can be judged by determin-

the t&tive importance of these factors, which will
vary with external conditions, with season and with posi-
tion in the estuary. There is usually a clear xonation  in
rnQ~hol~~y  and water quality with distance from the sea,
fkom deep, saline, well-aerated watetwurses  near the main
inlet to the s%, to shallow, brackish, poorly  flushed sys-
tems in the upper reaches. Indeed, one of the important

features of esties is the range of habitats cre-
in morphology and water quality.
of estuaries involves being able to

t on estuary circulation, on concentra-
tions of ~s~~n~ in pistil or suspenshm, or on ele-
mew of the estuary dependent upon these (such as bio-

cd ~mrnn~~~), that results from a specific event or
aI control. This general statement includes a wide
of caxlses  and effects,  both natural and manmade:

e of wasteloads, spills of haxardous  or toxic sub-
stances, floods, reductions of freshwater inflow, construc-
tion of reservoirs, shoreline development, channehtion,
ins~l~~n  of hurricane barriers, alterations in land use in
the watershed, and so on. Aquaculture  operations that
employ  estuarine  water are dependent upon the quality of
that water. Moreover, these same operations are capable
of irn~~~ the quality of the estuary, directly by the dis-
charge of efRuent  and indirectly by modifying circulation
bases.  While these aspects of an aqtia~ulture opera-
titm in? i~vidu~y similar M other human a&+&s in
~~~~, ir combination creates a novel management
pmblem- The large areai  scale  of aquaculture operations,
the great WiuWS  of flow involved, and the variety of bio-
chick ~n$ti~en~  of importance mean that aqua&-
tune has the ~~n~~ for widespread, deleterious impacts
On 3% ~s~e ~v~~~n~ A central  question in aquac-
t&&e d~veiopment is bow extensive an operation can be
hBtalkd in an estuary without driving &e estuary qualiry
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below some minimum level. This is referred to as assim&
la&e capacity, or carrying capacity, Of the estuary.

EVALUATION OF ESTUARY ASSIMILATIVE
CAPACITY

The problem of aquaculture development requires a
quantitative evaluation of water quality in the area of the
proposed aquaculture operation, as measured by the con-
centrations of waterborne constituents. This requires quan-
titative cause-and-effect relationships between the alter-
ations to the environment associated with aquaculture, and
the resulting constituent concentrations. The general causal
controls on estuary water quality are shown in Fig. 1. The
fundamental feature of the estuarine environment, in con-
trast to lakes or rivers, is the central role of hydrodynamic
processes in determining constituent concentrations.

While the determination of cause-and-effect can be
based entirely upon data collection and analysis, this re-
quires an extensive and costly data collection program.
Moreover, many management situations necessitate that a
human activity be evaluated before it is implemented. In
the present context, the potential impact of aquaculture
must be evaluated in advance, to support planning and
management. The standard methodology is to apply a pre-
dictive model. Today, these models are numerical solu-
tions to the equations of momentum and mass conserva-
tion, performed on a digital computer.

There are two aspects to the problem: (1) the effect of
aquaculture on water quality in the area, especially result-
ing from waste discharges from the operation, and (2) if
the estuary is to be used as a water supply, the suitability
of the quality of that water, especially how that water qual-
ity is influenced by the anticipated wasteloads from the
aquaculture operation itself and from other wastewater
discharges in the region. Therefore, a model is needed of
space-time distribution of concentration of controlling
parameters in the estuary (Fig. 1). The concentration of a
constituent is governed by transport processes (including
mixing) and kinetic processes, so the model must include
a determination of hydrodynamic transports as well as a
mass balance of the water quality constituents. This is true
whether the watercourse is a river. lake, aquifer, or esN-
ary. For an estuary, however, the complex geometry and
complicated hydrodynamics make model formulation es-
pecially difficult. For this reason, the special topic of esN-
ary modeling has  long received concentrated attention, and
there is extensive literature on the subject (Ward and
Montague 1596).  Also, this is why the hydrography of an
estuary must be understood in order to evaluate its water
quality.

Fig- 1 represents reality, which the model seeks to simu-
late. Detailed discussion of modeling strategy hes beyond
the scope of this brief paper, though several observations
am in Order. The question in model selection and develop-
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ment is: for the specific estuary problem of concern, how
can the model simplify this complex reality and still de-
pict the constituent concentrations to an adiWate amu-

my? MO&I  formulation must be based upon a careful
analysis  of&e management problem, identifying the space-
time scales of importance, and the factors controlling the
estuary response at those scales. Because any model is a
simplification of nature based upon various  assumptions,
it is necessary to check that the model achieves its intended
Purpose by comparing its “predictions” with actual mea-
sured dam This is the process of model verification (e.g..
Thornarm  and Bamwell  1980).

In the Present context of aquaculture development, we
address a specific management problem-the determina-
tion of the estuary carrying capacity for aquaculture. This
is not a new Problem in itself. Estuaries that receive high
toads of wastes are frequently subjected to an analysis of
~si~i~ve caPacity* In the United States, this has been
carried one step further---to form the basis for so-called
wastetoad  allocatians (Southerland et al. 1984), in which
sPecific ~~~~0~ limits are imposed on individual dis-

maintain a lower bound on water quality
the receiving watercourse. The general proce-
milative capacity &termination is given in Fig.

2. The Process starts with determinations of:
* critical  co~~tio~, i.e., that combination of external

controls that rn~~~~ impacts of the wasteload on
xample,  law river flow and high

eve1 that determines acceptable
shold of impact” in Fig. 2).

