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INTRODUCTION

The giant freshwater prawn Macrobrachium
rosenbergii (De Man, 1879) is widely cultured in
China and Southeast Asia, with an annual global
production of over 500 000 t (FAO 2012). As the
largest freshwater prawn in size and with strong
resistance to disease, M. rosenbergii is becoming
increasingly attractive as an aquaculture species
around the world. Traditionally, prawn/shrimp have
been intensively monocultured, which causes a dete-
rioration in water quality and disease problems.

Jackson et al. (2003) found that feeds contributed
90% of the nitrogen (N) input in shrimp ponds, with
only 22% converted to body N, 14% remaining in the
sediment and most of the remainder (57%) dis-
charged into the environment. Water quality deterio-
rates as a result of the uneaten feed and feces from
the cultured species, and discharged effluents are
among the major causes of widespread disease out-
breaks in shrimp species. Effluent from shrimp ponds
has also been speculated to be the main source of
coastal pollution (San sana yuth et al. 1996, Sun et al.
1997, Costanzo et al. 2004). Both of these issues are
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ABSTRACT: Traditional monoculture farming of the giant freshwater prawn Macrobrachium
rosenbergii causes a deterioration in water quality as a result of effluent discharge, leading to fre-
quent disease outbreaks and environmental pollution. In the present study, the effects of  integrated
multitrophic aquaculture (IMTA) systems on the growth of M. rosenbergii and water quality were
evaluated. Six treatments, with 4 replicates each, were used, including prawn monoculture (MP),
prawn with aquatic plants (Lemna minor) (PP), prawn with silver carp Hypo phthalmichthys molitrix
(PF), prawn with mussels (Anodonta sp.) and H. molitrix (PMF), prawn with Anodonta sp. and L.
minor (PMP) and prawn with Anodonta sp., L. minor and H. molitrix (PMPF). Growth rates of M.
rosenbergii and physical, chemical and biological parameters were assessed every 10 d and on the
last day of the 64 d experiment. Average weight gain in M. rosenbergii was highest in the PMPF
group, although this was not statistically significant. There was also no significant difference in sur-
vival rate among treatments. Dissolved oxygen concentrations were significantly higher in the
PMPF group, whereas total nitrogen and chlorophyll a concentrations were highest in the PF group.
Compared to the MP group, stocking with H. molitrix (PF, PMF and PMPF) effectively reduced
PO4-P. L. minor exhibited effective uptake of both N and P. In contrast to the group stocked only
with H. molitrix (PF), stocking with L. minor (PP and PMP groups) reduced phytoplankton biomass.
In summary, cul turing M. rosenbergii in a multitrophic PMPF system provides the potential for
increased economic profits and  ecological benefits.
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rate · Water quality · Chlorophyll a

OPENPEN
 ACCESSCCESS



Aquacult Environ Interact 10: 547–556, 2018

great challenges that need to be addressed for the
sustainable development of the global aquaculture
industry. An environmentally sustainable solution for
prawn aquaculture that has shown promise is the
use of integrated multitrophic aquaculture (IMTA)
(Chopin et al. 2001, Neori et al. 2004, FAO 2006).
IMTA combines, in the appropriate proportions, the
cultivation of fed aquaculture species such as fin-
fish/shrimp with organic extractive aquaculture spe-
cies (e.g. shellfish/herbivorous fish) and inorganic
extractive aquaculture species (e.g. seaweed or
aquatic vascular plants) to create balanced systems
for environmental sustainability, economic stability
and social acceptability (FAO 2009).

The effects of IMTA have been investigated using
various finfish/shrimp species in either open coastal
waters or land-based systems and in both marine and
freshwater systems (FAO 2009). Many studies have
focused on IMTA for whiteleg shrimp Litopenaeus
vannamei (Ramos et al. 2009, Cruz-Suárez et al. 2010,
Yuan et al. 2010); however, few have assessed M.
rosenbergii. Liu et al. (2014) studied the effects of sil-
ver carp Hypophthalmichthys molitrix and bighead
carp H. nobilis and/or freshwater mussels (triangle
snail mussel Hyriopsis cumingii Lea) on the perform-
ance of M. rosenbergii in ponds and demonstrated
that the co-cultured filter-feeding carp led to an im-
provement in water quality. However, this study only
adopted the integration of prawn and mussels without
adding any aquatic plants into the system. Aquatic
plants are often used to purify water by absorbing nu-
trients, and some plants additionally serve as food for
M. rosenbergii. It is therefore important to explore the
effects of aquatic plant integration into prawn culture
systems, both on water quality and prawn growth, in
order to develop an optimal IMTA system for M.
rosenbergii. In the present study, we compared M.
rosenbergii growth and water quality parameters
across 6 aquaculture systems comprising different
combinations of filter-feeding carp or mussels and
floating aquatic plants via enclosure experiments.
The objective was to develop an optimized IMTA sys-
tem for M. rosenbergii culture to improve the sustain-
able development of shrimp culture in China.

