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Abstract The hypothesis that intraspecific competition affects survival and growth
during the culture and harvest at extensive/semi-intensive Penaeus vannamei shrimp ponds
was evaluated. Thus, the effect of stocking density on the biomass, shrimp average weight,
survival, and economic performance during the culture (133 days) and at the harvest of the
P. vannamei shrimp was investigated in 400 m” earthen ponds. In order to reduce the
likelihood of infectious diseases, shrimp received preventive health treatments (probiotics
and B-1,3/1,6-glucans) during all culture phases. In this way, the effect of density on the
intraspecific competition for space/food was isolated. Ponds stocked at 6, 9, and 12 shrimp
m~? showed competition-dependent growth. Ponds stocked at 12 shrimp m ™2 presented a
mortality (12 %) between days 76 and 99. Competition, and accordingly individual growth
reduction, could have begun at day 76 at a density of 5 shrimp m~2 Survival was sig-
nificantly higher at 6 shrimp m~> (84.2 + 6.2 %) compared with the 12 shrimp m~>
(64.8 & 12.4 %) treatment, while no significant differences in yield were observed
between both treatments. Ponds stocked at 3 and 6 shrimp m~2 presented the best benefit—
cost rates. The optimal shrimp density during the experimental culture was 5 shrimp m2.
Given the experimental conditions and considering the fraction of density-independent

mortality observed, the optimum stocking density was found to be 6 shrimp m>.
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Abbreviations
ANOVA Analysis of variance
B Biomass

B-N graph Biomass—density graph
CENAIM  Centro Nacional de Acuicultura e Investigaciones Marinas

ESPOL Escuela Superior Politécnica del Litoral
FCR Feed conversion rate

N Density

N5 Nauplii5

OSD Optimal stocking density

PL Postlarvae

SD Standard deviation

WSD White spot disease

WSSV White spot syndrome virus
Introduction

After the collapse of the cultured shrimp industry (early 2000 s), provoked by the white
spot disease (WSD), Ecuadorian production has significantly improved. Among other
reasons, the recovery has been attributed to a reduction in stocking densities down to
extensive levels, producing larger shrimp at harvest and greater profitability (Stern and
Sonnenholzner 2011). Despite the improvement of Ecuadorian shrimp production, WSD
outbreaks still represent the main infectious disease problem at the pond level.

Ecuadorian shrimp farmers currently apply immunostimulants and probiotics as health-
preventive strategies (Rodriguez et al. 2011). In previous studies, the authors of this paper
observed that the combination of both additives in extensive ponds, infected with white
spot syndrome virus (WSSV, the infectious agent of WSD), significantly increased the
yield, although shrimp weight at harvest was low compared with those obtained by the
Ecuadorian producers (Rodriguez et al. 2011). Shrimp immunostimulation resulting in a
high survival rate (81 %) is, under specific conditions, probably able to provoke intra-
specific competition and, as a consequence of higher than foreseen population densities, to
reduce shrimp growth and therefore individual weight at harvest.

Intraspecific competition for resources affects the individual weight and population
density; therefore, the variables growth and survival/mortality can be used to infer its effect
on the yield in aquaculture (Fréchette et al. 2005) and help to determine optimal stocking
densities (OSD) (Fréchette et al. 1996, 2000). OSD is defined as the population density at
which the maximum yield at harvest is obtained (Fréchette et al. 1996). OSD can also be
defined as the stocking density at which maximum economic returns at harvest are
obtained. However, the two definitions can give different results, as maximum yield does
not necessarily imply maximum profits (Jolly and Clonts 1993). The harvested biomass
depends on population density and average individual weight at harvest. Therefore, harvest
should be carried out at such a culture time when the combination of both variables has
only just started to demonstrate intraspecific competition for growth (beginning of growth
reduction). Optimal population density during the whole production cycle should also be at
a level such that it does not lead to more intense competition (density-dependent mor-
talities) or provokes mortalities explained by other density-dependent factors, such as
infectious diseases. These parameters can be inferred through the analysis of biomass
(B) and population density (N) variations during the production cycle, by the use of the
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B-N graphs, which illustrate the curves of biomass variation versus population density,
with data obtained from the experiments at various times and stocking densities (Fréchette
et al. 1996).

In spite of the apparent importance of the role of intraspecific competition affecting
shrimp pond production at low densities, the densities at which competition for growth and
survival takes place is not known. Therefore, it becomes necessary to improve our
knowledge of density-dependent factors, such as intraspecific competition, affecting
shrimp ponds. This would include pond populations where health-preventive treatments
are currently used to increase shrimp survival. A combination of knowledge about effective
health strategies and optimal population densities could improve disease prevention
strategies and maximize the production and profit in extensive/semi-intensive shrimp
ponds.

