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ABSTRACT 

 
The concept of ‘Three Lines of Defence’ is used to control agricultural non-point 
source pollution. The three lines of defence are: on-farm water-saving irrigation, eco-
channels, and constructed wetlands (irrigation ponds).  
 
Usually, the concentration or mass load removal percent is calculated to evaluate the 
performance of each line based on the measured data on water quantity and quality 
in typical paddy fields, eco-ditches, and constructed wetlands. However, it is difficult 
to use the calculated values for the longitudinal and horizontal comparison of removal 
efficacy between different lines and different irrigation systems owing to various 
reasons. Firstly, the overall removal efficacy of three lines cannot equal the sum of 
each line. Secondly, the numbers corresponding to the removal rate were unable to 
indicate the nitrogen and phosphorus retaining loads of each line. Thirdly, the removal 
percent could not provide technical parameters for the planning and design of the 
‘Three Lines of Defence’ system. 
 
Real defence lines were constructed in three rice-based irrigation systems (i.e. in 
Zhanghe in Hubei, Qingshitan in Guangxi, and Gaoyou in Jiangsu), located in the 
southern China. The TN reduced by each line of defence was 9.3±7.8mg/m2/d, 
710±724mg/m2/d, and 57.3±36.2mg/m2/d, and the reductions in the TP were 
0.22±0.21mg/m2/d, 140±235mg/m2/d, and 8.8±9mg/m2/d, respectively. It was obvious 
that by considering the large planting areas of the paddy fields, the amounts of TN 
and TP reduced by the first line were significant despite its lower removal efficiency. 
The removal mechanisms of the second and third lines of defence were similar. They 
also shared high removal efficiency and a limited total removal effect. Therefore, the 
results from the three irrigation systems can be used as a reference for the 
calculation of the reasonable area allocated to each line of defence, the amounts of 
TN and TP loads removed by each line, and the amounts of TN and TP loads 
retained on the three lines in all. 
 
Keywords: Non-point source pollution, Nitrogen, Phosphorus; Removal efficiency, 
Paddy Rice, Irrigation system, China. 
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1. INTRODUCTION 
 
The concept of ‘Three Lines of Defence’ in irrigation system has been put forward by 
Mao et al. (2009) to solve the issue of agricultural non-point source pollution. The first 
line of defence involves reducing nitrogen and phosphorus emissions by improving 
on-farm management of water and fertilizers (MWF). Improvement measures include 
adjusting the amounts and the timing of irrigation as well asthe amounts and the 
timing of fertilizer applications. The second defence line involves the eco-ditch, which 
is created by collecting drainage water from paddy fields and performing the 
preliminary purification of the water. The conventional ditch can be transformed into 
an eco-ditch by planting vegetation on the slope or by constructing an overflow weir. 
The third line of defence includes using wetlands to treat drainage water through a 
combination of methods such as physical sedimentation, chemical absorption, plant 
absorption, and biological degradation (Lu et al., 2009; Dong et al., 2009). 
 
 

 

Figure 1. A diagram of farm drainage and the distribution of water quality monitoring 
points (points ①, ②, ③, ④, ⑤, and ⑥). 

 

The diagram of the three defence lines is shown in Figure 1. The geometric logic of a 
farmland is very complex. For example, the drainage water from Farmland No. 4 does 
not pass the eco-ditch, and flows directly into the constructed wetland. The drainage 
water from Farmland No. 5 does not pass the wetland, and flows out of the 
experiment area. Typically, farmlands such as Farmland No. 1 and Farmland No. 
2are chosen to quantify the effect of the first defence line. The tradition of MWF is 
practiced in Farmland No. 1, and an optimal MWF is used in Farmland No.2. The 
volume and quality of water at Point① and ② is monitored, respectively. This 
enables the comparison of the effects of the conventional and optimal MWF. A typical 
conventional ditch could be converted into an eco-ditch. The effect of an eco-ditch 
could be quantified by monitoring quantity and quality at the corresponding points③ 
and ④. Similarly, the effect of pond-wetlands can be calculated based on the data 
pertaining to water quantity and quality at points⑤ and ⑥. 
 
