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We conducted an experiment to evaluate the efficiency of rice fields in treating pond aquaculture effluent
and its responses to different fertilizer treatments. Four treatments was considered in the experiment:
no rice planted as the control (CT); rice planted and no fertilizer input (RE); rice planted and a rate of
approximately 1.0 g m” d”' potassium chloride application (RK) and rice planted and mineral fertilizer (N:
P,Os: K;O = 0.6: 0.5: 0.8) applied before the experiment (RF). Inflow and effluent water from the
treatments were monitored weekly. The water quallty parameters monitored in this study included: total
phosphorus (TP), dissolved phosphorus (PO4 "-P), total nitrogen (TN), ammonia-nitrogen (NH;*-N),
nitrate-nitrogen (NO;-N), nitrite-nitrogen (NO, -N) and chemical oxygen demand (COD). Rice plant height
and yield were evaluated at the end of the experiment. Under different fertilizer treatments, high average
removal rates of TN, TP and COD were obtained (over 56, 68 and 53%, respectively). They showed no
significant differences (p > 0.05), indicating that the rice field could remove the pollutants effectively and
the different fertilizer treatments had no impact on the removal efficiencies. However, the different
fertilizer treatments showed significant dlfferences in rice yield (p < 0.05). The RF treatment resulted in
the highest production of 649.53 + 94.2 g m?, followed by RK at 523.83 + 71.5 g m; the fertilizers
increased yield by 42.93 and 15.27%, respectlvely over the RE trial. Rice fields can purify pond effluents
efficiently without reducing production when appropriate mineral fertilizers are applied.
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INTRODUCTION

Freshwater pond aquaculture has grown significantly in
China from a yield of 4.17 megatons in 1990 to 20.08

megatons in 2006 (CAFM, 2006). This is a 381% increase.

However, wastewater produced in pond aquaculture has
also increased greatly and has become a serious
environmental problem. Untreated wastewater discharged
from pond aquaculture operations into natural water
bodies can result in eutrophication in aquatic ecosystems
(Naylor et al., 2002), which has raised increasing
concerns in China.

Various approaches have been developed to treat the
pond effluent before it is discharged into the receiving
water bodies to remove or reduce the contaminants to

*Corresponding author. E-mail: xiecongxin@mail.hzau.edu.cn
Tel: 86-13607131932. Fax: 86-27-87282114.

environmentally safe levels (Li et al., 2007). These
approaches include wetland construction (Lin et al., 2002;
Schulz et al., 2004; Lin et al., 2005; Li et al., 2007;
Sindilariu et al., 2007), water discharge reduction (Lin et
al., 2001), particle removal via sedimentation and bivalves
(Wang, 1990; Jones et al., 2001) and improved aqua-
culture feeds and feeding practices (Diana et al., 1994;
Cho and Bureau, 1997). These measures can reduce the
load of organic matter in the discharge water. However,
these treatments may not be suitable for most fish farms
because of the high cost of facilities or failure to provide
additional economic returns (Brown et al., 1999a, 1999b;
Kouka and Engle, 1996; Mcintosh and Fitzsimmons,
20083).

The integration of aquaculture with agriculture appears
to be a potential solution. Crop plants can remove a
significant fraction of nutrients from the effluent and
provide additional economic returns.  Additionally, this



approach actually reduces effluent water volume through
plant evapotranspiration (Brown et al., 1999a, 1999b). It
has been used successfully for the disposal of freshwater
aquaculture effluent with several crops, such as cherry
tomatos (Solanum lycopersicum var. cerasiforme) (Castro
et al., 2006), wheat (Triticum spp.) (Hussain, 1993) and
cowpeas (Vigna unguiculata) (Azevedo et al., 2002).

SRAC (1994) and Kouka and Engle (1996) concluded
that, irrigation of rice was the most cost-effective way of
treating channel catfish (/ctalurus punctatus) pond
effluents, compared with recycling water through con-
structed wetlands and through a pond stocked with
filter-feeding fish (bighead carp). Rice, with a cultivated
area of 2.8 to 3.2 billion ha, is the major crop in China.
The water needed for rice production ranges from
approximately 8,000 to 12,000 m® per ha (Frei and Becker,
2005). Lin and Yang (2003) and Yang et al. (2006)
demonstrated that, the effluents from hybrid catfish ponds
can completely replace mineral fertilizers as a nutrient
source for rice crops.

