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ABSTRACT

White leg shrimp (Litopenaeus vannamei) is known as a prime aquacultural commodity in Indonesia. However,
the rapid growth of shrimp farming has resulted in widespread destruction of coastal ecosystems, including man-
grove swamps. Intensification of shrimp culture has led to many other environmental problems. Integration of
mangroves into aquaculture systems (IMAS) should be considered as a way to preserve the mangrove ecosystem
as well as sustainability of the aquaculture business by treating the influent and effluent water. This study aimed to
assess the benefits of integrating mangroves into shrimp aquaculture, in terms of water quality. The results showed
that temperature, dissolved oxygen (DO), and nitrite levels in the water significantly differed between sample sites.
PCA analysis indicates that total organic matter (TOM), nitrates, nitrites, and ammonia were the principal factors
in the overall water quality of the ponds. The highest pollution index was found in the super-intensive shrimp
ponds (‘moderately polluted’), while the other sites, including the mangrove area, were categorized as ‘lightly pol-
luted’. These findings suggest that the presence of mangroves may improve the quality of aquaculture wastewater,
but the pollution index may still not reach the ‘good’ category. It is therefore recommended that a wastewater treat-
ment plant be installed to support the integrated aquaculture system.

Keywords: coastal ecosystem; eco-aquaculture; pollution index; principal component.

INTRODUCTION

White leg shrimp (Litopenaeus vannamei) is
a leading aquaculture commodity in Indonesia,
and it earns the most foreign currency (besides oil
and gas) [Sitompul et al., 2018]. The development
of shrimp farming is in line with the high demand
for, and price of, shrimp in the international mar-
ket [Ahmed et al., 2018]. Although shrimp farm-
ing provides attractive economic benefits, this ac-
tivity has received much criticism as a result of its
environmental impact [Hamilton, 2013]. The rap-
id growth of shrimp farming in developing coun-
tries such as Indonesia, Vietnam, Bangladesh, and
Brazil has resulted in the widespread destruction

of mangrove swamps [Ahmed et al., 2018]. The
loss of mangroves threatens their ecosystems both
ecologically and economically: climate regula-
tion, coastal protection, waste trapping, habitats
for various organisms, medicinal raw materials,
and tourism are all affected [Kumar et al., 2014].

The intensification of shrimp aquaculture
to pursue high production levels produces or-
ganic waste, which originates from feed resi-
dues and large amounts of shrimp excretions
[Barraza-Guardado et al., 2013]. Moreover,
super-intensive technology can increase shrimp
stocking density from 300 individuals m? to
1,250 individuals m? [Wasielesky et al., 2006;
Suwoyo et al., 2015]. High stocking density in
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super-intensive aquaculture systems has conse-
quences in terms of waste load that can affect
the viability of the shrimp habitat, as well as the
aquatic environment in the vicinity of the aqua-
culture pond [Suwoyo et al., 2015; Musa et al.,
2020]. These pollutants can cause eutrophica-
tion, decrease dissolved oxygen, and promote
the emergence of various diseases [Peng et al.,
2009a]. In addition, a decrease in water qual-
ity in ponds can result in a shift in the struc-
ture of the phytoplankton community, in which
it becomes dominated by harmful algae blooms
(HAB) [Davidson et al., 2014; Mahmudi et al.,
2020b] and shrimp become susceptible to dis-
ease [Qiao et al., 2020]. While cultivation tech-
nology focuses on increasing productivity and
product quality, it should also be able to reduce
the negative social and environmental impacts
[Rurangwa et al., 2017].

On the other hand, mangrove forest areas
have long been used as a waste treatment sys-
tem to remove or retain N and P [Mendoza-Car-
ranza et al., 2010]. The concept of mangroves
as biofilters for aquacultural waste emerged as
an attempt to overcome the problems of man-
grove destruction and unsustainable cultiva-
tion practices [Peng et al., 2009a]. This effort
is expected to increase the self-purification
ability of aquaculture ponds, accelerate the de-
composition, transformation, and assimilation
of pollutants, reduce the possibility of disease
emergence, and increase aquacultural produc-
tion [Peng et al., 2009a]. The white leg shrimp
aquaculture performed at the Brackish and Ma-
rine Water Laboratory of Brawijaya University,
Probolinggo involves a unique process in which
mangroves are used to improve the water qual-
ity in its super-intensive ponds: both the water
supply for the ponds and aquaculture wastewa-
ter pass through a mangrove area [Musa et al.,
2021]. This study aimed to assess the benefits of
integrating shrimp aquaculture with mangroves,
in terms of water quality. Many previous studies
have associated the presence of mangroves with
physical and chemical improvements in the wa-
ter quality of intensive aquaculture ponds [Bar-
raza-Guardado et al., 2013; Ahmed et al., 2018].
However, similar research on super-intensive
aquaculture is still scarce. This subject is also
important because of the economic importance
of super-intensive aquaculture, and because of
the threats to the coastal environment. Integrat-
ing super-intensive aquaculture with mangroves
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is expected to help prevent the destruction of
coastal ecosystems.

