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Abstract

:

The objectives of this study were to clarify the effects of scale on farmland drainage water and the nitrogen and phosphorusload discharged in hilly irrigation areas. An experimental study was conducted to monitor the drainage water volume and nitrogen and phosphorus concentrations at the field, lateral ditch (with a control area of 1.16 km2), branch ditch (with a control area of 7.76 km2), and watershed (with a control area of 43.3 km2) scales in the Yangshudang watershed of the Zhanghe Irrigation District during the rice growth period in 2022. The results showed that from the field scale to the watershed scale, the volume of drainage water, total nitrogen load, nitrate nitrogen load, ammonia nitrogen load, and total phosphorus load per unit area were reduced by 74.6%, 88%, 85%, 87%, and 60%, respectively. The loads of total nitrogen, nitrate nitrogen, ammonia nitrogen, and total phosphorus decreased with the increase of scale, showing a pronounced scale effect; however, the infrequent recharge of ponds and weirs and the insufficient storage capacity of ditches led to an increase in nitrogen and phosphorus concentrations and hence an increase in the load discharge instead, as in the branch ditch scale of this study. The scale effect was mainly caused by the reuse of farmland drainage water; thus, the ability of ponds and weirs, ditches, and reservoirs in hilly irrigation areas to regulate nitrogen and phosphorus concentrations should be improved. Irrigation methods have a significant influence on nitrogen and phosphorus load discharge. The control of farmland non-point sources in hilly irrigation areas should focus on controlling drainage water at the late tillering stage and improving the recharge function of ponds and weirs and the storage capacity of ditches above the branch ditch scale so as to control the concentrations of nitrogen and phosphorus pollutants.
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1. Introduction


Irrigated areas are of great significance to guarantee the grain production security in China. Due to the spatial variability of underlying surface properties and human activities on the water cycle, the water cycle process in irrigated areas not only includes precipitation, evaporation, seepage, and runoff in natural watersheds, but is also affected by irrigation, drainage, and water storage, so the water cycle process varies greatly among different scales [1,2]. A large number of experiments and studies have been carried out on the water cycle and transformation regularity at the farmland scale and at irrigation units. On the basis of experimental observations, evapotranspiration [3], vertical seepage [4], lateral seepage [5,6], water absorption by roots [7], drainage [8], and other elements have been numerically simulated, and different models for the water transformation process at field scales have been developed [9,10,11,12]. The water balance model, hydrodynamics model, and watershed hydrological model are often used to study the water cycle process in irrigated areas. For example, Cui et al., 2018 [13] used the improved SWAT model to study the water cycle process in the irrigated area of the Tongjiqiao Reservoir in Zhejiang Province. Gosain et al., 2005 [14] applied the SWAT model to study the spatial-temporal variation characteristics of groundwater regression caused by irrigation in the Pslleru Basin, India, and predicted the runoff of the basin without human intervention (reservoir management and irrigation). Gosain et al., 2005 [14] also evaluated the influence of irrigation and other human activities on regional water balance. Cui et al., 2006 [15] believed that reclaimed water and reuse existed in the water cycle process of irrigated areas due to irrigation and rainfall. Schulze, 2000 [16] found significant differences in water movement in irrigated areas at different spatial and temporal scales. Loeve et al., 2004 [17] studied the water productivity at different scales in the Zhanghe irrigated area and found that, influenced by the reuse of irrigation backwater, the water productivity based on irrigation water consumption was lowest at the channel scale and highest at the irrigated area scale.



Southern China is rich in water resources, and the rainfall is sufficient to easily cause a coincidence of rainfall and fertilizer from May to September, which, in turn, causes a large amount of farmland nitrogen and phosphorus runoff losses. Rice field and dryland field rotation have been widely used in this irrigation area and have resulted in the boundary of the land and the watershed changing in one or several rotation cycles. This has aggravated the spread of nitrogen and phosphorus, easily triggering non-point source pollution. In addition, the river network and the canal system in the irrigated area are interlaced, connecting farmland with the main river and lake, providing convenient conditions for the diffusion of nitrogen and phosphorus in the farmland. In addition, flood irrigation has been adopted in southern China, and in order to improve production, the use of chemical fertilizers and pesticides is high, resulting in increasingly serious non-point source pollution. In recent years, many studies have been carried out on water saving and emission reduction in irrigated areas [18,19,20,21,22].