Rice fields have been used for aquaculture effluent
treatment by farmers in China and elsewhere in the world.
Most studies have focused on the impacts on pond water
quality but did not specifically measure the efficiency of
effluent removal. Few studies dealt with continuous
irrigation of rice fields for aquaculture effluent treatment.
This raised several questions such as whether fertilizer
application and potassium (K) supplements can improve
the treatment efficiency and whether rice fields can purify
pond effluents without reducing rice production. To
answer these questions, we conducted a field study to
evaluate the performance of a rice field in treating pond
effluent and the connection in removal efficiency and rice
yield with different fertilizer treatments.

MATERIALS AND METHODS
Experimental design

The experiment was conducted in a set of concrete tanks (4.1 x 6.7
m), located in Honghu City, Hubei province of China from June to
September of 2008. Before the experiment, each tank was filled to a
depth of 20 cm with topsoil from an adjacent rice field except the
control tank. The collected topsoil was homogenized by mixing
before been added to the tanks.

Four treatments arranged in a randomized complete block design
with three replicates were included: no rice planted and no fertilizer
input as the control (CT); rice planted with no fertilizer input (RE);
rice planted with potassium fertilizer input at a rate of 1.0 g m™ d”
(K20 = 60%) (RK); rice planted with ammonium bicarbonate (17%
N, 80 g m®), calcium biphosphate (16.7% P»0s, 70 g m?) and
potassium chloride (K:O = 60%, 30 g m?) applied before the
experiment (RF) at a rate recommended by Tan et al. (2007) (Table
1).
The rice (Indica hybrid rice Yangliangyou 6; cropping duration 130
to 140 days) was transplanted according to local practice (two to
three seedlings per hill, spacing between hills 25 x 20 cm). Before
the transplantation, the soil was homogenized by flooding the soil
surface with 3 to 5 cm water. 20 days after transplanting, pond
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effluents from the drainage canal were pumped into the tanks. Every
tank received water from the same source. Each tank had a water
inlet and an outlet placed at a level of 15.0 cm above the soil surface
and a flow rate of approximately 600 liters (L) per day controlled by a
flow meter. Thus, all treatments experienced the same inflow
nutrient concentrations and hydraulic retention time for appro-
ximately seven days.

Inflow and effluent water samples from the treatments were
collected and analyzed weekly to determine the rice treatment
efficiency. The water quality parameters that were monitored
included: total phosphorus (TP), dissolved phosphorus (PO4*-P),
total nitrogen (TN), ammonia-nitrogen (NH4*-N), nitrate-nitrogen
(NOs™-N), nitrite-nitrogen (NO2-N) and chemical oxygen demand
(COD). All analyses were conducted in accordance with the
standard methods recommended by State Environmental Protection
Administration of China (1997). Evaluations of plant height and grain
yield were performed at the end of the experiment. They were
determined by placing a 2 m? frame at four randomly selected sites
in each tank. Rice plants inside the frame were cut at soil level and
the dry matter of plant, grain, TN and TP content in plant were
determined. The physico-chemical water parameters, namely pH,
dissolved oxygen (DO) and temperature (T), were monitored with a
multimeter sensor (Hydras, America).

Statistics

The data were assessed using one-way analysis of variance
(ANOVA) with the fertilizer treatment as the factor. When the
ANOVA indicated that, there were significant differences among
treatments pairwise comparisons were carried out to determine how
each mean differed from other means. Differences of means were
evaluated for significance by least-significant difference (LSD) (p <
0.05) for homogeneous variances (Levene test) and by Dunnett’'s T3
(p < 0.05) for inhomogeneous variances. Calculations were
performed with the SPSS software package (SPSS 13.0 for
windows, 2006). Differences were considered significant at alpha of
0.05.

