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Abstract  26 

Non-point source (NPS) pollution has wide range of sources. Under rainfall conditions, NPS pollution 27 

occurs mainly by overland flow, resulting in difficult governance. In this study, based on the cooperative 28 

analysis of critical periods (CPs) and critical source areas (CSAs), a preferred hierarchical control 29 

strategy of NPS pollution, which was connected with management units, was proposed in the 30 

Danjiangkou Reservoir Basin (DRB) to improve the pertinence of NPS pollution control. The practicality 31 

of the grid-based CSA identification results was improved by point density analysis (PDA). CPs, sub-32 

CPs, and non-CPs were identified on the temporal scale; CSAs, sub-CSAs and non-CSAs were identified 33 

on the spatial scale. The results showed that CPs (July, April, and September), sub-CPs (May, March, 34 

and August), and non-CPs contributed 62.8%, 31.1%, and 6.1% of the annual TP loads, respectively. 35 

Furthermore, we proposed a hierarchical NPS pollution control strategy: class Ⅰ (CSAs in CPs) → class 36 

II (sub-CSAs in CPs, CSAs in sub-CPs) → class III (non-CPs, non-CSAs, sub- and non-CSAs in sub-37 

CPs). Class Ⅰ covered the periods and areas with the highest NPS pollution loads, contributing 26.2% of 38 

the annual load within 14.5% of the area and 25.0% of the time. This study provides a reference for the 39 

targeted control of NPS pollution at regional scale, especially in environmental protection with limited 40 
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funds.  41 

 42 

Keywords: Non-point source (NPS) pollution; Critical periods (CPs); Critical source areas (CSAs); 43 

Dual-structure export empirical model; Point density analysis (PDA); Management 44 
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1 Introduction 46 

Non-point source (NPS) pollution is an important source of river and lake eutrophication and is a major 47 

factor deteriorating water quality (Le et al. 2010, Ongley et al. 2010, Vander Zanden et al. 2005, Xue et 48 

al. 2020). Impacted by topography, land-use, precipitation, vegetation coverage, and other factors, NPS 49 

pollution has great spatiotemporal heterogeneity (Yu et al. 2011). Under rainfall conditions, NPS 50 

pollution occurs mainly by overland flow, resulting in difficult governance and low efficiency(Tian et al. 51 

2010). Critical source areas (CSAs) and critical periods (CPs) generate disproportionately high pollutant 52 

loads of NPS pollution (Bannerman et al. 1993, Sharpley et al. 1993, Zhang et al. 2019). Studies have 53 

shown that more than 50% of the load is generated from CPs, accounting for 25% of the time (Ruan et 54 

al. 2020), and more than 50% of the load is generated form CSAs, accounting for less than 30% of the 55 

area (Gburek &Sharpley 1998, Liu et al. 2016b, Zhuang et al. 2016). Therefore, it is important to identify, 56 

target, and remediate the CPs and CSAs to effectively control NPS pollution with limited funds.  57 

The proper identification of CSAs and CPs is crucial. First, model selection affects the precision of 58 

identification results and the economic viability of best management practices (BMPs) (Shrestha et al. 59 

2021). In recent years, methods have been proposed for the identification of CSAs along with the 60 

development of the NPS pollution model. The export coefficient method is effective in load simulation 61 

of large watersheds. However, ignoring the spatiotemporal variation of factors such as runoff and 62 

vegetation interception leads to a deviation in CSA distribution (Ding et al. 2010, Johnes 1996, Wang et 63 

al. 2020). The mechanistic models (e.g., soil and water assessment tool), which can simulate the 64 

characteristics of pollutant transport, can reflect the actual distribution of CPs and CSAs. However, large 65 

amounts of high-quality data are required for model calibration and verification (Hao et al. 2004, 66 

Panagopoulos et al. 2011, Soranno et al. 1996). The dual-structure export empirical model (DSEEM) 67 
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simulates pollutant loads in particulate and dissolved states respectively; that is, it has the advantage of 68 

a model that accurately describes the process of nitrogen and phosphorus loss and requires fewer data 69 

(Shi et al. 2002, Wang et al. 2012). Second, the selection of identification methods affects the objectivity 70 

of the results. Some methods, such as the pollution index method (e.g., the P Index), which is a simple 71 

and wildly used approach, are often conducted subjectively based on expert recommendations without 72 

uniform standards (Drewry et al. 2011, Kaplowitz &Lupi 2012, Lemunyon &Gilbert 1993, Nelson 73 

