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Weused a stochastic bio-economicmodel to define the optimumpond size for intensive, commercial production
of whiteleg shrimp Litopenaeus vannamei. Optimization is based on economic performance and minimization of
risk of farms (approximately 50 ha each) using pond sizes from 2–8 ha. Ponds of 2 ha maximized Net Present
Value (NPV), Internal Rate of Return (IRR) and Return per Unit Risk (RUR). Mean NPV varied from US$
−59,800 (8 ha pond size and 30% interest rate) to US$ 63,300 (2 ha pond size and 10% interest rate). RUR
calculated for NPV varied from−7.96 (8 ha pond size and 30% interest rate) to 1.79 (2 ha pond size and 10% in-
terest rate). Positive values of mean NPV and RUR were projected for pond sizes lower than 4 ha (20% interest
rate) and 5.5 ha (10% interest rate). Negative values of mean NPV and RUR were projected for all pond sizes
when the interest rate was 30%. The results, when calculating IRR and the corresponding RUR, confirmed that
pond size of 2 ha is optimum. Mean IRR varied from −11.76% (8 ha pond size) to 25.31% (2 ha pond size), and
RUR varied from−2.62 (8 ha pond size) to 2.87 (2 ha pond size). Attractive values of mean IRR were projected
for ponds smaller than 4 ha when the Minimum Attractive Rate of Return (MARR) was 20% and 5.5 ha when the
MARRwas 10%. No attractive values ofmean IRRwere projectedwhen theMARRwas 30%.Mean negative values
of IRR and RURwere projected for ponds larger than approximately 6.3 ha. For ponds of 2 ha, we determined that
there are 95, 50, and 5% probabilities of obtaining a MARR of at least 11.8, 25.2, and 34.6%, respectively. Alterna-
tive sizes of farms composed of 2 ha ponds indicated that economic risk decreased as farm size increased from 4
to 25 ponds. Despite higher construction costs, 2 ha ponds are recommended because of their better economic
performance, due to larger shrimp size and greater biomass at harvest.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Designing a shrimp farm is a specific case of design of engineering
systems. The optimum design for these systems can be a complex prob-
lem, requiring economic considerations and an interdisciplinary ap-
proach (Arora, 2012). In our study, we use a stochastic bio-economic
model to find an optimum pond size for commercial, intensive produc-
tion of whiteleg shrimp Litopenaeus vannamei. Optimization is based on
economic performance andminimization of risk of farmsusing different
pond sizes.
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Construction and calibration of the bio-economicmodel for calculat-
ing annual net revenues for intensive cultivation of shrimp farms, above
operation costs, are described by Ruiz-Velazco et al. (2010a, 2010b)
andHernández-Llamas et al. (2011, 2013). The model served to calcu-
late economic risk associated with white spot disease and stochastic
variability in economic, zootechnical, and water quality parameters. A
biological sub-model is part of the bio-economic model and its predic-
tive power was tested using linear regression and equivalence tests
(Ruiz-Velazco et al., 2010b, 2013). The results, using the bio-economic
model, indicated that the highest stocking densities, longest duration
of cultivation, early start of aeration during the production cycle, and
ponds of minimum size (2 ha) maximized annual net revenues and
minimized risk (Hernández-Llamas et al., 2013).

In those studies, investment costs (including construction costs)
were not considered. Since construction costs per hectare increase as
pond size is reduced (Adams et al., 1980; Treece, 2001), we hypothe-
sized that the cost of construction would lead to an optimum pond
size larger than 2 ha. In our current study, we used the bio-economic
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model previously described for calculating annual net revenues above
operation costs and expanded the analysis to consider construction
and other investment costs over a time span longer than one year.

We estimated investment costs for 50 ha intensive farms (each one
using ponds with a fixed size) aimed at operating in State of Nayarit,
Mexico. We consider these investment costs representative of intensive
shrimp farms in large part of northwestMexico, where almost the total-
ity of shrimp production inMexico is carried out. In 2012, shrimp farms
in the State of Nayarit cultivated 6200 ha, produced 9600 t of shrimp
with an economic value of USD$ 35million (CESANAY, 2014). According
to Ponce-Palafox et al. (2012), there are 220 semi-intensive and 9 inten-
sive shrimp farms in Nayarit. Most of the semi-intensive farms (62.0%)
range from 1 to 3 ponds (10 ha per pond is the average size), whereas
intensive farms range from 1 to 42 ponds (3 ha per pond is the average
size). Each farm averages five permanent employees, and additional
personnel are employed during the harvesting period. Most of the
farms (95%) are active, although the legal situation of many of them is
uncertain. Physicochemical parameters typical of the lagoons in Nayarit
are shown in Table 1.