The main objective of this study was to determine whether intraspecific competition
takes place in extensive/semi-intensive ponds by comparing the production and economic
variables of the Penaeus vannamei shrimp, during the experimental culture of healthy
ponds stocked at various densities. Specifically, we used information of estimated pro-
duction variables during the experimental culture, and production and economic variables
registered at harvest in order to (1) estimate an optimal shrimp density, through the
inference of the density at which competition for growth took place and (2) determine
optimal stocking densities, through the selection of the stocking density treatment that,
achieving maximum yield (biomass), shows evidence that the beginning of the biomass
stagnation occurred near the harvest, and therefore, best economic returns are obtained at
harvest.

Materials and methods
Experimental setup

The experiment was designed to compare shrimp production and economic performance of
ponds stocked at 3, 6, 9, and 12 shrimp m 2. Stocking densities used in the experimental
culture were in the same range as extensive/semi-intensive densities used by Ecuadorian
shrimp farmers, whose large environment-dependent ponds are managed without aeration
and limited feed. Four ponds (= replicates) were used for each stocking density level, and
treatments were randomly allocated to ponds. All ponds were stocked with P. vannamei
postlarvae PL12 (12 days postlarvae) (1.62 + 0.01 mg). The experiment was carried out
during the wet/warm season (October 19, 2010-March 1, 2011; 133 days).

Shrimp source and experimental ponds

Nauplii 5 (N5) of P. vannamei were obtained from Aquatropical hatchery (Mar Bravo,
Santa Elena Province, Ecuador) and transported to the research facilities of the Centro
Nacional de Acuicultura e Investigaciones Marinas (CENAIM, 187 km from Guayaquil,
Ecuador). Shrimp were reared until PL12. The experiment was carried out in sixteen
400 m? earthen ponds of the CENAIM experimental station located in Palmar 170 km NW
of Guayaquil, Ecuador (2°00'51.40"S-80°43/21.17""W). Prior to stocking, the ponds were
dried for at least 10 days and filled with pumped seawater of 37 g L™' from the nearby sea.
Water depth was maintained at about 0.8 m during the whole experiment through some
water exchanges in order to recover the water level for evaporation and filtration.
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Feeding protocol

For the first 2 weeks of culture period, shrimp were fed daily with a commercial 35 %
crude protein sinking pelleted feed (EXPALSA) and afterward until harvest fed with a
similar brand containing 28 % crude protein (EXPALSA). The food was distributed
manually and supplied twice daily (07:30 and 15:00; the proportion of the total fed at each
feeding was 50 %) starting at 12 % of their initial biomass and adjusted gradually to 2.5 %
at the end of the culture. This feeding regime was alike for all replicates.

Health-preventive treatments

Preventive treatments currently used in CENAIM and by Ecuadorian producers to enhance
the population health at pond level (Rodriguez et al. 2007, 2011) were used during the
larviculture and grow-out phases. This strategy aimed to remove the effect of diseases on
the population densities in the experimental units, by reducing the risk of disease out-
breaks. In this way, the effect of shrimp density on competition for space and food was
isolated.

Preventive health treatments in the larviculture phase

In the early larviculture phase (N5-PL4), Vibrio alginolyticus (Ili strain) probiotic was
added daily to the culture water, following the protocol described by Rodriguez et al.
(2007). This strain was isolated originally from healthy shrimp larviculture (Morales,
unpublished data) and is commonly used in CENAIM’s larviculture protocol to mitigate
what is commonly referred to as “bolitas” syndrome or Zoea 2 syndrome (Vandenberghe
et al. 1999). B-1,3/1,6-glucans (extracted from Saccharomyces cerevisiae walls) were
administered from PL4 to PL12 to the formulated diet, following the protocol described by
Rodriguez et al. (2011).

Preventive health treatments in the grow-out phase

Commercial feed was supplemented with B-1,3/1,6-glucans at the start of feeding,
according to the protocol described in Rodriguez et al. (2011). In addition, two probiotic
strains were provided via food at a rate of 1 ml kg™' of each strain, with a final con-
centration of 1 x 10> CFU g’l.

Data collection

Physical and chemical variables

Water temperature (mercury thermometer) and dissolved oxygen concentration adjusted
for salinity (YSI 55 dissolved oxygen meter—YSI Incorporated, Ohio, USA) were regis-
tered daily in situ at 06:00 in each replicate.