~~~~e mathematical model is used to determine the
conc~n~o~  that results from a given level of wasteload.
This model is indicated by the shaded boxes of Fig. 2,
ern~~i~~g that for an estuary there is both a hydrody-
namic and a mass balance aspect of the modeling. The
WaStelOad magnitudes are then adjusted until the predicted
~0~~~~0n is equal to the threshold of impact. This
wasteload  value is the greatest that can be discharged with-
out exceeding the specified threshold, and is, therefore,
the ~~i~~~ve  capacity for the system.

Procedure needed to determine the
an estuary for aquacukure. The spe-
the WaStdOsd  from the operation, in

directly. It may
operation, such
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t@ d&f&n m.f release of Pond Fig. 2 waters, or physical
cation to the estuary to accommodate aquaculture,

%@dback mop” of Fig. 2 leads back to
Pm of the computation, rather titan the

*, of CXXtme, 2111 of these  may be involved.
For simplex ti’@ cat@ng capacity analysis  procedure

is Presented as thou@l it would be applied to the estuary jn
r@r@-  ki f%% the assimilative capacity detetmination is a

strong function of position in the estuary. There will be
areas in almost any estuary that will generally have a high
degree of assimilative capacity, and are well-circulated and
subject  to regular water mass replacement. There will also
be areas that are poorly circulated with frequent stagna-
tion (dead zones), which will have a low assimilative ca-
pacity. The location of the aquacuhure OperatiOn  relative
to we&circulated or poorly circulated zones, and relative
to existing wasteloads, is important to the ability of the
estuary to assimilate its wasteload or respond to its circu-
lation modifications.

These considerations of wasteload position and regional
circulation characteristics in the estuary also determine the
appropriate time and space scales of analysis. The unit of
measure is the tidal excursion. Ifthe zone of degraded water
quality is located within a tidal excursion of the point of
operation (a wasteload), then the model time resolution
must be intratidal, and capable of detailed spatial resolu-
tion, at least in the vicinity of the operation. On the other
hand, if the zone of degraded water quality is distant from
the region of the operation by several or many tidal excur-
sions, then an intertidal, or long-term average analysis will
probably be sufficient, with only large-scale spatial depic-
tion.