Islam et al. (2005) and Milstein et al. (2005) calculated the benefit-
cost ratio for small, medium, and large ponds (2, 6, and 54 ha) for
giant tiger prawn (Penaeus monodon) cultivation in Bangladesh,
although ponds of different sizes were managed in different extensive
ways (from 85–204 kg ha−1, without artificial aeration) and costs of
construction were not considered in their analysis. According to these
authors, higher net returns are obtained when operating small ponds,
compared with large ponds. To our knowledge, there are no anteced-
ents in the literature that specifically deal with design optimization of
shrimp farms, using a stochastic bio-economic model and considering
investment costs (including construction), to determine the most con-
venient pond size within the range size typically used for commercial
intensive management.

In this study, we deal with design optimization of intensive shrimp
farms by determining the optimumpond size from a bio-economic per-
spective for the conditions prevailing in the State of Nayarit, Mexico.

2. Materials and methods

The bio-economic model developed by Hernández-Llamas et al.
(2013) was integrated with the following submodels and stochastic
zootechnical and water quality parameters.

2.1. Biological submodel

The biological model predicts shrimp biomass as the product of indi-
vidual mean weight of shrimp and the number of surviving shrimp at
different harvesting times. Mean weight was predicted using the fol-
lowing equation:

wn ¼ wi þ wf–wi

� �
1–kn
� �

= 1–kh
� �h i3 ð1Þ

where,wn is the shrimpweight after n time events have passed,wi is the
initial weight, wf is the final weight, k is the growth coefficient, and h is
time events that have passed until harvesting time.
Table 1
Physicochemical parameters of lagoons in Nayarit (Sanchez, 1994).

Parameter Annual variability

Temperature (°C) 22.5–34
Salinity (‰) 0–35
Dissolved oxygen (mg L−l) 1–7
Nitrite and nitrate (μM L−1) 3.6–48.6
Ammonium (μM L−1) 0–8.9
Orthophosphates (μM L−1) 0–1.1
Surviving shrimp was predicted for normal operating conditions
(when cultivation is not affected by white spot disease), using:

nt ¼ n0e
–z t

; ð2Þ

where, nt is the number of surviving shrimp at time t, n0 is the initial
population, z is the mortality rate.

When cultivation was affected by white spot disease, the following
equations were used:

nt ¼ n0e
–z t

;

for t≤tw; or
ð3Þ

nt ¼ n0e
–z1 tw

–m
� �

e–z2 t–tw–1ð Þ
;

for tNtw

ð4Þ

where, z1 is the mortality rate previous to tw, tw is the time when mor-
tality caused by the disease occurs,m is themortality caused by the dis-
ease andz2 is the mortality rate after tw.

2.2. Feed conversion ratio submodel

This submodel predicts, for operations not affected by white spot
disease, the feed conversion ratio as a function of time as:

FCRt ¼ aFt þ bF ð5Þ

where FCRt is the feed conversion ratio at time t and aF and bF are the re-
gression coefficients.

When cultivation was affected by the disease, the following equa-
tions were used:

FCRt ¼ aF1t þ bF ð6Þ

for t ≤ tw, or

FCRt ¼ aF1tw þ bFð Þ þ i F½ � þ aF2 t–tw–1ð Þ½ � ð7Þ

for t N tw, where, aF1 is the slope before tw, bF is the intercept, iF is the in-
crease in feed conversion ratio derived frommortality caused by the dis-
ease, and aF2 is the slope after tw.

2.3. Aeration submodel

For operations not affected bywhite spot disease, this submodel pre-
dicts aeration as a function of time:

ATt ¼ A0 þ
AF−A0

1þ ed: b−tð Þ ð8Þ

where, ATt is the total aeration at time t;A0 is the initial aeration,AF is the
final aeration, d and b are regression coefficients. When cultivation was
affected by white spot disease, the following equation was used:

ATt ¼ aAt þ bA; ð9Þ

where, aA and bA are regression coefficients.