Estimated production variables during the experimental culture

From day 55, shrimp average fresh weight (g) was estimated weekly in each replicate
through cast net samplings. Shrimp samples (rn > 80 shrimp) were weighed using a
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precision scale of 0.1 g (AandD Company Limited, Korea) and divided by the number of
shrimp.

Shrimp density was estimated through cast nest samplings (monofilament net, 5 m? of
opening area) at days 76 and 99, using the average of the number of shrimp per cast net
area (4 casts for each pond). Survival and biomass at both dates were estimated using the
information of shrimp density and weekly shrimp average weight.

Production and economic variables registered at harvest

At 133 days of culture, the harvest biomass (kg) per pond was registered in each replicate
to calculate the production variables. A random sample of 100 shrimp was collected in
each replicate to estimate the shrimp average weight (g). The total amount of food (kg)
supplied throughout the production cycle was also calculated for each replicate. Using this
information, the following variables were determined in each replicate: yield (kg ha™'),
calculated as the harvest biomass divided by the pond area; the number of harvested
shrimp, calculated as the harvest biomass divided by the shrimp average weight; survival,
calculated as the number of harvested shrimp divided by the number of stocked shrimp,
expressed as a percentage; the harvest density (shrimp m ), calculated as the number of
harvested shrimp divided by the pond area and the feed conversion rate (FCR), dimen-
sionless parameter calculated as the total amount of feed (formulated) supplied throughout
the production cycle divided by the harvest biomass.

For the economic analysis, the following variables were calculated for each replicate:
(1) total production cost (in dollars), determined using the costs of the stocked larvae and
the total amount of feed supplied throughout the production cycle. For the larvae cost, the
market value at the stocking time (US$ 1.35 per 1,000 larvae) was used. For the food cost,
differential costs were determined in accordance with the protein percentage; so the costs
of commercial feed with 28 and 35 % protein were 0.70 and US$ 0.93 kg™ ', respectively.
Some costs such as labor costs, pond investments, among others were not taken into
account as they did not reduce the net revenue; (2) the gross receipt (in dollars) was
calculated using the shrimp market price. The harvested shrimp were selected by size, and
using the classification code prices, the value of the shrimp was calculated. Prices were
provided by a commercial exporter plant in Ecuador (Table 1); (3) the net return (in
dollars) was calculated as the difference between total production costs and sales; (4) the
benefit—cost rate was determined as the ratio between sales and total production costs,
which represents the benefits provided by each dollar spent during the production cycle.
The incremental cost by using [-1,3/1,6-glucans and probiotics in the health-preventive
treatments for larviculture and grow-out phases was not added in the calculations due to the
difference in costs between treatments being negligible.

Data analysis
Physical and chemical variables

Temperature and dissolved oxygen concentration were registered each morning and
averaged on a weekly basis. Weekly data of dissolved oxygen were analyzed through a
two-factor (stocking density and time) ANOVA model, with repeated measures on time
(Ievels on 19 weeks). Mauchly’s sphericity test was used to examine the form of the
common covariance matrix for the factors time and interaction between time and stocking
density (Quinn and Keough 2002). This analysis was performed to test whether the matrix
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Table 1 Reference prices for April 2011 of head-on shrimp, related to market size (classification code)

Classification code Shrimp weight minimum (g) Shrimp weight maximum (g) Price ($ kg’l)
140-200* 5.00 7.14 2.95

120-140 7.14 8.33 3.15

100-120 8.33 10.00 3.6

80-100 10.00 12.50 4.2

70-80 12.50 14.29 43

60-70 14.29 16.67 4.5

50-60 16.67 20.00 4.6

40-50 20.00 25.00 4.7

3040 25.00 33.33 6.2

* For example, the 140-200 classification code corresponds to a commercial size of between 140 and 200
shrimp per kilo (commercial package of head-on shrimp)

of the variances of the differences between values of the dissolved oxygen were the same
for all pair of weeks (sphericity assumption). When significant results were found using the
Mauchly test, sphericity was not achieved (meaning that the values of dissolved oxygen
were correlated on time), and the degrees of freedom of time and the interaction between
time and stocking density of the ANOVA analysis were adjusted multiplying by the
Huynh-Feldt epsilon correction factor (degree to which the covariance matrix departs from
sphericity).

Estimated production variables during the experimental culture

Slopes of the weekly average of shrimp weight of all four treatments were compared from
days 55 (week 8) until harvest at day 133 (week 19), using the F test for differences
between regression functions (Zar 1999). Tukey’s test for multiple comparisons was used
to compare slopes of all four treatments (Zar 1999).

