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Abstract

An artificial aquatic food web (AAFW) system was designed to remove the non-
point source pollutants in eutrophic Jiyu river. A certain amount of Scenedesmus ob-
liquus and Daphnia pulex was cultured in the system for the control of serious cya-
nobacterial bloom. The AAFW system was a continuous-flow system including one
storage basin of 3 m® capacity with polluted river water (the total nitrogen-TN: 4.49
mg-1; the total phosphorus-TP: 0.192 mg-"), one phytoplankton tank of 3 m? ca-
pacity with an initial concentrations of S. obliquus about 5.8 x 10° ind-1", and one
zooplankton growth chamber of 1.5 m® capacity with an initial abundance of D. pu-
lex about 22.5 ind-1"". The system was optimized by setting hydraulic retention time
of phytoplankton tank as 5 days and the experiments were operated for 45 days.
Compared with the polluted river, TN and TP were removed about 28% and 47% by
the AAFW system, respectively. The biomass of phytoplankton decrease from 6.33
mgl" to 1.48 mgl" and the percentage of cyanobacteria decrease from 43.93% to
2.36%, the biomass of Crustacean zooplankton increase from 0.34 mg-1"' to 1.53 mg-1™
and the percentage of D. pulex increase from 19.19% to 57.62%. Our results indi-
cated that the AAFW system not only is an efficient, flexible system for reducing nu-
trient levels in tributary rivers, but also has an ability to control the cyanobacteria
bloom and rebuilding the aquatic ecosystem from the polluted river water.
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1. Introduction

Non-point source pollution from the industry agriculture has been becoming the major
reason for eutrophication of rivers and lakes [1]. Excessive chemical fertilizer applica-
tion in the industry agriculture led to increases of nitrogen (N) and phosphorus (P) in
the drainage [2] [3], which result in a rapid growth of algae in freshwater and led to
some damages to the aquatic ecosystems [4] [5]. As an important inflow path to eu-
trophic Chaohu lake, the pollution sources of Jiyu river were mainly from agricultural
non-point pollution, which were not treated effectively [6]. The eutrophication of Jiyu
river has been characterized as the main reason for the water deterioration and the se-
rious cyanobacterial bloom [7]. Many studies suggested the control of eutrophication
attribute to the management of nutrients, especially external nutrients from the non-
point pollution by industry agriculture [8] [9]. While it is difficult to reduce the bio-
mass of cyanobacteria by the removal of the non-point source pollution solely, not only
attribute to high concentrations of pollutants, but also because its pollutants are coming
from many diffuse sources at relatively low concentrations [10] [11] [12]. A high bio-
mass of zooplankton may result in a control of phytoplankton [13], while the domin-
ance of large filamentous and colonial cyanobacteria in the phytoplankton community
inhibit the cascading effects of natural biomass levels of both visually feeding zooplank-
tivores and filter-feeding omnivores [14] [15]. So recently researches found that cya-
nobacteria usually blooms when the ratio of TN:TP is low, and a high abundance of
zooplankton (mainly composed by small cladocerans and rotifers) fail to control the
cyanobacterial blooms [13] [16]. The dynamic of TN: TP and the grazing of
large-bodied zooplankton were important to the control of cyanobacterial bloom [1]
[17]. A change of trophic cascade and a rebuilding of aquatic ecosystem in the polluted
river water were needed for the control of cyanobacterial bloom [9] [18] [19].

Many ecotechnologies, such as constructed wetland [2], artificial floating islands
[20], and floating mats [21], were designed to remove non-point source pollutants of
rivers and lakes, while it’s unknown to change the ratio of TN:TP and the trophic cas-
cade of aquatic ecosystem. An artificial aquatic food web (AAFW) system composed by
three trophic levels was designed not only for the removal of nutrients from the
non-point source of Chaohu basin, but also reflect the trophic cascade when many bio-
tic and abiotic factors were mixing [4] [9]. The design is a revision of the AAFW system
developed by Jung et al (2009) [9], which is proven to remove nutrients effectively
from sewages containing high concentrations of nutrients. Otherwise, the addition of S.
obliquus and D. pulex in the AAFW system would reflect the change of the nutrient-
phytoplankton-zooplankton interactions from the polluted river water. The design of
the continuous-flow AAFW system was divided into three parts: The first part was
transformed the dissolved nutrients in polluted river water into biomass of phytop-
lankton, and the second part was transferred into D. pulex by grazing; finally, the har-
vesting of Daphnia would removed the nutrients and the harmful phytoplankton. In
this study, the hydraulic retention time (HRT) of phytoplankton and Daphnia was eva-
luated by the growth parameters of phytoplanktonic organisms and D. pulex under
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different conditions. The AAFW system was operated for 45 days, and steady and effi-

cient removal of nutrients and harmful cyanobacteria from river water was confirmed.