MATERIALS AND METHODS

Study site and species

A total of 24 enclosures (5 × 3 × 1.9 m) were set up
in the open water of a branch of the Yancheng
Tongyu River, which flows through the Yancheng

Institute of Technology, Jiangsu Province, China.
The enclosures were separated from both the sur-
rounding water and the river beds with water-proof
coated PVC cloth in order to ensure consistent envi-
ronmental conditions. A feeding tray was also set up
in each enclosure. The average water depth was kept
at around 1.0 m during the experiment, and enclo-
sures were aerated with a 1.5 kW roots blower. Larval
Macrobrachium rosenbergii (6−8 g) and Hypophthal -
michthys molitrix fingerlings (5−6 g) were purchased
from a local fish farm, while mussels (Anodonta sp.)
(129.84 ± 22.02 g, mean ± SE) were purchased from a
local market in Yancheng City, Jiangsu Province,
China. An aquatic plant, common duckweed Lemna
minor, was transplanted from a local lake.

Experimental design

To investigate the optimal IMTA system for M.
rosenbergii, we established 6 groups with 4 repli-
cates in each: Group I was the control monoculture
prawn group (MP); Group II integrated prawn with
aquatic plants (L. minor) (PP); Group III integrated
prawn with fish (H. molitrix) (PF); Group IV inte-
grated prawn, mussels (Anodonta sp.) and H. molitrix
(PMF); Group V integrated prawn, Anodonta sp. and
L. minor (PMP), and Group VI integrated prawn,
Anodonta sp., L. minor and H. molitrix (PMPF). M.
rosenbergii in all 6 groups were stocked at 100 g m−2.
The initial coverage of L. minor was kept at 5% of the
surface area of each enclosure in the PP, PMP and
PMPF groups. H. molitrix were stocked at 10 ind.
enclosure−1 in the PF, PMF and PMPF groups. Ano -
donta sp. were kept at 4 ind. enclosure−1 in the PMF,
PMP and PMPF groups. The experiment was con-
ducted over the course of 64 d from 19 July to 20 Sep-
tember 2014. Initial and final weights of the prawn,
H. molitrix and Anodonta sp. in each enclosure were
taken. The water temperature varied between 21.4
and 31.7°C during the experiment.

Husbandry, water management and monitoring

The prawn were fed 3 times a day (at approxi-
mately 06:00, 12:00 and 18:00 h) with a commercial
feed (moisture ≤10%; crude protein ≥38.0%; crude
fat ≥4.0%). The feed ration was 3−5% of the esti-
mated biomass of prawns and was determined accord-
ing to the amount likely to be completely consumed
within 1.5 h. Feed ration was adjusted according to
the weather conditions, feeding performance and
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growth of the prawn. No water exchanges were
made within the enclosures during the experiment.
Aeration was provided according to weather condi-
tions (i.e. enclosures were aerated on cloudy and
rainy days). H. molitrix and Anodonta sp. were not
fed directly.

Every 10 d, water samples were taken at 08:00 h to
determine dissolved oxygen (DO), chemical oxygen
demand (CODMn), nitrate nitrogen (NO3-N), nitrite
nitrogen (NO2-N), ammonium nitrogen (NH3-N),
total nitrogen (TN), total phosphorus (TP), phosphate
phosphorus (PO4-P) and total organic carbon (TOC)
in each enclosure. Water samples for chlorophyll a
(chl a) were taken every 10 d, starting on Day 20. DO
and pH were determined in situ with a portable DO
meter (YSI 58) and pH meter (Lovibond SD150D),
respectively. TOC was determined after filtration
with a multi N/C®2100 (Analytik Jena) TOC ana -
lyzer. NO2-N and NH3-N contents were immedi-
ately measured by a microcomputer multi-parameter
water quality rapid tester (Lovibond ET7919). Water
quality parameters including CODMn, TN, NO3-N, TP
and PO4-P were determined within 24 h according to
the standard methods of Jin & Tu (1990). Chl a con-
centrations were determined photometrically after
filtration onto Whatman GF/F glass fiber filters and
extraction with acetone (Zhang & Huang 1995).

