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Shrimp culture areas and production of the Mekong Delta cover about 60 percent of the total
shrimp areas and production of Vietnam. Especially, the Delta contributes about 80 percent
of the total shrimp production for export. Rapid development of the shrimp industry israising
a number of serious problems that need to be solved. Shrimp seed supply (post larvae
production) plays an essential role in the shrimp industry and it is one of the most important
constraints to the development of the shrimp industry in the Delta. The focus of this study is
aimed at obtaining an improvement in both the profit per day and post larvae production of
the shrimp hatchery in the Mekong River Delta of Vietham. A Monte Carlo simulation
approach was applied to develop a stochastic and dynamic bio-economic model of a shrimp
hatchery in the Delta. Initial results and policy recommendations are based on the analysis of
the hatchery system simulation using a forward recursion approach and by changing the most
important assumptions.

Key words: Shrimp hatchery, larval stage, system simulation modelling.
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1. Introduction

Vietnam has 3,260km of coastline with a cross-network of rivers, canals, irrigation and
hydro-electric reservoirs that has created a great area of inland-water surfaces of about
1,700,000 ha. The climate and weather in Vietnam are dominated by the tropical monsoon
regime. Each of the three regions of the country has its own characteristics. The diversified
regime of climate, weather and natural conditions create favourable conditions for
aquaculture development with many species and culture types. Sixteen major shrimp species
are of economic value of which, Penaneus monodon (tiger shrimp) is the first priority of the
shrimp industry in Vietnam. Since the beginning of 1990s, fisheries and aquaculture have
played an essential role in the Vietnamese economy. The export value of the sector has often
ranked from fifth to third of the exported commodities of the country.

During the last decade, the Mekong Delta has contributed about 50-60 percent of the total
aquatic production of Vietnam. The Delta covers 60 percent of the total cultured areas and
production of shrimp, and shares up to 80 percent of the total shrimp production for export of
the whole nation. Shrimp seed (post larvae) is one of the three most important inputs (feed,
seed, labour) for shrimp aguaculture in the Delta. Shrimp ‘grow-out’ farmers in the Delta
have mostly relied on the shrimp post larvae imported from the Central provinces. Recently,
there has been a rapid increase in the number of local shrimp hatcheries sharing about 20
percent of the total shrimp seed provided to shrimp grow-out farms in the Delta. This
percentage is soaring quickly due to the establishment of many new hatcheries both along the
coats and in the inland areas and because of the disadvantages of importing post larvae from
the Central region. Rapid development of the shrimp industry is raising a number of serious
problems that need to be solved not only for the short-tem but also in thte longer-term. The
production of shrimp seed including both the quantity and quality, as well as the price of the
shrimp seed are frequently given as serious concerns in the efforts to have a sustainable
shrimp industry not only in the Delta and the whole country but also a the globa level
(Minister of Fisheries, 1996, 1998, 2000, and 2002; Chanratchakool et al., 1998).

In general, a number of studies on replacement and scheduling in agriculture and forestry
have been completed using simulation of the dynamic systems (Throsby, 1964; Burt, 1965;
Perrin, 1972; Hochman, 1973; and Kennedy, 1986). However, aguaculture is a young sector,
so that the application of dynamic programming and simulation methods in aguaculture are
not yet common and those available have usually involved the ‘grow-out’ activities.
Modelling of animal breeding, especialy fish and shrimp hatchery operations have had very
limited study. System modelling and bio-economic modelling in aguaculture, therefore, is a
new field for the application of systems modelling (Allen, 1984; Weller, 1994; Logan and
Johnston, 1993; Cacho, 1997; and Meade, 2001).

The focus of this study is on obtaining an improvement in both the profit per day and the
production of post larvae in association with a better quality of post larvae produced by the
shrimp hatcheries in the Delta. A multi-stage Monte Carlo simulation model was used to
develop a stochastic and dynamic bio-economic model of a shrimp hatchery in the Delta.
Because of the complex interactions among the variables of the hatchery operation system, a
set of assumptions and conditions were developed in order to simplify the modelling
activities. Four sets of data were collected in 2001 and 2002, and anaysed in order to
estimate the parameters for the simulation of the shrimp hatchery model. A number of
suggestions for shrimp hatchery operations are made from the results of the model and these
are designed to enhance the management of the hatcheries.
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2. A Conceptual framework for a shrimp hatchery model

Cacho (1997), Rubinstein and Melamed (1998) called a system a set of related entities,
sometimes called components or elements. The elements possess certain characteristics or
attributes that take on logical or numerical values. Jones and Luyten (1998) considered a
system is a collection of components and their interrelationships that have been grouped
together for studying some parts of the real world, and the objectives of the study help to
decide how many components can be included in the system.

Weller (1994) comments that there are three important things in the anaysis of animal
breeding: (i) system analysis requires that the objective be clearly defined; (ii) aframework is
needed for consideration of breeding decisions within the total production framework; and
(iii) breeding decisions must be put into perspective with other management decisions.
Aquaculture system needs to be well described and analysed before the modelling activities
(Allen, 1984; Leung, 1986; Keen and Spain, 1992; Logan, 1993; Cacho 1997).

Aquatic animals, especially shrimp have a number of different characteristics in comparison
with that of the other animals. There are a million of eggs from each spawn, and the eggs
transit through a number of larval stages and sub-larval stages before being harvested and
sold to the shrimp grow-out farmers. There are two major phases for each young shrimp to
transform from an ovarian form of female shrimp into eggs released and then post larvae at
the harvest. They are: (i) the release of spawns or eggs; (ii) hatching of the eggs and transition
of the larvae into post larvae through the larval stages. In the hatchery, these phases are
implemented in the spawning tanks and larval rearing tanks. Eggs can be hatched in the
hatching tanks or containers separately or directly in the larval tanks. All of these phases and
their stages, as well as the time and economic aspects are essential to the success of hatchery
operation and management.

Cacho (1993) provided a three-stage approach to the model development in farm
management. A similar approach is applied in this study to develop a four-stage approach to
the shrimp hatchery model as follows:

(1) Spawn level covers the performance of each spawn from the release of eggs to the
discharge of larvae or the harvest of the post larvae (PLXx);

(2) Female level deals with the performance of different spawns released by each female;

(3) Production cycle level examines the performance of different females that were
bought at the same time (spawns of the same female batch); and

(4) Whole hatchery level covers the operation of different production cycles within an
operational year.

