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ABSTRACT

We use a stock model, multivariate analysis, and a stochastic approach to predict shrimp production
under commercial semi-intensive conditions as a function of water quality and alternative management
schemes. Larger final weight of shrimp was obtained when temperature and duration of cultivation
increased. Increases in the mortality of shrimp were associated with lower dissolved oxygen levels,
shorter durations of cultivation, and higher stocking densities. There was a direct relationship between
temperature and stoking density, while dissolved oxygen was inversely related with stocking density and
duration of cultivation. Stocking density was inversely correlated with pond size and directly correlated
with duration of cultivation. The lowest yields were predicted, using the lowest stocking densities and
shortest duration of cultivation; the highest yields were predicted using the highest stocking densities
and longest duration of cultivation. Yields increased from 938 to 2326 kg ha~! (spring production cycle),
and from 982 to 1907 kgha~! (summer production cycle). Improved management resulted in increased
shrimp production and diminished variability. Sensitivity analysis indicates that final weight of shrimp
and stocking density were the major factors affecting variability of shrimp yields. We conclude that stock
models, multivariate analysis, and a stochastic approach constitute an effective method for studying
the relationships between production parameters, water quality, and management variables, and, for
analyzing variability of semi-intensive shrimp production.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

semi-intensive conditions has been analyzed using experimen-
tal data (Griffin et al., 1981; Pardy et al., 1983). There are no

Cultivation of shrimp is one of the main aquacultural activities
in Mexico. During 2008, shrimp production reached 130,000t, 66%
of aquaculture production (CONAPESCA, 2010). More than 90% of
shrimp production comes from the States of Sonora, Sinaloa, and
Nayarit in northwestern Mexico, where semi-intensive cultivation
systems are the most common.

Shrimp Litopenaeus vannamei is the main species used in
shrimp cultivation in Mexico and worldwide (FAO, 2010). The role
that water quality and management variables have on growth
and survival parameters of L. vannnamei, when cultivated under
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antecedents of investigations studying the role that such variables
have on growth and survival parameters of L. vannamei using stock
models and multivariate analysis; nor are there antecedents of
studies specifically dealing with the stochastic variability of shrimp
yields in semi-intensive commercial farms.

In this study, we follow the methodological approach presented
by Ruiz-Velazco et al. (2010a,b) who established relationships
between the parameters of a stock model and water quality and
management variables for predicting shrimp production under
intensive cultivation. We used the stock model of Ruiz-Velazco
et al. (2010a) and a multivariate analysis to predict shrimp pro-
duction under semi-intensive conditions as a function of water
quality and alternative management schemes. We also studied
the stochastic variability of shrimp yields under alternative man-
agement schemes. In this case, we determined the management
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scheme that maximized production and minimized variability. The
model was calibrated with a database from semi-intensive com-
mercial farms in the State of Nayarit.

2. Materials and methods
2.1. Data survey

A database of operations in 2009 and 2010 were used, where
the operation units were 31 ponds selected after confirming that
biometric data, water quality, and management variables were ade-
quately monitored, and that there was no evidence that the shrimp
were affected by disease. For each pond, the following variables
were analyzed: mean individual body weight of shrimp (g), number
of survivors, biomass yield (kgha~1), dissolved oxygen (mgL-1),
water temperature (°C), salinity (ppt), initial stocking density of
postlarvae (PLm~2), pond size (ha), and duration of cultivation
(weeks).

Farmers conducted estimates of shrimp growth using 0.01 and
0.1 precision balances (Ohaus, Pine Brook, NJ). Dissolved oxygen
and pond water temperature were monitored daily at 0600 h and
1800h, using an oxymeter (Model 55, YSI, Yellow Springs, OH),
salinity were measured weekly with a refractometer (Aquafauna
Bio-marine, Hawthorne, CA).