MATERIALS AND METHODS

Study area

This study was conducted in the Brackish
and Marine Water Laboratory of Brawijaya Uni-
versity. This laboratory is situated on the shore
of Probolinggo Regency, Indonesia (see Figure
la), and includes a super-intensive white leg
shrimp aquaculture pond. Six sampling sites
were selected, as depicted in Figure 1b. Site 1
was the river water near the inlet channel, which
is used as the main source of water for filling
the intensive pond. Site 2 was a reservoir pond,
which functions as a water supply for the other
ponds and as an isolation pond to break disease
cycles. Sites 3 and 4 were super-intensive ponds.
Site 5 was a pond for the disposal of waste from
the two aquaculture ponds. Finally, site 6 was
the mangrove area.

Materials

The objects of research in this study were
the water samples taken from the six sampling
sites described above. Each water sample was
observed both in situ and ex situ to measure
its water quality. The water quality parameters
measured in this study were temperature, trans-
parency, pH, dissolved oxygen, salinity, nitrate,
nitrite, ammonia, phosphate, and total organic
matter. The instruments used for each parameter
are presented in Table 1.

Data analysis

Statistical analysis

This study used several statistical techniques,
including one-way analysis of variance (ANO-
VA), the Tukey test and principal component
analysis (PCA) (Lusiana & Mahmudi, 2021) to
analyse the variation of water quality parameters
in the studied area. Data analysis was performed
using the R software (version 3.6.1).

Pollution index

The pollution index is a measure used to
determine the water quality status based on
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Figure 1. Research location (a) Brackish and Marine Water Laboratory
of Brawijaya University, Probolinggo; (b) Sampling sites
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Table 1. Instruments used for water quality parameter measurement

Parameter Unit Instrument
Temperature °C Lutron PDO-520
Transparency cm Secchi Disk
pH - Lutron YK-2005WA
Salinity ppt Refractometer Atago PAL-06S
Dissolved Oxygen (DO) mg/L Lutron PDO-520
Nitrate (NO,) mg/L Hanna Instruments HI-3873 Nitrate Test Kit
Ammonia (NH,) mg/L Hanna Instruments HI-38049 Ammonia Test Kit
Orthophosphate (PO,) mg/L IKM/7.2.30/UPT-LKIL (Colorimetric)
Total organic matter (TOM) mg/L IKM/7.2.44/UPT-LKIL (Titrimetric)

pollution levels. The index can be calculated
as follows [Darmanto and Sudarmadji, 2013;
Tanjung et al., 2019]

G\ (C)
P = M R
J 2

(1)

where:
IP; = pollution index for j-th purpose
C; = observed i-th water quality param-
eter measurement
L;j= standard of i-th water quality param-
eter for j-th purpose

Ci

ij

Ci . :
(—‘) = maximum value of ratio
Lij/ y

Ci . G
)= mean value of ratio 7
Lyj ij

The water quality status is classified by the PI as
follows, according to the decree of the Indonesian
Minister of the Environment (decree no. 115, 2003):

0 <IP; <1:Good
1 < IP; < 5: Lightly polluted

5 < IP; < 10: Moderately polluted
IP; > 10 : Heavily polluted

RESULTS AND DISCUSSION

Water quality measurement results

The results revealed the variability of mi-
nor physico-chemical water quality parameters
among the sample sites (Table 2). The tempera-
ture, DO, and nitrite levels of the water samples
differed significantly between the sample sites (p
<0.05, inequal letter notation). On the other hand,
transparency, pH, salinity, nitrate, ammonia, or-
thophosphate, and TOM did not differ significant-
ly between the sample sites (p > 0.05, equal letter
notation). Higher temperatures were found in the
samples from Site 5, and these exceeded the max-
imum values set by national standards. Average
pH values were lower than 6, which is the mini-
mum pH set by national standards for class III or
fishery purposes. Similarly, the salinity levels at
all sample sites were also below the lower limit of
the standard set for class III water quality (27-32