To apply the sub-models in an aquacultural system, such as that given by Fridley (1987),
Martinez-Codero et a., (1995), and Schulstad (1997), the shrimp hatchery system is
considered to consist of different production cycles per operational year. Four sub-models are
identified in each production cycle, that is:

(1) Biological model: The spawning of females and the transition of larvae from eggs
through the stages into post larvae at the point of harvest (PLx stage). The number of
spawns released as well as the spawning time and number of eggs per spawn by type
of females at the point of purchase and spawn number of the spawns are important;

(2) Physical model: The use of available tanks for larval rearing activities. The number
of tanks that are used and discharged or harvested by larval stage and by the time
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from the point of the purchase of females. These are aso important to defining the
system;

(3) Production model: The total number of PLx harvested from each production cycle (in
detail, can be presented by type of female and spawn number of the spawns or tanks).
Thisis constituted from the biological and physical models; and

(4) Economic model: Production costs of the spawns are cal culated based on the stopping
stage of the spawns (or tanks), that is, when the egg or larval tanks are discharged
(that is, do not reach the PLx stage) or are harvested (at the PLx stage). The total
returns of each production cycle are calibrated using the price of post larvae PLx by
the time at the point of harvest since price varies over the calendar year. The day
when the maximum cumulative net returns per day occur, including the dry-out time
for the cyclesis then identified using a search process.

The biological system (biological processes) and physical system (physical and equipment
associated with the biological system) constitute the production systems. The decision
support system is constituted from the production and economic systems.

The problems for modelling a shrimp hatchery system now are as follows:
(1) When to begin the operational season (or when to buy the first female batch)?

(2) What should be the number of females purchased for each production cycle (by
ovarian development of the females at the point of purchase)?

(3) How long should be the duration of each production cycle or femal e batch?

Assumed that the hatchery is operated from a starting date or the time of buying the first
batch of females is identified (for instance, on December 1, and a variation of every half
month: 15 days, 30 or 45 days is alowed because of the tidal regime in the Delta). As well,
the number of females per batch (by ovarian development of the females at the point of
purchase) is identified. Therefore, the problem for modelling a shrimp hatchery system is:
“How long should be the duration of each production cycle or female batch” . That is, when
should the spawns of the current batch of females be stopped and replaced by a new batch of
females.

3. Assumptions and conditionsfor modelling

Because of the complex interactions among the variables of the hatchery system, and the
small sample size of female group 2 (females without ovarian development at the point of
purchase), a set of assumptions and conditions are proposed in order to simplify the
modelling activities. These assumptions and conditions are based on the references, and
logical considerations, as well as the semi-structured interviews between the author and the
aguaculturists in CSIRO (Brisbane, Queensland, Australia); The Asian Institute of
Technology (Bangkok, Thailand); Nhatrang Fisheries University and Cantho University
(Vietnam). In addition, the comments and experience from the hatchery operators in both the
Mekong Delta and the Central regions of Vietnam are useful for modelling activities.

The most important assumptions and conditions for modelling the shrimp hatchery system
are:
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A Bio-Economic Model of A Shrimp Hatchery

Operational season: salinity, temperature, pH of the water can al be monitored and be
set appropriately for production (a period not longer than 270 days from the 1%
December);

The beginning of the operationa year is the point of purchase of the first batch of
female shrimp (an interval of 15, 30, or 45 daysis allowed between purchase);

The ‘dry-out’ time is constant between the production cycles (a variation of 0, 5, 10,
or 15 daysis alowed);

Tank design is the same (4 m®), and can be reused within each production cycle;

Only one shrimp species, Penaneus monodon (tiger shrimp), is reproduced in the
hatchery.

The number of females purchased (specified by ovarian development of the females at
the point of purchase) is constant between the production cycles depending on the
hatchery size (small, medium and large);

Sources and size of the femae shrimp are constant (wild females, 150-300 g per
femae);

The number of spawns per female is not more than 6 spawns;

Spawning time of the first spawn by female group 2 is not earlier than 14 days from
the point of female purchase. This time for female group 3 (females with ovarian
development at the point of purchase) is not later than 8 days. Note that the time
interval between two spawns is not less than 2 days, and the latest spawn is released
not latter than 35 days from the day of purchasing the females for all female groups,

The larval tanks are single-spawn tanks (one spawn provides enough nauplii for 1
larval tank). It means that there are no merging or splitting of the spawns;

There is only one source of nauplii owned-produced in the hatchery, that is, there is
no nauplii trading activities between the hatcheries;

The time from the point of the spawn released to the larval stages is constant between
spawn number and female group. Therefore, if the spawn isreleased at day 1 from the
point of female purchase, the occurrence time for nauplii is day 2, and the occurrence
day for zoea, mysis, PL1, and PLx are 4, 9, 14, and 28, respectively. Aswell, it means
that the duration of each larval stage is constant between female group and spawn
number (1 day for egg to nauplii; nauplii to zoea: 2 days, zoeato mysis: 5 days, mysis
to PL1: 5 days; and post larvae from PL 1 to the harvest of PLx: 14 days);

Transition rates from eggs into PLx through the larval stages are constant between the
female groups but different between the spawn numbers of the spawns);

Total production costs at the stopping stage of the spawns or tanks are constant
between the spawn numbers but different between the female groups;

The price of magor inputs (broodstocks and feed) and the price of outputs (PLx) are
exogenous factors, that is, the hatchery operators are price-tackers.

The survival rate of the post larvae harvested using the formalin test 200 ppt for 50 PLx in 1
hour is an important indicator of quality. According to Chanratchakool et a., (1998), in order
to satisfy the quality of shrimp seed for stocking in grow-out farms the survival rate of PLx
using the 200 ppt formalin test (F200) in one hour should be at least 90 percent. From the
statistical analysis of the recorded data, it is shown that if the hatchery operators stop using
the spawners after the 4™ spawn, both the profit level and the health condition of the PLx
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from the spawns are acceptable, that is, the benefit-cost ratio (B:C) and the net returns (TR-
TC) are positive, and the survival rate of the PLx using a formalin test (F200) in one hour is
higher than 90 percent. Results also reveal that for the later spawns, that is, for the 5™ and 6"
spawns, both the average benefit-cost ratio and the average net returns are negative. As well,
the survival rate of PLx using the F200 test is lower than 90 percent. The spawn number is
therefore limited up to the 6™ spawn due not only to this reason but also that beyond the 7™
and later spawns only 5.6 percent of the total number of spawns were recorded.