&Shober 2012, Sharpley et al. 2003). Third, differences in the spatial scale affect the identification 74 

accuracy of CSA. For large-scale watersheds, most CSAs are identified through sub-catchment units, 75 

which is an efficient approach for the identification of CSAs; however, it neglects the heterogeneity of 76 

NPS pollution load distribution in sub-catchments (Liu et al. 2016b, Niraula et al. 2013, Pradhanang 77 

&Briggs 2014, Ruan et al. 2020, Wang et al. 2018). Considering that administrative units (such as a 78 

county) or farms, which are distinct and disconnected with hydrological units, are used for management 79 

in most situations (Ghebremichael et al. 2013, Li et al. 2017, Shen et al. 2020), it is difficult to achieve 80 

accurate prevention and control of NPS pollution and to effectively allocate BMPs. For small watersheds, 81 

CSAs are mostly identified by grids (Zhuang et al. 2016). Grid-based identification can reveal the 82 

relationship between the spatial distribution of pollutant load and regional characteristics (topography, 83 

land use type, rainfall, etc.). However, the discrete distribution of some CSAs may lead to poor guidance 84 

the results. 85 

In this study, the Danjiangkou Reservoir Basin (DRB), an important water source for the Middle-86 

Route of the South-to-North Water Diversion Project of China (Nong et al. 2020), is selected as the study 87 

region to propose a preferred hierarchical NPS pollution control strategy of spatiotemporal pertinence. 88 

The main objectives of this study are to (1) simulate the spatiotemporal distribution of the total 89 
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phosphorus (TP) load based on the DSEEM at a monthly scale; (2) conduct a cooperative analysis of the 90 

CPs and CSAs; (3) extract CSAs with more realistic guiding importance by point density analysis (PDA); 91 

and (4) propose a hierarchical control strategy for NPS pollution. 92 

 93 

2 Materials and Methods 94 

2.1 Study area and environmental database 95 

The DRB (109°29ʹ–111°53ʹE, 32°14ʹ–33°48ʹN) is located in the middle and upper reaches of the 96 

Hanjiang River Basin at the junction of Hubei and Henan provinces (Fig. 1). The total area is 97 

approximately 17,924 km2, including Danjiangkou City, Shiyan City, Xichuan County, Yunxi County, 98 

Yunxian County, and Xixia County. The altitude of the DRB is 17–2125 m, and the overall terrain is high 99 

in the northwest and low in the southeast (Fig. 1c). The topography is dominated by hills and mountains, 100 

accounting for approximately 97% of the area (Huang et al. 2012). The average annual rainfall of 800–101 

1000 mm is distributed unevenly, mainly from June to September, with rainfall in July accounting for 102 

approximately 20% of the total annual rainfall. 103 

[Insert Fig. 1 here] 104 

Phosphorus is a limiting factor for water quality in the DRB (Chen et al. 2015). Soil erosion, carrying 105 

large amounts of phosphorus in the sediment, is an important factor causing NPS pollution and affecting 106 

the water quality of the DRB (Huang et al. 2017, Jiang et al. 2020). Characteristics including steep slopes, 107 

time variation of normalized difference vegetation index (NDVI) and rainfall causes a clear 108 

spatiotemporal heterogeneity of NPS pollution in this area. (Wang et al. 2020). In addition, agricultural 109 

NPS pollution is an important source of water pollution in this area (Huang et al. 2012) due to frequent 110 

agricultural activities (mainly farming) a and the overuse of chemical fertilizers and pesticides (Jiang et 111 
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al. 2010). 112 

 113 

2.2 Simulation of NPS pollution loads 114 

In this study, we adopted the DSEEM to estimate the monthly TP loads from the perspectives of 115 

particulate and dissolved pollutant loads based on the collected environmental data (Table 1) (Shen et al. 116 

2010, Shi et al. 2002). 117 

2.2.1 Particulate pollutant load 118 

The particulate pollutant load is calculated as: 119 

 s s d
L A C S       (1) 120 

where Ls is the particulate pollutant load (kg/ha/month), α is the transformation coefficient (kg/t), A is 121 

the soil erosion (t/ha/month), η is the enrichment ratio of the soil pollutant (dimensionless), Cs is the 122 

concentration of particulate phosphorus in soil particles (%), and Sd is the sediment transport ratio 123 

(dimensionless). The values of each parameter in the formula were determined based on the background 124 

data of the study area and previous studies (Shen et al. 2010, Zhuang et al. 2016). A is calculated using 125 

