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Abstract

This study is to integrate constructed wetland, or treatment wetland, technology into the
recirculating aquaculture, in which constructed wetland is used as a facility for aquaculture water
treatment so as to control the water quality in fishpond and reduce pollutant level in the fishpond
discharge. The constructed wetland (105m?) was built using part of an existing fishpond, and
included a free water surface flow unit followed by a subsurface flow unit. A fishpond (1125m?)
was connected with the treatment wetland to constitute a recirculating aquaculture system.
Another fishpond (1138m?) without connection of treatment wetland was used as a control
fishpond, in which traditional static aquaculture was carried out. This study investigated the
performance of the constructed wetland in removing the maor pollutants from the recirculating
aquaculture water, and examined the effect of wetland treatment on water quality of the fishpond
in the recirculating aquaculture system. Two aquaculture trials stocked with larvas of Pacific
white shrimp was conducted. One trial was carried out from the middle July to the late September,
2004; another trial was started from the middle December, 2003 to the late May, 2005. Results of
water monitoring of influent-effluent showed that constructed wetland effectively reduced BOD5
(47.3~58.2%), TSS (68~70.8%), turbidity (59.7~60.9%), and chlorophyll a (50.9~51.9%) from
the recirculating aguaculture water. Water quality of recirculating fishpond were maintained at 25
+ 12 and 58 + 39 mg/L for TSS> 6.2 + 3.0 and 10.5 £ 2.6 mg/L for BODs5> 16.47 + 6.07 and 29.84
+ 10.20 NTU for turbidity > and 16. 9 = 11.4 and 50.3 &+ 50.8ug/L for chlorophyll a in trials 1 and
2, respectively. These levels of pollutants were significantly lower (p<0.05) than those in the
control fishpond. Constructed wetland was demonstrated to be an efficient and low-cost
ecologica approach to management water quality and control pollution discharge in afish farm.
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Use of constructed wetlands in treating recirculating
aquaculture water for in-door intensive shrimp
production

Ying-Feng Lin*, Shuh-Ren Jing’, Der-Yuan Lee**, Yih-Feng Chang**, Wei-Chih
Chen*

* Department of Environmental Engineering and Science, **Department of Environmental
Resource Management, Chia-Nan University of Pharmacy and Science, Tainan 717,
Taiwan, R.O.C.

Abstract A commercial-scale recirculating aquaculture system was installed to demonstrate
the effectiveness of constructed wetlands in treating the recirculating aquaculture water and
the success in production of Pacific white shrimp (Litopenaeus vannamei). The system
consisted of an indoor culture tank (64 mz) and an outdoor wetland based water treatment
unit that included a settling cell (1.5 m2), a free water surface (FWS) wetland (12 mz), a
subsurface flow (SF) wetland (15.7 mz), and a sump (1 mz). Throughout the whole study of
126 days, the shrimp feed totalled to 328 kg and final shrimp body weight reached a food size
of 12.3 g in average. Hydraulic loading rate of the FWS-SF wetlands was initially controlled at
about 0.62 m/day, and gradually increased to 2.82 m/day in the final culture phase. Solids in
the recirculating water were efficiently removed through the FWS-SF wetlands by 69%
(measured as total suspended solids) and 98% (measured as turbidity). Microbial
mineralization and nitrification of the wetlands significantly reduced 5-day biochemical oxygen
demand, total ammonia nitrogen and nitrite levels from the recirculating water by 53, 58, and
70 %, respectively. Nitrate was not prominently accumulated in the culture tank water during
this study because denitrification occurred in the wetlands and exhibited an effective nitrate
reduction (64%). At the end of the study, total weight of the harvested shrimp was 354 kg, and
shrimp survival rate was estimated to be 72%. Accordingly, shrimp production per unit culture
area was 5.5 kg/mz, which is around 8 times higher than the production of conventional pond
aquaculture. Constructed wetland was demonstrated to be a sustainable technology for
regulating water qualities and saving water usage in a recirculating system for in-door
intensive shrimp production.

Keywords Constructed wetland, recirculating aquaculture system, Pacific white shrimp,
aquaculture wastewater.