2. Materials and Methods
2.1. Characteristics of Target River

The target river (Jiyu river) used for the construction of the AAFW system for the re-
moval experiments of nutrient and harmful cyanobacteria was located in Tongyang,
Hefei, China (31°39'59"N, 117°40'48"E). This area has a subtropical climate, with an
annual mean air temperature of 16.1°C, an annual rainfall from 1000 mm - 1158 mm,
and an annual potential evaporation of 1124.4 mm. The river is known to receive farm
wastes and septic tank pollutions, and 2 samples were collected in the polluted river
(Figure 1). Total nitrogen (TN), nitrate ( NO; ), total phosphorus (TP), dissolved inor-
ganic phosphorus(DIP) concentrations and the cyanobacterial biomass in the river wa-
ter during the period of experiments (May 14-July 2, 2015) were 4.49 + 0.45 (mean +
SD), 0.99 + 0.22, 0.19 + 0.04, 0.07 £ 0.1 and 2.21 mg-" respectively. The ratio of nitrate
to TN ranged from 2.86% to 47.25%, the ratio of DIP to TP from 3.92% to 87.50%, the
ratio of TN: TP from 11.70 to 45.23, the percentage of Daphnia in zooplankton com-
munity from 6.08% to 19.44% and the percentage of cyanobacteria in phytoplankton
community from 12.17% to 69.14% (Table 1).

2.2. Facilities for AAFW System

The artificial food web system was designed by adopting the basic aspects of a labora-
tory-scale AAFW system that was developed by Jung et al (2009) [9], which consisted

Nanfei
River

Hefei City

To Yangtze River

Chaohu Lake

0 5 10km
—

Figure 1. Map of the Chaohu basin showing the location of AAFW and the sample sites in the
Jiyu river.
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Table 1. Mean and range of water quality variables observed in the target stream during opera-
tion of the artificial aquatic food web system.

Item Minimum Maximum Mean
Temp (°C) 23.90 28.40 25.94
pH 7.41 9.19 7.88
DO (mgl1™) 4.6 17.9 9.36
TN (mgl™) 3.04 9.05 4.49
NO; (mgl™) 0.15 1.87 0.99
NO; /TN (%) 2.86 47.25 22.01
TP (mg1™) 0.0300 0.4200 0.1921
DIP (mgl™") 0.0125 0.2650 0.0772
DIP/TP (%) 3.92 87.50 40.21
TN/TP 10.63 57.54 23.36
PB* (mg1™) 2.28 17.87 6.33
CB* (mgl1™) 0.83 3.89 2.21
CA/PA (%) 12.17 69.24 37.89

DO: the concentration of dissolved oxygen, TN: total nitrogen, NO; : nitrate, TP: total phosphorus, DIP: dissolved

inorganic phosphorus, PB: Phytoplankton Biomass, CB: Cyanobacteria Biomass.

by one storage basin (ca 3 m?, @ = 1.48 m, d = 1.7 m), one phytoplankton tank (ca 3 m?,
@ =2.6 m, d = 0.75 m), and one zooplankton growth chamber (ca 1.5 m? capacity (w =
1.2 m x 2.4 m, d = 0.6 m), arranged sequentially in downward steps (Figure 2). River
water was supplied by a drain pump at the velocity of 100 I per min. The major func-
tion of the storage basin was to dampen fluctuations in quality and quantity of the in-
put water. The floor of the phytoplankton tank had a 10° slope toward the center of the
tank bottom for the collection of sludge, and 5 I of sludge at the bottom of the tank was
drained out on every 5 days. Otherwise, water in the phytoplankton tank was circulated
at the velocity of 100 I-min~' by a water pump for the optimum growth of phytoplank-
ton during the day time. For the collection of sludge, the floor of the zooplankton
chamber had a 10° vertical slope from the inlet to outlet. Water temperature of the
zooplankton chamber was kept as 25.0°C + 3.5°C (mean + SD) with an aquarium hea-
ter. A shade was placed on the top side of the chamber, to avoid irradiation by direct
sunlight. About 5 | of sludge at the bottom of the chamber was drained out on every 5
days. The effluent was filtered through the sand and gravel layers to prevent the loss of
individuals of D. pulex population.