Table 2. Physicochemical water quality measurement results

Site Temperature | Transparency pH DO Salinity | Nitrate Nitrite | Ammonia Ort;t]);)tf;os- TOM
| T | S s eose[rareoms | Biat | St | Sugz | o | oereore | Gt
o | Tt | ES [sweoas[somsonr | A 5o ol | 1ss oansnon:| 050
s | pmr | B [smeosm | risroo | B o] 100 | 2ot omzoe: |55
| B | B [smeossomeons | BT e | 2 | 25 [oresosm | 242
s | o | pmr [seeor[soeas | R0 [ 205 | 0t | a5y omrerom [ %%
o | P | REr [ssemser[soveonor| Bt |t | G | gdes [omeones | 15
Unit °C cm - mg/L ppt mg/L mg/L mg/L mg/L mg/L
E;?gs 28-32 20-40 6-9 >3 26-32 <20 <0.06 <0.5 0.10-5.0 <90
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ppt). Meanwhile, the concentration of nitrite, am-
monia, and TOM exceeded the water quality stan-
dard, which sets maximum limits at 0.06 mg/L,
0.5 mg/L, and 90 mg/L, respectively. A notably
high level of these compounds was found in Sites
3 and 4, the super-intensive aquaculture ponds.

Principal component analysis
on water quality

Ten parameters (temperature, transparency,
pH, DO, salinity, nitrate, ammonia, phosphate,
and TOM) were selected as the input for principal
component analysis, as shown in Figure 2. The
eigenvalues greater than 1.0 were deemed to be
significant. The PCA identified four major com-
ponents which explained 82.652% of total water
quality change. TOM (0.614), nitrate (0.884), ni-
trite (0.910), and ammonia (0.900) were all high
and were selected in the first principal component
(component 1). Meanwhile, the second principal
component (component 2) returned high results
for transparency (0.595), salinity (0.731), and pH
(-0.616). The weighting for TOM, nitrate, nitrite,
ammonia, transparency, salinity, and pH was also
greater than it was for the other parameters.

Pollution index of super-intensive white
leg shrimp pond and its adjacent waters

According to the results of the pollution index
calculation shown in Figure 3, all sample sites
were characterized by the conditions of light to
moderate pollution. At the beginning of the first

sampling period, the pollution index was constant
at all sites, which were categorized as ‘lightly
polluted’ (PI < 5). However, during the third and
fourth sampling periods, the pollution indices at
the super-intensive ponds increased to more than
5, and the super-intensive ponds were thus cat-
egorized as ‘moderately polluted’. In contrast,
the pollution indices of the other sites remained
stable over the research period.

DISCUSSION

Rapid development of shrimp aquaculture
in coastal ecosystems may destroy mangrove
swamps [Hamilton, 2013] and reduce the sustain-
ability of the aquaculture ventures themselves
[Sampantamit et al., 2020]. To maintain the man-
grove ecosystem, economic benefits, and long-
term shrimp production, the integration of man-
groves into the aquaculture processes should be
considered [Peng et al., 2009b]. Previous studies
have suggested that mangroves can play a role
as waste traps, and may thus improve the quality
of wastewater as well as prevent pollution [ Yang
et al., 2008; Mahmood et al., 2013]. Passing the
water supply and the wastewater disposal of the
shrimp aquaculture plant at the Brackish and Ma-
rine Water Laboratory through an area of man-
groves is expected to improve the water quality at
the plant [Musa et al., 2020]. Because successful
aquaculture practice relies on good water quality,
the monitoring and assessment of water quality in
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Figure 2. Biplot of principal component analysis on water quality parameter
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aquaculture ponds and their adjacent waters is
critical [Naylor et al., 2021]. In shrimp aquacul-
ture, water temperature greatly affects the oxy-
gen consumption as well as the growth and sur-
vival rates of the biota [Guan et al., 2003; Bastos
et al., 2018]. The temperature levels that did not
conform to national standards were observed at
site 5, the sewage pond, which contains no aqua-
cultural biota, but temperature levels were lower
in the mangrove area used for wastewater dis-
posal (site 6). Therefore, the variability of this
parameter was irrelevant to water quality moni-
toring in this study area; this is supported by the
PCA result (see figure 3).