2.2. Stock model

The stock model presented by Ruiz-Velazco et al. (2010a) was
used. The model predicts shrimp biomass as a function of time as
the product of individual mean weight of shrimp and surviving
shrimp population. Individual mean weight of shrimp was calcu-
lated, using:

3
n

wn:w,»+(wf—w.-){W] (1)
where wy, is the shrimp weight (g) after n time events have passed,
w; is the initial weight (g), wy is the final weight (g), k is a growth
coefficient (dimensionless), and h is the number of time events that
have passed until harvesting time. The equation applies when the
time intervals are equally spaced and the initial time is zero, that
is, when the number of time events analyzed is numerically equiv-
alent to elapsed time. For estimating the parameters, there must
be a single estimate of mean weight for each time. Since the model
is nonlinear in its parameters, residual sum of squares was used
for fitting (Ratkowsky, 1990; Quinn and Keough, 2002). Growth
parameters were estimated using nonlinear regression procedures
available in Statistica 6.0 (StatSoft, Tulsa, OK).

The exponential equation used to calculate the surviving shrimp
population:

ne = npe?t (2)

where ng is the initial population and z is the instantaneous mor-
tality rate (weeks~1), which was estimated from Eq. (2) as:
In
, _ In(ne/no)
t
where n; is the surviving population at harvest.

(3)

2.3. Multivariate analysis

Relationships between parameters of the stock model and water
quality and management variables were analyzed using multiple
linear equations in the form:

Q =ag+aiT +ay;D0O + a3SD + a4PS + asDC + ¢ (4)

Table 1
Range and mean values of water quality and management variables used for multi-
variate analysis.

Variable Production cycle

Spring Summer

Min Max Mean Min Max Mean
Temperature (°C) 300 322 313 305 326 31.1
Dissolved oxygen (mgL-1) 3.6 6.5 4.5 3.8 4.8 43
Stocking density (PLm~2) 13.0 370 196 140 25.0 20.1
Pond size (ha) 1.0 2.5 1.7 1.1 7.0 2.5

Duration of cultivation (weeks) 9.5 13.0 11.0 9.0 140 128

where Q represents any of the stock model parameters: wy, k, or z,
depending on pond water temperature (T), dissolved oxygen (DO),
initial stocking density (SD), pond size (PS), duration of cultivation
(DC), ap — as are regression coefficients, and ¢ is the statistical error.
Salinity was not considered for analysis after ANOVA showed that
it did not vary significantly among ponds (P> 0.05).

To predict stochastic values of the stock model parameters, &
values in Eq. (4) were predicted, using normal distributions fit-
ted to residual values resulting from regression analyses. When
no significant regressions were established, normal distributions
were directly fitted to values of the stock model parameters. The
Shapiro-Wilk test was used to test for normality of the residual
values (Zar, 2010).

The relationship of temperature and dissolved oxygen with
management variables were in turn determined using:

W =ag + a1SD + aPS + asDC + ¢ (5)

where W is either temperature or dissolved oxygen. Stochastic ele-
ments in these relationships were incorporated by predicting &
values following the same method used to predict stochastic values
of the stock model parameters, as explained above.

Eq. (4) was fitted as follows: (1) parameters of Eq (1) were esti-
mated separately for every case (pond); (2) datasets consisting of
parameters estimated in step (1) and the corresponding water qual-
ity and management variables were integrated for each case; (3)
the 31 datasets integrated in the previous step were used together
to conduct multiple regression analysis. The mean values of water
quality variables during the cultivation period were used for anal-
ysis. The range of these mean values, together with the range of
management variables is presented in Table 1. Additionally, corre-
lation analyses between water quality and management variables
were conducted. Eq. (5) was fitted similarly to Eq. (4), excepting
that the dependent variables were not the parameters of Eq. (1),
but the water quality variables.

2.4. Parsimony and predictive capability of the models

Parsimony and predictive capability of the models were eval-
uated in two steps. Step 1 uses a stepwise procedure for selecting
predictor variables in the multivariate analysis. The backward step-
wise regression procedure in Stata 10 (StataCorp, College Station,
TX)was used with P<0.05 to acceptor reject predictors. This regres-
sion procedure deals automatically with collinearity, according to
the methods described in Rencher (2002).

Following Poole (1974), Step 2 tests whether the proposed mul-
tiple linear regression models were adequate and whether most
of the significant factors affecting the parameters of the stock
model were included. For Step 2, the coefficients estimated from
multiple regression analyses were used to calculate the expected
biomass at harvest for each pond; this was compared with the
corresponding observed yield in the database. Following this, a
simple linear regression analysis between observed and expected
shrimp biomass was performed, setting the intercept to zero. After
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determining that the regression slope did not differ significantly
from 1 (t-test), an equivalence test (Chow and Liu, 2004) was used to
protect against falsely not rejecting the corresponding null hypoth-
esis (Type-Il statistical error; Zar,2010; Hauck and Anderson, 1986).
The residuals resulting from this simple linear regression were
tested for normality, using the Shapiro-Wilk test. Equivalence was
tested with a tolerance error of 5% (Garret, 1997).