2.4. Submodels of parameters of the biological submodel and stochastic
elements

Using multiple linear regression models, these submodels predict
the values of parameters of the biological submodel as a function of
water quality andmanagement variables. Stochastic elements are incor-
porated as normal error distributions (ɛ) fitted to residual values
resulting from regression analyses. Error distributions had mean (μ)
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equal to zero and standard deviation (σ) depending on residual values.
When no significant relationship was found between a parameter and
the water quality and management variables, the normal distribution
was fitted directly to values of the parameter.

Parameters of Eq. (1) were predicted as:

wf ¼ –2:55þ 1:144DO–0:235S–0:091D–0:964PSþ 1:656DC
þ ε σ ¼ 1:44ð Þ ð10Þ

where, DO is dissolved oxygen, S is salinity, D is stocking density, PS is
pond size andDC is duration of cultivation.

k ¼ 1:03–0:0063T–0:012DOþ 0:009DC þ ε σ ¼ 0:012ð Þ ð11Þ

where, T is temperature.
When cultivation was affected by disease, parameters of Eq. (1)

were predicted using:

wf ¼ –41:5985þ 2:8044T–0:7941Sþ ε σ ¼ 2:4ð Þ ð12Þ

where k is normal (μ = 0.90 σ = 0.012).
Values of z in Eq. (2) were predicted as:

z ¼ 0:04–0:00096T þ ε σ ¼ 0:002ð Þ: ð13Þ

The following submodels were used to predict parameters of
Eqs. (3) and (4):

z1 ¼ 0:2382–0:0027T–0:0109DO–0:0006Dþ ε σ ¼ 0:016ð Þ ð14Þ

tw ¼ –79:5836þ 1:8603T þ 3:7632DOþ ε σ ¼ 4:5ð Þ ð15Þ

m ¼ 296:5821–8:5830T–4:4808DOþ 0:9929Sþ ε σ ¼ 6:7ð Þ ð16Þ

z2 ¼ 0:1014–0:0085DOþ ε σ ¼ 0:012ð Þ: ð17Þ
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Fig. 1. Relationship between investment costs and pond size.
2.5. Submodels of parameters of the feed conversion ratio and aeration
submodels and stochastic elements

The same methodological approach used in Section 2.4 was
employed here. When no significant relationship was found between
a parameter and the water quality and management variables, the Lo-
gistic and Lognormal distribution was fitted directly to values of the
parameter.

Parameters of Eqs. (5), (6), and (7) were predicted as:

aF ¼ 0:0168þ 0:00858DOþ ε σ ¼ 0:045ð Þ ð18Þ

bF ¼ 2:82–0:0441T–0:059DO–0:02477S–0:0216PSþ ε σ ¼ 0:6ð Þ
aF1 ¼ Logistic α ¼ 0:17;β ¼ 0:45ð Þ
bF ¼ normal μ ¼ 0:31;σ ¼ 0:22ð Þ

ð19Þ

i F ¼ 13:71–0:416T þ ε σ ¼ 0:6ð Þ
aF2 ¼ Lognormal μ ¼ 0:1;σ ¼ 0:106ð Þ : ð20Þ

The following submodels were used to predict parameters of
Eqs. (8) and (9):

AF ¼ –15468–649:77PSþ 849:2T þ ε σ ¼ 1141ð Þ ð21Þ

b ¼ 13:50þ 0:34DC–0:265T þ ε σ ¼ 0:73ð Þ ð22Þ

d ¼ 1:92–0:049T þ ε σ ¼ 0:1ð Þ ð23Þ

aA ¼ –2213þ 82:83T þ 4:52Dþ 2384STAþ ε σ ¼ 126ð Þ ð24Þ

where, STA is the starting time of aeration,

bA ¼ 19296–623:28T–945:56STAþ ε σ ¼ 1087ð Þ: ð22Þ

2.6. Net revenue and stochastic shrimp and feed prices

Net revenue (nr) of each production cycle was calculated as a func-
tion of time: nrt = it − ct, where income (it) is the product of shrimp
biomass from the biological model and shrimp market price and costs
(ct) are the costs of postlarvae, feed, labor, harvesting, energy, fertilizers,
salaries, maintenance, fuel, pond preparation, and miscellaneous costs.
Annual net revenue resulted from net revenues from two production
cycles each year. Annual stochastic variability of shrimppricewas calcu-
lated from data provided by CONAPESCA (2009). Stochastic variability
of feed prices was calculated from data provided by the manufacturer.
Empirical probability distributions were used to generate stochastic
values of the economic parameters.