2.3. Continuous-Flow AAFW System

The continuous-flow AAFW system was operated with the target river water for 45
days after the establishment of the phytoplankton community and acclimation of the D.
pulex population for 15 days. During the period of operation, water temperature was
25.0°C * 3.5°C in the phytoplankton tank and the zooplankton chamber. The HRT of
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Figure 2. Schematic diagram of artificial aquatic food web system.

the phytoplankton tank was set to 5.0 days. The initial concentration of S. obliguus in
the phytoplankton tank was about 5.8 x 10° ind. I and the initial density of D. pulexin
the zooplankton chamber was about 22.5 individual. I'". In order to determine the effi-
cacy of the AAFW system in removing the nutrients from river water, water samples
were taken from the storage basin, the phytoplankton tank, the zooplankton chamber,
and the effluent at 14:00 of a day at 5-day intervals, and analyzed for TN, nitrate, TP
and DIP concentrations by the standard methods [22]. Dissolved oxygen and pH were
determined with an Orion 810 dissolved oxygen meter and an Orion 210 pH meter.
Phytoplankton samples were preserved with 1% acidified Lugol’s iodine solution and
concentrated to 30 ml after sedimentation for 48 h. After mixing, 0.1 ml concentrated
samples were counted and measured under x400 magnification. To count Microcystis
cells, the samples were agitated by gentle ultrasonication to split the colonies into single
cells. Phytoplankton species were identified to species level by the method of Hu et al
(1979) [23]. Crustacean zooplankton was examined under x40 magnification. Biomass
(wet weight) of crustacean zooplankton was estimated using the length-weight regres-
sions according to Zhang and Huang (1991) [24]. Measurements were taken in tripli-
cate for all water quality variables. Based on these results, the HRT in the phytoplank-

ton tank was set to 5 days.

3. Results and Discussion
3.1. The Removal of Nutrients by the AAFW System

In the present study, the AAFW system removed nutrients from polluted river water,
which was a resource of the non-point source pollution from industry agriculture. The
concentrations of TN and NO; in the storage basin averaged 4.46 and 0.69 mg-1", re-
spectively, where as those in the effluent of the continuous-flow system were 3.17 and

0.18 mg1™", respectively. The concentrations of TP and DIP in the storage basin were
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0.23 and 0.058 mg-1", respectively, and decreased to 0.12 and 0.053 mg-1" in the efflu-
ent, respectively (Figure 3). Based on these mean values, the mean removal efficiencies
of TN, NOj, TP and DIP were calculated to be 28, 73, 47, and 17%, respectively. These
removal efficiencies were lower than those of previous studies using artificial food web
systems [9] [12] [25] or other industrialized techniques [26] [27]. These results may
attribute to the lower concentrations of nutrients in the target river water and pollu-
tants are coming from many diffuse sources. The ratio of TN:TP in the effluent of the
continuous-flow system is 36.40, while the ratio of TN:TP in the Jiyu river is 26.19. So,
the ratio of TN:TP in polluted river water increase 38.97% after it was treated with the
AAFW system (Figure 4). The significant increase of TN:TP in the zooplankton
chamber may attribute to the phosphorus (P) absorption of lager claoderans-Daphnia
pulex. It was reported Daphnia which have low body N:P dominated zooplankton
communities when seston N:P were also low [16]. Brett et al (2000) found that Diap-
tomus markedly increased SRP relative to DIN, resulting in a low DIN: SRP ratio [28].
In contrast, Daphnia increased the DIN: SRP ratio. Similar patterns were evident in the
present study. The mean pH and DO of the target river was 7.88 * 0.43 and 9.36 £ 2.24
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Figure 3. Variations of total nitrogen (TN), nitrate ( NO; ) and total phosphorus (TP) and dissolved inorganic phosphorus (DIP) during

operation of the continuous-flow AAFW system. Black circle storage tank, black square phytoplankton tank, and inverted triangle effluent

from system.
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Figure 4. The ratios of TN:TP (left) and the concentrations of TP (right) in different sample sites.

