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ABSTRACT

The present study was designed to display the integrated model of nitrogen discharge process (i.e.
nitrites and nitrates; ammonia; chlorophyll and dissolved nitrogen, dissolved oxygen) which is part of the
complete model of shrimp aquaculture of an Integrated Shrimp Aquaculture Park (i-Sharp) ecosystem
in System Dynamic Model Aquaculture-System Policy (SD-AQEP). This study offers a comprehensive
elaboration concerning the long-term process of nitrogen accumulation, as well as its effects on shrimp
activities. Furthermore, the analysis of the model and the simulation results also show the conditions of
nitrogen with several strategies for control and manipulation. For example, in situations where mixing of
stock density is high and providing feed into ponds supplies is excessive, the nitrogen dynamic rapidly
hits alarming levels. Aforementioned, the typical strategy in this setting such as stocking density and
the best time to harvest could be established. Additionally, the model structure represents the discharge
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\ derived from the nitrogen process on varied settings of variables in aquaculture development. In
conclusion, this model provides an experimental simulation platform that can be implemented by policy
makers on long-term strategic management for developing or maintaining large-scale aquaculture
development projects in the future.

INTRODUCTION In reality, a large-scale aquaculture project that focuses

The marine shrimp aquaculture production has seen a
rather rapid increment by 28.5 times from 3,057 tons in
1991 to 87,202 tons in 2010 (Chowdhury et al. 2013). This
phenomenal hike, nonetheless, has sparked some disturbing
environmental effects due to the aquaculture activities, where
water is highly polluted from shrimp effluents. This is because
of the shrimp cultured process releases significant amounts
of organic matters, nutrients, phytoplankton, and suspended
solids where the corresponding shrimp farm practices high
quality feeds and promotes high volume of seawater intake
(Boyd 1999). Thus, this unsustainable practice adopted by
the shrimp industries especially in their methods of managing
wastewater has spawn critics and concern previously (Naylor
et al. 2000, Hidayah et al. 2016a, Hidayah et al. 2016b,
Nobuyuki, et al. 2016, Hidayah et al. 2017).

In general, the ratio for water exchange (WE) daily is
below 15%. This is a common practice for the aquaculture
industry throughout the nation (Nik Hashim et al. 2013,
Khairul et al. 2013, Akeem Babatunde et al. 2018). Herein,
risks towards the environment and existing life forms in the
water bodies are increased due to the accumulating discharge
regurgitated from these aquaculture ponds.

onto shrimp production setup in Terengganu, Peninsular
Malaysia had been initiated by Blue Archipelago Berhad in
2009 known as Integrated Shrimp Aquaculture Park (i-Sharp)
(Muhamad Safiih et al. 2016a). This particular project,
which is located at Terengganu coastal area of Peninsular
Malaysia, reflects a spawning area of a staggering 1,200
hectares (Muhamad Safiih et al. 2016b, Muhamad Safiih et
al. 2017). Before the opening of i-Sharp, this project adopted
the semi-biofloc system. Nonetheless, only some ponds were
exposed to the fully biofloc system at the initial stage. As
time progressed, the i-Sharp began focusing on a bio-secure
recirculating system via biofloc technology. Some benefits
of the biofloc system are that it uses low input seawater
and the fact that the system re-circulates water (Zero Water
Exchange, ZWE). By implementing the ZWE system, other
colossal benefits are achievable, such as high efficiency,
sustainable, competitive productivity, and lower feed con-
version ratio where major possibilities of achieving to the
sustainable management of aquaculture ponds are limited
to the efficiency of biofloc system application (Nyan 2011).
Besides, as for i-Sharp, water intake from natural sources
is initially to fill in and to maintain the level of water in the
aquaculture ponds. Such maintenance is undertaken mainly
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to replace the volume of water reduced due to evaporation or
filtration. However, only if the effluent can infiltrate natural
waterways, such as a river, the remaining trace of cultured
water and accumulated residue from the effluent could
potentially affect the environment. Unfortunately, organisms
like plants and aquatic life forms that exceed the capacity
to withstand such changes are surely damaged and turn into
environmental pollution. Nevertheless, these remaining
sediments and essential wastes could be reprocessed to poten-
tially benefit the agriculture industry (Tanentzap et al. 2015).