Calculations and statistics

Growth performance of the prawn was determined
by percentage weight gain (Wg) and specific growth
rate (SGR). Wg was calculated as:

Wg = (Wt − W0) / W0 × 100% (1)

where Wg refers to the average weight gained during
the experiment, Wt is the average weight of prawn at

the end of the experiment, and W0 is the initial aver-
age weight of prawn in each enclosure.

SGR was calculated as:

SGR = [Ln(final weight) − Ln(initial weight) × 100] 
/ culture period (in days) (2)

The survival rate of prawn was calculated as:

Survival (%) = (no. of harvested individuals 
/ no. of stocked individuals) × 100 (3)

Data were analyzed using SPSS for Windows (ver-
sion 17.0). Means of water quality parameters be -
tween treatments and the control were compared
using 1-way ANOVA to evaluate the differences be -
tween monoculture and IMTA systems. Where main
effects were significant, least significant difference
tests determined which treatments differed signifi-
cantly. Pearson’s correlation analysis was performed
on pairs of water quality parameters.

RESULTS

Growth performance of Macrobrachium
 rosenbergii

There were no statistically significant differences
in Wg or survival rate among groups (p > 0.05);
however, the Wg and SGRs of M. rosenbergii were
highest in the PMPF, where the Wg increased by
44.37% compared to the MP group. Yields of
Hypo phthalmichthys molitrix and Anodonta sp.
were also highest in PMPF. Compared with PF
and PMF, H. molitrix in the PMPF group in -
creased yields by 45.54 and 24.19%, respectively
(Table 1). The survival rate in groups with Lemna
minor was relatively higher than in other groups
(p > 0.05).
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Group Macrobrachium rosenbergii Silver carp Anodonta sp. 
Initial weight Final weight Weight gain Specific growth Survival rate output (g) output (g)

(g) (g) (%) rate (% d−1) (%)

MP 7.07 ± 0.86 19.26 ± 0.04 172.11 ± 0.59 2.93 ± 0.00 72.96 ± 4.92
PP 7.07 ± 0.86 18.18 ± 3.88 156.86 ± 54.82 2.81 ± 0.39 80.94 ± 11.80
PF 7.07 ± 0.86 22.44 ± 2.10 216.93 ± 29.69 3.07 ± 0.09 68.02 ± 3.69 403 ± 37.0
PMF 7.07 ± 0.86 23.98 ± 2.56 238.69 ± 36.20 3.13 ± 0.11 62.21 ± 7.92 561 ± 0.05 307 ± 93.6
PMP 7.07 ± 0.86 17.91 ± 0.79 153.03 ± 11.27 2.85 ± 0.04 84.27 ± 3.10 250 ± 74.3
PMPF 7.07 ± 0.86 22.96 ± 4.16 248.48 ± 47.62 3.07 ± 0.17 76.94 ± 8.09 740 ± 37.0 492 ± 58.0

Table 1. Mean ± SE weight gain of the prawn Macrobrachium rosenbergii and final weight of the prawns and output of carp and mus-
sles (with shells) in different experimental treatments after 64 d. Treatment groups are as follows; MP: monoculture prawn; PP: prawn
in culture with aquatic plants (duckweed Lemna minor); PF: prawn with fish (silver carp Hypophthalmichthys molitrix); PMF: prawn
with mussels (Anodonta sp.) and fish; PMP: prawn with mussels and aquatic plants; PMPF: prawn with mussels, aquatic plants and fish
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Dynamics of water quality during the experiment

Over the duration of the experiment, mean values
for DO, pH, TN, NO3-N, NH3-N, PO4-P, chl a and
the TN:TP ratio were significantly different among
groups (p < 0.05; Table 2). Mean concentrations of
DO in the PMPF and PMP groups were significantly
higher than those in MP, PP and PMP, as was the case
for pH. However, compared to the MP group, the
mean concentrations of NH3 and NO2-N were signif-
icantly lower in PF, PMF and PMPF. The concentra-
tion of PO4-P was significantly higher in MP than in
all other groups. Mean TN was significantly higher in
the MP and PF groups, and the TN:TP ratio and chl a
were greatest in the PF group (p < 0.05).