4. Mode description and model parameters

a. Model description

Maximizing the present value of the expected net returns is assumed to be the final objective
of the hatchery operators. This objective is applied to not only the individua spawns and the
production cycles but also the whole year operation. The present value of the expected net
returns strongly depends on: (i) the type of the females; (ii) the number of spawns per female;
(iii) the time of the spawns, both the time within the cycle and time of the operation year; (iv)
the number of post larvae, PLx, harvested; (v) the costs of PLx; and (vi) the price of PLx. The
first five factors are affected by the type and number, as well as the price of the females
purchased. The financia results and duration of the production cycles, in turn, constitute the
financial results and the length of an operational year. The financial net return of the cycles
may be affected by the following factors:

- Hatchery size or the number of tanksfor larval rearing activities;

- Number of the female batches and time at the point of purchase;

- Number and structure of the female shrimp purchased for each batch or cycle;

- Spawning rate and time of the spawns;

- Number of eggs per spawn;

- Transition times from eggs through the larval stages,

- Transition rates from eggs to PLx through the larval stages,

- Number and price of the post larvae harvested and sold;

- Tota variable costs per ‘000 eggs up to the stopping time (or the end) of the spawns;

Interaction between components or parts in the hatchery system operation can be considered
in terms of mathematical equations (Allen et al., 1984; Fridley, 1987; Manly, 1990; Keen and
Spain, 1992; Cacho, 1997; and Dudley, 1998). There are three parts of the mathematical
equations characterising the relationship between components or parts of the hatchery system
that can be identified as follows:

() Sate variables help to quantify the characteristics of the condition of the hatchery
system at the time decisions are made. It means that the state variables define the state
of the hatchery at a given point of time. Three major state variables are:

- Number of larval tanksin use (or the number of good spawns is used);
- Number of larvae in different larval stages (from nauplii to PLX);
- Net return level of the spawns or larval tanks (spawn, cycle, year).
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(b) Decision or control variables cause the state variables to change, and help to regulate
the state variables to a desired condition for the hatchery system at each decision
point. If the hatchery size and both number and structure of female shrimp are given,
then the decision is when to stop using a female batch and to prepare for the purchase
of anew batch.

- Timeof purchasing the first female batch (beginning of the operationa year);
- Time of purchasing the other batches of females,
- Number of the females by ovarian development at the point of purchase;

- Timeto stop the use of the current batch of females (the number of spawns per
female can be decided if the femaleis still alive and continue to spawn);

- Discharging or continuing an egg or alarval tank at a specific larval stage; and

(c) Parameters show the effects of the decision/control variables on the state variables.
Parameters can be stochastic or non-stochastic (constant). The mgor parameters by
spawn number and type of females to be used are:

- Probability that a spawns is released and good for egg hatching (stochastic);
- Occurrence time of the spawns (stochastic);
- Number of eggs per spawn (stochastic);

- Transition times from eggs though the larval stages to the end of the spawns,
or stopping time of the spawns within each production cycle (stochastic);

- Survival or transition rates of larvae through the larval stages (stochastic).

b. Model parameters

The model parameters can be stochastic or non-stochastic. They were estimated using the
following sources of data and information that were collected in 2001 and 2002:

v Data collection at the regional and national level:
- Situation of aguaculture and shrimp industry at the regional and nationa levels,
- Distribution of the hatcheries in the Mekong Delta;
- Number of post larvae produced in the Delta;
- Number of post larvae imported from the Central region into the Deltg;
- Market price of male and female shrimp (every two weeks); and
- Market price of post larvae (every two weeks).
v Survey of 36 hatcheries: to obtain a general point of view on the hatchery operation.
- Operation season;
- Hatchery size and tank design;
- Number of production cycles per operational year;
- Number and structure of females by type of female shrimp;
- Useof thetank system for larval rearing activities; and
- Economic indicators of the shrimp hatchery operation.
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v Record keeping of 103 female shrimp: to understand the spawning of female shrimp.

- Spawning rate and spawning time of the spawns by type of female shrimp and
spawn number;

- Number of eggs per spawn by type of female shrimp and spawn number; and
- Costs of the spawns and eggs by type of female shrimp and spawn number.

v Record keeping of 162 spawns from 2 groups of wild female shrimp: to clarify the
transition process of shrimp post larvae.

- Transition times from eggs through the larva stage (nauplii, zoea, mysis, post
larvae stage 1 or PL1, and post larvae at the harvest or PLX);

- Transition rates from eggs through the larval stages,
- Cut-off points of the transition rates from eggs through the larval stages;

- Production costs of the larvae discharged at each larval stage, and that of the PLx
at the harvest; and

- Number and price of the post larvae harvested.

C. Concept of time

Due to afear of disease infection, overlap of the batches of females (or production cycles) is
avoided, and the reuse of tanks in the same production cycle is carefully considered.
Therefore, shortening the duration of production cycles by making a better decision on the
total number of femaes and the structure of the female batches (that strongly affect the
spawning time and the number of spawns) may help to obtain an improvement in both the
economic results and quality of the PLx produced. The transition process for each spawn can
include one or more of the six following stages:

(0) Spawning of the female or the release of eggs of the spawn;

(1) Transition from eggs into nauplii;

(2) Transition from nauplii into zoea (protozoea);

(3) Transition from zoea into mysis;

(4) Transition from mysisinto post larvae stage 1, PL1;

(5) Transition from PL1 into post larvae at the harvest, PLx (PL12-15, is common).

For the stage zero (release of eggs), the spawning time, number of spawns, rate of good
gpawns to the total number of spawns released, as well as the number of eggs by spawn
number and type of females, and the production cost per ‘000 eggs released are important.
This can be considered as the spawning phase of the female shrimp.

The stages from 1 to 5 can be grouped into the transition phase of larvae where the eggs
transit into PLx through the larval stages. In this phase, the transition times and rates, and the
number of tanks by larval stages, as well as the production cost per ‘000 eggs up to the
stopping stage by spawn number and type of females, and price of PLx are important.

According to the results of the previous chapters, the integer transition times (in the number
of days) between the larval stages, are summarized as follows:
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Figure 1. System analysis of a production cycle operation in the shrimp hatchery (Q < 8)
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Female => Egg => Nauplii => Zoea => Myss => PL1 => PLx
Te=random; d; = 1day; d,= 2-3days, d3= 5days; ds= 5days, ds= 14 days

where T.is the spawning time or the time of egg occurrence based on the age of production
cycle; and Ts is the occurrence time of the larval stage. However, the duration from the
beginning of production year (or from the 1% December) to the occurrence of the events
considered also need to be considered.

Thus, if the spawn successfully transits from eggs into PLx, an average duration of 28 daysis
needed from the occurrence of the spawn to the harvest of PLx from that spawn. Therefore,
the duration of each spawn (or tank) depends on the larval stage, that is, when the larvae or
PLXx in the tank are discharged or harvested.