Using the water cycle as a carrier to study the patterns of the migration and transformation of pollutants at different scales in irrigation areas, especially nitrogen and phosphorus, the most important pollution factors, is of great significance for water conservation and discharge reduction in China’s southern irrigation areas. A previous study showed that there are significant differences in the migration and transformation of nitrogen and phosphorus at different scales in irrigation areas [23]. The migration and transformation of nitrogen and phosphorus at the field scale are affected by factors such as fertilization, irrigation, and precipitation [24,25]. In contrast, the migration and transformation of nitrogen and phosphorus in ditches, ponds, and weirs are affected by factors such as the project layout, vegetation types, irrigation and drainage management measures, and seasons [26]. The amount of pollution produced at the source is not equal to the amount of discharge that finally enters the downstream water bodies during the migration and transformation of nitrogen and phosphorus in farmland to the downstream, during which nitrogen and phosphorus are subject to plant uptake, nitrification–denitrification, soil adsorption, and drainage water reuse. This pattern of changes in non-point source pollution with the increase of scale is known as the scale effect on non-point source pollution discharge [27]. A study by He et al. [28], 2010, on the nitrogen and phosphorus discharge of paddy fields at six scales in the Zhanghe Irrigation District found that the nitrogen and phosphorus load discharged from paddy fields decreased as the scale increased. Based on the SWAT model, Liu et al., 2016 [29] found that agricultural non-point source pollution in the Fangxihu Irrigation District had a greater reduction effect at the field scale than at the watershed scale, which implied that improving the field irrigation methods at the source could achieve a better pollution reduction effect. Chen et al., 2016 [30] used the SWAT model to simulate and analyze the change pattern of total nitrogen (TN) and total phosphorus (TP) load discharge with the increase of the scale under different scenarios, and their results showed that the TN and TP load discharge per unit area increased gradually with the increase of the scale due to the increase in the proportion of paddy field area as the scale increased. In hilly irrigation areas, due to their topography, drainage occurring in the fields after precipitation or irrigation is characterized by high intensity and short duration, and ponds and weirs and ditches of various scales are the first carriers to receive the drainage water. The recycling of this water is an important cause of the scale effect on the nitrogen and phosphorus load discharged in irrigation areas [31,32,33,34,35]. The focus and challenges of the current research center on the relationship between the reduction or increase of nitrogen and phosphorus loads at different scales, the mechanisms underlying this reduction or increase, and how to quantitatively describe and predict the changes in nitrogen and phosphorus pollution loads at different scales.



In this study, a relatively closed zone was selected in a hilly irrigation area, and four nested scales from small to large, namely the field, lateral ditch, branch ditch, and watershed scales, were set up. Monitoring experiments on the volume of irrigation water, the volume of drainage water, and the water quality were conducted during rice growth stages in 2022 to investigate the changes in the volume of drainage water, the nitrogen and phosphorus concentrations in the drainage water, and the nitrogen and phosphorus load discharged at different scales, and to analyze the influence of scale on the drainage water quality and pollution load, with an aim of revealing the mechanism of the scale effect in hilly irrigation areas and providing a basis for the targeted prevention and control of non-point source pollution in irrigation areas.




2. Materials and Methods


2.1. Overview of the Experimental Area


The experimental area was located in the Yangshudang watershed of the Zhanghe Irrigation District. Three catchment scales, namely the lateral ditch, branch ditch, and watershed scale, were delineated based on elevation lines to form, with the experimental field, study areas at four scales. The four study scales were nested successively from small to large, and each was relatively closed. The basic situation of each scale was as follows: (1) Watershed scale: located between Sanganqu and the first branch of Sanganqu in the Zhanghe Irrigation District, this was a relatively closed area within the Zhanghe Irrigation District, with an area of about 43.3 km2. (2) Branch ditch scale: the closed area formed by two branch canals near the Honghe reservoir upstream of the Yangshudang watershed. The outer ring line was selected as the study area at the branch ditch scale, with an area of 7.76 km2. (3) Lateral ditch scale: the relatively closed area between two lateral canals was selected as the study area at the lateral ditch scale, with a total area of about 1.16 km2. (4) Field scale: four paddy field plots where lateral ditches were drained directly within the area at the lateral ditch scale were selected as a typical experimental field. The land in the studied area was used mainly for middle rice cultivation during the trial period for many years. The relative locations of the study areas at different scales are shown in Figure 1.




2.2. Data Collection and Processing


2.2.1. Fertilizer


The fertilizer was applied twice during the whole growth phase. The base fertilizer was applied on 16 May, and the nitrogen, phosphorus, and potassium compound fertilizer was 675 kg per hectare. Topdressing was performed on 28 May, applying 58 kg urea per hectare.




2.2.2. Sampling and Measurement


Water quantity. We installed water level monitoring equipment, HOBO (U20L-04), at each drainage outlet and collected data once every 10 d. In the process of rainfall, irrigation or drainage, the water level-velocity relationship curve was monitored, and the drain outflow and irrigation amount were calculated according to the curve.



Field discharge (P01). Field discharge was measured by the Bacher tank installed at the field drainage outlet.



Lateral ditch scale discharge (P02). A triangular weir was installed to obtain the water level-velocity curve.



Branch ditch scale discharge (P03). A wide-crest weir was installed to measure the flow.



Watershed scale discharge (P05). The drainage was measured according to gate opening.



Rainfall. The HOBO RG3 tip-bucket self-recording rain gauge was installed in the study area.



Water quality. Sampling at the HOBO installation site was performed every 10 days, increasing the frequency after irrigation, rainfall, and fertilization. After the rainfall, samples were taken on the 1st day, 3rd day, 5th day, 7th day, and 9th day after the rain. Water samples were collected and refrigerated. Field surface water and deep seepage water samples were taken at the same time as drainage water samples.