2.5. Management schemes

Shrimp production was calculated corresponding to alterna-
tive management schemes, using the stock model, the multiple
regression equations, and the corresponding stochastic elements.
Alternative management schemes were defined by determining,
in a first step, the values of the management variables that mini-
mized (the worst scheme) and maximized (the best scheme) mean
production and, in a second step, using intermediate values of the
management variables that produced intermediate levels of pro-
duction.

Monte Carlo simulation (10,000 iterations) was used to predict
stochastic variability of shrimp production corresponding to the
alternative management schemes. Variability in production was
measured using the coefficient of variation (CV; Mun, 2006):

standard deviation
- mean

cv (6)

Variability in production was standardized to kgha~1.
2.6. Sensitivity analysis

Sensitivity of shrimp production to stochastic variability of
zootechnical parameters and water quality variables was deter-
mined with multivariate stepwise regression, where the values of
the regression coefficients indicate the sensitivity of production to
inputs. Sensitivity analysis was also used to determine the contri-
bution that management variables have on the variability of shrimp
production. For this, the minimum and maximum values of the
management variables in the database were used in the calcula-
tions (Table 1).

2.7. Software

Normality tests and regression and correlation analyses were
conducted, using Statistica 6.0 and Stata 10.0, setting significance
at P<0.05. The stock model was programmed in worksheets of
Excel 2007 and the stochastic elements were programmed using
@Risk 5.5. The genetic algorithm available in @Risk Optimizer 5.5
was used to determine the worst and best management schemes.
For this, the minimum and maximum values of the decision vari-
ables (stocking density and duration of cultivation) were used as
restrictions, and the objective function was to maximize and mini-
mize mean production for the worst and best schemes, respectively.
Procedures available in @Risk 5.5 were used for simulation and
sensitivity analysis.

3. Results

From regression ANOVA, there were significant results when
fitting parameters of the growth model (Eq. (1)). The model ade-
quately fitted the different types of growth curves (Fig. 1) described
in the 31 cases contained in the database.

Multivariate analysis indicated that larger final weight of shrimp
(wy) was obtained when temperature and duration of cultivation
increased (Table 2). Increases in the instantaneous mortality rate
(z) were associated with lower dissolved oxygen, higher stocking
densities, and shorter durations of cultivation (Table 2). The growth
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Fig. 1. Sample-fitted growth curves using Eq. (1). The two typical types of growth
curves observed in the database are presented, regardless of the cultivation cycle.

Table 2
Multiple regression models relating final weight of shrimp and instantaneous mor-
tality rate to temperature, duration of cultivation, dissolved oxygen, and stocking
density.

Model P
wy=-25.2436+0.9678T+0.5329DC 0.0032
z=0.0916 — 0.0081D0 +0.0010SD — 0.0034DC 0.0030

wy, final weight (g); z, instantaneous mortality rate (weeks~!); T, temperature (°C);
DC, duration of cultivation (weeks); DO, dissolved oxygen (mgL~'); SD, stocking
density (PLm2).

coefficient (k) was not significantly associated with any water qual-
ity and management variables (P> 0.05).

Multivariate analysis also indicated that there was a direct
relationship between temperature and stocking density, while
dissolved oxygen was inversely related to stocking density and
duration of cultivation (Table 3). Correlation analysis confirmed
these findings (Table 4). Additionally, stocking density was
inversely correlated with pond size, and directly correlated with
duration of cultivation (Table 4).

There was a significant linear relationship between production
of shrimp biomass in the database and production calculated by the
stock model, using the equations listed in Tables 2 and 3 (Fig. 2).
The coefficient from the linear regression did not differ significantly
from 1 and equivalence between the coefficient and 1 was deter-
mined, meaning that there were not statistical differences between
observed and predicted shrimp biomass. Residual analysis did not
indicate directional deviations from the fitted straight line and no

Table 3
Multiple regression models relating pond water temperature and dissolved oxygen
to stocking density and duration of cultivation.