Introduction

Agquaculture is an important industry in Taiwan to supply seafood both for domestic demand
and exporting trade. However, pond aquaculture requires a large amount of water resource
and land area, and produces a polluted discharge, thereby creating various environmental
impacts. Since most surface water bodies had been widely polluted, groundwater became the
major water resource for aquaculture industry. Over withdrawal of groundwater has led to a
considerable ground subsidence and seawater intrusion in several coastal areas of western
Taiwan, where aquaculture intensively prevails. To reduce the impacts of aquaculture on
environment, government promoted a Guiding Program for Aquaculture Industry in 1991
and a Ground Subsidence Control Program in 1995 (Hu, 1999). In these programs,
development of recirculating aquaculture systems in fish and shrimp farms is one major and
important approach to achieve sustainability in water usage for aquaculture.

A recirculating aquaculture system, integrating wastewater treatment process into
aquaculture production to manage water quality, allows for intensive culture with limited
pollutant discharge, thus reducing water and land usage, and minimizing adverse
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environmental impacts. Treatment units, such as sand filter, mechanical screen, submerged
biofilters, rotating biological contactors, and/or fluidized bed reactors etc., are typically used
in a recirculating aquaculture system (Tseng et al., 1998; Yang et al., 2001). These
conventional methods can efficiently remove the pollutants and toxic materials from
aquaculture wastewater. However, they require much higher capital cost and energy, depend
on frequent maintenance, and produce sludge. These disadvantages have limited the will of
farmers to use the recirculating aquaculture system instead of pond aquaculture.
Accordingly, an effective and low-cost wastewater treatment process is imperative for
sustainable development of aquaculture in Taiwan.

Previous studies have demonstrated that constructed wetlands are technically and
economically feasible to remove the major pollutants from catfish, shrimp, milkfish, and
rainbow trout pond effluents (Schwartz and Boyd, 1995; Sansanayuth et al., 1996; Lin et al.,
2002a, 2002b; Schulz et al., 2003), and can act as a cost effective filter using in a
recirculating aquaculture system (Zachritz and Jacquez, 1993; Tilley et al., 2002; Lin et al.,
2003). However, the success of this approach in aquaculture production for field application
is still seldom reported.

In this study, a commercial-scale recirculating aquaculture system was installed to
demonstrate the effectiveness of constructed wetlands for managing water quality and
controlling water usage, and the success in intensive shrimp production. The cost of the
wetland based treatment process was also analysed to compare with a conventional treatment
process.

Materials and methods

Recirculating aquaculture system

The recirculating aquaculture system was built in a fish farm at Tainan County, Taiwan
during March 2001. This system mainly consisted of an indoor culture tank and an outdoor
wetland based water treatment unit (Fig. 1), which was made of brick and concrete in main
body. Pipelines made of polyvinyl chloride were installed to connect the culture tank and
treatment unit for conveying the recirculating water.

The culture tank was 8 m x 8 m x 1.5 m (inner length, width and height) in size,
maintaining a water depth of around 1.2 m. Tube diffusers, connected to an air compressor,
were installed in the culture tank to supply oxygen for shrimp culture. Tank water flowed
continuously to the water treatment unit by gravity, and the flow rate was controlled by a

@ Compressor SF wetland
FWS wetland
v
Culture tank \ T
, Sump

Iy

Recirculating water Settling cell
Indoor<,‘:| :> Outdoor

Figure. 1 Schematic diagram of a recirculating aquaculture system integrating constructed
wetlands.
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gate valve.

The water treatment unit was measured by 2.1 m x 15.2 m (inner width and length), and
was divided longitudinally by a brick-concrete wall (10 cm thick) to form a U shape ditch
with an equal inner width of 1 m. This ditch was separated into four cells: a settling cell, a
free water surface wetland (FWS cell), a subsurface flow wetland (SF cell), and a sump.

The settling cell (inner length of 1.5 m) received the recirculating water from the culture
tank. A perforated acrylic baffle was installed across the wide direction of the cell at 25 cm
from the inlet end for flow distribution. The bottom of the cell sloped at about 14% towards
the inlet end, with a sludge hopper located at the bottom of the inlet end. Sludge was
occasionally siphoned out from the hopper. The deepest water depth was around 1.2 m.

The effluent from settling cell flowed through a perforated full-width brick-concrete wall
into the FWS cell. The FWS cell (inner length of 12 m) contained a 30 cm layer of local soil
(Jender silt loam, 25°37°N, 166°55’E) at the bottom and 40 cm of averaged water depth
above the soil layer.