RESULTS AND DISCUSSION
Effluent treatment efficiency
Removal rate of phosphorus

High removal rates of TP were obtained in both the
rice-plant systems and the control (38.65 to 70.21%).
According to the results (Table 2), initial TP levels in pond
effluent were 0.43 + 0.13 mg I with the contents of 15.6%
soluble phosphorus, indicating a maximum of 84.4%
particle bound phosphorus. This agrees with the result
reported by Bergheim and Brinker (2003) that 30 to 84%
of TP in aquaculture effluent is bound in particles. TP
removal was governed mainly by sedimentation and
adsorption (Schulz et al., 2003). TP concentration in the
outflow of the rice-plant treatments (0.13 to 0.14 mg 1)
showed no significant differences (P = 0.6493 to 0.8636),
but were significantly lower than for the control (0.27 mg
I”") (P = 0.0010). This suggests that the presence of rice
played an important role in TP removal, probably via
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Table 1. lllustration of all scenarios and their code names.
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Code name lllustration of scenario

CT No rice planted and no fertilizer input as the control

RE Rice planted with no fertilizer input

RK Rice planted with potassium fertilizer input at a rate of 1.0 gm™ d™' (KO = 60%)

RF Rice planted with ammonium bicarbonate (17% N, 80 g m™®), calcium biphosphate (16.7% P,Os, 70 g

m) and potassium chloride (K-O = 60%, 30 g m™) applied before the experiment

Table 2. Water quality parameters by rice field under different treatments.

Parameter Pond effluent CT RE RK RF
TP Concentration (mg/l) 0.43+0.132 0.27 +0.06° 0.14 +0.03° 0.13 +0.05° 0.13 +0.04°
Removal efficiency (%) - 38.65+10.15° 68.98+6.34° 70.11+6.89° 70.21+ 8512
PO,*-P Concentration (mg/l) 0.067°+0.029  0.095+0.052°  0.038+0.014°  0.030 +0.021°  0.049 + 0.029"
Removal efficiency (%) - -43.04 +66.84°  42.64+21.88° 5566+ 18.69° 26.67 +20.84°
N Concentration (mg/l) 1.97 +0.47° 1.49 +0.65° 0.86 +0.23° 0.76 +0.23° 0.82 +0.24°
Removal efficiency (%) - 24.13+10.63°  56.43 +5.30° 61.32+7.05%°  58.15+4.45°
NH,"-N Concentration (mg/l) 0.43 +0.22° 0.47 +0.22° 0.18 +0.11° 0.17 +0.13° 0.19 +0.15°
Removal efficiency (%) - -8.48 +1536° 58.41+18.90° 59.78+17.81% 53.59 + 16.84°
NOs-N Concentration (mg/l) 0.13+0.02° 0.15 +0.05° 0.10 +0.03° 0.10 +0.03° 0.10 +0.02°
Removal efficiency (%) - -12.76 £+22.84°  24.85+851°  24.77+11.26°  28.01 + 14.89°
NO>-N Concentration (mg/l) 0.022+0.017% 0.032+0.012*  0.006 +0.004°  0.007 +0.003°  0.009 + 0.002°
Removal efficiency (%) — -44.76 +51.03°  70.38 +13.31°  66.67 £20.90° 58.04 + 22.80°
coD Concentration (mg/l) 9.78 +2.27°2 487 +0.92° 452 +0.74° 442 +0.66° 4.57 +0.76°
Removal efficiency (%) - 48.70 +12.18 53.78 +9.88 54.81+9.74  53.27 +10.58
T(°C) 26.3+4.32° 26.5 + 4.66° 25.5 +4.32° 25.2 +4.68° 24.8 +3.86"
pH 7.73+0.62 7.78 +0.55 7.41 +0.56 7.46 +0.64 7.39+0.82
DO (mg/l) 4.21+0.87°2 4.36 +0.62° 2.58 +0.72° 2.62+0.73° 2.35+0.54°

Data are presented as means + SD (n=30) and values in the same line with different letters are significantly different (p < 0.05).

assimilating directly, providing surface area for the
attachment of epiphytic algae and micro-organisms and
reducing re-suspension of settled material (Brix, 1997;
James et al., 2004). According to Richardson (1985), the
most important process for inorganic phosphate was the
adsorption of iron and aluminum compounds of the soil.
The phosphate-binding capacity varied with the pH and
the oxidation-reduction in the soil by influencing the
protonation of iron and aluminum surfaces or the reactive
velocity (Bergheiser et al., 1980; Gumbricht, 1993). We
concluded that, fertilizer treatments did not influence TP
removal processes and could improve PO,*-P removal
slightly.