Transparency is also a very important para-
meter, because it is closely related to the pho-
tosynthetic activity and primary production in the
ponds [Abdel-Raouf et al., 2012]. Water transpar-
ency is determined by turbidity, suspended sol-
ids and weather conditions [Liu et al., 2020]. The
PCA result suggested that transparency was one
of the dominant parameters in the water quality
assessment. Even though there was no signifi-
cant difference in transparency across sites, non-
significantly higher levels of transparency were
measured at sites 1 and 6. This implies that the
unique properties of the mangrove root system
can trap particles and sediment [Kida and Fuji-
take, 2020]. The presence of aquacultural resi-
dues can cause water to become more acidic or
more alkaline [Marimuthu et al., 2019]. In this re-
search, the pH values measured were less than 6,
a level of acidity which can be deadly to aquatic
organisms [Velma et al., 2009] and thus needs to
be managed carefully. The addition of sodium

Pollution index
»

il

bicarbonate to the water can help to increase pH
for shrimp aquaculture [Zhang et al., 2017].

The level of salinity in this research was
lower than 27 ppt, which is the minimum set
by national standards for class III waters. How-
ever, a prior study has indicated that low salin-
ity does not appear to alter osmotic regulation to
the point where the growth and survival rates in
Litopenaeus vannamei would be affected [Zhang
et al., 2017]. If the acclimation procedure is per-
formed correctly, the species has high potential
in inland saline waters with salinities as low as
1 ppt [Allen, 2004]. DO also plays an essential
part in aquaculture production [Boyd, 2003; Rah-
man et al., 2020]. In fisheries in general, the DO
levels of 4 to 5 mg/L or more are considered op-
timal [Boyd, 2017]. Generally, the levels below
2.0 mg/L are linked to impaired growth and a si-
gnificant risk of mortality [Ferreira et al., 2011].
In this study, all DO concentrations followed the
guidelines for intensive aquaculture [Cheng et
al., 2003] as well as quality standards for coastal
waters [Siringoringo et al., 2018]. In intensive
shrimp aquaculture, commercial feed is usually
used because the farmers are forced to feed their
shrimp according to a specific growth plan as a
result of short harvest times [Dauda et al., 2019].
Excessive feed waste will result in high organic
waste and increase the TOM level in ponds [Tur-
cios and Papenbrock, 2014]. The levels of TOM
at all sampling sites were remarkably high, and
surpassed water quality standards.

As organic matter increases, the nutrient
concentration in the water increases as well (Lu-
siana et al., 2020). Nitrogen and phosphate are

Heavily polluted

-JH-HE

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
(Inlet). (Reservoir  (Shrimp pond)(Shrimp pond). (Sewage (Mangrove
pond). pond). area)
mWeek1 mWeek2 mWeek3 mWeek4