MUSLE model: 126 

 A R LS K C P      (2) 127 

where A is the monthly soil erosion amount (t/ha/month), R is the rainfall erosivity factor 128 

(MJ·mm/ha/h/month), LS is the slope factor of slope length (dimensionless), K is the soil erosion factor 129 

(t·h/ MJ/mm), C is the land cover and its management factor (dimensionless) and P is the soil and water 130 

conservation measurement factor (dimensionless). 131 

 132 

2.2.2 Dissolved pollutant load 133 
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The dissolved pollutant load is calculated as: 134 

 d d
L C Q    (3) 135 

where Ld is the dissolved phosphorus load of ground types (kg/ha), β is the conversion coefficient, Cd is 136 

the concentration of pollutants (mg/L), and Q is runoff depth (mm).  137 

Algorithms of all these factors are based on the background information of the study area (Shen et al. 138 

2010). Q is determined using the Soil Conservation Service model: 139 

 

2( 0.2 )
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 (4) 140 

 
25400
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   (5) 141 

where Q is the runoff depth (mm), P is the rainfall (mm), S is the maximum infiltration (mm), and CN 142 

is the number of curves (dimensionless). 143 

 144 

2.3 Identification of CPs and CSAs 145 

2.3.1 Cumulative load–time/area curve fitting 146 

Based on the simulation results of the monthly TP load, we adopted the load–time accumulation 147 

curve and load–area accumulation curve to identify the CPs and the CSAs of the phosphorus runoff loss 148 

in DRB during typical years (Ruan et al. 2020, Zhuang et al. 2016). CPs were given priority because the 149 

temporal variability of NPS pollution was greater than the spatial variability in the study area. First, the 150 

TP load of each month was arranged in descending order to obtain the data set (l1, … li, … lm), where l1 151 

is the maximum and lm is the minimum value. Then, the cumulative load Lj and cumulative months Tj 152 

were calculated as: 153 

 
1

j

j i

i

L l


  (6) 154 
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1

j

j i

i

T t


  (7) 155 

where Lj is the cumulative TP load under load grade j in a month (t), li is the TP load of the ith month (t), 156 

Tj is the cumulative number of months under load grade j, and ti is the number of months. 157 

The cumulative percentage of TP load (Plj) and the corresponding cumulative percentage of time (Ptj) 158 

were calculated as:  159 

 100%
j

j

total

L
Pl

L
   (8) 160 

 100%
j

j

total

T
Pt

T
   (9) 161 

where Ltotal is the annual total TP load of the study area (t) and Ttotal is the total number of months.  162 

The cumulative load–time curve was fitted by taking Plj as the ordinate and Ptj as the abscissa, with f as 163 

the fitting function:  164 

 ( )
j j

Pl f Pt  (10) 165 

CSAs were similarly identified. The dataset (l1, … li, … ln) was generated by arranging the TP load of 166 

each grid in a descending order, where l1 is the maximum and ln is the minimum value. The relevant 167 

parameters were calculated as:  168 

 100%
j

j

total

A
Pa

A
   (11) 169 

where Paj is the cumulative percentage of grids under load grade j, Aj is the cumulative number of grids, 170 

and Atotal is the total number of grids.  171 

The cumulative load–area curve was fitted as: 172 

 ( )
j j

Pl f Pa  (12) 173 

where f is the fitting function. 174 

 175 

2.3.2 Criterion selection of CPs and CSAs 176 
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kt and ka were the slopes of any point on the curve. For the load–time curve, kt values indicate the 177 

relationship between the growth rate of the TP load and time. When kt > 1, the load grows faster than 178 

time, implying that when the time increment is 1%, the load increment is greater than 1%. Here, the value 179 

of kt is 1 as the index to divide the CPs and sub-CPs of phosphorus loss, and the value of kt is 0.5 as the 180 

index to divide the sub-CPs and non-CPs. For the load–area curve, ka values represent the growth rate of 181 

the TP load along the area. Combined with the concentration of the load in the study area, regions with 182 

ka values greater than 2 were divided into CSAs, those with ka values greater than 2 and less than 1 were 183 

divided into sub-CSAs, and those with k’ values less than 1 were divided into non-CSAs. In addition, the 184 