2.7. Investment costs, net present value (NPV), and internal rate of return
(IRR)

A professional with expertise in construction of intensive shrimp
farms was consulted for estimation of investment costs, including
land, construction of levees (12 m wide at base, 4 m wide at crown,
2 m high), pumping station, channels, input and output gates,
buildings and equipment (aerators, pumps, electric lines, and
transformers, water quality monitoring kits, computers, cast nets,
etc.). The costs were standardized on a per hectare basis, assuming
that all the ponds in the farm (total size ~50 ha) were of the same
size, rectangular in shape and with a length:width ratio of ~2:1.
This ratio corresponded to the ratio observed in most of the ponds
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in the database that were used for calibrating the model. Pond size
ranged from 2 ha (25 ponds in a farm) to 8 ha (6 ponds in a farm).
The proportion of land devoted to levees, channels, and other struc-
tures represents from 8% to16% of the farm, depending on the pond
size. The investment (IC) costs in US$ per hectare were dependent
on pond size (p), according to (Fig. 1):

IC ¼ 99267e−0:077p P ¼ 0:00001ð Þ: ð23Þ

NPV and IRR were calculated, assuming equity funding (without
borrowing capital) (Shang, 1990). For this, cash flows were calculated
over a span of 10 years. The cash flow was the difference between the
annual net revenue and the investment costs and depreciation (10%;
FIRA, 2009).

Following Benninga (2008), NPV is the present value of a series of
cash flows and the cost of acquiring the asset (the cash flow at time
zero). Accordingly:

NPV ¼ −CF0 þ
XN

t¼1

CFt
1þ ið Þt

� �
ð24Þ

where CF0 is the cash flow at time zero, t is time (in years),N is the time
span, CFt is the expected time-t cashflow, and i is the interest (discount)
rate.

Benninga (2008) states that the IRR is the compound rate of return
paid by the investment. This is calculated using the same equation
used for NPV, but the equation is solved for i, the interest rate when
NPV = 0 (Engle, 2010). Alternative interest rates (from 10%–30%)
were used as the minimum attractive rate of return (MARR; DeGarmo
et al., 1990) for calculation of NPV and comparison with IRR.

2.8. Risk analysis

Stochastic simulation using the Monte Carlo method was used for
assessment of economic risk (Kam and Leung, 2008). According to
Mun (2006), the inverse of the coefficient of variation is ameasure of re-
turn (or losses) per unit of risk (RUR). This is defined as the ratio of the
mean to the standard deviation. Accordingly, high values of RUR indi-
cate low risk.

Output probability distributions of NPV and IRR were generated
with the stochastic elements shown in Eqs. (1) through 22, the stochas-
tic variation in shrimp and feed prices, and the probability of occurrence
of white spot disease. Complementarily, a sensitivity analysis of NPV
and IRR to the stochastic elements was conducted, using multivariate
analysis, where the absolute values of the regression coefficients direct-
ly indicate sensitivity.

2.9. Optimum pond size

The optimal pond sizewas defined,within the range of 2–8ha, as the
one thatmaximizedNPV, IRR, and RUR. To accomplish this, the values of
the management variables that maximized net revenues above opera-
tion costs and minimized risk, that is, the highest stocking densities,
the longest durations of cultivation, and early start of aeration
(Hernández-Llamas et al., 2013), were kept constant for every pond
Table 2
Values of the management variables used for optimization of pond size.

