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To pursue higher agricultural output, farmers have invested heavily in fertilizers,

pesticides and other factors of production, which inevitably causes agricultural

nonpoint source pollution (ANPSP) and seriously restricted the sustainable

development of global agriculture. Accurate and efficient integrated prevention and

control of ANPSP requires scientific identification of critical source areas and

influencing factors of nonpoint source pollution, which is particularly important in

geographic conditions where steep-slope agriculture dominates and landscape

features are complex. In this study, a typical small watershed in the mountainous

area of the Three Gorges Reservoir areawas selected, and the risk of nonpoint source

phosphorus loss in thewatershedwas assessedusing thePhosphorus Index (PI) on the

basis of Soil Topographic Index (STI) prediction of runoff production area in the

watershed. Finally, thecritical source areas (CSAs) for its losswere identified.The results

showed that the area of hydrologically sensitive areas in the watershed was

approximately 22.87% of the total study area, with an area of 37.05 hm2. The

hydrology of variable source areas within hydrologically sensitive areas plays a

dominant role and is more likely to produce runoff and increase the risk of

agricultural nonpoint source phosphorus pollution. The results of PI analysis

showed that the risk of phosphorus loss was low in most areas of the watershed

(45.77%), the areas at high risk of phosphorus loss accounted for 29.33% of the entire

watershed with an area of 47.52 hm2, and tea plantation was themost dominant land

use type. The critical source area of nonpoint source phosphorus output accounts for

5.47% of the watershed area and is mainly distributed along the watershed system,

82.55% of which is tea plantation. Compared with the traditional phosphorus index

evaluation system, this method is important for the accurate identification of critical

source areas of nonpoint source pollutants, for strengthening the efficient prevention,

control and management of ANPSP, and for improving the utilization rate of arable

land as well as land management and sustainable development of watersheds.
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1 Introduction

Studies from all over the world show that agricultural nonpoint

source pollution has become a major source of water pollution and

land degradation worldwide, which greatly limits the sustainability

of both urban and rural areas. (Yang et al., 2013; Rissman and

Carpenter, 2015; Carstensen et al., 2020). Nonpoint source pollution

from farmland to surface water remains a major threat to the

environment. (Mcdowell et al., 2015; Wang Z. et al., 2020). The

problem of agricultural nonpoint source pollution (ANPSP) refers

to fertilizers, pesticides and other pollutants, through the process of

surface runoff, underground leakage, volatilization or residue,

resulting in eutrophication of water bodies, soil sludge and other

ecological pollution problems and food safety crises. (Beharry-Borg

et al., 2013; Bowes et al., 2015; Wang R. et al., 2020). The loss of

nitrogen and phosphorus from agricultural land not only

deteriorates water quality, reduces the productive capacity of the

land and weakens many nonproductive functions of the cultivated

land ecosystem, such as recreation and biodiversity such as

recreation and biodiversity of arable ecosystems, but also

threatens the safety of water bodies and human health, causes

huge economic losses and affects the functions of the ecosystem.

(Beharry-Borg et al., 2013). More importantly, the acceleration of

global freshwater eutrophication is largely driven by phosphorus.

(Campbell et al., 2015; Lou et al., 2016; Rossel and Bui, 2016), and

phosphorus-based nonpoint source management is a common

response. Increasing attention is focused on nonpoint sources of

P, with emphasis on developing strategies to prevent agricultural

contributions to surface water P loading. (Chang et al., 2013; Djodjic

and Villa, 2015). Therefore, it is critical to accurately identify critical

source areas for nonpoint source pollutant phosphorus loss.

Studies from around the world have found that smaller

critical areas within the watershed contribute to a greater

share of pollutant loss. Agricultural catchment areas at the

highest risk of diffuse pollution transfers are termed critical

source areas (CSAs) (Doody et al., 2012). Defining critical

source areas (CSAs) depends upon the accurate delineation of

hydrologically sensitive areas (HSAs) at the highest risk of

generating surface runoff pathway pollutant transport and

delivery via hydrologically connected pathways. (M.Todd

Walter et al., 2000; Xue et al., 2014; Thomas et al., 2016). To

target mitigation measures and best management practices at

appropriate locations and scales, HSAs and CSA nonpoint source

pollution indices need to be more accurately modeled as areas

within a watershed where pollutant loads are consistent with

runoff area and can be used to spatially locate CSAs in the

landscape (Johansson and Randall, 2003; Shen et al., 2011).

Many methods have been applied to identify critical source

areas of phosphorus, such as index models (Osmond et al., 2012;

Wang et al., 2015), isotope labeling methods (Li et al., 2017),

process-based watershed models (Shen et al., 2015), and export

coefficient methods (ECA) (Collick et al., 2015). Index models such

as the phosphorus index (PI) consider factors that may have a

potential impact on pollutant losses, ranking individual fields

according to “sources” (e.g., soil test P, fertilizers, and application

methods) and “transport” factors (e.g., soil erosion, surface runoff,

proximity to streams.) The PI method has been tested and modified

by numerous researchers and is effective in classifying the risk level

of phosphorus loss (Heckrath et al., 2008; Ou and Wang, 2008;

Anderson et al., 2015), and is therefore being widely adopted.