CSAs in the CPs, sub-CPs, and the non-CPs were identified to compare the load contribution of CSAs 185 

during different periods.  186 

kt and ka values were calculated as:  187 

 '( )
t j

k f Pt  (13) 188 

 '( )
a j

k f Pa  (14) 189 

 190 

2.3.3 PDA of CSAs 191 

The identification results of the CSAs based on the grid scale are often discretized, leading to a lack 192 

of guidance in the implementation of NPS control measures. Considering the difficulty in management, 193 

the environmental quality requirements of surface water and the self-purification ability of water bodies, 194 

some discretely distributed CSAs do not need to adopt centralized control measures. Therefore, 195 

identification results based on the cumulative load–area curve were processed further in this study. Here, 196 

the PDA was employed to describe the distribution density of the original CSA grids, followed by the 197 

extraction of high-density areas as CSAs that required critical control. Thus, CSAs too discrete to control 198 

were screened out. Few small CSAs scattered around large CSAs with high TP loads (such as large 199 
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dryland CSAs), and few areas between them, were also divided into the final CSAs. In addition, by 200 

combining the distribution of slope and land-use types in the study area, few CSAs that are remote, 201 

difficult to reach, and small in size were screened to improve the practicality of the identification results. 202 

 203 

3 Results and Discussion 204 

3.1 Accuracy verification 205 

(1) TP load 206 

The annual total TP loads in the DRB (excluding Shiyan City) in 2010 were 0.29 × 104 t/a, and the TP 207 

loads of all six counties or cities in the DRB were 0.30 × 104 t/a. In 2010, the annual TP loads of the DRB 208 

were 0.28   104 (excluding Shiyan City) (Jiang et al. 2010) and 0.29104 (the entire study area) (Zhuang 209 

et al. 2016). Compared with the results reported by (Jiang et al. 2010), who simulated the TP loads with 210 

the equivalent pollution loading method, the relative error was within 10%. This is reasonable because 211 

of the differences in the simulation methods. Compared with the study reported by (Zhuang et al. 2016), 212 

which simulated TP loads using DSEEM on an annual scale, the relative error was within 5%. The 213 

difference between the results can be attributed to the time variation of NDVI after improving the time 214 

resolution of the simulation. The relative error indicates the reliability of the simulation results. 215 

(2) Load–time/area curve 216 

The parameters of the fitting curves were presented, including the load–time curve, load–area curve 217 

in CPs, load–area curve in sub-CPs, and load–area curve in non-CPs. The R-square values of the four 218 

fitting curves were all greater than 0.94, indicating that a good fit (Table 2).  219 

[Insert Table 2 here] 220 

 (3) CSAs after PDA 221 
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To evaluate the effectiveness and feasibility of the PDA, the spatial distribution and load proportion 222 

of the CSAs before and after PDA were compared. The results showed that the distribution of CSAs and 223 

sub-CSAs became more concentrated after PDA (Fig. 5). The area proportion of CSAs and sub-CSAs 224 

increased by 36.0% and 29.9% respectively, because non-CSA grids in regions with high CSA 225 

aggregation were also considered when identifying CSAs. CSAs after PDA accounted for up to 26.2% 226 

of the annual load with 14.5% area, and the load/area value was 1.81, which was important for the control 227 

of NPS pollution in the entire region. 228 

[Insert Fig. 5 here] 229 

 230 

3.2 Spatiotemporal distribution characteristics of TP load 231 

The TP load in the DRB showed significant spatiotemporal heterogeneities (Fig. 6). The variation 232 

and distribution of the TP load in the reservoir area are consistent with rainfall and NDVI, respectively 233 

(Fig. 3 and Fig. 4 in the Appendix). The monthly total TP loads ranged from high to low in July, April, 234 

September, May, March, August, June, October, February, November, December, and January. The total 235 

TP load in June, October, February, November, December, and January were less than 0.02   104 t. In 236 

July, the TP loads accounted for 39.2% of the entire year because of high rainfall and low vegetation 237 

coverage, especially in the central part of the reservoir (Fig. 6g). Although it differed slightly from the 238 

total TP loads in April, September, May, March, and August, the distribution characteristics and the main 239 

factors affecting the distribution were different. In March and April with low rainfall and vegetation 240 

coverage, the spatial distribution of TP loads was relatively homogeneous, especially in forest and 241 

shrubland around the DRB. In May, due to the variation in NDVI, the TP load was concentrated in the 242 

middle of the reservoir. During high rainfall (August and September), areas around the reservoir, which 243 
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were dominated by forest, had high vegetation coverage. Areas with high TP loads were mainly 244 

concentrated in farmland and shrubland in the middle of the reservoir, and the distribution was consistent 245 

with the slope (Fig. 2b in the Appendix). Therefore, rainfall and vegetation coverage are the most 246 

important factors that impact the seasonal distribution of TP loads. 247 

[Insert Fig. 6 here] 248 

 249 

3.3 Cooperative analysis of CPs and CSAs 250 

3.3.1 Fitted curve of CPs 251 

CPs were identified quantitatively using the fitted cumulative load–periods curve (Fig. 9a). The 252 

slope k of the fitting curve represents the increasing load rate with periods. The load changes 253 

heterogeneously as the area grows. When k was 1, 27.9% of the time contributed 70.8% of the load. 254 