Management variables NOa

Production cycle 1 Pro

Stocking density (postlarvae m−2) 90 60
Duration of cultivation (weeks) 13 20
Starting time of aeration (weeks) 1 1
Pond size (hectare) 2–8 2–8

a Normal operations (not affected by white spot disease).
b Operations affected by white spot disease.
size tested (Table 2). A short duration of cultivation period (5 weeks)
corresponded to cases where high mortality from the disease forced a
premature harvest. Under normal operating conditions, harvesting in
winter and summer is carried out after 13 weeks and 20 weeks, when
seasonality of shrimp prices leads the farmers to decide harvesting.

A detailed discussion of the production results obtained using the
management variables in Table 2 are presented in Ruiz-Velazco et al.
(2010a,b). The values of stockingdensitiesweremanaged independent-
ly from pond size after no significant correlation (P= 0.15) was detect-
ed between both variables in the database used for calibrating the
model. After the optimum size was established, a simulation was con-
ducted to determine the effect of farm size on RUR. Farm size was de-
pendent on the number of ponds of the same size that are integrated
into the farm. Maximum farm size was 50 ha and pond size was the
one defined as optimal.
2.10. Software

The bio-economic model was programmed with Excel 2007. The al-
gorithms available in this software were used for calculating NPV and
IRR. The nonlinear regression procedure in Statistica 6.0 (StatSoft,
Tulsa, OK) was used to fit the equation relating investment costs and
pond size. @Risk for Excel, Industrial 5.5 (Palisade, Ithaca, NY) was
used to fit the probability distributions and conduct risk analysis. The
multiple regression procedure in this software was used for sensitivity
analysis.
3. Results

Ponds of 2 ha maximized mean NPV, IRR, and RUR (Fig. 2 y 3).
Depending on pond size and discount rate, mean NPV varied from US$
−59,800 for 8 ha ponds and 30% interest rate to US$ 63,300 for 2 ha
ponds and 10% interest rate (Fig. 2a). RUR calculated for NPV varied
from −7.96 for 8 ha ponds and 30% interest rate to 1.79 for 2 ha
ponds and 10% interest rate (Fig. 2b). Positive values of mean NPV and
RUR were projected for ponds smaller than 4 ha at 20% interest rate
and 5.5 ha at 10% interest rate. Negative values of mean NPV and RUR
were projected for all pond sizes when 30% was the interest rate
(Fig. 2a).

The results obtained when calculating IRR and the corresponding
RUR confirmed that pond size of 2 ha was optimal (Fig. 3). Depending
on pond size, mean IRR varied from−11.76% for 8 ha ponds to 25.31%
for 2 ha ponds (Fig. 3a), and RUR varied from −2.62 for 8 ha ponds to
2.87 for 2 ha ponds (Fig. 3b). Similar to the results obtained for NPV, at-
tractive values of mean IRR were projected for ponds smaller than 4 ha
when the MARR was 20% and 5.5 ha when the MARR was 10%. No at-
tractive values of mean IRR were projected when the MARR was 30%.
Mean negative values of IRR and RUR were projected for ponds larger
than approximately 6.3 ha.

Output probability distributions of NPV, using a 20% interest rate and
IRR are shown in Fig. 4 for a farmusing 2 ha ponds. Similar distributions,
both symmetrical and unimodal, were obtained for farms using other
pond sizes.
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Output probability distributions similar to those shown in Fig. 4
were used to establish a relationship between probability of occurrence
and MARR (Fig. 5). Accordingly:

PO ¼ 105: 6–0:0457MARR–0:0829MARR2
; ð25Þ

where PO is the probability of occurrence. According to this relationship,
we estimated that there are 95, 50, and 5% probabilities of obtaining a
MARR of at least 11.0, 25.6, and 34.6%, respectively.

Sensitivity analysis showed that the most important factor affecting
economic performance is the probability of occurrence of white spot
disease, followed by shrimp and feed prices. Final weight of shrimp
was, among the zootechnical parameters, the most important one
influencing economic output (Tables 3 and 4).

The values of RUR corresponding to NPV and IRRwere calculated for
alternative sizes of a farm composed of 2 ha ponds. RUR increased as
farm size increased from 4 to 25 ponds, indicating the lowest risk asso-
ciated with the largest farm (Fig. 6).