The deep seepage water was collected by a PVC pipe like shaped like a “7.” The transverse section was about 50 cm and buried 40 cm underground horizontally. Small holes with a diameter of about 5 mm were made on the wall of the pipe, and the filter gauze was wrapped. The vertical section was exposed to the ground vertically with a lid at the top, which was closed when not sampling. Water was pumped out 12 h in advance when sampling.



Field surface water samples were taken directly from the surface. In the field, 5 points were selected according to the shape of plum blossom, and 5 water samples were mixed in equal amounts as primary sample.



A total of 255 samples were sampled during the rice growth period in 2022, and the sample date is shown in Table 1. Total nitrogen, nitrate nitrogen, ammonia nitrogen, and total phosphorus were determined by a continuous-flow-chemical analyzer (AA3).




2.2.3. Data Processing


According to the monitored nitrogen and phosphorus concentrations in farmland drainage water and in drainage ditches of different scales as well as the corresponding volumes of drainage water, the load W carried in each drainage process during the monitoring period was calculated using Equation (1) based on the calculation principle of the average concentration method.


  W =  C ¯    ∫  0 t  Q  ( t )  d t =  C ¯  Q ,  



(1)




where    C ¯    is the mass concentration of nitrogen and phosphorus pollutants in the drainage water, mg/L;   Q ( t )   is the drainage flow rate, m3/s; and  Q  is the total volume of drainage water at all scales, m3. Three parallel samples were measured at each point to ensure the accuracy of the concentration. The standard deviation of statistical parameters was used to evaluate the reliability of the 255 samples [36].






3. Results


Field water balance elements and field water quality were analyzed. Nitrogen and phosphorus load discharge in the field were calculated by the volume and concentration. Changes in the volume of drainage water at different scales are shown by graphs and tables. Variations in the nitrogen and phosphorus loads in the drainage water with the increase of scale were analyzed.



3.1. Change Pattern of Field Water Balance Elements


Table 2 shows the field water balance elements. As we can see from the table, a total of 475 mm of precipitation fell during the rice growth period in 2022. Precipitation was mainly concentrated in the tillering stage and jointing-booting stage, with 300.5 mm of precipitation in the tillering stage accounting for 63.2% of the total precipitation.



The typical experimental field was irrigated 12 times during the whole growth period, using a total volume of irrigation water of 317.1 mm. During irrigation, 49.5% was applied at the regreening stage, about 20% at the tillering stage, 18.5% at the heading-flowering stage, and 10.9% at the milk stage.



Evapotranspiration was the main form of water output from the field, accounting for 45.4% of the output water, followed by drainage water (35.7%), as well as deep seepage and lateral seepage, which were largely the same and each accounted for 9.6% and 9.3% of the output water, respectively. The evapotranspiration of rice at the jointing-booting stage and at the heading-flowering stage were 23.8% and 23.3%, respectively, which were larger than that at other growth stages.



The volume of deep seepage in the field was large at the regreening stage and the early tillering stage, about twice that at other growth stages. During this period of time, the field needed soaking irrigation to maintain a certain depth of the water layer on the field surface, thus resulting in a large volume of deep seepage.



The volume of lateral seepage was ranked in the order of regreening stage > early tillering stage > heading-flowering stage > jointing-booting stage > late tillering stage > milk stage > yellow ripening stage. This was because there was a large volume of irrigation water but a small amount of precipitation at the regreening stage, so the drainage ditches adjacent to the field were basically dry, resulting in an increase in the volume of lateral seepage. In contrast, there were large volumes of precipitation and drainage water at the late tillering stage, with precipitation accounting for 42.3% of the total precipitation and drainage water accounting for 43.0% of the total drainage water, resulting in a certain volume of water in the adjacent ditches. Therefore, there was a low volume of lateral seepage from the field to the ditches, indirectly indicating that irrigation had a greater influence on lateral seepage than precipitation.




3.2. Changes of Nitrogen and Phosphorus Concentrations in Different Water Bodies in the Field


3.2.1. Field Water Quality


As shown in Figure 2, before the late tillering stage, the nitrogen content was high and had large fluctuations, with several fluctuations closely related to the precipitation and irrigation after fertilization. At the late tillering stage, the nitrogen concentration was low and fluctuated very little, which was related to the scarcity of water in the field and no fertilization.



TP experienced several significant fluctuations throughout the whole growth period, with a peak at every growth stage. These fluctuations were considered to be mainly related to rice growth and uptake under the condition of no fertilization.




3.2.2. Seepage Water Quality


As shown in Figure 3, the nitrogen in the seepage water at a depth of 40 cm in the field fluctuated significantly throughout the entire growth period, with the fluctuation in the early tillering stage related to precipitation and irrigation after fertilization and the fluctuation in the late tillering stage mainly caused by precipitation, which led to nitrogen leaching.



TP underwent several obvious fluctuations during the entire growth period, reaching a peak at each growth stage. These fluctuations were considered to be mainly due to precipitation.