Effect of different treatments on water quality

DO fluctuated from 2.5 to 9.9 mg l−1 during the cul-
ture period (Fig. 1A). We found significant differ-
ences across sampling times in DO within the PP,
PMF and PMPF groups. Specifically, DO decreased
on Day 20, then increased on Days 30 and 40 before
finally decreasing again on Days 50 and 60. DO was
significantly higher in the PMF group than in PP and
PMP (p < 0.05) on Day 10 and Day 20. The pH varied
from 7.73 to 9.38, and there were significant differ-
ences among the sampling times except within the
MP group (Fig. 1B). Significant differences in pH
were also found among groups, where the pH of the
fish polyculture groups (PF and PMF) was signifi-
cantly greater than that of the L. minor groups (PP
and PMP) on Days 20, 30, 40 and 50. The concentra-
tion of COD gradually increased during the culture

period (Fig. 1C). With the exception of the MP group,
the COD concentrations on Days 30, 50 and 60 were
higher than on Day 10. On Day 40, the COD concen-
tration in the MP group was significantly higher than
in the other groups (p < 0.05), but no significant dif-
ferences among groups were found at other sampling
times.

TOC concentration increased initially, then de -
creased in all groups during the culture period, with
the greatest difference noticed between Day 20 and
Day 50 in the PMF group (Fig. 1D). On Day 10, TOC
within the PMF group was significantly higher than
that of MP, PF and PMPF (p < 0.05). No obvious dif-
ference was found among groups at other sampling
times.

Overall, the concentration of TN showed an in -
creasing trend in all groups during the culture
period. The largest values were found on Day 50 in
the MP and PF groups, and Day 40 in the PMP group,
and these were significantly different from values on
Day 10 (Fig. 2A). TN concentration in the PF group
was significantly higher than in the PP, PMF, PMP
and PMPF groups on Days 30, 50 and 60 (p < 0.05).
However, the NO3-N concentration gradually de -
creased at the start and then increased at the end of
the culture period in the PMF, PMP and PMPF
groups (Fig. 2B). Similar trends were observed in
NO2-N (Fig. 2C). On Day 40, NO2-N concentrations
in the PP, PF, PMF, PMP and PMPF groups were sig-
nificantly lower than in the MP group. Meanwhile,
NH3-N seemed to be stable during the culture period
with the exception of the MP group (Fig. 2D).

There were significant differences in PO4-P (Fig. 2E)
among the sampling times in all groups, and the
same trend was seen in TP in the MP, PP, PMF, PMP
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                                       MP                        PP                          PF                        PMF                       PMP                      PMPF

DO (mg l−1)               5.27 ± 0.37bc            5.05 ± 0.25c                6.05 ± 0.26ab             6.52 ± 0.27a                 4.66 ± 0.29c                6.18 ± 0.26a

pH                             8.50 ± 0.07b             8.52 ± 0.08b               8.84 ± 0.07a                8.93 ± 0.05a                 8.41 ± 0.08b               8.84 ± 0.05a

CODMn (mg l−1)      11.14 ± 1.27         10.44 ± 0.89            8.82 ± 0.99          10.01 ± 0.97             9.95 ± 0.87          10.48 ± 0.99
TOC (mg l−1)           43.95 ± 6.35         44.44 ± 4.46          46.45 ± 4.55          50.90 ± 5.98           47.04 ± 3.54          35.95 ± 3.76
TN (mg l−1)               4.13 ± 0.53a              1.82 ± 0.23b               4.79 ± 0.66a                1.96 ± 0.27b                 2.49 ± 0.33b               1.79 ± 0.28b

NO3-N (mg l−1)         0.13 ± 0.01           0.12 ± 0.01            0.12 ± 0.01            0.10 ± 0.01             0.10 ± 0.01            0.11 ± 0.01
NO2-N (mg l−1)         0.14 ± 0.03a              0.09 ± 0.02abc            0.05 ± 0.02c                0.08 ± 0.02bc               0.11 ± 0.02ab             0.06 ± 0.02bc

NH3-N (mg l−1)         0.30 ± 0.10a              0.19 ± 0.07ab             0.08 ± 0.03b               0.07 ± 0.01b                 0.17 ± 0.05ab             0.08 ± 0.02b