Model P
T=30.36+0.049SD 0.011
DO=6.51-0.036SD — 0.1175DC 0.017

T, temperature (°C); SD, stocking density (PLm~2); DO, dissolved oxygen (mgL-1);
DC, duration of cultivation (weeks).
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Table 4
Values of the significant coefficients of correlation between water quality and man-
agement variables.

T DO SD PS DC
T 0.447
DO -0.437 -0.406
SD 0.447 -0.437 -0.488 0.427
PS -0.488
DC -0.406 0.427

T, temperature (°C); DO, dissolved oxygen (mgL~"); SD, stocking density (PLm~2);
PS, pond size (ha); DC, duration of cultivation (weeks).

3000 7 y=0.9756x (P=0.00001)
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Fig. 2. Relationship between observed and predicted production, using the stock
model and the multiple regression models.

evidence was found that the residual values were not normally dis-
tributed. We concluded that: (1) The functional relationships used
were correct; (2) Most of the significant factors affecting biomass
yields were included; and (3) There was no need for predictors
other than those considered in the multivariate analysis (Egs. (4)
and (5)).

Using the stock and regression models resulted in the lowest
predicted production when stocking densities was low and the
duration of cultivation was short; highest production was predicted
when stocking densities were high and the duration of cultivation
was long (Fig. 3). Yields increased from 938 to 2326 kg ha~! (spring
production cycle; Fig. 3a), and from 982 to 1907 kgha~! (summer
production cycle; Fig. 3b). The management schemes resulting in
the lowest and highest production, together with the schemes for
intermediate production are predicted (Table 5).

Table 5
Values of the management variables used to define the alternative management
schemes.

Management strategy Production cycle

Spring Summer

DC SD DC SD
1 (worst) 9.5 13 9 14
2 10.37 19 10.25 16.75
3 11.25 25 11.5 19.5
4 12.12 31 12.75 22.25
5 (best) 13 37 14 25

DC, duration of cultivation (weeks); SD, stocking density (PLm~2).
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Fig. 3. Predicted shrimp production for alternative management schemes of stock-
ing density (D) and duration of cultivation (DC). (a) Spring cycle and (b) summer
cycle.

The mean values and standard deviation of the normal distri-
bution obtained after fitting the error distribution (&) in Eqgs. (4)
and (5) are presented in Table 6. No significant relationship was
found between the growth coefficient (k) and water quality and

Table 6

Values of mean and standard deviation of the normal distribution obtained when
fitting the distribution to residual values (&) in Egs. (4) and (5). The distribution was
directly fitted to k values contained in the database, after no significant regression
was obtained.

Q w

wy z k T DO
Mean 0 0 0.8296 0 0
SD 1.389 0.0001 0.03534 0.61 0.6

Q, stock model parameters; W, water quality variables, wy, final weight (g); z,
instantaneous mortality rate (week'); k, growth coefficient (dimensionless); T,
temperature (°C); DO, dissolved oxygen (mgL~").
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Fig.4. Output probability distributions of shrimp production for the spring cycle. (a)
Management strategy 1 (worst) and (b) management strategy 5 (best). See Table 5.
SD is standard deviation; CV is the coefficient of variation.

management variables; the normal distribution was directly fit-
ted to k values. Using these values of mean and standard deviation
resulted in output probability distributions of shrimp production
for spring (Fig. 4) and summer (Fig. 5) production cycles under the
worst and best management schemes presented in Table 5. Mean
production increased and the coefficient of variation diminished,
as a consequence of improving management in both production
cycles. The stochastic variability of shrimp production predicted for
the alternative management schemes are presented in Fig. 6. Mean
production increased and the coefficient of variation diminished,
as management progressively improved.

Sensitivity analysis indicated that final weight of shrimp (wy)
and stocking density (SD) were the most sensitive zootechnical
parameter and management variable influencing the variability in
shrimp production (Table 7 and Fig. 7).