The effluent of the FWS cell entered the SF cell through a perforated full-width brick-
concrete wall. The SF cell (inner length of 15.7 m) included 80 cm of river gravel (nominal
diameter 10 to 20 mm), providing a porosity of 45%, and 65 cm of averaged subsurface
water flow within the gravel layer. A lateral perforated manifold, as a collection drain, was
installed at the bottom of outlet end of the SF cell. The manifold was extended to the sump
(inner length of 1 m) and connected with a 90° elbow to control the water depth of wetland
cells. After re-aeration in the sump, the wetland treated effluent was recycled to the culture
tank by a submerged pump.

Cattail (Typha angustifolia L.) and common reed (Phragmites australis) were planted in
the FWS and SF cell, respectively, both with initial density of around 6 plants/m? in the late
March 2001.

Shrimp culture conditions

Shrimp culture was conducted during a warm season from 13 June to 17 October 2002.
Postlarvae (PL) of Pacific white shrimp (Litopenaeus vannamei) with initial body weights of
5 to 6 mg/PL were introduced into the culture tank with stocking densities of around 625
PL/m?. A brackish groundwater containing approximately 0.3% salinity was used for shrimp
culture in this study. The shrimp were fed with a powder diet during the initial four weeks of
culture and a pellet diet after the four weeks of culture. These commercial diets contained
around 45% protein, 2 % fat, 3% cellulose, 17% ash, and 11% water. The feeding rate was
adjusted according to the intake rate of the shrimp. The shrimp were fed manually at around
8 A.M. and 4 P.M. each day. After four weeks of culture, 30 shrimps were taken from the
culture tank every two weeks, and their body weight and length were measured to estimate
the shrimp growth.

Water sampling and analysis

Water samples were taken twice a week from outflow end of the culture tank, influent of the
FWS cell, effluent of the FWS cell, and effluent of the SF cell. Such sampling was usually
performed at around 10 A.M. on each sampling date. The samples were analyzed for total
suspended solids (TSS) and turbidity. The filtrates left by filtering water samples through
glass-fiber filters were measured for 5-day biochemical oxygen demand (BODs), total
ammonium nitrogen (TAN), nitrite nitrogen (NO»-N), nitrate nitrogen (NOs-N), and
orthophosphate (PO,-P). Temperature, pH and dissolved oxygen (DO) of water in the
sampling locations were also monitored. All the analytical measurements were carried out
according to Standard Methods (American Public Health Association, 1995).

Tests for significant difference in water quality between influent and effluent of the
treatment cells were determined by paired t-tests at a significance level of 0.05 (OriginLab,
1996) for each set of data.
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Results and discussion

Shrimp culture and growth

The increasing curve of shrimp diet added was found corresponding with shrimp growth
curve (Figures 2 and 3). Shrimp grew slowly in the first 30 days, exhibiting an initial growth
phase. Shrimp growth rate gradually increased and reached a rapid growth phase during days
55 to 95 (Figure 3). A declining growth phase was observed afterward because crowding
effect due to intensive culture. Throughout the whole study of 126 days culture, the shrimp
diet totaled to 328 kg and final shrimp body weight reached to a food size of 12.3 g in
average. Maximum growth rate of shrimp was recorded to be 2 g/shrimp/week, with an
average growth rate of 0.1 g/shrimp/day.

Recirculating water control

Flow rate of recirculating water into the treatment unit was initially controlled at about 17.3
m*/day (equivalent to a hydraulic loading rate of 0.62 m/d for the FWS-SF wetlands), and
gradually increased to 78 m%day (hydraulic loading rate of 2.82 m/d) in the final culture
stage (Figure 4). This flow control strategy was made to correspond with the tendencies of
diet added (i.e., pollutant loaded) and shrimp growth with culture time. Small flow rate
would be sufficient to handle the pollutants generated in the initial culture phase, with also
saving the pumping cost for recirculating water.