Therefore, we identified July, April, and September as the CPs of the TP NPS pollution in the DRB in 255 

2010, which contributed 62.9% of the annual TP load with a 25.0% proportion of the period. In addition, 256 

when k was 0.5, 55.8% of the time contributed 90.1% of the load. May, March, and August were 257 

identified as sub-CPs, accounting for 31.0% TP load with 25.0% proportion of the period, and the 258 

remaining months (June, October, February, November, December, and January) were identified as non-259 

CPs, accounting for 6.1% of the TP load with 50.0% proportion of the period. 260 

 261 

3.3.2 Fitted curve of CSAs in CPs 262 

CSAs during the different periods (CP, sub-CP, and non-CP) were confirmed based on the TP loads 263 

and the identified CPs (Fig. 9b; 9c; 9d). The uneven increase in the k’ value indicates the heterogeneity 264 

of the spatial distribution of TP loads. Compared with the load distribution in sub-CPs and non-CPs, the 265 
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load distribution in CPs was more concentrated (the slope of the fitting curve is steeper and the rate of 266 

change is faster). 267 

Considering the spatial distribution characteristics of the TP load in the study area, the slope of the 268 

fitting curve of 2 was used as the boundary to divide the CSAs and sub-CSAs, and the slope of the fitting 269 

curve of 1 was used as the boundary to divide sub-CSAs and non-CSAs. For CPs, when k' was 2, the 270 

corresponding critical value of TP load was 2.72 kg/ha, and 10.7% of the areas contributed 31.3% of the 271 

annual TP load. When k' was 1, the corresponding critical value of TP load was 1.35kg/ha, and 21.4% of 272 

the area contributed 43.3% of the load. For sub-CSAs, when k' was 2, 11.2% of the area contributed 13.6% 273 

of the annual load, when k' was 1, 22.4% of the area contributed 18.9% of annual TP load. For non-CPs, 274 

9.5% of the area within CSAs contributed 3.5% of the annual load, and 19.1% of the area in sub-CSAs 275 

contributed 4.6% of the annual load. 276 

[Insert Fig. 9 here] 277 

 278 

3.4 Spatiotemporal distribution characteristics of CSAs 279 

The spatial distribution of CSAs varied during different periods due to the spatiotemporal changes 280 

in rainfall and vegetation coverage (Fig. 3 and Fig. 4 in the Appendix; Fig. 10). According to previous 281 

studies, Xichuan and Yunxian counties are the most polluted in the DRB (Jiang et al. 2010), which is 282 

consistent with our results. During the CPs, the CSAs were concentrated in the middle and west of the 283 

reservoir area, mainly in Xichuan and Yunxian counties (Fig. 10; Fig. 11a), contributing 20.0% of the 284 

annual TP load. During sub-CPs, in addition to Yunxian and Xichuan County, Yunxi counties, which is 285 

located in the western part of the DRB, also had a large area of CSA clusters, contributing 1.7% of the 286 

annual TP load. CSAs in non-CPs shifted toward the south and were mainly distributed in the central part 287 
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of Yunxian County and the south-central part of Yunxi County. 288 

[Insert Fig. 10 here] 289 

The results showed that farmland, shrubland, and forest were the main sources of phosphorus in the 290 

region, contributing up to 91.7% of the annual TP load (Fig. 11b). Of the total TP load, 62.3% originates 291 

from the CP, and 23.8% of the load originates from the CSA during the CP. Approximately 94.2% of 292 

farmland was dry land, with 42.9% located in an area with a slope of 5–15° and 18.7% with a slope 293 

greater than 15°. In the TP load contributed by farmland, 63.4% of the load was generated during CPs 294 

(mainly in July) when rainfall was high and extensive amount of fertilizer was used (Huang et al. 2012). 295 

These conditions aggravated the soil erosion of farmland and resulted in high phosphorus NPS pollution. 296 

For shrubland and forest, 63.4% and 59.1% of TP loads originated from CPs, respectively. During CPs, 297 

low vegetation coverage in these areas causes high soil erosion risk and high TP loss risk (Sun et al. 298 