Removal rate of nitrogen

As with phosphorus, removal of nitrogen in the rice-plant
treatments was effective (56.43 to 61.32%) and no

statistical differences were found (P = 0.3163 to 0.7259),
indicating that fertilizer treatments had little impact on
nitrogen removal. Nitrogen removal was dependent on a
combination of the settlement of particulate matter, its
uptake into plants and bacterial biomass and bacterial
nitrification and denitrification (Ciria et al., 2005). Accor-
ding to Schulz et al. (2003; 2004), nitrogen elimination
begins with microbial ammonification of orga-nic nitrogen,
which can convert organic N into ammonium (NH,") in
either aerobic or anaerobic state (Hiley, 1995). Then,
bacteria convert ammonium to nitrate (NO3') through the
process of nitrification. Nitrosomonas bacteria mediate
the conversion of nitrate to nitrite (NO), which is then
quickly converted to nitrate by Nitrobacter bacteria
(Hagopian and Riley, 1998). The primary importance of
nitrification is in the production of nitrate, which is a basilic
participant in denitrification reactions. Denitrification is the
bacterial conversion of nitrate to elemental nitrogen (N,)
or nitrous oxide (N-O) gasses lost to the atmosphere and



certain conditions are required, such as oxygen content
and available organic carbon. Finally, organic nitrogen is
recruited from ammonium and nitrate, through plant and
microorganism uptake.

In contrast to Bergheim and Brinker (2003), where the
total nitrogen content of rainbow trout effluents was
mainly characterized by soluble inorganic NH,"-N and
NO3-N contents, the TN in the pond effluents in this study
was characterized by high (70%) organic nitrogen. TN
elimination in the rice-plant treatments in this study (56.43
to 61.32%) was comparable to the 5 to 49% in common
treatment technologies, such as microscreens or settling
tanks (Schulz et al, 2003), but lower than natural
surface-flow wetlands, which have an estimated average
nitrogen removal rate of 110 mg N m® day™ (Knight et al.,
1993) due to lower areal loading.

Significantly, higher NH,;*-N and NO,-N removals
observed in the rice-plant treatments (53.59 to 59.78 and
58.04 to 70.38%, respectively) indicated that high micro-
bial nitrification took place within the treatments. Many
reports have indicated that rice plants have aerenchyma
in their shoots and roots. Atmospheric or photosynthetic
oxygen diffused down into the rice roots (Armstrong, 1971;
Justin and Armstrong, 1987; Blom and Voesenek, 1996)
and partial oxygen was released into the soil (Frenzel et
al., 1992). Thus, nitrification could occur immediately and
the activity was maximal in rhizosphere soil, followed by
those in the bulk soil and the root surface (Li et al., 2008).
This hypothesis was supported by the decrease in pH
levels (Table 2). Due to the release of H* during processes,
reduction of pH was a typicality of nitrification (Hagopian
and Riley, 1998; Eding et al., 2006); this pH decrease was
also detected in other studies with high NH,"-N reduction
rates (Schulz et al., 2003; Lin et al., 2005; Sindilariu et al.,
2007). Additionally, some studies (Wang et al., 1993; Arth
et al., 1998; Kronzucker et al., 1998) have suggested that
NH," was the main form of N available to the rice and that
plant uptake was a factor responsible for the NH,*-N
removal (Jin et al., 2002). Another reason for the high
removal efficiency of the NH,*-N is the charge. The
ammonium ions (NH,*) were positively charged and thus,
held by negatively charged clay particles and organic
matter, which prevented the NH," from releasing to the
water.