Such a carrying capacity analysis requires a consider-
able amount of preparatory work before the procedure of
Fig. 2 can actually be carried out, The following nontrivial
tasks must have been performed: (1) specification of which
water quality parameter(s) will form the basis of water
quality evaluation; (2) definition of the parameter value(s)
corresponding to acceptable water quality; (3) develop-
ment and verification of a model for the specified
parameter(s) that is appropriate for the estuary of concern;
and (4) determination of the combination of external con-
ditions that are critical for water quality.

The definition of “acceptable water quality” in (2) may
be based upon maintenance of certain biological commu-
nities in the area-for example, a minimum level of dis-
solved oxygen for the estuarine fishery. In some situations,
the aquaculture operation may itself require a minimum
standard of quality in the estuarine waters for influent  pur-
Poses. If this standard is controlling for the carrying-ca-
pacity analysis (that is, is most stringent of all of the ap-
plicable water quality standards), and the aquaculture op-
eration itself affects the constituent concentration involved,
then there is the possibility that aquaculture can be self-
limiting in that estuary. Development beyond the carrying
capacity level can render aquaculture nonviable in the sys-
tem.

Frequent reference is made to the “flushing time” of an
estuary, especially in the aquaculture community. This is
defined as T = V/Q where T is the flushing time, V is the
volume of the estuary and Q the long-term average river
inflow (e.g., Zimmerman 1971, OfEcer 1976). This is a
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Fig. 3. Gorfo  de Fonseca: general moqhAogy  mrd  bathymetry.

cxx3cept that has been imported into the estuary from lakes
and rivers, Also referred to as “renewal time” and “replace-
mat time,” this is the time required for the freshwater
Mbw to replace the volume of water in the estuary. It is
dbztly related to the degree of dilution with “new, un-
cokWmirtan# water. In au estuary, the parameter is nearly
unless, for two reasons. First, dilution varies strongly as
a function of position in the estuary. A single number at-
tempting to characterize the entire system is useful only
for gross, relative comparisons between estuaries, not for
my absolute characterization of the estuary’s ability to
~similate wasteloads. Second, there am other mechanisms
of diilution and water replacement operating in an estuary
iu addition to river inflow. More importantly, there are tides,
meteorological flushing and the influx of seawater driven
by density currents.

a large estuary on the Pacific Coast, volume about 1.7 x
1010 m3, that comprises the common boundary of El Sal-
vador, Honduras and Nicaragua. The dominant species are
the Pacific white (Penueus vannamei) and the Pacific blue
(Penaeus  stylimstris),  both of which are native to the area.
The critical element in the development of the commer-
cial industry was the discovery that sufficient wild
postlarvae could be harvested from the tidal flats to sup
port seeding of the ponds.

The morphology and bathymetry of Golfo de Fonseca
are shown in Fig. 3. This estuary as a whole is a tectonobay,
but its inland reaches exhibit features of a drowned-river-
valley-type estuary, with extensive mud shoals, and del-
taic-like shoal areas, especially its eastern arms. Its coastal
physiography consists of tidal flats, tidally-flushed man-
grove swamps fringing largely unvegetated tidal flats, and
low-relief “sweetland” punctuated by steep igneous for-
mations.-SE STUDY:  SHRIMPAQUACULTURE  IN

@amURAs
Skimp farming has been conducted for 25 yr in Hon-

atJroS, starting with the experimental farm of Sea Farms in
1970, but has been commercially viable only for the last

. Shrimp is now the third largest export of Hondu-
ras* ‘Wer bananas and coffee. The shrimp farming indus-
~~Hondurasisconcenrratedan>undtheGulfofFonseca,
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The tide is semidiurnal. dominated by the phase of the
moon (i.e., the spring neap cycle) and ranges 1 m (neap
equatorial) to 4 m (spring tropical) in the open bay. Sev-
eral deep, tidally-scoured channels are evident in the
bathymetry. The coastal pilot directions include numer-
ous warnings about strong currents. An example of the
interior tide is shown in Fig. 4, from a temporary water-



-6.00

Test tide 2

t

Test tide 1

t I

i

I

300
-i
1our

2

1

z
)k
i

-1

.2

Fig. 4. Observed tide 1-12 August 1994 in Ester0  el Pedregal, Granjas  Marina, intake.