2008). In addition, the low vegetation coverage of grasslands in the central part of Xichuan County 299 

(Zhuang et al. 2016) also resulted in a high TP concentration of grassland in CPs. 300 

[Insert Fig. 11 here] 301 

 302 

3.5 Preferred hierarchical control strategies for NPS 303 

Prior to causing NPS pollution, nutrients are impacted by processes such as vegetation interception, 304 

river sedimentation, and water self-purification (Frankenberger et al. 2015). Therefore, all NPS sources 305 

do not need to be controlled effectively. Periods and areas that generate disproportionately high pollutant 306 

loads, were prioritized using the cooperative analysis of CPs and CSAs. For this, a preferred hierarchical 307 

control strategy was proposed to achieve efficient short-term and small-scale prevention and control of 308 

NPS pollution. Three levels were classified according to the concentration of TP loads: class Ⅰ (CSAs in 309 
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CPs) → class II (sub-CSAs in CPs, CSAs in sub-CPs) → class III (non-CPs, non-CSAs, sub- and non-310 

CSAs in sub-CPs) (Table 3). 311 

[Insert Table 3 here] 312 

Class Ⅰ (CSA in CP) contributed 26.2% of the annual load, accounting for 14.5% of the area and 313 

25.0% of the time. The farmland distributed in the slope fields of the central and northeastern parts of 314 

Yunxian County and the northern part of Xichuan County are the main sources of phosphorus NPS 315 

pollution. The poor retention and water conservation capacity of dryland (Fu et al. 2006) combined with 316 

the impact of intense rainfall, steep slopes, and fertilizer overuse (Huang et al. 2012), caused the high 317 

soil loss risk of farmland during this period. For slope farmland under the eco-compensation policy, 318 

measures can be taken to return farmland to forest and grassland to reduce runoff and control soil erosion 319 

(Tang et al. 2011). Hedgerows can be constructed in farmland with a relatively gentle slope. In addition, 320 

replacing traditional fertilization with slow-controlled fertilization and combined application of organic 321 

and inorganic fertilizers (Liu et al. 2016a) can greatly reduce the loss of fertilizer at the early stage of 322 

crop growth. In addition to shrubland and forest, the grassland distribution in the central part of Xichuan 323 

County contributed a high proportion of the load. Planting grass can be considered to enhance vegetation 324 

interception. 325 

Class Ⅱ (sub-CSA in CP, CSA in sub-CP) contributed 24.0% of the TP load within 24.8% of the 326 

area and 50.0% of the time, with sub-CSA in CP contributing 13.1% of the TP load within 13.9% of the 327 

area and 25.0% of the time and CSA in sub-CP contributing 10.9% of the TP load within 14.1% of the 328 

area and 25.0% of the time. Slope farmland is also the land-use area that needs critical control, mainly 329 

distributed in the central and central and northeastern parts of Yunxian County, the central part of Xichuan 330 

County, midwest of Yunxi County, and the northern part of Danjiangkou City. Because most of these 331 
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areas are close to the water bodies, a vegetation buffer zone can be constructed. Furthermore, because 332 

agriculture is the most important pollution source in the hydro-fluctuation belt of DRB, and agricultural 333 

irrigation affects water quality, water-saving irrigation measures can be taken to mitigate phosphorus loss 334 

(Pan et al. 2020, Zhuang et al. 2019). Shrubland and forest generated 10.0% of the annual TP load during 335 

this period when rainfall decreased significantly, and NDVI was the main factor affecting CSA 336 

distribution (Fig. 4d, e, and i in the Appendix). CSAs are distributed more discretely in the shrubland and 337 

forest areas in the western, central, and southern parts of the reservoir. In these areas, planting shrubs or 338 

trees of different types and different phenological cycles can be considered to improve the stability of the 339 

ecosystem. 340 

Class Ⅲ (non-CP, non-CSA, sub- and non-CSA in sub-CP) contributed 49.8% of the TP load within 341 

100.0% of the area and 100.0% of the time. The distribution of this part of the load shows extremely high 342 

spatiotemporal discreteness. Due to the self-purification ability (Cook et al. 2020, He et al. 2020) of the 343 

water bodies, extensive human and material resources are not required to control this pollutant load. 344 

 345 

4 Conclusions  346 

In this study, based on the cooperative analysis of CPs and CSAs and the PDA, a preferred hierarchical 347 

control strategy of NPS pollution connected with management units was proposed in the DRB: class Ⅰ 348 