The B-N graph (Westoby 1984) was constructed in order to analyze the variation of
biomass and shrimp density, and thereby infer levels of shrimp density and culture time
where intraspecific competition occurs (Fréchette et al. 1996, 2000, 2005; Qin et al. 2009).
The graph included information of four dates: stocking (0 day), days 76 and 99, and
harvest (day 133). The B—N graph was used for both the analyses of trajectories followed
by the B-N pairs on time for all replicate of each treatment (3, 6, 9, and 12 shrimp m~?)
and analyses of trajectories followed by the B-N pairs on stocking density treatments for
each time (days 76, 99, and 133).

One-way ANOVAs were performed at days 76 and 99 to compare among treatments the
effects of stocking density on the variables estimated in the population samplings (biomass,
individual shrimp weight, and survival). Variance homogeneity of all treatments was
examined using Levene’s statistic. Assumption of normality was examined through the
Kolmogorov—Smirnov test. Based on these results, some variables were transformed to In
(x)or1/ %2 in order to homogenize the variances. The effect of the factors and differences
between treatments were considered significant at p < 0.05. When ANOVA showed sta-
tistical significance, Tukey’s test was used to compare treatment means. Survival at 76 day
did not achieve the assumption of variance homogeneity; therefore, differences among
treatments were analyzed using a Kruskal-Wallis one-way ANOVA.
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Finally, the F test for the lack of fit for a regression with replicates (Neter et al. 1996)
was applied to determine whether the linear regression function fitted the estimated data of
biomass (dependent variable) to the first three (3, 6, and 9 shrimp m’z) or four levels (3, 6,
9, and 12 shrimp m™?) of the stocking density treatment (independent variable).

Production and economic variables registered at harvest

The effects of stocking density on the production and economic variables registered at
harvest (biomass, individual shrimp weight, yield, survival, harvest density, FCR, total
costs of production, gross receipt, net return, and benefit—cost rate) were compared among
treatments using a one-way ANOVA design. Variance homogeneity of all treatments was
examined using Levene’s statistic. Assumption of normality was examined through the
Kolmogorov—Smirnov test. Based on these results, some variables were transformed to In
(x) in order to homogenize the variances. The effect of the factors and differences between
treatments were considered significant at p < 0.05. When ANOVA showed statistical
significance, Tukey’s test was used to compare treatment means.

Treatment averages were expressed as mean =+ standard deviation (SD). Statistical
analysis was performed with the Statistical Package for Social Sciences software Windows
version 11.0 (SPSS, Chicago, IL, USA).

Chi square’s goodness-of-fit test (Dickinson 1997) was used to compare the frequencies
of occurrences of shrimp sizes between stocking density treatments at harvest using the
market size categorization (Table 1). For this analysis, the samples of 100 shrimp ran-
domly selected at harvest in each replicate were used. The frequencies of the three higher
commercial sizes (50-60, 40-50, and 30-40) and the three smaller sizes (140-200,
120-140, and 100-120) (Table 1) were taken together to ensure nonzero counts in all
possible comparisons between treatments, where, for example, the 50-60 classification
code corresponds to a commercial size of between 50 and 60 shrimp per kilo (commercial
package of head-on shrimp). The rest of the commercial size categories were maintained as
shown in Table 1. The size distributions of shrimp between two stocking treatments were
considered different when p < 0.05.

Asymmetries of shrimp average weight at harvest were compared between treatments in
order to analyze the shape of the graph of the weight distribution.

Estimation of optimal shrimp density

The optimal shrimp density was defined as the shrimp density during the experimental
culture at which competition began or at which a marginal intraspecific competition for
growth was observed (beginning of growth reduction), without biomass stagnation and
before the start of more intense competition (density-dependent mortalities). The optimal
shrimp density was inferred through the data analyses performed at days 76, 99, and 133
(slopes of the weekly average of shrimp weight, B-N graph, ANOVA analyses of biomass,
weight, and survival/mortality, and biomass linear regression).

Determination of optimal stocking density

In this study, the optimal stocking density was defined as the stocking density treatment
that achieved three criteria: (1) maximum yield (biomass) at harvest, (2) beginning of
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biomass stagnation near the harvest, and (3) best economic return at harvest (defined as the
treatment with the best net return and benefit—cost rate).

Results
Physical and chemical variables

Water temperature showed the same variability and increase over time in all experimental
units, from 22.8 + 0.6 °C (first week) to 28.0 + 0.4 °C (last week). Stocking density had no
significant effect on dissolved oxygen (p = 0.192). Dissolved oxygen in all replicates sig-
nificantly decreased throughout the culture time (p < 0.001). Highest (6.0 & 1.0 mg L")
and lowest (< 2.0 mg L’l) values were recorded in the second and last week (Fig. 1). No
significant interactions between time and stocking density were found (p = 0.589).