PO4-P (mg l−1)           0.15 ± 0.02a              0.08 ± 0.01b               0.06 ± 0.01bc              0.05 ± 0.01c                  0.09 ± 0.01b               0.08 ± 0.01bc

TP (mg l−1)                0.39 ± 0.04           0.33 ± 0.05            0.24 ± 0.03            0.29 ± 0.05             0.41 ± 0.07            0.39 ± 0.06
N:P                          12.88 ± 2.10b             7.99 ± 1.37b            26.80 ± 4.39a             11.40 ± 2.74b              11.60 ± 2.96b               8.29 ± 2.31b

Chl a (µg l−1)           32.45 ± 8.80bc         19.57 ± 2.64c             51.54 ± 9.50a             30.84 ± 3.99c               18.64 ± 2.79c             38.75 ± 4.84ab

Table 2. Mean ± SE water quality parameters over the entire duration of the culture. Different superscript letters within rows
indicate significant (p < 0.05) differences between groups. Treatment groups are defined in Table 1. DO: dissolved oxygen; 

COD: chemical oxygen demand; TOC: total organic carbon; TN: total nitrogen; TP: total phosphorus
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and PMPF groups (Fig. 2F). The concentrations of TP
and PO4-P and the TN:TP ratio (Fig. 2G) initially in -
creased, then decreased during the culture period.
The TN:TP ratio in the group containing fish (PF) was
significantly higher than in other groups on Days 30
and 50, and it was also higher than other groups,
except the MP group, on Day 60. Significant differ-
ences between the MP group and other groups in
PO4-P and TP started on Day 20 and Day 30, respec-
tively. PO4-P concentrations in groups with fish (PF,
PMF) were significantly lower than in the MP group
on Days 20, 30, 40, 50 and 60 (p < 0.05). On Day 30,
TP concentrations in the PF and PMF groups were
also obviously lower than in the MP group. At the
completion of the culture period (Day 60), only PO4-P
concentrations in polyculture groups were signifi-
cantly lower than those in the MP group, and there
were no significant differences in TP among groups.

Chl a concentrations first increased on Day 40,
then decreased on Day 50 in all experimental groups
(Fig. 3). By Day 60, chl a increased again across all
groups except the MP group. Significant differences
in chl a were observed in the PF group on Day 60,
where concentrations were significantly higher than
those in other groups.

Correlation between chl a and water quality
parameters

Chl a in the MP group was not significantly corre-
lated with the other major water quality parameters
(Table 3). In contrast, chl a was positively correlated
with pH, TN and the TN:TP ratio, and significantly
negatively correlated with TOC in the PP group.
Chl a was significantly positively correlated with DO
in the PF and PMF groups, and with pH in the PMP
and PMPF groups.

DISCUSSION

Weight gain

The average weight gain of Macrobrachium rosen-
bergii in the PMPF increased by 44.37% compared to
the control MP in our study, although the differences
were not statistically significant between the treat-
ment and control groups. This improvement in
weight gain in the PMPF likely resulted from the
improvement in water quality (relatively higher DO,
lower NO2-N and NH3-N) in the ponds from the pres-
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ence of Lemna minor and Hypophthalmichthys moli -
trix. L. minor may also have been a source of addi-
tional food and provided valuable refuges for M.
rosenbergii. However, due to the relatively short
period of the growth season we studied and the rela-
tively large body sizes of the stocked M. rosenbergii,
these differences were not significant. We found that
M. rosenbergii often ate L. minor at night over the
course of the experimental period, and that their sur-
vival rate was higher in the aquaculture treatments
that included L. minor. Similar results have been
reported by Cruz-Suárez et al. (2010), who showed
that growth of the shrimp Litopenaeus vannamei was
greatly improved when co-cultured with the green
seaweed Ulva clathrata and provisioned with artifi-
cial feed. These authors suggested that Ulva spp.
may act as a nutritional supplement and/or improve
the utilization of nutrients from the artificial feed.
In addition, Porchas-Cornejo et al. (1999) showed
that the shrimp Farfantepenaeus californiensis can
increase its growth rate 3-fold in the presence of the
alga Caulerpa sertularioides.