With that, nitrogen (N), is a key element associated with
the aquatic environment as it functions as one of many var-
iables useful for aquaculture management. Common input
of N comes from the environment, but a study shows that N
in aquaculture farm mainly results from the existing trace of
nitrogen in feed used to enhance the growth of aquaculture
productions (Thoman et al. 2001). However, as the feeds
are digested, the extra non-digestible nitrogen element is
excreted; thus, acting as fertilizer that helps in promoting the
build-up of planktons and bacteria colonies (Moriarity 1997).

As such, the present study suggests a system dynamic
model as the analytical tool in order to develop a concep-
tual framework useful in combining numerous nonlinear
equations with complex feedback. The structural principle
of a dynamic system is primarily dominated by the feedback
loop structure that forms a central control for all the corre-
sponding systems (Forrester 1968, Muhamad Safiih et al.
2017, Muhamad Safiih et al. 2019). Moreover, the positive
feedback is set to keep all variables in an equilibrium state.
This equilibrium state acts if any variable(s) in the negative
feedback loop is moved from equilibrium to ensure that the
system would return to its original state or at least towards a
new equilibrium state. This system dynamic model approach
analyses the sources of problem behaviour, as well as the
feedback structure in the system. Therefore, the primary
objective of this study is to build a system dynamic model
to simulate the feed of  in intensive white shrimp (Penaeus
vannamei) ponds during culture activities. In addition, the
model developed by Burford & Lorenzen (2004) on Pacific
tiger shrimp, Penaeus monod on cultured had been adopted
in this study to describe the principal y transmigrations pro-
cesses, as well as to identify several alternatives to improve
yields.

MATERIALS AND METHODS
Model Description

The model for discharged nitrogen (i) represents the produc-
tion system that reflects increased input of premium feeds and
water supply that leads to stacking of nutrient discharged.
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Hence, the cultured ponds generate effluents that are rich in
chlorophyll-a, suspended solids, nutrients, and toxic waste;
which are essential for agar bloom, thus resulting in high bi-
ochemical oxygen demand (Paez-Osuna 2001a, 2001b). This
study also adopted the dynamic nitrogen model proposed by
Burford & Lorenzen (2004), which had been carried out for
intensive cultured of P. monodon, along with WE system.
With that, the nitrogen dynamic model was applied to de-
scribe the complex and the dynamic behaviour of the N in
the monitored ponds. Hence, this study adapted Burford’s
model to investigate the P. vannamei intensive culture that
practised ZWE in i-Sharp. The basic model assumption does
not require the presence of herbivore (non-plank tonic) in all
ponds, where N input is exclusively from the feed, whereas
the growth of shrimp and phytoplankton (or microorganisms)
is not hindered due to lack of oxygen or phosphorus. Fig.
1 illustrates the transformation and removal of nitrogen in
intensive shrimp pond. The arrows and the boxes represent
for key nitrogen (N) components.

The variables embedded in the model are listed in the
following: total ammonia, nitrates and nitrites, Chlorophyll-a
(phytoplankton), N in algae biomass, dissolved N organic,
and N in sediment. Besides, the demand for feed increased
the input of N parallel to the growth of shrimp biomass.
Additionally, it was noted that zooplankton, phytoplankton,
and nitrifying and heterotrophic bacteria shared the available
N excreted from shrimps in ponds (Burford et al. 2003).
Howeyver, the accumulation of ammonia first caused a halt
in feeding shrimp and then, giving impact on the population
mortality (Chen et al. 1990). As for the P. vannamei, the
post-larvae (PL) in ecdysis stage dies if the concentration
of ammonia exceeds 10 mg.L"' (Frias-Espericueta et al.
2000). Therefore, if a pond receives an increasing amount
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Fig. 1: Nitrogen transformations and removals in intensive white shrimp
(Litopenaeus vannameti)
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of feed, the density of phytoplankton would eventually limit
its growth via self-shade. Burford & Lorenzen (2004) pre-
dict that the accumulation of ammonia after chlorophyll-a
(phytoplankton) impedes its growth. In fact, some N is lost
from the pond due to volatilization of ammonia, particularly
due to high pH periods and heavy aeration.