Estimated production variables during the experimental culture

Average weekly growth rate was 1.4 £ 0.4, 1.0 £ 0.3, 0.8 £ 0.3, and 0.8 £ 0.3 g per
individual in treatments 3, 6, 9, and 12 shrimp m ™2, respectively. Slopes of shrimp weight
from weeks 8 till 19 (between days 55 and 133) were significantly different (p < 0.05)
between 3, 6, and 9 shrimp m~? treatments, but not between 9 and 12 shrimp m~? (Fig. 2).

A biomass increase accompanied by a proportional decrease in shrimp density was
observed in replicates of all four treatments from stocking to day 76, suggesting that these
mortalities (& 19 %) could be caused by a density-independent factor (Fig. 3). Between
days 76 and 99, stocked ponds up to 9 shrimp m~2 had an increase in biomass without
major changes in the shrimp density and therefore did not affect the survival; on the
contrary, ponds stocked at 12 shrimp m > showed in general a biomass increase accom-
panied by a decrease in shrimp density (Fig. 3). Between days 99 and 133, all replicates
showed a biomass increase without major changes in shrimp density, except in one pond of
the 12 shrimp m~2 treatment (Fig. 3).

—o— 3 shrimp m?

~=- 6 shrimp m2
—+— 9 shrimp m?2

e 12 shrimp m2

Dissolved oxygen (mgL™")

1 23 4 5 6 7 8 9 10111213 14 15 16 17 18 19
Culture time (weeks)

Fig. 1 Dissolved oxygen concentration (mg L™") in experimental ponds stocked at 3, 6, 9, and 12 shrimp
=2
m
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18 —o— 3 shrimp m?

16 -m- 6 shrimp m?

14 | =#= 9 shrimp m? ¢

2 e 12 shrimp m™ .
11
1 1 ===

Weight (g)
1S

O =N Wk U0

55 62 69 76 83 90 ‘57 104 111 118
Culture time (days)

125 133

Fig. 2 Average of individual shrimp weight (g) in experimental ponds stocked at 3, 6, 9, and 12 shrimp
m~2 Data are expressed as mean = SD. In each weekly growth curve, different letters indicate linear

regression functions significantly different at p < 0.05

35
—>— 3 shrimp m-2 (replicates)
30 A —— 6 shrimp m-2 (replicates)
——o— 9 shrimp m-2 (replicates)
25 1
=) —— 12 shrimp m-2 (replicates)
g day 133 (harvest)
o pras --@ - Treatments
T 204
o
o
\M/ A
215
< -
E N
8
m
10 A -
5 4
0 T T

Density (shrimp m2)

Fig. 3 Biomass (kg) per pond—shrimp density (shrimp m~2) (B-N graph) of the replicates of four stocking
density treatments (3, 6, 9, and 12 shrimp m~?). The solid lines represent the variation of biomass—density
pairs for each one of the replicates, starting from stocking (day 0) and ending at harvest (day 133). The
biomass—density pair intermediate values were estimated with population samplings at days 76 and 99. The
dashed lines link the average of biomass—density values of all four treatments at days 76, 99, and 133

(harvest), respectively

Significant differences (p < 0.002) of estimated biomass between ponds stocked at 3, 6,
and 9 shrimp m 2 were found at days 76 and 99, but not between 9 and 12 shrimp m?
(p > 0.755, Table 2). Shrimp weight stocked at 3 shrimp m~2 was significantly higher
(p < 0.046) compared to all other three treatments at days 76 and 99 (Table 2). At day 76,
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Table 2 Effect of stocking density on biomass, individual shrimp weight, and survival at days 76 and 99

Estimated variables Stocking density treatments Culture day
(shrimp mfz)
Day 76 Day 99
Biomass (kg) per pond 3 7.4 £+ 0.9a 8.8 £ 1.6a
6 11.0 £ 0.8b 16.6 £+ 2.1b
9 16.6 £ 2.2¢ 23.5 £ 1.6¢c
12 16.7 £ 0.7¢ 22.1 £2.7c¢
Individual shrimp weight (g) 3 74 £ 0.7c 9.7 £ 1.0b
6 5.7 £ 0.4b 82+ 0.7a
9 5.7 £ 0.6b 8.2 £ 0.5a
12 43 +02a 6.8 £ 0.6a
Survival (%) 3 83.8 £ 4.8a 75.3 £ 6.9ac
80.0 £ 0.0a 84.3 £ 4.3bc
9 81.3 & 2.5a 80.0 £ 0.0bc
12 80.0 £ 0.0a 68.0 £ 5.2a