Dynamics of water quality during the experiment

Twenty days into the experiment, PO4-P concentra-
tions in all treatments, with the exception of the
PMPF group, increased above 0.05 mg l−1, and con-
tinuous increases in the PP and PMPF groups were
observed until Day 30. Peak values of TP in all
groups occurred on Day 20, with the exception of
the PF and PMF groups, and TN concentrations
increased rapidly on Day 30. There was no fer -
tilization and no sediment resuspension at the start of
this experiment. Therefore, the rising concentrations
of TP, phosphorus and TN could be related to
uneaten prawn food, feces from prawn or fish or as a
result of the low phytoplankton biomass. These
results were similar to those obtained in previous fish
enclosure experiments (Kibria et al. 1997, Huang et
al. 2016) which found that uneaten fish food and
feces contained the majority of soluble reactive phos-
phorus (SRP). SRP has been shown to be the most
available phosphorus fraction for phytoplankton
growth (Peters 1981). In our study, phytoplankton
biomass (indicated by chl a concentrations) en -
hanced rapidly on Day 40, especially in the PF group.
At the same time, N and P concentrations decreased,
with NO3-N concentrations also decreasing during
the culture period. These data may be mainly at -
tributed to the rapid uptake of N and P by phyto-
plankton.

Effect of different treatments on water quality

Filter-feeding fish can affect phytoplankton and
zooplankton biomass by grazing and increase the
loading of nutrients through excretion, sediment
resuspension and simultaneous nutrient recycling
(Lynch & Shapiro 1981, Vanni & Layne 1997). H.
molitrix is one of the most intensively cultured fish
species in China, and as a filter feeder, is often used
in polyculture systems to maintain high water qual-
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Group         DO                pH             CODMn                 TOC               TP                 TN             TN:TP           PO4-P           NO3-N

MP               0.011             0.185             0.342          −0.255          −0.349             0.014             0.150          −0.418             0.226
PP             −0.088             0.544*           0.225          −0.445*           0.126             0.806**         0.523*           0.226          −0.032
PF                0.500*           0.221             0.296          −0.252          −0.136          −0.012             0.967          −0.027             0.325
PMF            0.491*           0.205             0.008          −0.314          −0.199          −0.168          −0.051          −0.238             0.155
PMP            0.096             0.582**         0.169          −0.114             0.026          −0.161          −0.035          −0.114          −0.106
PMPF          0.039             0.672*           0.459          −0.538          −0.390          −0.066          −0.103          −0.229          −0.459

Table 3. Correlation coefficients between chlorophyll a and water quality impact factors. Significant differences are indicated 
as *p < 0.05, **p < 0.01. Treatment groups are defined in Table 1; water quality parameters are defined in Table 2
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ity. Unfortunately, studies examining the effects of
stocking H. molitrix on water nutrient loads in lake
enclosure experiments have provided inconsistent
results. Tang et al. (2002) reported that concentra-
tions of TN and TP were significantly higher in enclo-
sures with H. molitrix in Donghu Lake. In contrast,
Guo et al. (2015) showed that TN concentrations in
enclosures with H. molitrix were significantly lower
than those in the surrounding lake (with lower densi-
ties of H. molitrix), although TP concentrations were
higher in the enclosures. Differing from these lake
enclosure experiments, artificial feeds were supplied
daily to the M. rosenbergii enclosures in our study to
enhance prawn production. PO4-P, TN and CODMn

concentrations were all higher at the conclusion of
our experiment than initial values. However, com-
pared with the MP group, stocking with H. molitrix
and Anodonta sp. decreased PO4-P concentrations
after 20 d in the enclosures. These results were simi-
lar to those found in previous fish enclosure studies,
where SRP concentrations dropped significantly in
fish enclosures compared to fish-free controls (Lynch
& Shapiro 1981). This was likely a result of direct
consumption by Anodonta sp. and H. molitrix, which
are both filter feeders and ingest plankton, organic
debris, bacterial agglomerates and other small parti-
cles out of the water. H. molitrix can also indirectly
affect nutrient concentrations by controlling phyto-
plankton biomass. The effectiveness of filter-feeding
fish at consuming phytoplankton biomass remains
controversial (Zhang et al. 2006, Zhao et al. 2013,
Guo et al. 2015, Yi et al. 2016). In the present study,
chl a concentrations were highest in the treatments
which stocked H. molitrix (PF, PMPF and PMF),
which indicated that H. molitrix can improve the
phytoplankton biomass. H. molitrix has a poor ability
to filter phytoplankton smaller than 5 µm (Ma et al.
2010), so the improved biomass was likely because
H. molitrix can significantly suppress zooplankton
biomass, after which zooplankton grazing becomes
too low to suppress algal populations (Zhang et al.
2006, Zhao et al. 2013, Guo et al. 2015, Wang et al.
2016).