In previous studies, the concentration or load removal percentage was used to 
quantify the effect of eco-ditches and wetlands (Shao et al. 2013). However, it was 
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difficult to use the calculated results for longitudinal and horizontal comparisons of 
removal efficiency between different defence lines and different irrigation systems. 
First, the overall removal efficacy of the three defence lines cannot equal the sum of 
each line. Second, the numbers corresponding to the removal rate did not show the 
nitrogen and phosphorus retaining loads of each line. Finally, the effect of a single 
defence line did not necessarily provide useful references for a similar irrigation 
project. Thus, this study used the removal of total nitrogen (TN) and total phosphorus 
(TP) per unit area per day to quantify the effect of the three defence lines. 
Additionally, three irrigation systems, namely, Zhanghe, Qingshitan, and Gaoyou 
located in the southern China were selected to analyse the characteristics of the three 
defence lines. 
 

2. METHODS 
 
2.1 Description of the field experiments in three irrigation systems 

 
Zhanghe Irrigation System: This experiment site was located in the terraced fields of 
Tuanlin Township, Jingmen City, Hubei Province, China. The field experiment was 
conducted in 2009. Geographical coordinates corresponded to longitude112°15.0' 
and latitude 30° 50.0'. The experiment area was 11.8 hm2. Most of the farmland 
consisted of paddy fields. The ratio of the pond area to paddy fields was 1:10. A 
topographic map is shown in Figure 1a.Two typical farmlands were used to conduct 
experiments with respect to the two styles of MWF. An example of a conventional 
MWF is flooding irrigation. An example of an improved MWF is intermittent irrigation. 
Irrigation amounts of flooding irrigation and intermittent irrigation were 4890m3/ha and 
4301m3/ha, respectively. The fertilizer application amount and timing were the same 
across the two treatments. The length of the eco-ditch was 372.2m. The inlet section 
consisted of a trapezoidal cross section with a width of 110cm, a bottom width of 
90cm, and a depth of 60cm. The outlet section consisted of a trapezoidal cross 
section with a width of 90cm, a bottom width of 76cm, and a depth of 35cm. The plant 
used in the ditch was Alternanthera Philoxeroides. The area of the pond wetland was 
2945m2with a depth of 0.45m. The plants in the wetland included Acoruscalamus, 
Phragmitesaustralis, and Alternanthera Philoxeroides. 
 
Qingshitan Irrigation System: The details of this experiments can be found in Wan 
and Mao (2015). The experimental site was located in Qingshitan Irrigation System, 
Guilin City, Guangxi Province, China. A schematic diagram is shown in Figure 2b. 
Geographical coordinates were 110°33'E, 25°30'N. The plantings included early rice 
and late rice. The growing period of early rice extended from April to July with 
abundant rainfall. The growing period of late rice extended from July to October with 
less rainfall. Typical experimental plots were selected in 2013. Conventional MWF 
included flooding irrigation. Anitrogen fertilizer was applied twice, with the basal 
fertilizer (50%) and the topdressing (50%) being applied at the early tillering stage. 
The improved MWF consisted of intermittent irrigation and the application of a 
nitrogen fertilizer four times consisting ofa basal fertilizer (30%) and three 
topdressings (a tillering stage of 30%, an elongation stage of 30%, and a heading 
stage of 10%). The total amounts of fertilizers applied were consistent with each 
other. Phosphorus and potassic fertilizers were applied as base fertilizers at a 
particular time. The eco-ditch collected drainage water from paddy fields. The channel 
consisted of a rectangular cross section with a length of 96.5m, a width of 0.2 m, a 
depth of 0.25 m, and a longitudinal slope of 1/2000. The plants in the ditch mainly 
included Alternantheraphiloxeroides and Fimbristylismilliacea. The pond-wetland area 
was 417m2, and the ratio of the pond area to the paddy area was 1:14. The depth of 
the wetland was 0.30~0.60 m, and the plants in the wetland included Canna indica, 
Zizanialatifolia, and Nymphaea tetragona among others. 
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Figure 2. Aschematic diagram of the three study sites in different irrigation systems, 
(a) Zhanghe, Hubei (b) Qingshitan, Guangxi and (c) Gaoyou, Jiangsu. 