Data are expressed as mean + SD. In each column and for each variable, averages indicated by different
letters are significantly different at p < 0.05, based on one-way analysis of variance and Kruskal-Wallis
one-way analysis of variance (survival at day 76)

shrimp from ponds stocked at 12 shrimp m~2 showed significantly less weight than those
of other treatments (p < 0.004); shrimp weights stocked at 6 and 9 shrimp m~2 were
similar (p = 0.992), but significantly lower than 3 at 76 and 99 days (p < 0.006), and
higher than 12 shrimp m~2 treatments at 76 days (p < 0.004) (Table 2). Survival was not
affected by stocking density at day 76 (p = 0.222), but a stocking density effect on
survival was observed at day 99, with lower survival in ponds stocked at 12 shrimp m~—?
(» < 0.024) (Table 2) compared with the 6 and 9 shrimp m~2 treatment.

At days 76 and 99, the estimated biomass increased linearly (p < 0.05) with stocking
density at the first three stocking levels, while at day 133 a linear relationship (p < 0.05)
was found at all four levels of stocking density (Fig. 3; Table 2).

Production and economic variables registered at harvest

Biomass and yield of ponds stocked at 3 shrimp m 2 were significantly lower compared
with the other three treatments (p < 0.005), between which no significant differences were
found (p > 0.083). Survival in ponds stocked at 3, 6, and 9 shrimp m~~ were not signif-
icantly different (p > 0.791). However, shrimp survival of ponds stocked at 6 shrimp m~?
was significantly higher compared with ponds stocked at 12 shrimp m? (p < 0.047).
Shrimp survival of ponds stocked at 12 shrimp m™> showed no significant difference
compared with ponds stocked at 3 and 9 shrimp m™2 (p > 0.057). Harvest density was
significantly different between ponds stocked at 3, 6, and 9 shrimp m 2 (p < 0.020). But,
no significant differences were found between ponds stocked at 9 and 12 shrimp m?
(p = 0.582). Shrimp from ponds stocked at 3 shrimp m~2 showed a significantly higher
individual weight compared with the other three treatments (p < 0.001), while among the
latter no significant differences were found (p > 0.140). FCR of shrimp stocked at 3 and 6
shrimp m™2 was less than 1 and significantly lower than for shrimp stocked at 12 shrimp
m~2 (p < 0.002). No significant differences of FCR were found between ponds stocked at
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9 and 12 shrimp m™? (p = 0.161), nor between ponds stocked at 6 and 9 shrimp m™>
(p = 0.104).

Total production cost increased significantly and was directly proportional to the
stocking density (Table 3). Gross receipt obtained in ponds stocked at 6, 9, and 12 shrimp
m~? were not significantly different among themselves (p > 0.553), and no significant
differences were reported between ponds stocked at 3 and 6 shrimp m~? (p = 0.054). Net
return was not significantly associated with stocking density (p = 0.448). Benefit—cost rate
of treatments indicated a significant greater monetary return in ponds stocked at 3 and 6
shrimp m™2 (p < 0.042). No significant differences were obtained between ponds stocked
at 3 and 6 shrimp m > (» = 0.078) or between 9 and 12 shrimp m 2 treatments
(» < 0.210).

The commercial size distribution was different in all treatments, except between ponds
stocked at 9 and 12 shrimp m ™2 (p > 0.05). The asymmetries of shrimp average weight at
harvest were similar (0.49 £ 0.12) at 9 and 12 shrimp m 2. Lowest asymmetry was
observed at 6 shrimp m™2 (0.04 + 0.12). Asymmetry at the 3 shrimp m 2 treatment was
0.23 £+ 0.12.

Estimation of optimal shrimp density

The previous results suggested that shrimp from 6, 9, and 12 shrimp m™? treatments
presented competition-dependent growth during the whole culture period, especially at 9
and 12, and more intensely at 12 shrimp m~? (Tables 2, 3; Figs. 2, 3). Biomass stagnation
occurred between days 99 and 133 for the 6 and 9 shrimp m™? treatments, with the 9
shrimp m™? treatment suffering more. For the 12 shrimp m™? treatment, the biomass
stagnation may have begun at day 76 or even earlier. Competition, and accordingly
individual growth reduction, may have begun at day 76 at a density of 5 shrimp m~?

Table 3 Effect of stocking density on the production and economic variables (mean &+ SD) in experi-
mental ponds (400 m?) obtained at harvest (day 133)

Variable Stocking density (shrimp m~?)