In the model, timet consists of two aspects:

(1) Time when the females are purchased (production cycle aspect), that is, the beginning
of each production cycle term; and

(2) Time of the events that the spawn passes through (spawn transition aspect), that is, the
occurrence time and the transition time of the spawns from eggs to nauplii, zoea, and
SO on up to PLX.

These two aspects of time are simultaneously considered in a dynamic model of the shrimp
hatchery. Therefore, the model is developed following a horizontal time line of the hatchery
operation:

(@) Release and transition processes of the spawns from the purchase of each female
batch to the discharge or harvest of the latest spawns from that batch of females.

(b) After the discharge or harvest of the latest spawns from the current female batch,
some dry-out days will be needed for cleaning and disinfecting the hatchery before
the next batch of females are purchased.

For the time of the events, if spawn j (or eggs from spawn j) is released on day t of
production cycle g, then Te is the occurrence time of that spawn using the number of days
from the beginning of operational year (for instance, from the 1% of December). This means
that:

Q) Te=Tg+t
If the females are purchased in a batch on day T, the duration of a spawn from the purchase
of the mother female to the stopping stage (the end) of the spawn be ds. The time when the
spawn stops (harvested or discharged) with itslarval stage s, T, is calculated as follows:

2 Ts=Tgq+t+ds=Te+ds

where s = 1, ..., 5 for the stop at eggs, nauplii, ..., PL. Duration of eggsis ds = 1; for
nauplii: 2-3; zoea: 8; mysis: 13; PL1 = 14. Therefore, ds for PLx is 28;

Let the dry-out time between the production cycles, D;, be constant between the cycles. Also
let the duration of a production cycle, that is, the time from the point of female purchase to
the stop day of the last tank from that female batch, be D,. Therefore, Dy is calculated as
follows:

(3) Dg= Max(ds+D;) = Max(Ts- Te) + D, = Max(Ts—Tq—t) + D;
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Because of the longest production cycle based on the assumptions is not longer than 63 days,
a general view of the variables by the horizontal time line of each production cycle is
provided Table 1. There are two specia points of time as follows:

The 1% spawn can be released in the 1% day of the production cycle (the same day as
purchasing females). This means that the earliest PLx can be harvested is from the
28" day of the production cycle;

The latest spawns of FG3 (the 6" spawns) may be released about 35 days after the
purchase of females. This means that the latest PLx from FG3 can be harvested at the
63" day of the production cycle.

Table 1. Mgjor variables by the horizontal time line of each production cycle

Variable Time from the point of purchase of the female batch (t < 63) Total, )
Time, from T, 1 2 e 27 28 ... | 35 36 Lt Duration,Dg
No. of females Fu F ... | Fez Fozs ... | Fass 0 ... | Fy YF
Chanceto spawn | G, G, ... | Gy Gog ... | Gss 0 .| G YGi
No. of spawns S S | Sy Sy | Ses 0 .S YSi
No. of Eggs E, E, .. | En = ... | Ess 0 ... | E YE|
No. of tanks M, M, oo | My Mg oo | Mgs M6 | My YMY
No. of tanks lost m, m e | My Mg e | Mg Mg e | Y Zﬂfig
No. of larvaelost | I; l, o | 1y lg o | I3 |3 o | Ylig
TVCatthestop* | TVCy | TVCy vee.. | TVCg7 | TVCgs ce. | TVCgs | TVCgs e | TVCq ):TVCiisx_
No.of PLxsold | O 0 ... |0 0 | Las L L YL
Price of PLx 0 0 ... |0 0 s | Pas Pas o I -1 YP,
Revenue, TR 0 0 ... |0 0 i | TRas TRss er | TRy YTR
Cumulative  net | []p1 [To2 e | [T b2z [To2s e | [Tpss [To36 e | [Tt Y[ o
return
Cumulative net | [Toi/1 | [To02/2 | ... | [To2#27 | [To2e/28 | -... | [oss/35 | [Ioae/36 | ... | [Todt | X[Io/Dq
return per day

* TVC at the stop: Total variable costs of the tanks/spawns that are discharged or harvested at day t.

d. Set up the whole hatchery model

From the assumptions, and conditions for modelling, as well as the concepts of time, if the
operator starts his or her hatchery operation from the 1% of December (the 1% female batch is
purchased), the formulation of the hatchery system now is focused on the following:

(@) How many females per female group in each batch;

(b) How many spawns are used per femal e batch;

(c) How many batches of females per operationa year; and
(d) Time between the batches of females (dry-out time).

If the number of females per batch is identical, the problem is when to stop the current
production cycle and to prepare for purchasing another batch of females. If the price of PLx
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is constant, as well as the spawning rate of females and the transition rates of larvae are
constant (season independent), all of the production cycles will have the same duration.

Assume that the total fixed costs, TFC, are fixed for any operational day, and only the total
variable costs, TVC, are considered in the model. The optimal principle for hatchery
operation can be considered in two ways:

(4 Max[[=TR-TVC=L.P-TVC=L.(P-AVC)

where TR is the total revenue; TC is the total costs, TVC is the total variable costs; L is the
total number of post larvae produced; P is the price of post larvae. AC = TC/L and AVC =
TVC/L are the average total costs and the average total variable costs of production,
respectively. Equation (4) is subject to a set of major constraints as follows:

(a) Operational season is from the 1% of December to the 31% of August (a delay
of 15to 30 daysis allowed);

(b) Number of larval tanksfor larval rearing is M, where M = 12, 18, 24;
(c) Wild femaesareused, i = 2, 3for FG2 and FG3;

(d) The spawn number j of the spawnislimitedto6,s0j =1, 2, ..., 6;
(e) Cut-off numbers of eggs per spawn are set by i and |, Ei,-; and

(f) Cut-off transition rates of larvae areset by i, j, s, that is, R‘,-s.