3.3. Patterns of Nitrogen and Phosphorus Load Discharge in the Field


3.3.1. Nitrogen Load Discharge in the Field


Table 3 shows an analysis of the nitrogen load discharge in the field. Combined with the analysis in Table 3, it can be seen that the change trend of the nitrogen load of the drainage water in field was similar with that of the drainage water volume. The nitrogen load was the greatest at the regreening stage and gradually decreased with the development of growth stages, becoming basically zero at the milk and yellow ripening stages. The total nitrogen (TN) load, nitrate nitrogen (NO3−-N) load, and ammonium nitrogen (NH4+-N) load discharge all peaked at the regreening stage, the early tillering stage, and the late tillering stage, with the TN, NO3−_N, NH4+_N load discharge reaching over 97.9%, 86.4%, 92.2%, 98.3%, 88.4%, 80.5%, 99.2%, 94.1%, and 98.9% of that during the whole growth period from drainage and from deep seepage and lateral seepage, respectively. TN and NO3−-N loads were discharged the most via drainage, followed by deep seepage, and the least via lateral seepage. The NH4+-N load was discharged the most via drainage, followed by lateral seepage, and the least via deep seepage. Controlling drainage from the regreening stage to the late tillering stage is key to reducing the nitrogen load discharge.




3.3.2. TP Load Discharge in the Field


Table 4 shows an analysis of the TP load discharge in the field. Combined with the analysis in Table 1, it can be seen that the TP load discharge in the field was small, and the change law was similar with that of the volume of the drainage water. The TP load was discharged the most via drainage, followed by deep seepage, and the least via lateral seepage. The discharge of the TP load via drainage mainly occurred before the late tillering stage, with the amount of loss accounting for 89% of the total load discharge. The discharge of the TP load via deep seepage was basically present throughout the entire growth period and mainly occurred at the late tillering stage and the heading-flowering stage. The discharge of the TP load via lateral seepage did not vary greatly across growth stages and remained around 10% in most stages. These findings indicate that drainage should be controlled to reduce the TP load at the late tillering stage.





3.4. Changes in the Volume of Drainage Water at Different Scales


Table 5 shows the volume of drainage water at different scales during different growth stages. It can be seen from Table 4 that the volume of drainage water was the largest at the late tillering stage at all scales. In addition, the proportion of the volume of drainage water at the early and late tillering stages to the total volume of drainage water increased from 43.0% to 69.3% with the increase of the scale and began to decrease to 43.7% at the watershed scale. There was basically no drainage at each scale during the milk and yellow ripening stages; the proportion of the volume of drainage water at the heading-flowering stage to the total volume of drainage water increased from 0% to 17.4% with the increase of the scale, reaching its maximum at the watershed scale; at the jointing-booting stage, the proportion of the volume of drainage water at the field, lateral ditch, and branch ditch scales to the total volume of drainage water was around 10%, increasing to 22.9% at the watershed scale.



At the same scale, the proportion of the volume of drainage water at a certain growth stage to the total volume of drainage water was basically the largest at the late tillering stage, zero (no drainage) at the milk and yellow ripening stages, and essentially the same at the early tillering and heading-flowering stages. At the regreening stage, the volume of drainage water at the field scale accounted for the largest proportion of the total volume of drainage water, while the proportions at other scales were largely the same. At the jointing-booting stage, the volume of drainage water at the watershed scale accounted for the largest proportion of the total volume of drainage water, while the proportions at other scales were basically the same.



Figure 4 shows the volume of drainage water per unit area at different scales. As shown in the figure, there was a pronounced scale effect on drainage in the experimental area, and the volume of drainage water per unit area dropped significantly from the field scale (2796 m3/hm2) to the lateral ditch scale (444.07 m3/hm2) and then rebounded slightly at the watershed scale. In comparison, the volume of drainage water at the lateral ditch, branch ditch, and watershed scales decreased by 84.1%, 87.3%, and 74.6%, respectively, compared to that at the field scale.




3.5. Changes in Nitrogen and Phosphorus Concentrations in Drainage Water at Different Scales


3.5.1. Nitrogen Concentration in Drainage Water at Different Scales


Figure 5 shows the curves of changes of the measured nitrogen concentration in drainage water at different scales during the entire growth period. The nitrogen concentration in drainage water varied considerably at the field, lateral ditch, and branch ditch scales and varied slowly at the watershed scale. After the application of base fertilizer, the concentrations of TN, NO3−-N, and NH4+-N were at high values at all scales, with the concentration at the lateral ditch scale being the highest at 9.5 mg/L. Samples taken one day after topdressing showed the highest nitrogen concentrations at the field and lateral ditch scales, reaching 10.4 mg/L at the field scale and then decreasing rapidly. TN and NO3−-N peaked once at the late tillering stage and the heading-flowering stage, respectively, which was related to the precipitation on 27 June and on 26 and 27 July, respectively, while the NH4+-N concentration remained stable at less than 1 mg/L after the decrease. Overall, nitrogen concentrations increased rapidly after fertilization at all scales, especially at the field and lateral ditch scales. Precipitation also led to a rapid increase in TN and NO3−-N concentrations at the field, lateral ditch, and branch ditch scales, but had little influence on nitrogen concentrations at the watershed scale, which was related to the regulating effect of the Yangshudang Reservoir at the watershed scale.