250 - Flow (m 3s -‘)

200 --

150 --

100 --

50 --

I

Fig. 5. Average 1979-1990  daily flows, 7-day  running mean, Rio Ch&teca.

0 -

0 30 60 90 120 150 100 210 240 270 300 330 360

Julian day



UJNR Technical Report No. 24

level installation at the Granjas Marinas intake on Ester0
et Pedregal on the eastern shore (D. Teichert-Coddington,
Department of Fisheries and Aquaculture, Auburn Uni-
versity, Auburn, AL, pets. commun. 1995).

Several rivers flow into Fonseca, the most important of
which is the Rio Choluteca, which drains most of Hondu-
ras west of the continental divide. Precipitation in this area
of Central America is driven by intense local thunderstorms
embedded in tropical depressions. Numerous dendritic
drainageways flow into the side bays from peripheral run-
off. The seasonal behavior of flow in the Rio Choluteca is
shown in Fig. 5, which displays the 1979-90 average for
each day, further smoothed by a seven-day running mean
to filter out the hydrographic peaks (based upon daily
measurements of the Puente Choluteca gauge provided by
the Departmento de Servicios Hidrologicos y
Ctimatologicos). Runoff is clearly bimodal, with two high-
flow seasons, spring and fall, separated by the dry seasons
of winter and summer. The winter dry season typically
extends from November through May, during which sea-
son the region becomes quite arid, exacerbated by high
evaporation rates due to high temperatures, high winds
and reduced humidities. The river flow regime during the
dry season becomes five months of virtually steady flow
an the order of S- 10 m% The “little dry season” of sum-
mer, which typically occurs in July-August, is usually only
a two-month intetruption  of the thunderstorm season. It is
masonable  to assume that the gauged flow of the Choluteca
accounts for half of the inflow to the estuary, which would
imp& a total mean annual flow on the order of 100 m3/s.

The Rio Choluteca also drains the urban areas of
galpa  and Choluteca in Honduras and receives the

WWewater  from both of these municipal areas, about 25%
of the population of the country. Assuming  a combined popu-
lation in the watershed of 1 million, with a per capita oxygen
demand (BOD)  of 0.1 kg/day (0.25 lb/day), the total load
would be on the order of 100,000 kg/day (250,000 lb/day).
Data fmm the river downstream from Choluteca (and above
tidal influence) show relatively low values of BOD, but el-
evated concentrations of inorganic nitrogen (- 0.5 ppm) and
filterable phosphate (- 0.25 ppm), which suggest that most
Of this Wastetoad is stabilized in its transit down the river
channel (D. Teichert-Coddington,  Auburn University, Au-
bunz, AL. pen% Commun.  1995). It is probable (though no
data are yet available to confirm this) that the gauged flows
inthedry seasonare~rninantiy  ~aste~aterrer~mfl~~~.

The ~bbp fling industry has become concerned
about water  quality problems that could occur in associa-
tion 4th shrimp ar@uiCUlture on Golf0 de Fonseca, espe-
cially whether shrimp farming could become self-limiting
by degrading the water used for pond exchange. Specific
COtlCeRLlS  incXude  reduced  oxygen, excessive nutrients,
pathogens  and toxins, high suspended solids, and elevated
salinities in the influent water.

While the magnitude and geographical distribution of
the mass influxes of contaminants are clearly an impor-
tant control, an equally important control is the hydrody-
namic capacity of the estuary for dilution and transport. ln
other words, the hydrography of the estuary dictates the
relation between mass loads of contaminants and the se-
verity of the resulting water quality. An action which al-
ters either the hydrography or the wasteloading has the
potential of altering water quality. Shrimp farming can do
either.