Total revenue can be written as a function of the number and price of PLX, and the time of
selling the PLx:

(6)  TR=g{L®), PO}

Total variable costs can be written as a function of the number of spawns, number of eggs per
spawn, and transition rates between the larval stages, R, as well as the stopping stage, s, and
average total variable cost per ‘000 eggs at the stopping stage, Cs. These variables depend on
the type of female, i (i = 2, 3), spawn number,j (j =1, 2,.. ., 6), andtime, t:

(6)  TVC=h{$(t), E(,]), R(), s, C(i, 1)}

The total number of spawns used is a function of the total number of females (F), type of
females, as well as spawning time and spawn number of the spawns:

(1) S=v{Fq (i}, 1), G, O}

Total number of post larvae produced is a function of the number of spawns/tanks used,
number of eggs per spawn, the aggregate transition rate from eggs into PLx which depend on
the type of females, i, and spawn number of the spawns, j:

®  L=2z{F(,}, 0, G, ], 1), EQ ], 1), R{), s}

Let a be the interest term, r is the interest rate per day, then a = /(1 + r)". Let Dq be the
duration of the production cycle q including dry-out time, the optimal stopping point of each
production cycle is obtained by maximizing the expected value of profit per operational day
of the cycle. However, the discount rate per day is very small (about 0.0015) and the cycle
duration is short (not longer than 2 months), then a may reasonably be ignored.
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Let Q be the number of production cycles operated per year. If the dry-out time between the
cycles g is constant and taken into the model, from (4), the following function is derived:

(9) Max IDj/Dq = f{ Fq (|, jl t)! G(l, j! t), E(l, J)! R(J)l S, CS(i! J)l P(t)! a, Dql Q}

e Decision rules

Following Burt (1965), Perrin (1972), Hochman and Lee (1972), Kennedy (1986), and
Hochman et a. (1990), the problem of the study can be stated is a stopping problem of the
shrimp hatchery operation. The question is at what point is it appropriate to stop the current
batch of females and to buy (or to replace by) a new batch of females. The general stopping
rule is to stop the current production cycle and to continue with a new cycle when the
expected net return per day of the current cycle is less than that of the average of the future
cycles. The solution can be obtained using a set of decision rules applied to the hatchery
operational process.

- For an operational year: An operational year is assumed to be the time from the 1% of
December to the end of August or the middie of September. The beginning and the
end of the operational year, as well as the time of the events using calendar time (the
number of days from the 1% of December) are important.

- For each production cycle: The beginning time or the time at the point of female
purchase, the number of females by female group, and the number of tanks in use (or
available) are important. The timing of the events is considered in series of both the
time within the production cycle (the number of days from the point of female
purchase) and the calendar time (the number of days from the 1% of December).

- For each spawn by female group and spawn number: A set of cut-off values of the
parameters are used such as the spawning time, the number of eggs per spawn, the
hatching rate of eggs and the transition rates of larvae through the larval stages from
nauplii to PLx. The number of days from the point of buying females (the production
cycle aspects of time).

There are several major situations or states in which, the operator has to consider to keep the
current cycle for a longer time or to stop the current cycle and to purchase a new batch of
female shrimp after a duration of the dry-out time. They are:

() If sufficient time is not available for a cycle (the end of production season) =>
stop the hatchery operation when al of the tanks from the current batch of
females are discharged or harvested. Do not purchase the next batch of female
shrimp.

(i) If the time available within the production season, even if the females are still
alive, but the total number of larval tanks from the current female batch is small
(for instance, not more than 20 percent of the total number of tanks of the hatchery
after 3 or more weeks from the beginning of the cycle) => keep or discharge
these tanks and purchase the next batch of females.

(@iii)  If timeisavailable (within the production season) but there are no more spawns to
be released (all of the females of the current batch are eliminated after 35 days
from the beginning of the cycle) and the number of on-going tanks of the current
cycle is too small (not more than 20 percent of the hatchery size) => keep or
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dischar ge these tanks and purchase the next batch of femaes. This commonly
results from the two following situations:

(iv)  The number of spawns from the current batch of females is enough for a
production cycle => apply the genera stopping rule (see above): keep the tanks
from the current female batch until all of them are discharged or harvested, then
purchase the next batch of females.

(V) The number of spawns released is more than the number of tanks available (empty
tanks). The extra spawns can be discharged or hatched and then the nauplii from
these spawns are sold out => apply the general stopping rule (see above): keep
the tanks from the current female batch until al of them are discharged or
harvested, then purchase the next batch of females.

Let [Joq be the net return per day if the operator stops the hatchery operation of the current
production cycle g at day t, and Dq be the duration of the cycle from the point of female
purchase to the stopping day (dry-out time is included). If only one separate production cycle
is operated per year, the operator expects to stop the cycle at day t when the maximum net
return per day is obtained. It means that:

(91) StOp atif HD(t-l) < HDt and HDqt > HD(t+1), where HDqt > 0.

However, it is more difficult for the operator to make a decision when the linkage between
the cycles for each operational year is considered. Therefore, the expected net returns per day
of cycle q and cycle g+1 should be given consideration using the calendar time from the 1%
of December. Let H*D(q+1) be the maximum expected profit per day of the production cycle
g+ 1. Note that the dry-out time between the cyclesis constant and included in the duration of
the cycles. Four situations for making the decision in this case are:

(9.2) Stop the cycle at day t and do not buy the next batch of females if it istoo late
(not later than 250 days from the 1% of December);

(9.3) Stopthecycle at day t and buy the next batch of femalesif the number of spawn
released is too small (not latter the third week of the current cycle) and/or when
[Ioqt < O for @l t of the current cycle;

(9.4) If the current cycle has [[pgt = [[*p(g+1) > O for @l of t (notethatt = 1, 2, ..., 63
days from the point of female purchase of the current batch), keep continuing
the current batch up to the stopping point of the last spawn or larval tank. After
completing the current cycle, prepare to buy anew batch of females; and

(9.5) If thetime for buying a new batch of femalesis still acceptable, stop the current
cycle at day t and continue with a new batch of females if [[pg >0, [[*p(+1) >0,

and [Toqt < [T* p(g+1)-

As well, this means that the hatchery operator should stop the hatchery operation when the
margina profit per day is equal or less than zero. It also reveals that if the hatchery operator
stops the rearing activities of the current production cycle at day t, he/she should not use the
spawns released later than t-28 days before stopping the last larval tank of the current female
batch. This procedure is applied to each production cycle using a constant dry-out time
between the cycles. Equations (4) and (9) are clarified through the calculations of the
variables in the sub-models in the next sections.
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f. Spawning and transformation of females and larvae (Biological sub-model)

If G; isthe conditional probability that a spawn with the spawn number j isreleased; G, isthe
probability that a spawn is good for egg hatching; Gy is the probability that a spawn is
released at time t. Note that G; aso consists of the survival rate of females from spawn j to
spawn j-1. Therefore, the probability that a good spawn with spawn number | is released by
female group i at timet, G'j;, isa conditional probability as follows:

(10) Gj=G\.Ga Gy

If F.1 is the number of female shrimp that have released j-1 spawns, the number of good
spawns with spawn number j released by female group i at timet, S, is:

(11)  Sji=Fq¢u.Git

Let Rs be the transition or survival rate of larvae of spawn number j from stage s-1 to stage s.
The aggregate survival rate of the larvae of spawn number j from eggs to the stopping stage s,
R, is assumed constant between the female groups, but variable between the spawn numbers.
Therefore, R of each spawn j is calculated following the survival table:

(12) Rj = le...stz stl
wheres= 1, 2, 3, 4, 5for the transition from egg to nauplii to zoea and so on.