3.5.2. TP Concentrations in Drainage Water at Different Scales


Figure 6 shows the curves of changes of the measured TP concentrations in drainage water at different scales during the entire growth period. It can be seen from Figure 6 that the TP concentration fluctuated greatly throughout the entire growth period but was generally lower than 1 mg/L. As with nitrogen, the two large fluctuations in TP concentration occurred after precipitation. The pattern of concentration fluctuation was basically the same at all scales except for at the branch ditch scale. The TP concentration was the largest at the branch ditch scale at any given stage.





3.6. Changes in Nitrogen and Phosphorus Loads in Drainage Water with the Increase of the Scale


3.6.1. Nitrogen Load in Drainage Water in Different Growth Phases


Figure 7 shows the nitrogen load in the drainage water. The change trend between the nitrogen load in the drainage water and the volume of drainage water at different growth stages at all scales was similar. The nitrogen load in the drainage water decreased with the increase of the scale during the entire growth period. Compared with that at the field scale, the TN load decreased by 84% at the lateral ditch scale, 64% at the branch ditch scale, and 88% at the watershed scale; the NO3−-N load decreased by 57% at the lateral ditch scale, increased at the branch ditch scale, and decreased by 85% at the watershed scale; and the NH4+-N load decreased by 94% at the lateral ditch scale, 94% at the branch ditch scale, and 87% at the watershed scale. The nitrogen load discharge at the branch ditch scale increased significantly in the late tillering stage.




3.6.2. TP Load in Drainage Water in Different Growth Phases


Figure 8 shows the TP load in the drainage water at each growth stage and throughout the entire growth period. The change trend between the TP load in the drainage water and the volume of drainage water at different growth stages at all scales was similar. It can be seen from Figure 8 that the TP load at each growth stage basically decreased with the increase of the scale but was abnormal at the late tillering stage and the heading-flowering stage. In particular, the TP load increased significantly at all scales at the late tillering stage, with 38 g/hm2 at the field scale and up to 65 g/hm2 at the branch ditch scale. During the entire growth period, the TP load decreased with the increase of the scale; compared with that at the field scale, the TP load decreased by 66% at the lateral ditch scale and 60% at the watershed scale but increased instead at the branch ditch scale. This was related to the significant increase in the TP load at the branch ditch scale at the late tillering stage.






4. Discussion


The influence of irrigation methods on the drainage and nitrogen and phosphorus discharge load are explored, the regression utilization model of irrigation water is analyzed, and the mechanism of the scale effect is discussed.



4.1. Influence of Irrigation Methods on the Volume of Drainage Water and on Nitrogen and Phosphorus Loads in Drainage Water


The rice irrigation in the study area was generally in intermittent mode [29], with soaking irrigation during the regreening stage, draining and sunning the field during the late tillering stage, and irrigating or draining the field during the other growth stages according to soil moisture conditions. The main task at the late tillering stage of rice is to control the number of ineffective tillers. When the number of tillers reaches the expected number of panicles, excess water in the field must be removed in time; that is, the field should be actively drained when it is flooded due to precipitation during this stage [37]. In 2022, there was a total of 201 mm of precipitation at the late tillering stage (from 15 June to 4 July), accounting for 42.3% of the total precipitation during the rice growth period. Combined with the low water demand of rice, a large volume of drainage water was therefore generated from the field at this growth stage. The increase in drainage caused significant fluctuations in the concentrations of NH4+-N, which is morphologically unstable, and TP, which is highly susceptible to adsorption and leaching. This resulted in a significant increase in the nitrogen and phosphorus discharge loads at the lateral ditch, branch ditch, and watershed scales during this stage, as shown in Figure 7 and Figure 8, especially at the branch ditch scale. This is consistent with the results of previous studies [38].




4.2. Influence of Reuse of Farmland Drainage Water on the Scale Effect


According to the field survey, the area of ponds and weirs and the area of irrigation and drainage systems at all levels in the study area accounted for 13.4% and 7.3% of the total area, respectively, and their function as an intermediate carrier for water storage should not be overlooked. There are two modes of reuse of farmland drainage water in south China: ① water in drainage ditches for irrigation; and ② drainage water received by ponds and weirs for irrigation. The process of reusing farmland drainage water is shown in Figure 9. The reuse frequency of farmland drainage is determined by the demand in our system, which is similar to the recycling system of ponds-wetland constructed by Wang et al., 2022 [39] in Shanghai. The system established by Wang et al. stipulates that the pond water is reused three times a year. SWAT model analysis also shows that making full use of pond water can reduce irrigation water [40].



According to the result of a previous study by this research group on this subject, the farmland drainage water at the lateral ditch scale in this study area reached a reuse rate of 89.93% [41], which is not far from the result of 85.3% reported by Takehide et al. [42], 2011 for the surface watershed of Lake Biwa in Japan and 75.50% reported by Fleifle et al. [10], 2012 in Egypt. There was a large area and a large number of ponds, weirs, and ditches at the branch ditch scale. Due to the limited quantity and accuracy of test monitoring equipment, no specific data were available for the reuse rate of drainage water. However, the volume of drainage water per unit area at the branch ditch scale was slightly smaller than that at the lateral ditch scale. The research results in the same area indicated that the larger the scale, the higher the degree of reuse of ditch drainage [41,43].