Figure 3. Water pollution index of super intensive white leg shrimp pond and its adjacent waters
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commonly employed as eutrophication indices,
and have been shown to be positively associated
with phytoplankton abundance (Lv et al., 2011;
Mahmudi et al., 2020). Phosphate exists in vari-
ous forms, but only orthophosphate can be utilized
directly by microorganisms in water (Lusiana et
al., 2019; Mahmudi et al., 2019). The concentra-
tions of orthophosphate in the samples were quite
low compared to the maximum of 5 mg/L set by
the national standard for water quality [Lusiana
et al., 2020]. Because natural food production is
limited in the intensive pond system, the nitrogen
and phosphate levels are increased by the use of
commercial feed [Dauda et al., 2019]. Among the
three forms of nitrogen considered in this research,
the nitrite and ammonia levels were found to ex-
ceed the water quality standards for fisheries. High
levels of ammonia in water can damage the gills,
affect the growth and moulting rate of shrimp, as
well as reduce the ability of the blood to carry
oxygen [Shaari et al., 2011]. If the conversion of
ammonia to nitrate is inhibited, then nitrite will be
concentrated in large quantities and will result in a
decrease in the shrimps’ immunity, so that they be-
come more susceptible to infection by vibrio virus
[Tseng and Chen, 2004; Widanarni et al., 2020].
The PCA, as a classic multivariate analysis ap-
proach, can identify and minimize the variables re-
sponsible for changes in water quality by decreasing
the dimensions of large-scale datasets [Jolliffe and
Cadima, 2016]. Previous research obtained a vari-
ety of principal components: frequently between
three and six principal components [Banda and
Kumarasamy, 2020; Yang et al., 2020]. The PCA
in this study extracted four principal components
which explained 82.652% of the total variation in
water quality. TOM, nitrate, nitrite, and ammonia
had high loading and were selected in the first prin-
cipal component. These parameters are fundamen-
tal environmental variables in shrimp aquaculture
[Llario et al., 2019; Xu et al., 2020]. Meanwhile,
transparency, salinity, and pH had high loading and
were selected in the second principal component.
These parameters are regarded as common indica-
tors of water quality, not only in aquaculture ponds,
but also in coastal waters more generally [Montafio
and Robadue, 1995]. The pollution index at the inlet
(site 1) was categorized as ‘lightly polluted’, as were
the reservoir ponds, sewage ponds, and mangrove
areas. Their condition was particularly influenced
by the nitrite and ammonia parameters, which ex-
ceeded the specified water quality standards [Min-
istry of Environment, 2001]. On the other hand, the

super-intensive ponds had the highest pollution in-
dex values (categorized as ‘moderately polluted”).
The high pollution indices of sites 3 and 4 are due
to the fact that these sites are shrimp-rearing ponds,
which contain a build-up of organic materials in
the form of leftover feed, shrimp faeces and dead
plankton [Musa et al., 2020]. Shrimp feed is one
of the sources of organic matter which disturbs the
stability of the pond water environment: it is easily
soluble, settles, and undergoes decay at the bottom
of'the water [ Widanarni et al., 2010; Hidayat, 2017].
The Brackish and Marine Water Laboratory uses a
super-intensive system, and the more intensive the
cultivation system is, the more feed inputs are given
and the higher the abundance of biota [Anras et al.,
2010]. This affects the amounts of metabolic waste
and leftover shrimp feed deposited in pond waters
[Attasat et al., 2013]. Artificial feeding in ponds can
change the conditions of nitrogen compounds in the
water [Dauda et al., 2019].

The pollution index in the waste pond (site 5)
was lower than in the super-intensive ponds. This
was due to dilution by influent estuary water, as
the divider door in this waste pond was open dur-
ing measurement. The low pollution index in the
mangrove area was due to the absorption of or-
ganic matter by the mangroves. Sedimentation in
waste ponds and the accumulation of organic mat-
ter by mangrove plants causes reduction of the ex-
cess organic matter content in the water [Bao et al.,
2013; Hossain and Nuruddin, 2016]. The Brackish
and Marine Water Laboratory uses the eco-aqua-
culture irrigation system, which utilizes pond cul-
tivation waste by passing wastewater through the
mangrove area, then re-using it as a water source
for the intensive ponds. Because of the mangrove
area, the waste that has been produced by shrimp
farming can thus be partially re-used as a source of
water for aquaculture production. It is important
to note that the water supply for shrimp farming is
derived not only from treated wastewater, but also
from tidal and estuary water. These three sources
result in good water quality due to the dilution of
the wastewater by sea and estuary water.

CONCLUSIONS

The intensification of shrimp aquaculture has
led to many environmental problems and raised
the questions about the sustainability of this ac-
tivity. The integration of shrimp aquaculture with
mangroves has the potential to overcome these
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issues. The results of this study suggest that tem-
perature, DO, and nitrite levels in the water dif-
fered significantly between sample sites, while
transparency, pH, salinity, nitrate, ammonia, or-
thophosphate, and TOM did not. However, PCA
analysis indicates that transparency is one of the
principal factors affecting the general water qual-
ity of the ponds. The highest pollution index was
found in the intensive shrimp-rearing ponds (Sites
5 and 6), which were categorized as moderately
polluted. Meanwhile, the other sites, including
the mangrove area, were categorized as lightly
polluted. This finding suggests that the presence
of mangroves could improve the water quality of
aquaculture wastewater, but that the pollution in-
dex still did not reach the ‘good’ category. It is
therefore recommended that a wastewater treat-
ment plant should be installed to support the inte-
grated aquaculture system.
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