 

Gaoyou Irrigation System: The details of this experiment can be found in Peng et al. 
(2015). This experimental site was located in Gaoyou Irrigation System, Jiangsu 
Province, China (119°11′E, 32°35′N), and the schematic diagram is shown in Figure 
2c. The field experiment was conducted in 2009 and 2010. A conventional MWF 
included shallow-wetting irrigation with no drainage regulation. The improved MWF 
involved controlled irrigation and drainage. During the stage of turning green, 10–30 
mm of ponding water was maintained to enable the seedling to survive. During the 
rest of the growth stage, the water layer was not established and the soil moisture 
was used as a control index to determine the irrigation time and irrigation quota. A 
water gate was constructed with the purpose of regulating the water level in the ditch. 
The length of the wetlands was 300 m, and the width was 10 m. The depth of the 
wetlands during rice season was generally 1.8–2.1 m with a total area of 
approximately 3000 m2, and contained approximately 1.74% of a control paddy area. 
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The plants grown included Hydrillaverticillata, Zizanialatifolia, and 
TrapabispinosaRoxb. 
 
2.2 Data collecting and analysis 
 
The water quality and quantity were monitored similarly throughout the growth stages 
of the rice at the corresponding inlet or outlet as shown in Figure 1 (monitoring points 
①, ②, ③, ④, ⑤, and ⑥) at the three sites. Water samples at different growth 
stages were collected to test total nitrogen (TN) and total phosphorus (TP). In order to 
facilitate theanalysis shown below, L1, L2, and L3 represented the first, second, and 
third lines of defence, respectively. Additionally, H represented the experiments 
conducted in the Hubei Province, J represented the experiments performed in 
theJiangsu province, and G represented the experiments carried out in the Guangxi 
province. The field experiments in the Jiangsu province lasted for two years (2009–
2010), with J1 representing the experiments in 2009 and J2 representing the 
experiments in 2010. There were two stages of rice growth in the Guangxi province, 
with G1 representing early rice and G2 representing late rice. Eq. (1) and Eq. (2) can 
be used to quantify the effect of the three defence lines. 
 

 
0 0 1 1=

i i i i
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  (2) 

RRNj and RRPj denote the removal rates of nitrogen and phosphorus per day per unit 
area, respectively. Additionally, j represents thejth line of defence, and the values of 
jare 1, 2, and 3. Furthermore, C

i 

0denotesthe concentration of TN and TP at the inlet 
during the ith drainage (mg/L); and C

i 

1denotesthe concentration of TN and TP at the 
outlet during the ith drainage (mg/L).W

i 

0denotes total inlet water volume during ith 
drainage(m3), andW

i 

1denotes total outlet water volume during ith drainage(m3). 
Adenotes the area of each defence line, andtdenotes the experiment duration (d). 
When Eq. (1) and Eq. (2) were used in the first line, there were slight differences 
observed from the case in whichC

i 

0 represented the concentration of TN or TP of 
drainage from the experimental fields that practiced conventional MWF. W

i 

0 is the 
corresponding volume of water during the ith drainage. C

i 

1represents the 
concentration of TN or TP of drainage from the experimental fields that practiced 
optimal MWF, W

i 

1denotes the corresponding volume of water during the ith drainage, 
and Arefers to the paddy area. The areas adapted from conventional and optimal 
MWF are usually equal. The first line involves the comparison of two types of MWF. 
The reduced emission of nitrogen and phosphorus is considered as the removal of 
mass pollutants by the first line. 
 