(CSAs in CPs) → class II (sub-CSAs in CPs, CSAs in sub-CPs) → class III (non-CPs, non-CSAs, sub- 349 

and non-CSAs in sub-CPs). The results showed that class Ⅰ covered the periods and areas with the highest 350 

NPS pollution loads, contributed 26.2% of the annual TP load within 25.0% of the time and 14.5% of the 351 

area. The farmland distributed in the slope fields of the central and northeastern parts of Yunxian County 352 

and the northern part of Xichuan County were the main sources of phosphorus NPS pollution. Conversion 353 
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of farmland to forest, hedgerow, and reasonable fertilization regimes were advocated to mitigate NPS 354 

pollution; class II contributed 24.0% of the TP load within 24.8% of the area and 50.0% of the time, with 355 

sub-CSA in CP contributing 13.1% of the TP load within 13.9% of the area and 25.0% of the time and 356 

CSA in sub-CP contributing 10.9% of the TP load within 14.1% of the area and 25.0% of the time. 357 

Considering that most CSAs are distributed on slope farmland near water bodies, a vegetation buffer 358 

zone could be constructed; class III contributed 49.8% of the TP load within 100.0% of the area and 359 

100.0% of the time. Extensive human and material resources were not required to control this pollutant 360 

load. This study provides a reference for the targeted control of NPS pollution at regional scale, especially 361 

in environmental protection with limited funds. 362 
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Table captions 527 

Table 1 Environmental data of DRB 528 

Table 2 Fit and accuracy of cumulative load–time curve and cumulative load–area curve 529 

Table 3 Load and area contribution of different periods and areas and classification of NPS pollution 530 

control 531 

 532 

Figure captions 533 

Fig. 1 Location of the DRB: (a) location of the DRB as seen on the Chinese map; (b) location of the DRB 534 

in the Yangtze River Basin; and (c) elevation of the DRB 535 

Fig. 2 Spatial distribution of soil erosion in DRB: (a) land-use; (b) slope degree (in the Appendix) 536 

Fig. 3 Monthly rainfall of the 10 weather stations near DRB in 2010 (in the Appendix) 537 

Fig. 4 NDVI of DRB: (a) to (l) represent January to December (in the Appendix) 538 

Fig. 5 Comparison of CSA distribution in CPs before and after PDA: (a) before PDA and (b) after PDA 539 

Fig. 6 Distribution of unit TP load (kg/ha) in DRB in 2010: (a) to (l) represent January to December 540 

Fig. 7 Distribution of unit particulate phosphorus (PP) load (kg/ha) in DRB in 2010: (a) to (l) represent 541 

January to December (in the Appendix) 542 

Fig. 8 Distribution of unit dissolved phosphorus (DP) load (kg/ha) in DRB in 2010: (a) to (l) represent 543 

January to December (in the Appendix) 544 

Fig. 9 Cumulative load–time fitting curve (a) and cumulative load–area fitting curves (b–d): (a) 545 

cumulative load–time curve; (b) cumulative load–area curve of CSAs in CPs; (c) cumulative load–area 546 

curve of CSAs in sub-CPs; and (d) cumulative load–area curve of CSAs in non-CPs 547 

Fig.10 Spatial distribution of CSAs during different periods: (a) in CPs; (b) in sub-CPs; and (c) in non-548 

CPs 549 



 

24 

 

Fig. 11 Proportion of TP loads in different periods and areas: (a) within each county and (b) within each 550 

land-use type 551 

  552 
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Table 1 Environmental data of DRB 553 

Database Format Description Source 

Soil type Vector 

1:400, 000 Chinese 

soil distribution 

vector map 

China Soil Scientific Database, 

Institute of Soil Science, Chinese 

Academy of Sciences 

(CAS)(http://www.soil.csdb.cn/) 

DEM Raster 

30M resolution 

digital elevation 

data 

Geospatial Data Cloud 

(http://www.gscloud.cn) 

Land-use Raster 

Including forest, 

grassland, farmland, 

shrubland, 

wasteland, 

construction land, 

orchard and wetland 

Interpreted from Landsat 7 ETM data 

(https://earthexplorer.usgs.gov/) 

NDVI Raster 

Monthly data set, 

calculated by 

MODND1D 

Geospatial Data Cloud 

(http://www.gscloud.cn/) 

Rainfall Excel 

Daily rainfall data 

set (1991~ 2010) of 

10 weather stations 

China Meteorology Data Service 

Center (http://data.cma.cn） 

 554 

  555 
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Table 2 Fit and accuracy of cumulative load–time curve and cumulative load–area curve 556 