As a quantitative demonstration of this, as well as a
demonstration of how estnary modeling can be employed
in management decisions concerning aquaculture devel-
opment, we consider a single subestuary of the Gulf of
Fonseca, Estero et Pedregal, a river-channel estuary in the
southeastern arm of the system. The Pedregal is selected
because (1) it is a system with relatively simple geometry,
allowing application of one-dimensional models, (2) it
receives the inflow of Rio Choluteca, so we have good
information on gauged river flows, (3) it is the site of some
rather concentrated shrimp farming operations, and (4) a
good data base on physicochemical data has been collected
over the past two yr by a cooperative program between
the shrimp farmers, federal agencies and universities (D.
Teichert-Coddington, Auburn University, Auburn, AL.,
pers. commun. 1995).

The Pedregal is one distributary of a large fluvial
swamp/marsh complex in the eastern segment of Golfo de
Fonseca (see Fig. 3). It is a network of dendritic channels
maintained by tides and seasonal runoff, which incise ex-
tensive tidal flats. The tidal channels are fringed by dense
growths of mangroves. There are two main tidal channels
in the Pedregal, the Estero et Pedregal per se, and the Estero
la Jagua, which receive the inflow from the Rio Choluteca
and conflows with the Pedregal2  km upstream from its
mouth (Fig. 6). An important geometric feature of the
Pedregal is its sharply declining cross-sectional area with
distance upstream: it is a horn-shaped estuary, whose cross-
section drops from nearly 25,000 m2 at its mouth to less
than 50 m2 in about 30 km. Therefore, the channel itself
has a quickly diminishing capacity for flow, as well as a
quickly increasing resistance to flow. An equally impor-
tant feature is the large tidal flats which communicate with
the main tidal channel through small scoured tidal passes
through the mangrove fringe. These tidal flats have the
capacity to store a great amount of water on the rising tide
and to release that water back into the tidal channel as the
tide stage falls.

The general locations of the shrimp farming conces-
sions in late 1993 are indicated in Fig. 6; however, these
do not necessarily correspond to the boundaries of the
shrimp ponds. Data on actual producing-pond areas as of
1994  for the larger operations are given in Table 1. These
shrimp farms eliminate the tidal flats, hydraulically iso-



Fig. 6. Ester, el Pedregal region, showing present shrimp farm concessions.

lating these areas by enclosure within
levees to create shrimp ponds.

A tidal hydrodynamic model of Hauck
and Ward (1980) was applied to the com-
bined Pedregal-Jagua system. For sim-
plicity, only these two channels were
considered-the main channel of the
Pedregal and the main channel of the
Jagua. This model is a numerical solu-
tion to the differential equations of mo-
mentum and continuity and provides a
means to compute tidal currents in the
estuary based upon the measured tidal
stage. Time integrations of several tidal
cycles were carried out, solving for tidal
current and water level throughout the
estuary, from which three key hydrody-
namic indicators were determined:

tidal excursion: the distance that a
parcel of water moves on the flood-
ing tide,

Granjas Marinas S.B. 1850 1000
Cadelpa 360 180 180
Aqua. Fonseca 960 70
La Jagua 100 50 50
Honduespesies 400 200
Aquacultivos Hond. 580 580
Honduespecies 400 200

a Data from SAPROF Team (1992) and Teichert-Coddington (per%.
commun. 1994)

L

mean tidal-current speed: useful in estimating dis-
persion and reaeration, and
tidal prism: the volume of water carded past a fixed
point on the flooding tide.

Table 1. Shrimp farm pond acreage used in hydrodynamic model-
ing experiments for Estero el Pedregal and La Jagw

Farm Total pond Estuary tidal flats
ares (ha)* on Pedregal on Jagua

old @d W

Two scenarios were examined: (1) the pre-aquaculture
geometry, with flooding  tidal flats,  as indicated on topo-
graphic maps of this region and (2) 1994 shrimp  farm

development, in which the tidal-flat areas were reduced by
the amount of production areas shown in Table 1. A strik-
ing difference in tidal prism between the natural geometry
and the shrimp farm development was found. The elimina-
tion of 1500 ha of tidal flats along the Pedregal reduces the
tidal prism in the lower reaches of the estuary by ICE-35%
and the elimination of 1010 ha along the Jagua reduces its
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Fig. 7. &tern el Pednegal salinities, moakmteflow: model simulation Md observations.

tidal prism in the lower reaches by nearly 25%. The rea-
son is clee the removal of this area reduces the capacity
ofthe estuary to store water on the rising tide, so the amount
of w~r~~~~g the estuary is diminished proportionately.
This translates to a direct reduction in the diluting capac-
ity of the estuary’s tidal exchange.