Compared with the PF group, mean chl a and TN
concentrations on Days 30, 50 and 60 were lower in
the PMF group, which were stocked with both Ano -
donta sp. and H. molitrix. These results suggested
that Anodonta sp. can decrease chl a and TN concen-
trations. Filter-feeding bivalves are capable of cap-
turing substantial amounts of suspended material,
including phytoplankton, which effectively removes
and deposits considerable nutrient stores to the
 bottom waters in the form of feces or pseudofeces

(Haven & Morales 1966, Cohen et al. 1984). As a
result,  filter-feeding shellfish are currently the pri-
mary  species employed in open-water IMTA systems
to extract particulate organic fish waste exiting fish
net-pens (Cranford et al. 2013). For example, Zhang
et al. (2004) indicated that Hyriopsis cumingii can
sig nificantly decrease N, P, COD and 5 d biochemical
oxygen demand levels by 67.3, 73.2, 38.1 and 15.5,
respectively.

L. minor has been used for wastewater treatment
as a result of its capacity for rapid growth, strong
anti-pollution performance and nutrient uptake abil-
ity, taking nitrogen and phosphorus up through both
roots and fronds (Chong et al. 2006). Some studies
have indicated that seaweeds can improve the water
quality of shrimp ponds through biofiltering, thereby
enhancing shrimp growth and health (Paul & de Nys
2008, Copertino et al. 2009, Cruz-Suárez et al. 2010).
In the present study, the prawn in the PMPF group
experienced larger weight gains than those in the
MP group. Furthermore, TN concentrations in the PP,
PMP and PMPF groups decreased by 79.29, 70.00
and 70.54%, respectively, compared to the MP group
on Day 60. PO4-P concentrations in the PP group also
declined significantly between Day 40 and Day 60.
Overall, these results indicated that L. minor was
able to efficiently uptake nitrogen and phosphorus.

Correlations between chl a and water quality
parameters

Phytoplankton play an important role in the mate-
rial circulation and energy conversions within ponds.
Chl a concentration is a widely used measure of
phytoplankton biomass, often used as an indicator to
evaluate the eutrophication of lakes. Many studies
have shown that phytoplankton biomass is regulated
by water quality parameters such as temperature,
DO, pH, nitrogen and phosphorus. However, the
relationship between chl a and these water quality
parameters is inconsistent. For example, Jiang et al.
(2010) demonstrated that chl a is significantly lin-
early correlated with CODMn, TN and TP, positively
correlated with DO and negatively correlated with
PO4-P. Li et al. (2014) suggested that TN and TP were
important factors impacting on chl a concentrations
in ponds stocking M. rosenbergii. Hu et al. (2017)
found that chl a was significantly correlated with DO
and pH, but not TP in all enclosures within the Xiao-
jiang River. In the present study, significant positive
correlations were observed only between chl a and
DO for the PF and PMF groups, but not in the PP,
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PMP and PMPF groups. The DO in the PF and PMF
groups mainly came from phytoplankton, but that of
PP, PMP and PMPF groups came from not only
phytoplankton but also L. minor, which might be a
major reason why chl a was not correlated with DO in
these groups stocking L. minor. These results indi-
cated that the type of aquaculture system can influ-
ence whether correlations between chl a and water
quality parameters are present.

CONCLUSION

With respect to M. rosenbergii culture, the IMTA
treatment PMPF showed the most superior perform-
ance for potential economic profits and ecological
benefits compared with other treatments. Stocking
with H. molitrix effectively reduced P concentrations
within M. rosenbergii ponds in our study, but
increased N and chl a concentrations. In contrast,
stocking Ano donta sp. effectively reduced N concen-
trations within M. rosenbergii ponds. L. minor exhib-
ited effective uptake of both N and P and signifi-
cantly affected the correlations between chl a and
other water quality parameters. Further research is
warranted to explore the full production potential of
IMTA systems that incorporate PMPF and to optimize
the proportion and size of each polyculture species.
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