Performance of constructed wetlands and water quality

Prior to this study, two phases of culture using this same recirculating system had been
carried out to collect data for determining the wetland area required for management of water
quality in the intensive shrimp aquaculture from April to June 2001 and from August 2001 to
January 2002, respectively (Lin et al., 2005). This study is indeed the third phase of culture.
Macrophytes in constructed wetlands had reached a stable density more than 90 plants/m?
since the end of the second phase. Macrophytes were not purposely harvested except dead
plant detritus were occasionally removed to avoid a blockage problem of water flow.
Continuous-flow operation of the constructed wetlands was ceased during the period
between two phases, but still maintaining the water depth to sustain the growth and survival
of both macrophytes and microorganisms in wetland cells.
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Figure 4 Flow rate of recirculating Figure 5 Time course of TSS at various
aquaculture water through constructed sampling positions in the recirculating
wetland system during shrimp culture. aquaculture system.

Table 1 Treatment results (mean + standard deviation) for various parameters of water
quality by the FWS-SF wetlands (n = 18).

Average
FWS FWS SF removal
Parameter . L Culture tank
influent effluent effluent efficiency
(%)
pH 8.2+0.6 8.1+0.5 7.840.5 - 8.1+0.2
Alkalinity
(as CaCO;mg /L) 34723 342+18 334+16 - 345122
DO (mg/L) 4.7+2.4 2.42.7 0.56+0.65 - 6.6+0.4
TSS (mg/L) 14.5+7.8 9.5+6.1 4.6+3.4 69+23 2048
Turbidity (NTU) 1.1+0.9 0.35+0.71  0.01+0.02 98+2 1.9+1.2
BODs (mg/L) 6.6+4.9 5.3+4.1 2.7+1.9 53125 7.3+5.9
TAN (mg/L) 0.58+0.65 0.64+0.62  0.20+0.25 58+25 0.37+0.24
NO2-N (mg/L) 0.48+0.47 0.37+0.37  0.08+0.09 70+32 0.43+0.44
NO3z-N (mg/L) 279429 2924295 1.98+2.73 64435 3.13+3.14

There was a slight decrease of pH and alkalinity in recirculating water flowing through
the FWS-SF wetlands (Table 1). This decrease might be due to nitrification occurring in the
treatment wetlands. However, pH of water in the culture tank was stably maintained at a
suitable range of 7.7~8.5 without any pH adjustment. Solids in the recirculating water were
efficiently removed through the FWS-SF wetlands by 69% (measured as TSS reduction) and
99% (measured as turbidity reduction), leading to a tank water of 208 mg/L for SS and 1.9+
1.2 for NTU (Figure 5 and Table 1). Solids in the recirculating aquaculture water are mostly
generated from feed residue and shrimp excreta. They can be removed by constructed
wetlands via sedimentation and filtration that occur within plant stems and roots and within
the gravel that forms the substratum. Organic solids can be further stabilized in wetlands
through biological processes such as microbial degradation (Lin et al., 2002b). Thus, solids
accumulation in wetland cells was ignored during this study, and processing of sludge
produced from wetlands was not required.
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Microbial mineralization and nitrification occurring in the treatment wetlands
significantly (p <0.05) reduced BODs, NH4-N and NO,-N levels in the influent water by 53,
58, and 70 %, respectively, and resulted in consistently low levels of BODs (716 mg/L),
TAN (0.37£0.24 mg/L), and NO,-N (0.43+0.44 mg/L) in culture tank water (Table 1, Figures
6~8). These levels were well below the safe levels for rearing L. vannemei juveniles
(2.44~3.95 mg/L for TAN and 6.1~25.7 mg/L for NO,-N) reported by Lin and Chen (2001,
2003). Moreover, the simultaneous reduction of TSS and BODs from the influent to effluent
indicates that degradation and stabilization of solids actually occurred in the constructed
wetlands. The results of transitions of influent-effluent water quality (Figures 5~9) suggests
that the constructed wetlands required a brief start-up period, less than 10 days, to achieve a
stable and consistent removal of major pollutants when initiating a new culture phase.

Although nitrification efficiently occurred in wetlands, NO3s-N was not accumulated in the
SF effluent. On the contrary, NOs-N concentrations of the SF effluent were always lower
than those of the FWS influent in 83% of samples (13 of 16) (Figure 9). This result led to
64% of mean nitrate reduction from FWS influent to SF effluent (Table 1). These
observations might be caused by the denitrification performance of the constructed wetlands.
Consequently, NOs-N in culture tank water exhibited a low level of 3.13£3.14 mg /L during
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Table 2 Capital cost analyses of the wetland based treatment unit for an indoor
recirculating aquaculture system.