The distribution of various constituents in the estuary
is the central concern in determining assimilative capac-
ity and the potential for self-limitation. In this case study,
dissolved oxygen (DO) was examined As one of the most
fundamental measures of estuary quality, it is certainly an
important constraint on suitability of estuary water as
shrimp pond influent.  Its concentration was determined
by application of a mass transport model, using the same
numerical segmentation as the tidal hydrodynamic model.
A lwg time sxle was apprqriate, so a tidal-averaged
steady-state model was employed. lkto different levels of
river flow were examined, one corresponding to the dry
season,base flow, the other to a moderate level of inflow
that s&II allowed some salinity intrusion into the Pedregal.

Both salinity and dissolved oxygen were modeled. Al-
cough salinity in the estuary is not really susceptible to
pageant control, modeling of salinity nonetheless
serves several important functions. First, because salinity
is a natural conservative traca it can be used to verify the
abil&y  of the model to compute advective and dispersive
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transport, by comparison of the model results to salinity
data Second, salinity exerts a control on some of the ki-
netic processes affecting other parameters; for example,
oxygen saturation is reduced with increasing salinity. Third,
the location of the horizontal salinity gradient can be an
indicator for other processes potentially important to
shrimp farming. One important example is the accumula-
tion of fine sediments in the region of the salinity gradient
caused by a convergence of sediment carried by the den-
sity current circulation. The model prediction of salinity
for the higher flow regime (January 1994) in the Pedregal
is shown in Fig. 7, along with salinity observations at the
intake sites for several of the farms.

In order to model dissolved oxygen, biochemical oxy-
gen demand (BOD)  must be modeled first and fed-for-
ward into the dissolved oxygen calculation. This requires
inputs on the oxygen-demanding wasteloads, which were
assumed to be the Rio Choluteca load and the effluents
from shrimp ponds. The latter are tabulated in Table 2.
This also requires information about the sources and sinks
of both BOD and DO, of which we have practically no
information in this system. For the purposes of this exer-
cise, some order-of-magnitude judgements were made. AS
matters turned out, under the higher flow regime, the BOD
and DO of Ester0 la Jagua are dominated by the quality of
the Rio Choluteca inflow and the shrimp farms have only
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r Table 2. Shrimp farm BOD  toads used in dissolved oxygen modeling experimenti for Estero el Pedregal and
La Jagua

Farm Present Projected
pond areaa BOD load area BOD load

(ha) (kg/d) (ha)
Drainage to Pedregal

(kg/d)

Granjas Marinas S.B. 1850 23000 3000 46000
Cadelpa 360 9000 500 11000
Aquacultore Fonseca 960 18000 1000
La Jaguab

23000
100 1100 200

Honduespeciesb
2300

400 4000 500 6000
Alemania 400 4500
Promasur 400 4500

TOTAL Pedregal 3670 55100 5000 97300
Drainage to Jagua

Aquacultivos Hond. 580 11000 700 16000
Honduespeciesb 400 4000 500 6000
La Jaguab 100 1100 200 2300
BIMAR 100 5000 100 5000
EXMAR 200 9000

TOTAL Jagua 1180 21100 1700 38300
GRAND TOTAL 4850 76200 6700 135600
a Data from SAPROF Team (1992) and Teichert-Coddington @em.  commun. 1994)
b Assumed to drain equally to both estuaries

site of BOD load = 1
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Fig. 8. Dissolved oxygen profile in Ester0  la Jagua resulting from single 11.000  kg/day BOD bad.
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minor influence, which is consistent with the findings of
Teichert-Coddington (pers. commun. 1994) based upon
the chemical data he has collected along the estuary. The
greatest impact of the shrimp farm operations on estuary
quality occurs, rather, for the dry season flow.