mg1" respectively. While pH and DO values in the phytoplankton tank (9.28 + 0.50
9.96 + 2.40 mg-1") were higher than the zooplankton chamber (9.10 + 0.38, 8.23 + 1.37
mg1"). The marked decrease in the pH value from the target river to the AAFW system
indicated negligible nutrients- phytoplankton-zooplankton interaction in the AAFW
system (Table 1).

3.2. The Change of Plankton Community in the AAFW Systems

3.2.1. The Change of Phytoplankton Community

Eutrophication is known to change the phytoplankton community. The most obvious
changes have been seen in the phytoplankton community where a transition from
small, edible algae to larger and less edible diatoms, chlorophytes and filamentous, toxic
and PUFA-deficient Cyanobacteria. In the present study, 83 phytoplankton taxa identi-
fied. Green algae (31 taxa), cyanobacteria (19) and diatoms (13) were richest in taxa.
Compared with the phytoplankton community in Jiyu river, the abundance and bio-
mass of phytoplankton was much lower in the AAFW systems. Among the cyanobacte-
ria the dominating genera were Microcystis aeruginosa including some Anabaena flo-
saquae, while the diatoms were dominated by Achnanthes lanceolata and to a lesser ex-
tent by Melosira spp. While Green algae and Cyanobacteria dominated the phytop-
lankton community in the AAFW systems, the dominating taxa were M. aeruginosa
and S. obliguus. Though nutrients are important for algal growth and phosphorus is the
limiting element in the AAFW system, similar with the Lake Haugatjern [29]. Phytop-
lankton community was sandwiched by the nutrient loading and the grazing of zoop-
lankton [30]. The mean summer phytoplankton abundance and biomass of Jiyu river
was about 5.59 x 10° ind. I'"! and 6.33 mg-I" while it decreased to 2.53 x 10° ind. I'"* and
1.48 mgl1" in the effluent of the AAFW systems. The mean summer cyanobacterial
biomass of Jiyu river was about 5.36 mg-I'!, while it decreased to 0.18 mg-" in the ef-
fluent (Figure 5). The concentrations of M. aeruginosa in phytoplankton tank decrease
from 8.64 + 0.37 x 10* ind. I'! to 1.44 + 0.13 x10* ind. 1", and the concentrations of S.
obliquus increase from 5.8 x 10° ind. I'* to 1.2 £ 0.14 x 10* ind. I'"! (Table 2). The per-
centage of cyanobacteria in the Jiyu river decrease from 43.93% to 2.36% in the phy-
toplankton tank and the biomass of cyanobacteria decrease from 2.78 mgl1" to 0.08
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mg1". Compared with the Jiyu river and zooplankton chamber, the biomass and per-
centage of Chlorophytes in the phytoplankton tank is the highest (2.42 mg1™, 69.60%).
The grazing of Daphnia result in the increase of percent of cyanobacteria in effluent
from 2.36% to 10.17% and the biomass of cyanobacteria increase from 0.08 mgl" to
0.15 mg1" (Figure 6). The dominanted phytoplankton group in Jiyu river, the phytop-
lankton tank and the effluent were Cyanophta, Chlorophtes and Cryptophtes, respec-
tively. And the most predominant phytoplankton taxa-Microcystis always formed large
colonies and floated on the surface of the river water, which were not perhaps easily fed

upon by crustacean zooplankton [31].