4. Discussion

From a bio-economic perspective, the optimum pond size for inten-
sive production of shrimp is 2 ha. This shows that our initial hypothesis,
assuming lower construction costs associated with larger ponds would
result in better economic performance and lower risk, is untenable.
Islam et al. (2005) and Milstein et al. (2005) determined that small to
medium ponds of 2–6 ha obtain a better benefit–cost ratio when
compared with large ponds of 54 ha, although investment costs were
not considered in that study.

There is no a priori reason to assume that highermean values of NPV
and IRR are accompanied by lower risk. However, in our study, optimi-
zation of pond size resulted in both benefits. Two hectare ponds consis-
tently resulted in better economic output and minimized risk,
regardless of the interest rate used for calculating NPV. There is a theo-
retical reason to expect that at high interest rates, ponds larger than 2 ha
could result in optimal results. This is so because, at high rates, the initial
investment costs needed for small ponds acquire higher importance in
cash flow used for calculating NPV, compared with the initial invest-
ment required for larger ponds. We calculated that unrealistic rates as
high as 200% were necessary to shift from 2 to 3 ha as optimal. This in-
dicates that the recommendation for using 2 ha ponds is sound.

Ponds ranging from 0.16–1.0 ha were considered optimal for effi-
cient management of intensive cultivation of P. monodon in Thailand
and Taiwan (Kongkeo, 1997). Monitoring of water quality, shrimp pop-
ulations, and feeding is easier to accomplish in small ponds compared to
large ones. Wind action on small ponds is more effective in mixing, or
scouring solids, from the bottomwater (Brune and Drapcho, 1991). Pol-
icy makers in Bangladesh, for example, consider that smaller shrimp
ponds lead to better management and enhanced production (Milstein
et al., 2005). Better results are obtained when cultivating L. vannamei
under semi-intensive conditions in small ponds (Magallon, 2006).
Small ponds are preferred over large ponds for intensive production of
shrimp (Hernandez-Llamas and Villarreal-Colmenares, 1999). Our
study confirms that this preference has an economic justification,
although this was not explicitly stated in previous reports.



Fig. 4.Output probability distributions of (a) Net Present Value (NPV) using 20% discount
rate and (b) Internal Rate of Return (IRR) using 20% asMinimumAttractive Rate of Return.

Table 3
Results from sensitivity analysis conducted for Net Present Value. The higher the absolute
value of the regression coefficient (RC), themore important theparameter. Non significant
coefficients are omitted (F = 3.29).

Parameter RC

Annual probability of occurrence of white spot disease 0.92
Shrimp price 0.16
Probability of white spot disease affecting two production cycles per year 0.14
Probability of white spot disease affecting the second production cycle 0.12
Feed price −0.04
Final weight of shrimp (wt) 0.02
Mortality rate (z) −0.01
Slope in the equation for calculation of feed conversion ratio (aF) −0.01
Final aeration (Af) −0.01
Intercept in the equation for calculation of feed conversion ratio (a0) 0.01
Growth coefficient (k) 0.00
Regression coefficient for calculation of total aeration (b) 0.00
Regression coefficient for calculation of total aeration (d) 0.00

501M.A. Gonzalez-Romero et al. / Aquaculture 433 (2014) 496–503
The better results we obtained for 2 ha ponds is a consequence of:
(1) better cultivation conditions when small ponds are used, which
yield higher final weight of shrimp and shrimp biomass (Ruiz-Velazco
et al., 2010a), and (2) high sensitivity of economic output to finalweight
of shrimp (Tables 3 and 4). As shown in Eq. (10), higher final weight of
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shrimp is inversely related to pond size, indicating a positive effect of
small ponds on shrimp growth and biomass production. Sensitivity
analysis of the influence of alternative parameters on production and
economic outputs of semi-intensive and intensive shrimp farms
indicated that final weight of shrimp ranks within the most influencing
parameters (Hernández-Llamas and Magallón-Barajas, 1991;
Hernández-Llamas et al., 2004, 2011; Ruiz-Velazco et al., 2013).
Similarly, our sensitivity analysis showed that final weight of shrimp
was themost important one among the zootechnical andwater qual-
ity parameters, only outranked by the probabilities of outbreak of the
white spot disease and shrimp and feed prices.