3 6 9 12
Biomass (kg) per pond 16.1 £+ 1.8a 234 £ 1.7b 27.7 £ 2.4b 29.9 £ 5.4b
Harvest density (shrimp m~2) 2.5 £ 0.3a 5.1 £ 0.4b 7.0 £ 0.4c 7.8 £ 1.5¢
Individual shrimp weight (g) 16.2 + 1.8b 11.6 =+ 0.4a 9.8 £ 1.1a 9.6 £ 0.8a
Survival (%) 835+ 11.3ab  84.2 £ 6.2b 78.2 £ 4.2ab 64.8 £ 12.4a
Yield (kg ha™") 402.6 £ 4582  584.0 £ 41.9b 691.7 £ 60.7b 746.0 £ 136.3b
Feed conversion rate 0.81 £ 0.12a 0.97 £ 0.04ac 1.25 £ 0.15bc 1.57 £ 0.2%

Total production cost ($ per 10.79 £ 0.43a  19.48 £ 0.58b 29.49 £ 0.98c 39.20 + 0.62d
400 m?)

Gross receipt ($ per 400 m*)  72.85 + 8.68a  97.55 & 7.34ab 10625 + 15.67b 113.19 & 22.67b

Net return ($ per 400 m?) 62.07 +9.11a 78.07 + 6.85a  76.75 + 16.50a  74.00 + 22.31a
Benefit—cost rate ($ per 6.79 &+ 1.09b  5.00 £ 0.25b 3.62 + 0.65a 2.88 & 0.55a
400 m?)

In each row, the averages indicated by different letters are significantly different at p < 0.05, based on one-
way analysis of variance analyses
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Table 4 Performance of the stocking density treatments based on three criteria achieved during the
experimental culture and harvest

Criterion Stocking density (shrimp m~?)
(Harvest density) (shrimp m~?)

3 6 9 12
25+£03) (5.1x04) (70+£04) (7.8 £ 15)

Maximum yield (biomass) at harvest + + +
Beginning of the biomass stagnation at harvest +

Best economic return at harvest

Best net return + + + +
Best benefit—cost rate + +

The symbol plus (4-) means that the criterion was achieved

Harvest densities are shown in parentheses

(shrimp density average in ponds stocked at 6 shrimp m ? at days 76 and 99) and
maintained until harvest. At day 133, ponds stocked at 6 shrimp m 2 maintained the same
condition as observed at day 99 (the absence of mortalities), but biomass reached similar
values to those reported in ponds stocked at 9 and 12 shrimp m~2. Consequently, optimal
shrimp density during the experimental culture was 5 shrimp m™2.

Determination of optimal stocking density

The maximum yield (biomass) at harvest was achieved with ponds stocked at 6, 9, and 12
shrimp m 2 (without statistical differences) (Table 4). The beginning of biomass stagna-
tion near the harvest was observed in ponds stocked at 6 shrimp m~2 (Table 4). Similar
best net return were obtained in all four treatments (without statistical differences);
however, the best benefit—cost rates were obtained with ponds stocked at 3 and 6 shrimp
m ™2 (Table 4). Based on these results, it was observed that only ponds stocked at 6 shrimp
m ™2 achieved the three criteria defined as the optimal stocking density (Table 4).

Discussion

The results of this study provide information to optimize the management in extensive/
semi-intensive shrimp farming systems. Our findings support the results of the Ecuadorian
shrimp producers who, based on empirical observations, have generated the recovery of the
cultured shrimp industry after the WSD epidemic by decreasing the stocking densities.
In our experiment, dissolved oxygen concentrations decreased during the production
cycle, in spite of several water exchanges that were performed. Salinity increased during
the production cycle (up to 42 g L"), which in combination with the increased water
temperature (5.2 °C increment during the production cycle) could provoke lower solubility
of oxygen and present levels of oxygen saturation at about 32 % at the last culture week
(when the environmental conditions were 28 °C, 2 mg L™" of dissolved oxygen, 40 g L™
of salinity, and assuming 760 mm Hg of air pressure). This could provoke stress conditions
for shrimp as, in addition at high salinities and temperatures, the metabolic demand of
P. vannamei rises due to the effort required to maintain the osmotic and ionic balance
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(Villarreal et al. 1994). Up to day 76, the levels of dissolved oxygen were in general above
3 mg L™!; therefore, a too low oxygen concentration neither explained the lower increase
in individual shrimp weight of ponds stocked at 6, 9, and 12 shrimp m 2, nor the mor-
talities observed in all four treatments at day 76. However, between weeks 13 and 18,
oxygen levels were lower than 3 mg L™" in ponds stocked at 6, 9, and 12 shrimp m™~,
which may be density-related and might contribute to growth reduction in those treatments.
During the last week of production, all ponds presented dissolved oxygen values less than
2 mg L™', which could affect the shrimp growth in all ponds.