At the watershed scale, the volume of drainage water per unit area increased slightly with the increase of the catchment area, as shown in Figure 4. The overall change trend is similar to the results of previous similar studies [27,28,44]. The available irrigation return flows are mainly related to the engineering condition, water management level, crop type, soil type, and other factors in the irrigation systems. As these factors are similar at different scales, the percentage of the available irrigation return flows in the gross irrigation water consumption over a certain scale is also similar at different scales [34].



Return flow is dependent on many aspects, such as soil characteristics, method of irrigation, rainfall, etc., and it is not appropriate to put a rule-of-thumb value on such quantities [14]. Considering the uncertainties of the watershed control area and precipitation, further monitoring experiments are needed to characterize the changes in the volume of discharge water per unit area with the increase of scale.



The discharge loads at the field scale and watershed scale were larger than those at the lateral ditch scale and branch ditch scale, which was due to the large drainage quantity. From the field scale to the lateral ditch scale and branch ditch scale, the drainage water was reduced, indicating that a large amount of water was reused in ponds and ditches.



The nitrogen and phosphorus load discharges at the farmland scale were largest due to the drainage quantity. From the farmland scale to the lateral ditch scale and branch ditch scale, ponds and ditches were recharged sufficiently. From the lateral ditch scale to the branch ditch scale, the control area increased significantly, while the density of ponds and weirs in this area was lower than that at other scales. In addition, there was a large number of farming ponds that were recharged infrequently, coupled with the general short duration and high intensity of precipitation in this area. Therefore, the farmland runoff had a high intensity and a strong scouring effect. As a result, the nitrogen and phosphorus load discharges were high at the drainage outlets at the branch ditch scale.



As can be seen from Figure 6 and Figure 7, after passing through the Yangshudang Reservoir, the concentrations of TP, TN, NO3−-N, and NH4+-N all decreased, and the load discharge was reduced at the outlet of the watershed. This indicates that the drainage transfer stations, such as ponds and weirs, depressions, and the Yangshudang Reservoir, weakened the drainage intensity and load discharge and had a strong regulating effect on agricultural non-point pollution in this area, which was a key cause for the scale effect on the drainage water volume and the nitrogen and phosphorus discharge loads in similar areas. This is basically consistent with the research results of He Jun, 2010 [28] and Yang Baolin, 2014 [27], who believed that ecological channels have a significant improvement effect on drainage water quality at the farmland scale and lateral scale.





5. Conclusions


The effects of lateral seepage and deep seepage on field water balance and the effects of scale effect on drainage and nitrogen and phosphorus discharge load are summarized. The reason of scale effect is mentioned, and strategies to reduce the drainage and nitrogen and phosphorus discharge load in hilly irrigation areas are put forward.



(1) The water output from the field was dominated by evapotranspiration, accounting for 45% of the total output water; followed by drainage, accounting for 36% of the total output water; and lateral seepage and deep seepage, each accounting for about 10% of the output water from the field. Attention should be paid to controlling lateral seepage and deep seepage to reduce the loss of farmland water. From the field scale to the watershed scale, the volume of drainage water per unit area decreased by 74.6%, the TN load decreased by 88%, the NO3−-N load decreased by 85%, the NH4+-N load decreased by 87%, and the TP load decreased by 60%, showing a pronounced scale effect.



(2) The scale effect was mainly caused by the reuse of farmland drainage water from the irrigation area, and the ponds and weirs, ditches, and reservoirs in the irrigation area had a strong regulating effect on the nitrogen and phosphorus concentrations. The sudden change in the load discharge at the branch ditch scale was mainly due to the low density and low recharge frequency of ponds and weirs in the control area of this scale, which led to the continuous rise of nitrogen and phosphorus concentrations at this scale. Therefore, during time periods in which a large volume of drainage water occurs, ponds, weirs, and ditches should be emptied in advance to enhance their recharge function and thus store drainage water to reduce the concentration and load discharge of nitrogen and phosphorus.



(3) Irrigation methods had a marked influence on nitrogen and phosphorus load discharges, and the adoption of high-intensity irrigation and drainage at a particular growth stage was highly likely to lead to the loss and leaching of nitrogen and phosphorus. Therefore, in hilly irrigation areas with sufficient moisture, the wet irrigation mode should be adopted as much as possible to keep the field from being too dry or too wet for a long period of time and to minimize the occurrence of high-intensity drainage. When treating non-point source pollution with the watershed as a unit, the focus should be placed on controlling drainage at the late tillering stage and improving the recharge function of ponds and weirs and the water storage capacity of ditches after the branch ditch scale to control the concentrations of nitrogen and phosphorus pollutants.
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Figure 1. Location map of the nested watershed, branch ditch, and lateral ditch scales and layout of drainage points (P01: field scale drainage outlet; P02: lateral ditch scale drainage outlet; P03: branch ditch scale drainage outlet; P04: 2 km downstream of the drainage outlet of branch ditch scale; P05: watershed scale drainage outlet). 
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Figure 2. Change patterns of nitrogen and phosphorus concentrations in the field surface water. (a) Change pattern of the nitrogen concentration in the field surface water. (b) Change pattern of the total phosphorus (TP) concentration in the field surface water. 
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Figure 3. Change patterns of nitrogen and phosphorus concentrations in the seepage water. (a) Change pattern of the nitrogen concentration in the seepage water. (b) Change pattern of total phosphorus (TP) concentration in the seepage water. 