White spot disease is themost devastating disease of farmed shrimp
and it has been responsible for much of the economic impact of disease
on global production (Walker and Mohan, 2009). We found in the sen-
sitivity analysis that outbreak ofwhite spot diseasewas themost impor-
tant risk factor, confirming what was previously observed with the bio-
economic model when calculating revenue above operation costs
(Hernández-Llamas et al., 2013), and what is generally known about
the disease as a factor for economic risk. Shrimp and feed prices
followed white spot disease in importance. These economic parameters
consistently showprimary relevance for semi-intensive and intensive cul-
tivation of shrimp, as indicated by sensitivity analysis (Hernández-Llamas
andMagallón-Barajas, 1991;Hernández-Llamas et al., 2011; Ruiz-Velazco
et al., 2013).

As reported by Valderrama and Engle (2002) for semi-intensive cul-
tivation of L. vannnamei, we found that a large farm has less risk than a
small farm. This occurs because, on average, a small farm consisting of a
single pond shows higher variability in economic benefits, compared
with a large farm having many ponds. In the latter case, low benefits
Table 4
Results from sensitivity analysis conducted for Internal Rate of Return. The higher the ab-
solute value of the regression coefficient (RC), themore important the parameter. Non sig-
nificant coefficients are omitted (F = 3.29).

Parameter RC

Annual probability of occurrence of white spot disease 0.92
Shrimp price 0.16
Probability of white spot disease affecting two production cycles per year 0.16
Probability of white spot disease affecting the second production cycle 0.13
Feed price −0.04
Final weight of shrimp (wt) 0.02
Mortality rate (z) −0.01
Slope in the equation for calculation of feed conversion ratio (aF) −0.01
Regression coefficient for calculation of total aeration (b) −0.01
Final aeration (Af) −0.01
Intercept in the equation for calculation of feed conversion ratio (a0) 0.01
Regression coefficient for calculation of total aeration (d) 0.00
Growth coefficient (k) 0.00
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or loss in some ponds can be compensated by high benefits in other
ponds, and the variability of average benefits per pond is generally
lower than the average benefits of a small farm. This is a consequence
of the central limit theorem of statistics, where larger samples have
lower variance of the sample mean (Vose, 2001). The insurance busi-
ness is based on this principle; insurer benefit from the law of “large
numbers”.

Our study contributes methodological tools for system design and
decision making. A bio-economic approach was useful for design opti-
mization and explaining the role that the pond size plays in determining
the growth response of shrimp and its economic implications. The func-
tion investment costs − pond size we propose is based on expertise
provided by a professional who specializes in shrimp farm construction.
This function can be used for design and projection by other studies.We
estimated that scaling-up pond size would result in a reduction in
investment costs of approximately US$ 5300 (7.0%) per hectare. The re-
lationships between: (1)NPV, IRR, RUR, and pond size, and (2) probabil-
ity of occurrence and MARR, provide an economic characterization of
intensive shrimp production useful for decision making. The bio-
economic model could be modified to consider the needs of potential
investors for lending capital.

The sustainability of extensive, semi-intensive, and intensive shrimp
farming was addressed by Barraclough and Finger-Stich (1996) and
Naito and Traesupap (2006). Sustainability is dependent on local cir-
cumstances and the relative scarcity of different resources (land,
water, material inputs, and skilled labor). A strategic program for
growth of the shrimp farming industry in Nayarit was prepared by
Ponce-Palafox et al. (2012). According to their program, among other
issues, intensification of the farms is proposed in the long term. This
will require regularization of the legal status of the farms, technical as-
sistance, and construction of infrastructure for energy and improve-
ment of water quality in lagoons. The program also considers the
creation of committees for management of common infrastructure, es-
tablishing growth limits of the industry, promotion and control of
good management practices, and economies of scale. This constitutes
a favorable scenario for conversion of existing semi-intensive farms
into intensive ones and creation of new intensive farms using small
ponds, as recommended in our study.

We conclude that ponds covering 2 ha are optimal for commercial
intensive production of the whiteleg shrimp L. vannamei. It is possible
that smaller ponds could produce better results. However, since 2 ha
ponds were the smallest recorded in the database that was used for cal-
ibrating the model, we prefer not to extrapolate beyond that size. Fur-
ther investigation should test this hypothesis.
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