4. Discussion

The modeling approach allowed us to analyze and satisfactorily
predict the semi-intensive production of L. vannamei, as evidenced
from alternative management schemes and seeding schedules.
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Fig. 5. Output probability distributions of shrimp production for the summer cycle.
(a) Management strategy 1 (worst) and (b) management strategy 5 (best). See
Table 5. SD is the standard deviation; CV is the coefficient of variation.

Table 7

Sensitivity analysis of shrimp production to stochastic variation of parameters of
the stock model and water quality variables. Higher absolute values of regression
coefficient (RC) indicates higher sensitivity.

Production cycle

Spring Summer

Parameter or variable RC Parameter or variable RC
Worst strategy

wr 0.878 wy 0.879
T 0.383 T 0.384
DO 0.287 DO 0.265
K 0.000 k 0.000
VA 0.000 z 0.000
Best strategy

wr 0.807 wy 0.803
DO 0.474 DO 0.506
T 0.352 T 0.350
K 0.000 k 0.000
VA 0.000 z 0.000

wy, final weight (g); DO, dissolved oxygen (mgL-'); T, temperature (°C); k, growth
coefficient (dimensionless), z, instantaneous mortality rate (week').
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Fig. 6. Shrimp production as a function of management strategies, as defined in
Table 5. Dashed lines indicate +SD and the plotted values correspond to the coeffi-
cient of variation.

Multiple regression models are considered predictive, rather than
explanatory tools, yet the established functional relationships are
in general agreement with reports by other authors regarding the
correlations between growth and survival parameters and water
quality and management factors (Sadeh et al., 1986; Jackson and
Wang, 1998; Wannamaker and Rice, 2000; Eby and Crowder, 2002;
Valderrama and Engle, 2002; Ruiz-Velazco et al., 2010a,b). This
indicates consistency and reliability in the predictability of the
models. Moreover, it was not necessary to study predictors other
that those stated (Eq. (4)), after finding that the functional rela-
tionships we used were correct, that there was linear relationships
between dependent and independent variables, and that there was
no evidence of exclusion of significant factors affecting shrimp
production.

a

SD

DC

800 1000 1200 1400 1600 1800 2000 2200 2400
Production (kg ha'1)

b

SD

DC

1100 1200 1300 1400 1500 1600 1700 1800
Production (kg ha™)

Fig. 7. Sensitivity analysis of shrimp production to water quality and management
variables for alternative seeding schedules: (a) Spring cycle and (b) summer cycle.
The wider the bar, the higher the sensitivity. SD is the stocking density and DC is the
duration of cultivation.

Maximum shrimp production was consistently predicted by
using the highest stocking densities and longest cultivation periods.
This coincides with the results obtained by Ruiz-Velazco et al.
(2010a,b), when they analyzed intensive production of L. vannamei
when affected by white spot disease or under normal operating
conditions. Sanchez-Zazueta and Martinez-Cordero (2009) ana-
lyzed semi-intensive production of L. vannamei from the economic
perspective and concluded that schemes with lower stocking den-
sities and intermediate cultivation times generated the highest
probabilities of achieving superior economic performance. A bio-
economic analysis using the stock and multiple regression models
presented here should be conducted to determine whether the
maximum economic profits could be achieved by using the stock-
ing densities and durations of cultivation that maximized shrimp
biomass production.

Stocking density was the most important management vari-
able determining the variability of shrimp production. Sensitivity
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analyses conducted by Ruiz-Velazco et al. (2010a) and Hernandez-
Llamas et al. (2011) have also demonstrated that stocking density
is the most important variable influencing intensive commercial
production of L. vannamei under normal operating conditions or
when affected by white spot disease. The influence that stocking
density has on production parameters of shrimp has been exten-
sively studied. A negative influence of stocking density on growth
and survival has been generally reported. Yet, we did not find evi-
dence that shrimp growth (final weight) was affected by cultivation
density, although survival was negatively affected, as in the case
reported by Valderrama and Engle (2002).

In a survey of 23 extensive, semi-intensive and intensive farms,
Hopkins and Villalon (1992) found that the relationship between
final shrimp size and stocking density was barely discernible.
Sandifer (1991) analyzed final size of L. vannamei for stocking den-
sities ranging from 20 to 200 PLm~2 and did not find a tendency
of shrimp size to decline as stocking density increased. We are
inclined to think that expertise in cultivation management is an
important factor that compensates for the potential negative effects
of high stocking densities on growth of shrimp.