3. Results and discussion 
 
3.1  Comparison of removal efficiency at three study sites 
 
The removal efficiency of TN and TP of the three defence lines is shown in the Figure 
3a, 3b, and 3c. The analysis focused on the difference between the removal 
efficiencies at the three sites. The RRN of J2-L1 was 2.4 times that of H-L1. And also, 
there was a huge gap in RRN between the Jiangsu and Guangxi provinces. With 
respect to the TP, the RRP of G1-L1 was the highest at 0.56mg/m2/d. The next 
highest was J2-L1. Generally, Jiangsu has a good level of efficiency for nitrogen and 
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phosphorus removal because there is no water layer in the fields of Jiangsu except at 
the turning green stage. 
 
The removal effect of the 2nd defence line at the three sites is shown in Figure 3b. The 
trend of RRN and RRP was the same. The largest values of RRN and RRP were 
obtained at G1-L2, and corresponded to 1710 mg/m2/d and 550 mg/m2/d, 
respectively. The RRN and RRP of G1-L2 were 1.57 times and 20.0 times that of the 
J-L2, and thus the eco-ditch of Guangxi performed the best among the three sites. 
 

 

Figure 3.  The removal rates of TN and TP by the three lines at the three sites. 
Here, G represents Guangxi, J represents Jiangsu, and H represents 
Hubei. L1 (a), L2 (b), and L3(c) represented the first, second, and third 
lines of defence, respectively. 

 

The performance results for the third defence line are shown in Figure 3c. The trends 
of RRN and RRP were not consistent with each other. They differed with respect to J-
L3 and H-L3. The RRN of J-L3 (97 mg/m2/d) was 1.29 times that of H-L3 (75 
mg/m2/d). With respect to the total phosphorus, the RRP of H-L3 was higher than that 
of the J-L3. The RRN of G1-L3 was slightly lower than that of the H-L3. The RRN for 
the three sites did not differ significantly, with the exception of G2-L3. However, the 
RRP differs significantly across the three sites. The largest RRP of 23.3 mg/m2/d was 
obtained for G1-L3. The RRP of G1-L3 was 2.6 times that of H-L3 and 7.3 times that 
of J-L3. In the third defence line, the Jiangsu and Guangxi performed best with 
respect to RRN and RRP, respectively. 
 
3.2 Comparison of removal rate and removal performance of three defence 

lines 
 
Table 1 lists the averages of RRN and RRP for the three defence lines. The second 
line performed best with respect to the RRN and RRP with values corresponding to 
708 mg/m2/d and 143mg/m2/d, respectively. The RRN and RRP of the first line were 
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the lowest. The removal performance of three lines was discussed in the following 
section by considering Jiangsu as an example. There was a significant difference in 
the removal performance of TN. The removal performance of TN of the first line was 
1.8 times that of the second line and was 10.8 times that of the third line. With respect 
to the removal performance of TP, the removal performance of TP was similar 
between the first and second lines. However, the removal performance of TP of the 
third line was only 0.25 times that of the first line.  
 

Table 1. The removal rate of nitrogen and phosphorus for the three lines 

 

No. RRN / mg / m2 / d） RRP / mg / m2 / d） 

L1 9.3±9.7* 0.22±0.21 

L2 708±720 143±240 

L3 57±36 8.8±9 

* The former number corresponds to the average removal rate and the latter number refers to the 
variance of the corresponding removal rate. L1, L2, and L3 represent the 1st, 2nd and third 3rd 
defence lines, respectively. 

 
In terms of agricultural non-point pollution control, the improvement in MWF 
presented the basic solution. The reduction in drainage from the paddy fields was 
very important because it could also reduce the emission of pollutants from the 
source. Although the removal efficiency was low, the relevant area was large and 
thus the effect could be significant. The disadvantage was that it consumed a 
considerable amount of manpower and resources. From the viewpoint of pollutant 
movement, the main principle of the second line involved converting a nonpoint-
problem to a line-problem through the collection of surface runoffs of a canal system. 
Moreover, the third line included converting a nonpoint-problem to a point problem 
through similar drainage water collection with the second line. The difference between 
lines and points may account for the variation in removal efficiency between eco-
ditches and constructed wetlands. 
 