The Causal Loop Diagram

The present dynamic model is comprised of causal loop
diagrams to represent most of the feedback mechanisms,
which is consist of reinforcing/positive feedback loop that
is denoted by positive symbol ‘+’ or counteract/negative
feedback loop that is reflected by negative symbol ‘-, to
depict a change that has taken place in the system variable
(Muhamad Safiih et al. 2019). As for this study, the feedback
loop functions are a series of cause-and-effect correlated to
each other, such that if a change in a given variable or system
moves within the loop, it will come back to affect the same
variable and other variables. Besides, if an original value or
known as ‘initials’ increase in a variable; the feedback loop
in this simulation would eventually result in an expending
or increasing effect on the same variable, which is later
identified as a ‘reinforcing or positive’ feedback loop by the
system, while the vice versa situation exists if the decreasing
effect on the very same variable happens and identified as
negative (counteracting or a balancing loop) (Sterman 2002).
The positive feedback loop can potentially stimulate volatile
exponential growth or cause a collapse in the arrangement of
the system associated with simulation behaviour.

Fig. 2 illustrates the causal loop for this study. The
concentration of ammonia in the model of discharged
nitrogen was fortified by two positive feedback loops that
portrayed the processes of nitrates and ammonia. As a result,
the negative feedback loops in the system were likely to
stabilize the simulation and the asymptotically stable growth,
where decaying patterns were observed from the system.
Furthermore, the dissolved oxygen (DO) was controlled by
two negative feedback loops that represented phytoplankton
and shrimp farms. In an instance, increment in ammonia
increases the level of nitrates.

The stock-flow diagram in Fig. 3 reflects the core of the
discharge of nitrogen model, and it is also the process of
quantization and materialization of the causal loop diagram
by using Vensim software program (Mesgari et al. 2017).
Moreover, based on the stock-flow diagram illustrated in
Fig. 3, the related mathematical equation in the mathematical
model of system dynamics can be developed.

Basic Model Formulation

This section discusses the formulations that are afflicted to
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Fig. 2: The causal loop of the discharge of nitrogen model.
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several significant model assumptions presented in this study.
The mathematical formulations for the discharged nitrogen
model in intensive shrimp ponds are derived from the study
carried out by Burford & Lorenzen (2004). Such mathemati-
cal modelling incorporates a set of five conjoined differential
equations that serve as the main nitrogen components.

Ammonia concentration (x,)

d
% =qaN,e "Wt" + ry4(n+v)xl
t
(gmaxlight)— 272 yoxay,
X, +x,)+ Ksn (D
X +x,
Nitrites and nitrates (x,)
+
» (g max lighz)(ﬁ)cxsx1
—2 =nx, — 172 ...(2)
dt X, +x,
Chlorophyll-a (x3)
+
(g max light) hTX
dx, X, +x,)+Ksn 3
E:( )XS—S.X'3 ...(3)
X +x,
Dissolved N organic (x,)
Xy _
E—SC)@ —Ix, (4
N in sediment (x;)
dx
d5 =(1-q)gaN,e ""wt’ -.(5)
Where, x; = NH; concentrations (mg.L" b, t=time (day):

q = ratio of N waste released to the water as x; (enters the
water as xs), anOe'MtWt is the total of N waste input per unit
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Fig. 3: The stock and flow of the discharge of nitrogen model.

time (mg.g'lday), r = re-mineralized rate of x, in sediment
(day'l), x, = weight of N (mg) in sediment L of aqua-cul-
tured water, n = nitrification rate (day'l), v = volatilization
rate (day™), X, = NO, +NOj;_ concentration (mg.L™h), X3 =
chlorophyll-a concentration (mg.L™") where the concentra-
tions were obtained at a fixed “cN/Xj ratio of phytoplankton”,
s = sedimentation rate of phytoplankton (day™'), and X5 =
dissolved organic N (mg.L'l). Besides, the total N waste
input, aNoe-M[Wtb, had been suggested to be proportional
to the metabolism rate of vanamei population (Burford &
Lorenzen 2004); where a is the total N waste x,; and x5) input
rate (mg. g'lday'l), and this parameter was ascertained as the
value where N input over the cycle is equivalent to the total
feed N that is dissimilated to vanamei tissue.