In relation to NO3-N, significantly lower mean concen-
trations obtained in the rice-plant treatments (0.10 mg 1)
could be explained by the NO3;-N removal by the plants.
Nitrate was readily taken up and was a major form of N
utilized by the rice crop (Kronzucker et al., 1999; Zhang et
al., 2004; Li et al., 2007). Kirk and Kronzucker (2005)
established a model to estimate the potential for
nitrification, denitrification and nitrate uptake of rice. The
model calculation showed that, NO3-N uptake accounted
for 34% of the total N uptake and the rate of NO;-N
uptake was comparable with those of NH,*-N. Moreover,
the denitrification process was rapid and some authors
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(Reddy et al., 1989; Reilly, 2000; Bachand and Horne,
2000a; 2000b) have pointed out that it was an important
nitrogen removal process. Several reports indicate that
denitrification begins at a threshold level of 0.25 mg O, L™,
with increasing activity as oxygen content declines (Chan
and Cambell, 1980; Rénner and Sdérensson, 1985).
However, according to Bahlo and Wach (1993),
denitrification could be found in effluents of constructed
wetlands even with oxygen levels of more than 4.0 mg I™".
Therefore, the medium level (between 0.25 mg O, L™ and
4.0 mg I of dissolved oxygen (2to 3mg ™) in the system
could not interdict the denitrification process.

The high mean nitrogen concentrations in the control
treatment (TN: 1.49 + 0.65 mg I'"; NH,*-N: 0.47 + 0.22 mg
I"; NO3s-N: 0.15 + 0.05 mg I''; NO,-N: 0.03 + 0.01 mg I'")
suggests that, the presence of rice had positive impacts
on the nitrogen removal. Apart from nutrient uptake and
transfer of oxygen to facilitate microbial processes, the
submerged roots and stems of rice could provide a large
attachment area for both epiphytes and bacterial
populations; thus, nutrient removal could be augmented
through the processes of assimilation, nitrification and
denitrification (Gumbricht, 1993; Weisner et al., 1994;
Redding et al, 1997). On the other hand, the low removal
rates obtained in the control treatment might result from
less microbial processes and no uptake.

Removal rate of COD

All treatments had a high removal rate (48.70 to 54.81%)
of COD and showed no significant difference (p > 0.05).
This result was consistent with the studies of Manios et al.
(2003) and Ciria et al. (2005), who found that the
presence of a macrophyte did not lead to a reduction in
COD. It meant that, the removal of this parameter was
mainly due to physical processes (sedimentation and
adsorption) rather than biological processes (Ciria et al.,
2005).

Nutrient removal over the course of the experiment
under each treatment is presented in Figures 1 to 7. We
found that removal efficiencies were bound up with the
nutrient loadings evidently. The result agreed with
previous studies (Lin et al., 2002; Schulz et al., 2004; Lin
et al.,, 2005; Li et al.,, 2007; Sindilariu et al, 2007) that
areal removal rose with increasing areal loading. The
reduction in growth and deterioration of the stems and
leaves might have decreased removal rates during the
later stages of the experiment. The rice tissue released
most of its nitrogen and phosphorous to water during
decomposition (Richardson, 1985; Graneli and Solander,
1988). However, nutrient removals were still taking place
despite this impact of decomposition (Figures 1 to 7).

Compared with the results of other studies of untreated
aquaculture effluents (Lin et al., 2002; Schulz et al., 2004;
Lin et al., 2005; Li et al., 2007; Sindilariu et al., 2007), the
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Figure 1. Temporal course of TP removal under different treatments in 2008. Mean values * standard
deviations are shown (n = 3).
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Figure 2. PO,*-P removal over the course of the experiment under each treatment in 2008. Mean values *
standard deviations are shown (n = 3).

nutrient concentrations in this study were lower. This was management, oxygen and feeding management
however relevant to various factors concerning hydraulic (Summerfelt et al., 1995; Cripps and Bergheim, 2000). A
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Figure 3. TN removal over the course of the experiment under each treatment in 2008. Mean values *
standard deviations are shown (n = 3).
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6462 Afr. J. Biotechnol.