3.2.2. The Change of Zooplankton Community
In the present study, the crustacean zooplankton community in Jiyu river was domi-
nated by omnivorous cladocerans and calanoids, mainly, Diaphanosoma sp and Sino-

calanus dorrii. After the operation by AAFW system, the crustacean zooplankton
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< 16000 420,00
-~ &b
= =
£ 14000 e
S B
2. 12000 5 1500
G I
s £~
2 10000 8
= =
=} =
2 8000 < 10.00
= o
= 8
S 6000 B
5 ~
A 4000 5.00
2000
0 H%—éizi’"ﬁ 0.00
0 5 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time (Days) Time (Days)

Figure 5. Variations of total phytoplankton abundance (left) and total phytoplankton biomass (right) during operation of the continuous
flow AAFW system. Open circle Jiyu River, black square phytoplankton tank and inverted triangle effluent from system.
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Figure 6. Variations of total caynobacteria biomass (left) and the relative biomass of phytoplankton taxon (right) at different sites. Open
circle Jiyu River, inverted triangle phytoplankton tank, and black square effluent from system.
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Table 2. Abundance (individual L™!) of phytoplankton species in the phytoplankton tank.

Abundance(mean + SD)*

Species name
Day 0 Day 45

Cyanobacteria

Microcystis acruginosa 8.64 +0.37 x 10* 1.44 +0.13 x 10*

Bacillariophyceae
Melosir granulata <1000 ND
Achnanthes lanceolata ND <1000
Chlorophyceae ND <1000

Scenedesmus obliquus 5.8 +0.22 x 10° 1.2 £0.14 x 10*
S. quadricauda ND <1000

Chlorella vulgaris ND <1000

AND not detected in 10-ml sample, <1000 detection of one individual in 10-ml sample.

community changed towards large cladocerans, mainly Daphnia pulex and Daphnia
cucullata, and Mesocyclops leuckartiin the zooplankton chamber. The average summer
abundance and biomass of crustacean zooplankton (May-July. inclusive) increased
from 80.53 ind. I'" and 0.34 mg-1" in Jiyu river to 315.23 ind. I and 1.53 mg-1" in the
zooplankton chamber. Daphnia sp. changed from a summer mean of 7.90 ind. I and
0.41 mgl1" in Jiyu river to 28.85 ind. I''and 0.88 mgl" in the zooplankton chamber.
(Figure 7). Bosmina spp. showed a summer mean of 3.50 ind. I''and 0.25 mg-1" in Jiyu
river to 17.34 ind. I'" and 0.49 mg-1" in-the zooplankton chamber. The number of cyc-
lopoid copepods increased from 27 ind. I in Jiyu river to 77 ind. I'* in the zooplankton
chamber. Predacious zooplankton was represented by Leptodora kindtii (day-time
sampling only) appearing with a summer mean of less than 1 ind. I'* all years. Daphnia
sp. and Bosmina sp. showed also changes in the percentage in crustacean zooplankton
community and the mean body size. The percentage of Daphnia in the crustacean
zooplankton community in zooplankton chamber was much higher than Jiyu river
(65.62% to 13.28%) (Figure 8), and the mean body length of crustacean zooplankton in
zooplankton chamber is much higher than those in the Jiyu river (0.9733 mm to 0.9180
mm). The ratio of zooplankton and phytoplankton in zooplankton chamber is the
higher, which may give a heavy grazing pressure on phytoplankton (Figure 9). Elser et
al. (1988) found that, under conditions of Daphnia dominance, phytoplankton growth
was P-limited while in situations where calanoids dominated, the phytoplankton were
N-limited [32]. Daphnia ecology and physiology focused on its functional responses
related to food quantity, they also addressed qualitative aspects related to phytoplank-
ton community composition, size, shape and digestibility [16]. Similar patterns were
found in the present study, microcystis blooms were less efficient consumed by the
omnivorous or small-bodied crustacean zooplankton in warm-water lakes [11] [30].
However, the abundance of D. pulex in zooplankton chamber appeared unaffected by
the shift of phytoplankton species. This observation may imply that the cyanobacterium
species growing in the phytoplankton tank was well grazed by D. pulex.
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Figure 7. Variations of the abundance (left) and biomass (right) of crustacean zooplankton in the zooplankton chamber and Jiyu river.
Black circle Jiyu river, Open square zooplankton chamber.
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3.3. The Change of Trophic Cascade in the AAFW Systems

Most field investigations that have analyzed the effects of nutrient ratios on zooplank-

ton populations have provided evidence for nutrient limitation, particularly of P, in
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Target water
TN: 120.5g