RESULTS AND DISCUSSION

The preliminary simulation suggests that the maximum
weight of shrimp in the cultured pond had been stagnant at
1.63 g, with a stock density of 130 ppL and waste N input
at 2.3. Moreover, the initial values for other variables are
listed in Table 1.

Fig. 4 illustrates the simulation behaviour that was ob-
tained during the base run. Since ammonia concentration
functioned as a self-counterpoise mechanism controlled by
two negative feedback loops, ammonia dissolved of nitro-
gen organic and chlorophyll eventually attained stability.
This controlled the potential of self-increasing ammonia
mechanisms using nitrates in water primarily due to the

nitrification process. As for the selected cultured, at the end
of the simulation, the annual percentage of yield loss due
to ammonia concentration had been recorded at 6%. Next,
in the second experiment, the stock densities increased to
150ppL from its initial value; 130ppL. Therefore, increment
in stock density decreased inorganic loss. In addition, the
increased outflow of ammonia from the pond also helped
to activate the first positive feedback loop. The results of
these experiments are illustrated in Fig. 5, where it displays
ammonia concentrations for both settings, inflow ammonia
and outflow ammonia.

CONCLUSION

The dynamic discharge of nitrogen model offers a generic
and comprehensive description concerning the long-term
process of feed demand. As a result, the nitrogen input
demonstrated an increase as the shrimp biomass grew.
Through the integration of nitrates in water; nitrification
and loss of inorganic elements into the discharged nitrogen
resulted in a comprehensive and systemic model of
nitrogen. The model analysis revealed two self-reinforcing,
hence, the critical processes of discharge of nitrogen are
indeed associated with the content of nitrates in water
and nitrification. Furthermore, the ammonia discharges
are in effect self-stabilizing. Nevertheless, the ammonia
concentrations may play a critical role: if the stock density
is high, the total feed waste hikes automatically in a rather
rapid manner, and the applied nitrogen (N) is mostly stored in

Vol. 20, No. 1, 2021 ® Nature Environment and Pollution Technology
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Fig. 4: The base run of the model.
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Table 1: Represent the other parameter value in ponds.
Parameter description Symbol Units Value Source
‘White shrimp population
Shrimp growth coefficient K day™! 0.0086 Data obtained
Shrimp maximum weight w G 16.3 Data obtained
Shrimp stocking weight W, G 6.0 Data obtained
Shrimp mortality M day'1 0.05 Data obtained
Stoking density N, shrimp L™! 130 Data obtained
Nitrogen dynamics
Waste N Input A mg.g”! day’! 2.3 Burford & Lorenzen (2004)
Proportion of N entering as X Q 0.9 Burford & Lorenzen (2004)
Allometric scaling of X; excretion B 0.75 Burford& Williams (2001)
Pond depth VA M 1.2 Data obtained
N half-saturation KSN mg.L'l 0.008 Burford & Lorenzen (2004)
Sedimentation rate s day'1 0.8 Burford & Lorenzen (2004)
Nitrification rate n day'1 0.15 Burford & Lorenzen (2004)
Volatilization rate v day'1 0.05 Burford & Lorenzen (2004)
Sludge remineralization rate r day’! 0.06 Burford & Lorenzen (2004)
Phytoplankton parameters
Maximum phytoplankton growth rate gmax day™! 1.9 Burford (1997)
Ratio surface/saturating light intensity 10/1 sat 2.4 Burford & Lorenzen (2004)
NI/X; ratio of algae c m! 13 Burford & Lorenzen (2004)
Extinction coefficient Non-X; Kother 2.5 Burford (1997)
Extinction coefficient X; kX3 m” mg”’ 14 Burford (1997)

pond populations, particularly for shrimp and phytoplankton.
More importantly, the typical feeding system was applied
in this setting especially, to control the nitrogen level
yields, which led to unprecedented exponentially growing
ammonia levels, which also reflected the phytoplankton
result for nutrients in the pond system. The model offers
an experimental simulation laboratory, where numerous
other scenarios and questions pertaining to the long-term
discharge of nitrogen could be looked into and analysed.
This particular model can also potentially be used by policy
makers for long-term sustainability strategic management of

large scale aquaculture development projects. The proposed
model can also be of interest among students and learners,
in teaching and researching environmental sciences, as well
as environmental management.
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