Description Cost (US$)  Unit Cost (US$/m?)  Cost (%)
Basins construction 7,900 39.5 65.6
Gravels and soil 2,670 13.35 221
Planting 270 1.35 2.2
Electric, pumping and pipe systems 1,200 6 10.1
Total 12,040 60.2 100

Basis: 200-m? scale concrete made basin.

this study (Table 1). The ability of wetland denitrification here is shown more effective than
that in the previous two phases of culture (Lin et al., 2005), probably due to a denser
macrophyte achieved in this study providing more available organic carbon to boost
denitrification.

The performance of treatment wetlands in this study is easily comparable to that of the
conventional treatment process (including micro-screen, foam fractionator, and biological
filter) employed in a recirculating shrimp production system reported by Davis and Arnold
(1998), in which TAN and NO,-N were maintained at the range of 0.36~1.16 and 0.30~1.48
mg/L, respectively, in culture chamber.

Shrimp production and water usage

At the end of the study, total weight of the harvested shrimps was 354 kg, and shrimp
survival rate was estimated to be 72%. Overall food conversion ratio, defined as the ration of
the total amount of diet added to the increment of total weight of shrimps harvested, was
estimated to be 0.92. This efficient conversion of food to shrimp growth might be resulted
from a suitable water quality and health environment managed by constructed wetlands.
Accordingly, shrimp production per unit culture area was 5.5 kg/m?, which is around 8 times
higher than shrimp production in conventional earthen pond aquaculture. This shrimp
production is rather successful in comparison with an indoor recirculating white shrimp
culture system employing conventional treatment processes (Lin et al., 2000), in which a
higher stock density (1300 PL/m?) with a higher initial weight (66 mg/PL) was used, and
achieving a food size of 10~11 g/shrimp and a production of 6.7 kg/m? after 105 days
culture.

No water discharge or displacement occurred during this study, except for replacing water
lost through evaporation.

Cost analysis for a wetland based treatment unit

Capital cost analyses of the wetland based treatment unit for an indoor recirculating
aquaculture system is provided in Table 2. These costs were estimated base on a 200-m*
scale concrete made treatment unit scaling up from the results of this study. Basin
construction and gravel are the two major cost items, accounting for 65.6 and 22.1 % of the
total capital cost, respectively. The capital cost will be further reduced if treatment wetlands
are built of earthen basin and gravel is substituted by recycling substrates.

Chen et al. (2002) analysed cost and benefit of a 0.1 ha automatic indoor recirculating
shrimp culture system with 420 m? required for culture tank. In that system, capital cost of
the conventional wastewater treatment process used (including micro-screen, biological
filter, electrical disinfection device) was approximately US$71,700 and contributed to the
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most significant part (34%) of the total capital cost. If constructed wetland technology is
applied to such scale of shrimp culture (i.e., 420 m? for culture area), a land area of 200 m?
will be required for construction of the wetland based treatment unit (treatment wetland plus
a settling basin), according to an area ratio (0.47) of treatment unit to culture tank used in this
study. As a consequence, the capital cost of the wetland based treatment unit for an indoor
recirculating shrimp culture system will be US$12,040 that is less than 20% of the
conventional wastewater treatment process. Operation and maintenance costs of the wetland
based treatment unit will mainly include electricity demand for pumping the recirculating
water.

Conclusions

Recirculating aquaculture systems incorporating conventional mechanical treatment
processes have been development for decades for sustainability in aquaculture. However, the
systems are not widely used probably because they have not been cost effective for large-
volume culture systems. This study demonstrated that a wetland based treatment technology,
mainly including two types (free water surface and subsurface flow) of constructed wetland,
is an economic and efficient approach to manage the water usage and water quality for
intensive aquaculture production. Wetland treatment efficiently and simultaneously removed
TSS (69%), turbidity (98%), BODs (53%), TAN (58%), NO,-N (70%), and even NOs-N
(70%) from recirculating water, leading to an appropriate and non-harmful water quality to
aquaculture. The culture system of this study gained a 5.5 kg/m? of shrimp production, which
is comparable to the culture system using a conventional treatment process and is 8 times
higher than the production of earthen pond aquaculture. On the basis of serving equal culture
scale, the capital cost of a wetland based treatment unit is only about 20% of a conventional
treatment process. Accordingly, incorporating constructed wetlands technology into a
recirculating aquaculture system will significantly reduce the overall cost and enhance
sustainability of the system.
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