Once a model is available, it allows insight into impor-
tant features of an estuary by “what-it” scenarios. AS an
example, we consider only a single shrimp farm operating
on the Ester0 la Jagua, namely the Aquacultivos Hondu-
ras, under dry-season conditions. This farm drains into the
Jagua about 1.5 km from its confluence with the Pedregal.
Here the estuary channel is wide and deep; there is a large
tidal prism and free exchange with the waters of the Gulf
of Fonseea, so the effect of the effluent on BOD or DO in
the receiving water is negligible, as shown by the “24-
km” model curves in Fig. 8. Using the model, we move
the shrimp farm to points farther upstream, namely 4, 10
and 13 km, corresponding respectively to 21, 15 and 12
km points (measured from the head of the estuary) in Fig.
8. The farther upstream one goes, the smaller the estuary
cross-section, the smaller the tidal prism and the poorer
the exchange (dispersion), so the same BOD mass load
results in a higher BOD concentration. The result is a
greater impact on the dissolved oxygen. For any point far-
ther upstream than 13 km, the DO is driven to zero by this
one shrimp farm. Of course, even with the farm at this
location, the oxygen is too low to sustain aquatic life: the
15 km position (10 km from the mouth) would probably
represent the lowest oxygens that could reasonably be tol-
erated by estuarine organisms. This experiment illustrates
that the impact of a specific shrimp farm depends not only
upon the effluent load of that farm but also where it is
located within the estuary. This experiment also illustrates
that a mass load in such a highly dispersive system as these
river-channel estuaries affects quality a great distance both
downstream and upstream from the point of discharge.

Model simulations of dry season DO in the Pedregal
and Jagua systems under the present shrimp farm devel-
opment are shown as the thin curves in Figs. 9 and 10. A
future development scenario was projected based upon
assumptions of expanded pond area that could be feasible
under the existing Honduran concessions. These are hy-
pothetical only, but represent a not-unrealistic picture of
how shrimp farming might expand in this area in the fore-
seeable future. The bold curves in Figs. 9 and 10 depict
model predictions of DO under the projected BOD load-
ing, all other factors remaining constant. What level of
DO should be taken as critical has not been established
for these systems, but a value of 3 mgiL for aquatic life,
including shrimp pond influent, would be reasonable. In
this CaSe,  the present level of shrimp aquacuiture in the
Pedregal would appear not to be excessive, but in the fagua
would be marginally stressed below the critical value in
the lower  estuary. Under the projected development sce-
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nario, both the Pedregal and the Jagua show DOS  reduced
substantially below this critical value; in the case of the
Jagua there is an anoxic reach of several kms. These m_
sults assume constant geometry. If the dispersion is re_
duced to account for the proportional reduction in tidal
prism, the low DOS in the Pedregal are driven down to
values on the order of 0.5 ppm. Clearly-assuming that
the model parameters are correctly quantified-the assin&
lative capacity of both systems would have been exceeded
at the projected level of development.

Actual measurements of dissolved oxygen would be
extremely valuable in assessing the model performance,
Unfortunately, very little of this kind of data is available
from Honduras. The few DO profiles that have been per-
formed in either the Jagua or Pedregal were taken under
less critical conditions than those modeled above; how-
ever, DO sags were observed in the vicinity of the pond
drains. There is indirect evidence of degrading water qual-
ity in the shrimp farming areas. Intake records of Granjas
Marinas from its intakes on the Pedregal show frequent
episodes of low DO especially during the dry season. Sev-
eral large fish kills have occurred in the esteritos, and there
has been a reported decline in the artisanal fishery of all
species. More telling, perhaps, is the sharp decline in catch
and catch-per-unit-effort of wild postlarvae (PL) in recent
years, which has now necessitated the Honduran industry
to seek other sources for PLs, including importing of third-
party PLs and construction of hatcheries. It should be noted
that the channel estuaries, like Jagua and Pedregal, are the
main avenues for migration of PLs into the tidal flats and
mangrove swamps upstream. DO sags in these estuaries
would effectively block this migration and deny access of
the PLs to the upstream nurseries.