In our study, higher mortality was associated with increased
stocking density. More adverse cultivation conditions are expected
in ponds stocked at high densities, resulting in increased mortal-
ity and availability of feed for the surviving shrimp. This helps to
explain the final size of shrimp in ponds stocked at high densities,
which is not different from the final size in ponds stocked at lower
densities. Increases in growth rate follow self-thinning of popula-
tions of the blue shrimp Litopenaeus stylirostris (Pardy et al., 1983;
Hernandez-Llamas et al., 1993). Kautsky et al. (2000) propose that
high stocking densities is a risk factor for transmission of shrimp
diseases. We did not find evidence that differences in mortality in
ponds stocked at different densities could be attributed to disease
outbreaks.

Sensitivity analysis indicated that final weight of shrimp is the
most important zootechnical parameter influencing variability in
production. As expected, final shrimp size was directly related to
the duration of cultivation. On the other hand, there is no a priori
reason to assume that the duration of cultivation could affect the
instantaneous mortality rate, yet we found that higher mortality
was associated with shorter periods of cultivation. This may be a
consequence of increased relative mortality during early stages of
cultivation. Detailed population monitoring is necessary to study
this.

Small ponds have been recommended for improving shrimp cul-
tivation; it is generally acknowledged that they can be stocked at
higher densities, compared with large ponds (Islam et al., 2005;
Milstein et al., 2005; Ruiz-Velazco et al., 2010a,b). We did not find
evidence that pond size affected growth and mortality of shrimp,
yet because of the high stocking densities, the smaller ponds had
higher production.

The role of dissolved oxygen on carrying capacity of ponds and
shrimp production has been discussed, particularly for intensive
production using artificial aeration (Hopkins et al., 1991; Ruiz-
Velazco et al, 2010a). Water exchange is the main control of
dissolved oxygen in semi-intensive systems and little is known
about the relationships between stocking density, dissolved oxy-
gen, and carrying capacity. Using our models, we determined and
quantified the relationships between mortality rates, dissolved
oxygen, and stocking density. Apparently, there is a causal rela-
tionship: high stocking densities — low dissolved oxygen - high
mortality. Studies on the carrying capacities of alternative sizes of
semi-intensive ponds are needed.

Itis well established thatincreasing pond temperature enhances
shrimp growth (Sadeh et al.,, 1986; Ruiz-Velazco et al., 2010a).
We confirmed this relation, but there was no evidence that mor-
tality was influenced by temperature. Temperature was directly

correlated with stocking density. We attribute this to the higher
stocking densities in small ponds which, in turn, tend to be warmer
than large ponds, as suggested by a close-to-significant nega-
tive correlation coefficient between temperature and pond size
(P=0.10).

We observed that lower dissolved oxygen occurred when high
stocking densities and long durations of cultivation were used.
This is expected to occur since increasing both management fac-
tors result in both, higher shrimp biomass and oxygen demand
by shrimp. Accumulation of organic matter in ponds may result
in higher oxygen consumption (Milstein et al., 2005). Increased
organic matter in ponds where long durations of cultivations were
used may also be a factor contributing to explain our results.

The inverse correlation we observed between stocking density
and pond size is a consequence of the preference of farmers to
stock small ponds at higher stocking densities, compared with large
ponds. On the other hand, our results indicate that longer dura-
tions of cultivation were needed when high stocking densities were
used. This is a consequence of the time required by shrimp to reach
harvest size at high densities.

From our results, improved management resulted in increased
production and diminished variability. There is no a priori reason
to assume that management practices leading to increased pro-
duction should necessarily produce less variability; however, we
found that good management practices produced both benefits.
This resultis consistent with the findings of Hernandez-Llamas et al.
(2011) when they analyzed the variability of shrimp production in
intensive commercial farms. Here, we demonstrate the influence of
alternative management strategies on variability of semi-intensive
shrimp production. Studies with a bio-economic approach for opti-
mal management of risk are necessary.

We conclude that using stock models, multivariate analysis,
and a stochastic approach are an effective approach for study-
ing the relationships between production parameters and water
quality and management variables and analyzing the variability of
semi-intensive shrimp production. The approach can be used for
modeling production of other aquaculture species when suitable
databases are available.
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