0. Calculation of the number of larval tanks (Physical sub-model)

The number of spawns used for larval rearing is limited by the hatchery size (the number of
tanks designed for larval rearing). Let M be the number of tanks or size of the hatchery (< 13,
13-18, >18), and sisthe larva stage of the tanks in which larvae are currently stocked. In the
real system, the number of tanks in use is often counted using the number of larval tanks.
Eggs can be hatched in a separate container or spawning tanks before the nauplii are removed
to the larval tanks. The post larvae in a tank are harvested at size PLx (PL12-15 are in
common). The tank is considered empty after the current larvae are discharged or the PLx are
harvested.

At any point of time, if the total number of larval tanks in use is equa to the hatchery size,
the extra spawns (latest ones) may be sold at the nauplii stage and the costs of these spawns
are covered by the money received from selling those nauplii. These extra costs and returns
are excluded from the model. For example, if a 12-tank hatchery with al of the 12 larval
tanks currently stocked with larvae at different larval stages in different tanks, the latest
spawns are excluded regardless the quality and quantity of eggs.

The number of larval tanks in use at any point of time is the sum of the numbers of nauplii
tanks, zoea tanks, mysis tanks and PL1-PLx tanks at that time. Because of the different
spawning time of the spawns and the delays between the stages in the larval transition
process, at any time t of the current production cycle, the total number of larval tanks
currently in use consists of:

- Number of nauplii tanks within 2-3 days (Mn);

- Number of zoeatanks within 5 days (M,);

- Number of mysistanks within 5 day (My);

- Number of post larvae tanks within 14 days, before harvesting PLx (M,).

L. X. Snh; T.G. MacAulay; and D. Brennan 15



A Bio-Economic Model of A Shrimp Hatchery

Let R*s represents the cut-off values of the larval transition rate from stage s-1 to stage s.
Therefore, the total number of larval tanksin use at timet, M;, is derived as follows;

(13) Mi=Mp+ Mg+ Mp+ Mg
whereM; < M and R',S_ R*s, n for nauplii, z zoea, m: mysis, and a for P, or PL1

Let the number of larval tanks discharged at stage s and time t be mg. This is the number of
tanks lost due to the unacceptable transition rate of larvae from stage s-1 to stage s, that is,
Rjs< R¥js, and it is caculated using the following equation:

(14) M= My + Mg+ My + My

where Rjs < R¥js, nfor nauplii, z zoea, m: mysis, and a for P, or PL1

h. Calculation of the number of larvae (Production sub-model)
Let the number of eggs per spawn of female group i and spawn number | be Eij, the number
of larvae lost before reaching PLX, Iy, is calculated as follows:

Dq

3 6 4 . .
(15) hL=lagHn+lg+lm+la= zzz Fq (09 Cltas- Ej- Ris

=1 i=2 j=1 5=0

—

wheres= 0, 1, 2, 3, 4 for n, z, m, a represent the stopping stage of thetanks. e = egg; n =
nauplii; z= zoea; m= mysis; and a = post larvae are not harvested

The number of eggs lost, l«, consists of the number of eggs from the spawns that are not
enough for hatching in order to provide an acceptable amount of nauplii for one tank (<
100,000 eggs per spawn), plus the eggs from the spawns used for hatching but the hatching
rate is not acceptable. This number depends on the number of eggs within 1 day of the egg-
nauplii transition (or the number of eggs from the spawns released 1 day before), and the
transition rate from nauplii to zoea. Note that the earliest eggs are released at day 1 of the
production cycle.

Dq 6

3 . .
(158 le= 3 3> Faguen Gje: Ej Ru

t=2 i=2 j=1
where E'; < 100,000; and when E; >100,000 but M; = M; or R1 < R*;

The number of nauplii lost, I, is based on the number of nauplii within 2 days of the nauplii-
zoea transition (or the number of nauplii from the spawns released 4 days before), and the
transition rate from nauplii to zoea. Note that the earliest eggs are released at day 1 of the
production cycle.

Dq 6

3 . .
(150) In=>.>">" Fqgaea- Giea- Ej R

t=2 i=2 j=1
where E'; >100,000; R; >R¥j; and R < R*;

The number of zoea lost, |, is based on the number of zoea within 5 days of the zoea-mysis
transition (or the number of zoea from the spawns released 9 days before), and the transition
rate from zoeato mysis.

Dg 3 6 : ) .
(15.C) Izt = zzz F|q(j.1)(t-5). Glj(t-5). Elj. Rjgg

t=9 i=2 j=1
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where E'; >100,000; Rs>R*jsfor s=1, 2; and R < R*3

The number of mysis lost, |, is based on the number of mysis lost within 5 days of the
mysis-PL1 transition (or the number of mysis from the spawns released 14 days before), and
the transition rate from mysisto post larvae stage 1 (PL1).

g 3 6

(15.d) = 3> > Fague1s- Gjew. Ej Ria

t=14i=2 j=1
where E'; >100,000; Rs>R*jsfor s< 4; and Rg < R*4

The number of PL1 lost, |4, is based on the number of PL1 within 14 days (or the number of
mysis from the spawns released 28 days before), and the transition rate from PL1 to post
larvae at the harvest (PLXx).

(15.) la = fizﬁ‘, Faguezse- Giezs- E)- Ris
t=28i=2 j=1
where E'; >100,000; Rs>R*jsfor s<4;and Rs < R*j5
The total number of post larvae harvested at timet, L'}, is calculated as follows:
(16) L'y =Fqguea. Giezs- Ej: R
where R = Ry.R.Rs.Rs.Rs; E;j >100,000; and Rs>R*js for all s

Finally, the total number of post larvae harvested from production cycle q with the cycle
duration Dy, L, is derived asfollows:

Dq 3 6
(17) Lq:zu—zzz {Fq¢ve2- Gieas)- Ej. R}
t=28 t=28i=2 j=1

where R = Ry.R.Rs.Rs.Rs; E;j >100,000; and Rs>R*js for all s

i Calculation of net return per day (economic sub-model)

If the spawn isreleased at timet, and PLx are harvested in day t+28 with the price P 2g), the
total revenue of the production cycle, TRy, is calculated as follows:

Dq 3 6 . . -
(18) TRg=) TRt= zzz {a .Fqga Git. E}. Ri.Pe2g)}

t=1 t=1 i=2 j=1

Let the average variable costs per ‘000 eggs of the tanks up to the stopping stage be Cljs, and
a the discount factor. If the duration of the spawn or tank use at the stopping stage is ds, and
TVC, is the total variable costs of the production cycle g with the cycle duration Dg, then
TVC,is:

Dg Dy

3 6 5 X . . .
(19) TVCq=) TVCt=3>>> {aFggyed Gieas Ej (Rid)-Cig
t=1

t=1 i=2 j=1 s=1
where sis the stopping stage of the spawns; and ds is the duration of the spawns

If the duration of a production cycle is Dq, because TR; is zero for all of t < 28, the total net
returns obtained from production cycleq, []q, is:

3

(200  nqq= ZCI'Rt TVCt) = zzzz {0.Fqg1)009-Cliceen-E[(Ri-Posag) - (Rie)).Cid}

t=1 i=2 j=1 s=0

L. X. Snh; T.G. MacAulay; and D. Brennan 17



A Bio-Economic Model of A Shrimp Hatchery

where P(t+28) = Ofor all of s< 5, and Rj(s_]_) = R*(s_]_)

Finally, the optimal stopping point of each production cycle is obtained by maximizing the
expected value of profit per operational day of the cycle. In each production cycle, the
following formula can be derived from (20). This is based on the delay in the transition
process between the spawning and larval rearing phases.

Dq

3 6 5 . . . R
2,22 {aFqquea-Gira-Ej[(R-Peas) - (Ri)-Cid}

t=1 i=2 j=1 s=0

Dq
(22) Maxrj / Dg=1/Dq
t=

where P(t+28) = Ofor all of s< 5, and Rj(s_]_) = R*(s_]_)
5. Shrimp hatchery simulation

In order to obtain the approximate optimal solution for the hatchery operation, a simulation of
the shrimp hatchery system is conducted using Excel spreadsheets and Visua Basic
Applicationsin Excel (VBA). Kofler (2000) and Roman (2002) provide a great reference on
this topic.

A function named TRIANGULAR is used to generate values of stochastic variables drawn
from distributions characterised by minimum, mode and maximum values as the parameters,
and random numbers generated by using a uniform distribution (Anderson, Dillon, and
Hardaker 1977, p. 269). This function is used to calculate variables by spawn number and
female group such as: the number of eggs per spawn, the transition rates of larvae, and the
average total variable costs (AVC) per ‘000 eggs by the stopping stage of the spawn or tank.

For the price of PLx, data on the PLx price were collected every two weeks in 2001 and
2002. These prices for 2001 are transformed into daily prices in 2001 using the interpolation
method. Therefore, at any day t of the operational year, there is a value of P; for the PLx
harvested at that day.

The simulation method is authorised by a number of authors (Naylor, 1971; Law and Kelton,
1982; Kennedy, 1986; Moore, Lee and Taylor, 1993; Taha, 1997; and Anderson, Sweeney,
and Williams, 1998). For a complex system, simulation is a good alternative to obtain the
approximate optimal solution using a search approach. The forward recursive simulation of
the shrimp hatchery system is applied using the following steps:

a  ldentify the size of the hatchery for modelling (the number of larval tanks
designed);

b. Start from December 1, search for the optimal number and structure of females for
the first purchase based on the hatchery size => obtain the optimal stopping time
for production cycle g where the maximum net return per day, [[*pq, including
dry-out time, is obtained (q = 1 for the first cycle). Calculate the values of
variables at the optimal stopping time of the cycle.

c. Based on theinitial optimal stopping day obtained in (2), plus 5 days for dry-out
time calculate the day for purchasing the next batch of females. Calculate the
values of variables of cycle g + 1 following the optimal stopping time for this
cycle after finishing the search procedure for the following situations:
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I. If the maximum net returns per day of cycle q is equal to or less than zero,
stop cycle g, and buy the next batch of females after allowing for the dry-out
time;

ii. If the maximum net returns per day of cycleq + 1, [[*p(g+1yt, IS 1€ss than that
of cycle g, [1*oq. then keep cycle q one more day, thet is, today t + 1, and
repeat the search for the maximum net return per day of cycle q + 1.
Compare the updated values of the net returns per day of g and q + 1 until
the day when [T*pg < [[*pg+1yt, then prepare to purchase a new batch of
females; and

iii. Inthe case where [[*pq > 0, and [[oq = [ [*p(g+1): for al of t, then keep cycle
g until the end of all spawns of cycle g, then prepare to purchase a new batch
of females.

d. Repeat the procedure in (3) for the next cycles with the dry-out time between the
cycles until reaching the cut-off time for buying a new batch of females.

e.  Calculate the values of variables for the whole year by summing up the values of
variables through the cycles following the optimal stopping time of the cycles.

The whole year model with Q cyclesis then run for 50 or 100 times. The mean and standard
deviation of the major variables are analysed for validation and verification of the model.
There are several mgor initial results reported below from the simulation experiment
applied to the first production cycle of a 12-tank hatchery if the beginning time or the day of
purchase of the first batch of female shrimp is on December 1:

(1) A number of 16 females should be purchased of which, 7 are females without
ovarian development at the point of purchase, and 9 are females without ovarian
development at the point of purchase.

(2) The maximum net returns per day of VND 276,300 (about A$35) obtained after
the purchase of females 53 day;

(3) Thelevel of net returns strongly depends on the following major parameters:

*  Spawning rate of female shrimp: a 20 percent decrease in the spawning rate
causes a decrease of 36.5 percent in the total net returns per day;

* Number of eggs per spawn: a 20 percent decrease in the number of eggs per
spawn brings about a decrease of 55.3 percent in the total net returns per day
because of abigger chance of the total lossin the number of larval tanks;

* Hatching rate of eggs: a reduction of 20 percent in the hatching rate of eggs
pulls the total net returns per day down about 188.9 percent. As well, this
change makes the cycle longer 3 days;

e Total variable costs: a 20 percent change in the total variable cost makes the
total net returns per day change by 68.4 percent.