CONCLUSIONS
lSv0 principal conclusions about shrimp farming on the

Gulf of Fonseca, which may apply more generally to other
similar aquaculture industries on estuarine systems, fol-
low from this analysis. The first  is that the hydrographic
conditions in the regions in which shrimp farming oper-
ates are demonstrated to be at least as important as chemi-
cal quality in determining the suitability of the water for
influent supply. This will probably prove to be the case
for other aquaculture Operations on other estuaries. These
hydrographic conditions include:
l tidal range and period,
l freshwater throughflow,
l physiography and morphology-especially the role of

tidal flats,
l tidal currents and parameters determined from the Cur-

rents-such as excursion and prism,
. mixing and dispersion,
l salinity-especially gradients of salinity.
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The swond conclusion is that for systems such as Ester0
el Pedregal and Ester0 la Jagua, which are typical of mmY
of the river-channel estuaries within the larger Gulf of
Fonseca along which shrimp farming is being developed,
there is a level of development at which the estuary be-
comes SO de~aded  as to prohibit economical aquaculture,
i.e., shrimp farming becomes self-limiting.

Jn this case study, we demonstrated this self-limiting
effect by application of two rather simplified models, con-
centrating only upon dissolved oxygen. The same kind of
modeling could be applied, with some minor modifica-
tions, to nitrogen and phosphorus nutrients, and to spe-

cific toxicants such as ammonia or indicators such aa chlo-
rophyll a. Also, the resolution of the tributaries can easily
be increased, with multiple channels and extending the
model to the heads of the tide. Such a model can be used
to better define critical conditions and to evaluate any num-
ber of different shrimp farm development scenarios, to see
which would be possible given the hydrographic environ-
ment, and which would result in unacceptable degraded
water quality. There are other kinds of operational prob-
lems for which this type of model would not be appropri-
ate, but for which others would. Some of the deeper, more
energetic SUbeStuarieS  in the Gulf may require more com-
plex models, perhaps including the vertical dimension.
Also, mere are smaller scale problems which could be
addressed using intratidal  models. One of the most impor-
tant is the entrainment of effluent into the intake of a farm,
either from drainage from other farms or from the same
farm, In shart, the technique of modeling offers a great
~~~~Ii~  for management of shrimp farming and its de-
velopment in an estuary,

One of the greatest limitations to this approach is the
i~fo~~o~ base needed to carry out the necessary mod-
eling, Foe Handwas, the necessary data is sorely lacking.
In order to produce the model results of this case study,
we had to make numerous assumptions. While these were
educated guesses and am considered to be at least qualita-
tively correct, much more accurate information is needed
to be Confident of the model results and before modeling
Can be used in the management process.

The problem of an inadequate dam base is endemic in
estuaries and will probably be the situation for any region
with potential for aq~a~ulture. Because of the wide range
in eXtem&i  COnditions,  seasonal variation and many time-
SpaCe scales of variability, a data collection program will
have to be SUStained for a considerable period of time in
order to permit comprehensive analysis of estuary re-
sponse Acquisition of a snitable data base is generally the
ta@ of grea@% urgency in implementing a strategy for
C@ng cap=itgr  analysis. The foundation of data colle~-
tiou should be measurements  of tides, aa&&es and water
chemistry within the immediate regions ofthe &s&g and
PropO~ WWU~~  O$@~O~,  and throughout the es-

tuary itself. The expense of operating boats, and the need
for accumulating data from a series of surveys over ape_
riod of time imply a significant investment. However, this
investment is miniscule in comparison to the capital in_
vestment in aquaculture facilities. Moreover, the potential
return on this investment, in ensuring the continued eco_
nomic viability of aquaculture in an estuarine setting, is
huge.
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