250 0.50
NO;-N
20.0
[ 1CT [ 1RE RF  e=—Pond effluent

150 | 1 0-40
o
¥ 10.0 e
E —
g 50 030 E
- [
) 2
Q ©
o Jul 15-Jul 22- £
T -5.0 | T Aug 0.20 §
©
5 100 | T 8
= T
o -150 | 4 0.10

200 | - L

-25.0 L 0.00

Figure 5. Temporal course of NOs-N removal under different treatments in 2008. Mean values *
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Figure 6. Temporal course of NO>-N removal under different treatments in 2008. Mean values *
standard deviations are shown (n = 3).

hydraulic loading rate of 0.6 m® per day was applied in this surface water environmental quality (2002), pond effluents
study in line with appropriate water levels for rice growth in this study were considered seriously polluted, but could
and farm practices. According to standards for China be reused for aquaculture after been treated with the rice
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fields described in this study.

Rice crop performance

The plant height in the RF treatment was highest (100.00
= 10.10 cm). It was not significantly different from that in
the RK treatment (94.10 £ 13.80 cm; p > 0.05), but was
significantly higher than that in the RE treatment (91.90 +
12.70 cm; p < 0.05). The RF treatment had the highest
grain yield and dry matter (649.53 £+ 94.20 and 1192.82 +
205.60 g m® respectively), followed by RK (523.83 *
71.50 and 980.24 + 156.40 g m™, respectively).
Significant differences were observed in the grain yield
and dry matter across the three fertilizer treatments (p <
0.05; Table 3).

Yield in this experiment was inconsistent with the
results obtained by Lin and Yang (2003) and Yang et al.
(2006), who found no significant difference in grain yield
between rice fertilized by effluent and rice fertilized by
minimal fertilizers. It is well documented that, nitrogen and
phosphorus play important roles in regulating plant growth
and development (Wang et al., 2005; Yan et al., 2005).
According to Hu and Wang (2004), potassium fertilizer
could improve rice nutrient-absorbing capacity from soil
and promote transfer of nitrogen form leaf and straw to
panicle. As a physiological response to potassium, the
number of filled spikelet and thousand-grain weight

increased, so grain yield increased. However, the grain
yield and dry matter in the RK treatment only increased by
15.27 and 16.27%, respectively, far lower than those in
the RF treatment (42.93 and 41.58%, respectively) when
compared with the RE treatment. It could be hypothesized
that the deficiency of available nitrogen and phosphorus
rather than potassium were the limiting factors for the rice
crop. Additionally, among the macronutrients required by
rice plants, nitrogen (N) required for the biosynthesis of
amino acids and secondary metabolites was consumed in
the greatest quantities (Li et al., 2008). N availability, as
nitrate (NO3) or ammonium (NH,"), usually limits plant
growth and development (Crawford and Glass, 1998;
Escobar et al., 2006). According to Tan et al. (2007), a
rate of 225.0 kg ha"' nitrogen and 100.0 kg ha" phos-
phorus fertilizers were required for optimum production of
this rice cultivar. Overall, nitrogen and phosphorus
provided by pond effluents were comparable to those
assimilated by rice within all rice-plant treatments.
Furthermore, nutrients absorbed by rice fluctuated and
the rate of uptake was not constant. Typically, the impor-
tant uptake peak is during the tillering stage, beginning
about 10 days after transplanting (Ramanathan and
Krishnamoorthy, 1973).

The grain yields in rice treatments were lower than the
average vyield of this rice varietzy obtained by normal local
practice (774.56 + 70.70 g m™). However, excepting the
lower filled-grain percentage and thousand-grain  weight
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Table 3. Rice crop performance under different fertilizer treatments.

Treatment  Plant height (cm)  Grain yield (g m™®  Dry matter (g m?®) TN uptake (gm?® TP uptake (g m?
RE 91.9+12.7° 454.44 + 43.8° 84253+ 123.5° 9.52+1.25° 1.94+0.75°
RK 94.1+13.8%" 523.83 + 71.5° 980.24 + 156.4° 10.49 +1.38° 2.35+1.16"
RF 100.0 +10.1% 649.53 +94.2° 1192.82 + 205.6° 17.65+1.51°2 2.62+0.89°

Data are presented as means + SD (n = 4) and values in the same column with different letters are significantly different (p < 0.05).
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