Growth reduction in isolated lobsters Homarus americanus, H. gammarus, and Mac-
robrachium rosenbergii could be chemically mediated by the generation of metabolites
causing growth retardation (Nelson et al. 1980; D’ Abramo et al. 2000). Also, the response
of growth retardation by an apparent chemical stimulus, even though it seems be
ephemeral (Nelson et al. 1980), seems occur instantaneously (D’ Abramo et al. 2000), when
a biomass threshold is achieved. Although this effect has been observed in other decapods
at laboratory level, and the volume of shrimp ponds is much higher, it is possible that this
effect has provoked or contributed to the growth and biomass reduction observed in our
experimental culture at higher shrimp densities.

Space has been attributed as a factor causing growth reduction in crustaceans (Maguire
and Leedow 1983; Peterson and Griffith 1999). Shrimp density can increase in particular
areas of the pond in critical environments, resulting in crowding, which in turn could cause
density-dependent problems such as mortality or lack of growth. Shrimp can avoid hypoxic
regions (Renaud 1986) and also select welfare temperatures (Hernandez et al. 2006). We
hypothesize that is also possible that competition for space, in order to find the best pond
zones, especially for dissolved oxygen, could also have occurred in our experiment.

Feed conversion rate less than 1 was registered in our ponds stocked at 3 and 6 shrimp
m~2, indicating that there was proportionally a good contribution of the natural produc-
tivity. FCR higher than 1 were registered in ponds stocked at 9 and 12 shrimp m™2 (harvest
densities > 7.0 shrimp m~?), which does not necessarily suggest a benthos depletion or an
inefficient replacement of the natural food by the formulated food during the production
cycle, as if there is a biomass threshold that limits growth; then, there will be increases in
FCR unrelated to the availability of food resources.

Optimal shrimp density during the experimental culture was 5 shrimp m™2, which was
the harvest density of ponds stocked at 6 shrimp m~>. Considering the fraction of the
density-independent mortality reported at day 76 in this treatment (with similar values for
all other three treatments), the optimal stocking density taking into account such over-
stocking was about 6 shrimp m 2. In the absence of density-independent mortality, the
optimal stocking density would be 5 shrimp m~2. It is interesting to note that Ecuadorian
shrimp farmers obtain in average harvest densities between 4 and 5 shrimp m™2, using
stocking densities between 8 and 10 shrimp m 2.

Intraspecific competition has been described for both natural and aquaculture popula-
tions (Fréchette et al. 1996, 2000; Guifiez 2005; Qin et al. 2009), including crustaceans
(Morrissy 1992), and has been attributed to the competition for food and space. When the
biomass threshold is already stagnant in a population, highest levels of competition can
occur causing mortality and consequent biomass reduction above the threshold level; such
mortality is called self-thinning (Lachance-Bernard et al. 2010). Although we found sig-
nificant differences of survival at harvest between ponds stocked at 6 and 12 shrimp m ™2,
no differences were found between 3 and 12 shrimp m~ treatments; therefore, we cannot
attribute that the mortalities in the last treatment were provoked by a self-thinning process.
Other studies have no reported association between shrimp survivals and stocking density
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(Wyban et al. 1987; Allan and Maguire 1992; Yip-Hoi 2003). Our results showed density-
dependent growth in the culture of P. vannamei. However, additional studies that include
intensive densities will be necessary, to study whether the self-thinning process takes place
in P. vannamei production.

The results of this experiment showed that stocking density had a significant effect on P.
vannamei shrimp production, with some advantages to stocking at 6 shrimp m 2 (survival,
FCR, and benefit—cost rate at 6 shrimp m~2 were significantly better compared to ponds
stocked at 12 shrimp m™~?). Stocking at 6 shrimp m~2 was enough to reach similar levels of
shrimp weight and yield obtained by stocking even with 12 shrimp m~2. Stocking at 6
shrimp m 2 would be a safer investment due to a lower variability of biomass, individual
weight, net return, and benefit—cost rate, in contrast to the 12 shrimp m~? treatment. These
observations were indicative of a good performance of these ponds.

Optimal stocking and shrimp densities could, among others things, depend on particular
conditions of each farm/pond, such as soil and food quality, natural productivity, climate,
and particular management. However, once they are determined, production costs can be
optimized. Our results can be used to maximize the production in extensive/semi-intensive
systems and to improve the strategies of disease prevention (such as WSD) in immunos-
timulated shrimp.
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