Description 
a b Statistics 

Value S.E. Value S.E. R2 

Load–time curve 27.923  1.895  −22.187  7.305  0.952  

Load–area curve in 

CPs 

21.356  0.003  3.910  0.010  0.971  

Load–area curve in 

sub-CPs 

22.430  0.004  −4.268  0.013  0.953  

Load–area curve in 

non-CPs 

19.052  0.003  17.510  0.010  0.962  

fitting function: y = a × ln(x) + b  557 
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Table 3 Load and area contribution of different periods and areas and classification of NPS pollution 558 

control 559 

Descriptions  Month Region Load (104 t) Load (%) Area (%) Class 

CP 7, 4, 9 

CSA 0.080  26.2  14.5  Ⅰ 
sub-CSA 0.040  13.1  13.9  Ⅱ 

non-CSA 0.071  23.5  71.6  Ⅲ 

sum - - 0.191  62.8  100.0 - 

sub-CP 5, 3, 8 

CSA 0.033  10.9  14.1  Ⅱ 

sub-CSA 0.023  7.5  18.5  Ⅲ   

non-CSA 0.038  12.7  67.4  Ⅲ   

sum - - 0.094  31.1  100.0 - 

non-CP 

6, 10, 

2, 11, 

12, 1 

CSA 0.008  2.8  13.5  Ⅲ   

sub-CSA 0.005  1.5  13.8  Ⅲ   

non-CSA 0.006  1.8  72.7  Ⅲ 

sum - - 0.019  6.1  100.0 - 
Class is the NPS pollution control level. 560 
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Fig. 1 Location of the DRB: (a) l location of the DRB as seen on the Chinese map; (b) location of the 562 

DRB in the Yangtze River Basin; and (c) elevation of the DRB 563 

  564 
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Fig. 5 Comparison of CSA distribution in CPs before and after PDA: (a) before PDA and (b) after PDA 565 

  566 
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Fig. 6 Distribution of TP load in DRB: (a) to (l) represent January to December 567 
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Fig. 9 Cumulative load–time fitting curve (a) and cumulative load–area fitting curves (b–d): (a) 568 

cumulative load–time curve; (b) cumulative load–area curve of CSAs in CPs; (c) cumulative load–area 569 

curve of CSAs in sub-CPs; and (d) cumulative load–area curve of CSAs in non-CPs 570 

  571 
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Fig. 10 Spatial distribution of CSAs during different periods: (a) in CPs; (b) in sub-CPs; and (c) in non-572 

CPs 573 

574 
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Fig. 11 Proportion of TP loads in different periods and areas: (a) within each county and (b) within each 575 

land-use type  576 



Figures

Figure 1

Location of the DRB: (a) location of the DRB as seen on the Chinese map; (b) location of the DRB in the
Yangtze River Basin; and (c) elevation of the DRB Note: The designations employed and the presentation
of the material on this map do not imply the expression of any opinion whatsoever on the part of
Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 2

Spatial distribution of soil erosion in DRB: (a) land-use; (b) slope degree (in the Appendix) Note: The
designations employed and the presentation of the material on this map do not imply the expression of



any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.

Figure 3

Monthly rainfall of the 10 weather stations near DRB in 2010 (in the Appendix)



Figure 4

NDVI of DRB: (a) to (l) represent January to December (in the Appendix) Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.



Figure 5

Comparison of CSA distribution in CPs before and after PDA: (a) before PDA and (b) after PDA Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 6

Distribution of unit TP load (kg/ha) in DRB in 2010: (a) to (l) represent January to December Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 7

Distribution of unit particulate phosphorus (PP) load (kg/ha) in DRB in 2010: (a) to (l) represent January
to December (in the Appendix) Note: The designations employed and the presentation of the material on
this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 8

Distribution of unit dissolved phosphorus (DP) load (kg/ha) in DRB in 2010: (a) to (l) represent January to
December (in the Appendix) Note: The designations employed and the presentation of the material on
this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 9

Cumulative load–time �tting curve (a) and cumulative load–area �tting curves (b–d): (a) cumulative
load–time curve; (b) cumulative load–area curve of CSAs in CPs; (c) cumulative load–area curve of CSAs
in sub-CPs; and (d) cumulative load–area curve of CSAs in non-CPs



Figure 10

Spatial distribution of CSAs during different periods: (a) in CPs; (b) in sub-CPs; and (c) in non-CPs Note:
The designations employed and the presentation of the material on this map do not imply the expression
of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 11

Proportion of TP loads in different periods and areas: (a) within each county and (b) within each land-use
type