The removal mechanisms of the second and third line of defence were similar, and 
they shared a high removal efficiency and a limited removal effect in common with 
each other. Canals and ponds constitute important components of an irrigation 
system. The transformation of traditional ditches to eco-ditches is the focus of this 
study and this should be a continued focus in future researches. Littlejohn et al. 
(2014) reported that canals performed well when low-grade weirs were constructed. 
Irrigation ponds are scattered around the irrigation district in southern China, and 
therefore are responsible for both water storage as well as for water purification (Pan 
et al. 2012; Shao et al. 2013). Hence, the role of ditches and pond wetlands should 
be fully considered. 
 

Table 2. Removal effect of the three lines in Jiangsu. 

Defence line TN（kg/d） TP（kg/d） 

J-L1 3.145 0.043 

J-L2 1.729 0.046 

J-L3 0.291 0.010 

Note:  J represents Jiangsu and L1, L2, and L3 represent the first, second, and 
third defence lines, respectively. 
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The descending order of the three defence lines in terms of removal efficiency is L2, 
L3, and L1. However, the standard deviation of the removal rate was large overall, 
and this could impair the reliability of the above conclusion. But undoubtedly, the gap 
of removal efficiency of the three defence lines is in one or two orders of magnitude. 
Hence, the large standard deviation did not affect the establishment of a conclusion. 
The large standard deviation indicated the variability between the three regions, 
which also demonstrated the necessity of using the removal rate per unit area per 
time. In the case where the removal percentage was adapted, it could not 
demonstrate the absolute variability across the different regions. For example, the 
removal percentages of TN and TP loads in the first line of Guangxi were 24% and 
19%, respectively. In contrast, the removal percentages of TN and TP loads in the 
first line of Jiangsu were 53% and 37%, respectively. The percentages indicated that 
Jiangsu performed better in terms of the removal effect. This was the only information 
that was obtained from the results of the study. The same standard was established if 
the removal rate per unit area per time was used. Furthermore, it was very convenient 
to compare the removal performances between different systems and to provide 
references for adjacent areas. Additionally, for the estimation of a non-point source 
pollution emission load, the export coefficient modelling approach was widely used 
(Johnes, 1996). The core involved calculating the pollution production per unit (per 
unit person, livestock, or land area). Similarly, Eq. (3) and Eq. (4) could be used in a 
step-by-step calculation to determine the removal mass from the first line to the third 
line. Furthermore, in order to achieve the emission requirements of the entire 
irrigation system, a reasonable area of each defence could be allocated based on the 
results from the three irrigation systems. This may be expressed as follows: 
 

 

3

1

j

j
j

TRN A RRN


   (3) 

 

3

1

j

j
j

TRP A RRP


   (4) 

where TRN and TRP represent the total removal of nitrogen and total removal of 
phosphorus of three defence lines, respectively, and Aj is the area of jth line with 
equal to 1, 2, and 3. 
 

4. CONCLUSIONS 
 
The removal rates of nitrogen of the three defence lines were 9.3mg/m2/d, 708 
mg/m2/d, and 57mg/m2/d. The removal rates of phosphorus were 0.22 mg/m2/d, 143 
mg/m2/d, and 8.8 mg/m2/d. The second lines performed the best in terms of removal 
efficiency. The second and third lines converted the non-point problem to a line-
problem and point-problem through the surface runoff in the canals. Hence, the role 
of the second and third lines in the irrigation should be fully considered. The first line 
performed the best in terms of removal performance because of its massive area. 
Thus, reducing the pollutant emission by applying new MWF constitutes a basic 
method. 
 
There were a few differences across the removal rates of the three sites. The removal 
rate per time per unit area should be used to quantify the three defence lines. In this 
manner, the reduced emissions of nitrogen and phosphorus from the first defence line 
to the third defence line could be calculated. 
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