Figure 3. Change patterns of nitrogen and phosphorus concentrations in the seepage water. (a) Change pattern of the nitrogen concentration in the seepage water. (b) Change pattern of total phosphorus (TP) concentration in the seepage water.



[image: Agronomy 13 02083 g003]







[image: Agronomy 13 02083 g004 550] 





Figure 4. Comparison of the drainage per unit area at different scales in the experimental area. 
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Figure 5. Change patterns of the nitrogen concentrations at different scales during the entire growth period. 
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Figure 6. Change patterns of the total phosphorus (TP) concentration at different scales during the entire growth period. 
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Figure 7. Nitrogen load in drainage at different scales. (a) Total nitrogen (TN) load in drainage at different growth stages. (b) Nitrate nitrogen (NO3−-N) load in drainage at different growth stages. (c) Ammonia nitrogen (NH4+-N) load in drainage at different growth stages. 
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Figure 8. TP load in drainage at different scales at different growth stages. 
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Figure 9. Schematic diagram of the farmland drainage water cycle process in the study area. 
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Table 1. Date of water sampling.






Table 1. Date of water sampling.





	Month
	Exact date





	May
	18 May, 20 May, 24 May, 26 May, 28 May, 31 May



	June
	3 June, 5 June, 7 June, 9 June, 11 June, 20 June, 22 June, 24 June, 26 June, 28 June, 30 June



	July
	6 July, 8 July, 10 July, 12 July, 21 July, 22 July, 24 July, 26 July, 28 July, 30 July



	August
	1 August, 3 August, 5 August, 7 August, 9 August, 11 August, 13 August, 15 August, 17 August, 19 August, 21 August, 23 August, 25 August, 27 August, 29 August, 31 August



	September
	5 September, 8 September, 11 September, 14 September, 17 September, 20 September, 23 September, 26 September
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Table 2. Field water balance terms at different growth stages.
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Growth Stages

	
Irrigation (mm)

	
Precipitation (mm)

	
Evapotranspiration (mm)

	
Infiltration (mm)

	
Lateral Seepage (mm)

	
Drainage (mm)






	
Regreening

	
157.0

	
24.5

	
37.6

	
20.0

	
26.1

	
65.5




	
Early tillering

	
24.3

	
99.5

	
50.0

	
19.3

	
18.1

	
64.0




	
Late tillering

	
34.4

	
201.0

	
47.5

	
9.0

	
5.4

	
120.2




	
Jointing-booting

	
0.0

	
91.5

	
84.7

	
12.0

	
9.8

	
29.9




	
Heading-flowering

	
66.9

	
46.0

	
83.0

	
8.5

	
11.6

	
0.0




	
Milk

	
34.5

	
12.5

	
51.0

	
6.0

	
1.8

	
0.0




	
Yellow ripening

	
0.0

	
0.0

	
1.9

	
0.0

	
0.0

	
0.0




	
Total

	
317.1

	
475.0

	
355.7

	
74.8

	
72.9

	
279.6




	
Growth stages

	
Ratio of the quantity at each growth stage to the total during the entire growth period




	
Regreening

	
49.5%

	
5.2%

	
10.6%

	
26.7%

	
35.8%

	
23.4%




	
Early tillering

	
7.7%

	
20.9%

	
14.1%

	
25.8%

	
24.8%

	
22.9%




	
Late tillering

	
10.8%

	
42.3%

	
13.4%

	
12.0%

	
7.4%

	
43.0%




	
Jointing-booting

	
0

	
19.3%

	
23.8%

	
16.0%

	
13.4%

	
10.7%




	
Heading-flowering

	
21.1%

	
9.7%

	
23.3%

	
11.4%

	
15.9%

	
0.0%




	
Milk

	
10.9%

	
2.6%

	
14.3%

	
8.0%

	
2.5%

	
0.0%




	
Yellow ripening

	
0

	
0.0%

	
0.5%

	
0.0%

	
0.0%

	
0.0%
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Table 3. Analysis of the field nitrogen load discharge.
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Growth Stage

	
TN (kg/hm2)

	
NO3−-N (kg/hm2)

	
NH4+-N (kg/hm2)