The results imply that, in order to obtain an improvement in the total net returns, a better
supply of the mgor inputs, especialy female shrimp should be ensured. This requires better
management of the broodstock-catching activities or natural marine resource management, as
well as an improvement in the domestication of shrimp for reproduction, and in the technical
and manageria skills of the hatchery operators. The results of the model after being
validated, can be applied to the management of the hatchery network and the trading of
broodstocks and post larvae within the Delta and between the regions of Vietnam.
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Table 2: Mgor initia results from the experiment of the first cycle (12-tank hatchery)*

Description Original Spawning rate | No.off eggs | Hatching rate TVC**
Change of the control - -20.0 -20.0 -20.0 +20.0
variable (%)

Time of MaxNR*** (day) 53 53 53 56 53
MaxNR (VND’000) 276.3 239.8 221.1 87.5 207.9
Changein MaxNR (%) - -36.5 -55.3 -188.9 -68.4
Mean MaxNR (VND’000) 410.6 3420 3285 212.9 351.1
Standard Dev. (VND’000) 628.4 511.2 502.7 454.0 580.9
Probability of the total loss 0.12 0.12 0.12 0.18 0.12

*: The papameters (a, m, and b) of the relevant triangular distributions were increased or decreased to carry
out the experiment.

**: TVC isthetotal variable costs per ‘000 eggs by the time of discharging or harvesting of the spawn/tank.

**%: MaxNR per day is the maximum total net returns per day, the dry-out time is included in the cycle
duration.

6. Conclusions and recommendations

Shrimp seed production plays an essentia role in the development of the shrimp industry in
the Mekong River Delta of Vietnam. From a analysis of the production in the shrimp
hatchery system, two major phases have been identified, that is, spawning phase of female
shrimp and larva rearing phase which consists of five different main stages from eggs
through the larval stages to post larvae at the harvest. These stages and four components to
the model were used to develop a bio-economic model of a shrimp hatchery in the Mekong
Delta.

Major assumptions and conditions were developed for the model. As well, the most important
state and decision variables and parameters (both stochastic and non-stochastic) are
identified. These variables and parameters are mainly based on the spawn number and type of
female at the point of female purchase. A set of cut-off values of the parameters were used in
order to obtain acceptable levels of time and quality of the post larvae produced. All of these
were combined in a discrete, dynamic and stochastic model of the shrimp hatchery operation
processes.

From the development of the model, the following are important to the success of the shrimp
hatchery operation: (i) identify the hatchery size; (ii) the number of females; (iii) spawning
rate of female shrimp; (iv) the number of eggs per spawn; (v) the hatching rate of eggs,; and
(vi) the total variable costs. If the number of females in each production cycle isidentical, a
set of initial useful results can be drawn.

One possibility revealed by this model is that the nauplii can be traded between the hatcheries
in order to utilize the empty tanks in the hatcheries, or between the hatcheries and the larvae-
rearing-only sites to make the production cycles in the hatcheries shorter. This will help to
save eggs and nauplii obtained, and provide more post larvae to the “ shrimp grow-out” farms
during the peak season of demand for shrimp seed.
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At the regional level, this model helps to estimate the number of broodstock required and the
number of PLx produced by time of the year. This is good for the management of
broodstock-catching and trading activities. This model can be extended by including pond-
reared females, so that al of the possible aternatives will be available for making decisions
in the shrimp hatchery management.

Aswadll, it isgood for the management of the brood stock and post larvae traded between the

regions, especially during the peak season of stocking activities conducted by a huge number
of “shrimp grow-out” farms.

However, there are some notes for the completion of the model. First, is a concern caused by
errors in the estimation of the parameters due to the small sample size in some cases, as well
asthe time constraint. The issues can be listed as follows:

- The number of spawns per female for female group 2 should be the same as that for
female group 3. This can be solved if assume that from the 4™ and later spawns, both
female groups have the same spawning rate, number of eggs per spawn and costs of
the larvae discharged at each larval stage;

- The use of a triangular distribution breaks down when the mode value of the
parametersis zero; and

- Difficulty in deriving a stochastic distribution for costs of the spawns/tanks
discharged at each larval stage because of the small numbers at some stages in the
recorded data.
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Appendix 1: Notationsfor the hatchery model

The following notations are used for the formulation of the shrimp hatchery model:
M: Number of larval tanks used in a production cycle

q: Production cyclenumber,q=1,2,...,Q=8

Q: Number of production cycles per operational year

D: Duration of an operational season (production year)

Dy Duration of aproduction cycle including the dry-out time

D Dry-out duration between two cycles g and g+1 (can be set to be 5, 10, 15)

i Group of females, i = 2, 3. Group 1 (pond-reared females, FG1) is excluded. Group 2
(FG2) and group 3 (FG3) are wild females without and with ovarian development at the point
of purchase

J: Spawn number of the spawnsreleased, j=1,2,...,6

d;: Duration from the purchase of females to the release of the spawns | (dima = 35 days
for the last spawn of the femalesin a production cycle)

Ty Beginning day of cycle q (female purchase), is counted from the 1st December
Te Spawning day of the spawn

Ts Stopping time of aspawn at larval stage s

t: Time within a production cycle, in day from the point of females purchase (T)
Fq: Number of femalesin each female group for production cycle q

Ga:  Probability that a spawn is rel eased

Gy: Probability that a spawn is good for hatching (using the visual checking method)
Gt Probability that a good spawn isreleased at timet, Y G =1

E Number of eggs released per spawn
e Egg

n: Nauplii

z Zoea
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m: Mysis (for the larval stage); and the number of larval tank lost (for the tanks)
P.=PL1: Post larvae stage 1
P, = PLX: Post larvae at the harvest
R: Accumulated transition rate from eggs into the stopping stage of larvae
S Event or larval stage of the spawn (also used for the stopping stages of the spawns)
s=0: Eggs (from the purchase of the female to the spawn)
1: Nauplli (also the stage of transition from eggs into nauplii)
2. Zoea(also the stage of transition from nauplii into zoea)
=3: Mysis (aso the stage of transition from zoea into mysis)
4. Post larvae stage 1 (PL 1) (also the stage of transition from mysisinto PL1)
s=5: Post larvae a harvest (PLx) (also the stage of transition from PL1 into PLX)
Ris  Survival rate of larvae from larval stage s-1 to stage s of spawn j
ls: Number of eggs or larvae discharged before reaching the size of PLx (s=¢, n, ...b)
L: Number of PLx harvested (= Iswheres=5)
Price of PLx sold (returns from each PLX)
Cs Total cost per 000 eggs stocked in the tank up to the stopping stage s of the spawn
TFC: Total fixed costs, is assumed to be constant between the cycles
TVC: Total variable costs of the events (per spawner, group, cycle, and per year)
TC: Tota production costs of the events (per spawner, group, cycle, and per year)
TR:  Tota revenues of the events

=

Interest rate per day
Discount rate per day
Random or stochastic term

= = =

Net returns (from the spawns, females, cycles, year), [[=TR-TVC
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