TP:6.3 g
(100%)

natural zooplankton communities [28] [33] [34]. Isotopic analysis has shown a high as-
similation efficiency of P in Daphnia grazing on P-deficient food [35]. Relative to
copepods, the cellular ratio of N:P in Daphnia is lower, and as a result they are consi-
dered to have comparatively high requirements for P relative to N in their diets [34]
[36]. Many field studies reported that there is a positive relationship between the abun-
dance of Daphnia and seston phosphorus [28] [33]. Phytoplankton biomass decreased
during this period and was associated with relatively high Daphnia abundance, sug-
gesting limitation of food [37]. There was, however, no overall shift towards dominance
of smaller genera such as Bosmina [30]. The ratio of TN:TP was high in the zooplank-
ton chamber and low in Jiyu river. During the outbreak of Microcystis blooms, the low
zooplankton/phytoplankton ratio in the polluted river water may be responsible for the
declined selectivity of fish on zooplankton [38]. The low percentage results suggest that
the outbreak of Microcystis blooms might be partly grazed by large cladocerans- Daphnia.
The mean body length of zooplankton in zooplankton chamber was much higher than
the mean body length of zooplankton in Jiyu river. That mainly attribute to the high ra-
tios of Daphnia in the crustacean zooplankton community. A successful control of algal

bloom may attribute to the large zooplankton size in eutrophic water.

3.4. Deployment of the Food Web System

The material budget of the continuous-flow system was calculated and presented in
Figure 10. For 45 days, the total amounts of TN and TP flowing into the system were
120.46 and 6.29 g, respectively, and the amounts flowing out were 85.55g (71.02%) and
3.31 g (52.69%), respectively. Biologically, 29.01 g (24.08%) of TN and 0.04 g (0.69%) of
TP were removed by phytoplankton and 3.09 g (2.56%) of TN and 1.78 g (28.26%) of
TP by zooplankton. As a high efficiency of nutrients removal ecological engineer, the

(100%) |::>

Phytoplankton tank Zooplankton chamber Effluent
Standing crop Standing crop TN: 85.8 g
TN: 2.66 g TN:0.19g 71.2%)
(2.20%) > (0.16%) > (Tp.'3 3
TP:0.02g TP:1.14 g (52 7{%,)9
(0.27%) (18.08%) '
Ammonia stripping Elimination of

sedimentation D. pulex and

algae uptake sludge

TN:29.01 ¢ TN:3.09g

(24.08%) (2.56%)

TP:0.04 g TP:1.78 g

(0.69%) (28.26%)

Figure 10. Material budget of nitrogen and phosphorus in the continuous-flow AAFW system. Numbers in parentheses = proportion (%)

to the amounts of nutrients in target stream water.
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construction and operation of AAFW was convenient and low cost. While some occa-
sional contaminations such as toxic chemicals and the limitation of both phytoplankton
and zooplankton would result in the collapse of the system. Especially, the development
of non-grazeable large algal species such as filamentous and colonial cyanobacteria
would increase the risk of system collapse [9] [12]. The present study exhibited that co-
lonial microcystis wouldn’t increase the risk of system collapse. The colonial cyanobac-
teria species- microcystis faced with a high competition with green algae and partly
grazed by the larger cladoceran- Daphnia pulex in suitable conditions. These conditions
may including with temperate temperature and a low nutrients concentrations. Our
studies also exhibited that the ratio of TN: TP play an important role in the control of
colonial cyanobacteria bloom. A high abundance of Daphnia in zooplankton commu-
nity may absorb amounts of P loading and result in the increase of TN:TP ratios. So

Daphnia also had an indirect effect on cyanobacteria other than the direct graze.

4. Conclusion

In conclusion, the aquatic food web system can be applied to the management of large
volume non-point source pollutions in polluted river waters, which is the resource of
the eutrophication and the cyanobacterial bloom in rivers and lakes. The aquatic food
web system not only removes the nutrients of sewage efficiently, but also increases the
TN:TP ratio significantly by the P-absorbance of Daphnia. The aquatic food web sys-
tem decreases the percent of harmful cyanobacteria in phytoplankton community and
identified the dominance of Daphnia in zooplankton community. That would be more
important in the control of cyanobacterial bloom and the ecological safety of the aqua-

tic ecosystems.
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