	
Drainage

	
Deep Seepage

	
Lateral Seepage

	
Drainage

	
Deep Seepage

	
Lateral Seepage

	
Drainage

	
Deep Seepage

	
Lateral Seepage






	
Regreening

	
2.806

	
0.844

	
1.095

	
0.409

	
0.201

	
0.167

	
1.785

	
0.493

	
0.715




	
Early tillering

	
2.005

	
0.534

	
0.447

	
0.032

	
0.009

	
0.008

	
1.373

	
0.324

	
0.276




	
Late tillering

	
1.723

	
0.338

	
0.091

	
0.372

	
0.232

	
0.061

	
0.384

	
0.079

	
0.045




	
Jointing-booting

	
0.065

	
0.142

	
0.092

	
0.014

	
0.047

	
0.053

	
0.004

	
0.035

	
0.002




	
Heading-flowering

	
0.076

	
0.094

	
0.045

	
0.002

	
0.007

	
0.004

	
0.025

	
0.019

	
0.010




	
Milk

	
0

	
0.034

	
0

	
0

	
0.004

	
0

	
0

	
0.002

	
0




	
Yellow ripening

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Total

	
6.675

	
1.986

	
1.771

	
0.829

	
0.500

	
0.293

	
3.572

	
0.952

	
1.048




	
Growth stage

	
Ratio of each growth stage to the total during the whole growth period




	
Regreening

	
42.0%

	
42.5%

	
61.8%

	
49.3%

	
40.2%

	
57.0%

	
50.0%

	
51.8%

	
68.2%




	
Early tillering

	
30.0%

	
26.9%

	
25.2%

	
4.0%

	
1.8%

	
2.7%

	
38.4%

	
34.0%

	
26.3%




	
Late tillering

	
25.8%

	
17.0%

	
5.1%

	
45.0%

	
46.4%

	
20.8%

	
10.8%

	
8.3%

	
4.3%




	
Jointing-booting

	
1.0%

	
7.2%

	
5.2%

	
2.0%

	
9.4%

	
18.1%

	
0.1%

	
3.7%

	
0.2%




	
Heading-flowering

	
1.1%

	
4.7%

	
2.5%

	
0%

	
1.4%

	
1.4%

	
0.7%

	
2.0%

	
1.0%




	
Milk

	
0%

	
1.7%

	
0%

	
0%

	
0.8%

	
0.0%

	
0.0%

	
0.0%

	
0.0%




	
Yellow ripening

	
0%

	
0%

	
0%

	
0%

	
0.0%

	
0.0%

	
0.0%

	
0.0%

	
0.0%
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Table 4. Analysis of the total phosphorus (TP) load discharge in the field.
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Growth Stage

	
Drainage (kg/hm2)

	
Deep Seepage (kg/hm2)

	
Lateral Seepage (kg/hm2)






	
Regreening

	
0.024

	
0.004

	
0.006




	
Early tillering

	
0.014

	
0.006

	
0.005




	
Late tillering

	
0.039

	
0.010

	
0.003




	
Jointing-booting

	
0.003

	
0.004

	
0.003




	
Heading-flowering

	
0.006

	
0.009

	
0.004




	
Milk

	
0

	
0.003

	
0




	
Yellow ripening

	
0

	
0

	
0




	
Total

	
0.086

	
0.036

	
0.021




	
Growth stage

	
Ratio of a quantity at each growth stage to the total during the whole growth period




	
Regreening

	
27.9%

	
11.1%

	
28.6%




	
Early tillering

	
16.3%

	
16.7%

	
23.8%




	
Late tillering

	
45.3%

	
27.8%

	
14.3%




	
Jointing-booting

	
3.5%

	
11.1%

	
14.3%




	
Heading-flowering

	
7.0%

	
25.0%

	
19.0%




	
Milk

	
0%

	
8.3%

	
0%




	
Yellow ripening

	
0%

	
0%

	
0%
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Table 5. Analysis of the changes in drainage with scale at different growth stages.
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Growth Stage

	
Drainage (m3/hm2)




	
Watershed

	
Branch Ditch

	
Lateral Ditch

	
Field






	
Regreening

	
22.51

	
4.84

	
11.80

	
655




	
Early tillering

	
76.98

	
50.39

	
40.06

	
640




	
Late tillering

	
310.45

	
216.21

	
307.53

	
1202




	
Jointing-booting

	
163.03

	
32.27

	
43.60

	
299




	
Heading-flowering

	
123.90

	
51.52

	
33.92

	
0




	
Milk

	
5.78

	
0

	
5.40

	
0




	
Yellow ripening

	
8.00

	
0.46

	
1.75

	
0




	
Total

	
710.66

	
355.69

	
444.07

	
2796.00




	
Growth stage

	
Ratio of drainage at each growth stage to the total drainage during the whole growth period




	
Regreening

	
3.2%

	
1.4%

	
2.7%

	
23.4%




	
Early tillering

	
10.8%

	
14.2%

	
9.0%

	
22.9%




	
Late tillering

	
43.7%

	
60.8%

	
69.3%

	
43.0%




	
Jointing-booting

	
22.9%

	
9.1%

	
9.8%

	
10.7%




	
Heading-flowering

	
17.4%

	
14.5%

	
7.6%

	
0.0%




	
Milk

	
0.8%

	
0.0%

	
1.2%

	
0.0%




	
Yellow ripening

	
1.1%

	
0.1%

	
0.4%

	
0.0%
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