However, these studies ignore that hydrologic connectivity

processes can increase the loss of dissolved phosphorus. This is

considered to be a neglect and simplification of reality, without

considering the impact of micro topography on runoff generation,

confluence and hydrological connectivity (Marjerison et al., 2011;

Cassidy et al., 2019). At the same time, water pollution and land use

change are closely related. Changes in land use and land cover are

driven by human activities, and as phosphorus levels in soils

increase, more phosphorus losses occur. At the same time, the

increase in arable land leads to increasing fertilizer use and

consequent soil erosion. (Watson et al., 2007; Lou et al., 2015).

The Three Gorges Reservoir is the largest strategic reserve of

freshwater resources in China and the most important hub on the

Yangtze River Economic Belt. Its special geographical position

determines that it is the main link to maintain and control the

ecological functions of the Yangtze River basin. The results of the

comprehensive analysis of China’s water environment quality in

2016 show that the main pollution indicator of water environment

quality in the Yangtze River basin has changed from ammonia

nitrogen to total phosphorus, and total phosphorus pollution in the

main stream of the Yangtze River has risen as the main pollutant.

Total phosphorus exceeds the standard mainly due to agricultural

surface source pollution, with relevant data showing that

approximately 70% comes from agricultural surface source

pollution. It has been pointed out that the N/P ratio of the

water bodies in the main and tributaries of the Three Gorges

Reservoir is as high as 40–200, and phosphorus has become a

nutrient limiting factor in the water bodies in the main and

tributaries of the Three Gorges Reservoir. Phosphorus (P) is a

limiting nutrient in many terrestrial ecosystems. Compared with

nitrogen, the behavior and fluxes of phosphorus in Three Gorges

Reservoir are more sensitive to the impact on the water ecosystem

of the main and tributary rivers. Focusing on the current status of

phosphorus pollution and transport patterns in Three Gorges

Reservoir is important for controlling eutrophication in reservoir

waters and ensuring water ecological security in the reservoir and

themiddle and lower reaches of the Yangtze River. In order tomore

accurately delineate the critical source areas of agricultural

nonpoint source phosphorus export in the basin, an innovative

approach was adopted for our selected study area. Therefore, the

main objectives of this study were: (1) to identify HSAs using high-

resolution digital elevation models and soil data based on field

surveys; (2) to identify and characterize the potential risk of

phosphorus loss using Phosphorus Index; (3) to combine Soil

Topographic Index and Phosphorus Index to identify CSAs for

phosphorus loss; and (4) to determine the relationship of land use
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within CSAs. The results of the study will help to improve the

accuracy of identifying CSAs of agricultural nonpoint source

pollution, and open new horizons and bring new methods and

ideas for watershed management, ecological restoration and

sustainable development work of agricultural intensification in

the new period.

2 Materials and methods

2.1 Study site

The study was conducted in the Zhangjiachong watershed

(110°57′20″E, 30°46′51″N) located in Zigui County of Hubei

Province, China. The watershed is located approximately 5 km

southeast of the Three Gorges Reservoir Area (TGRA), with an

area of 162 hm2 (Figure 1). The climate of the watershed belongs

to the subtropical monsoon. Elevations within the watershed

range from 148m to 530 mwith slopes ranging from 2° to 47° and

an average of 21°. The annual precipitation averages 1164 mm, of

which 70% occurs between May and September. The lithology of

the study area exhibits granite. Following the World Reference

Base for Soil Resources (WRB, 2014), the soils refer to Entisols,

Inceptisols and Alfisols. The dominant land use types are tea

garden, cropland and forest land. The main agricultural crops are

rape (Brassica napus L.), corn (Zea mays L.) and wheat (Triticum

aestivum L.). The natural resources, land use patterns and

population density of the Zhangjiachong watershed are the

typical areas of the surrounding areas. Although the results of

this study are from a small watershed in the Three Gorges

Reservoir area, they could indicate the possible trends in the

Three Gorges Reservoir area. The small watershed in this study

area is equivalent to a microcosm of the ecological industry

development in the Three Gorges Reservoir area, and the large

area of tea plantation has brought considerable economic benefits

to the residents. At the same time, the development of the

watershed also faced some problems in terms of soil and

water conservation and surface source pollution.

2.1.1 Field data preparation and collection
The 81 representative soil sites were selected according to

statistical sampling designs, which adequately enabled the

mapping of soil properties by digital soil map techniques.

These 81 soil sites consisted of the main land uses including

the cropland (21, 26%), tea garden (31, 38%), forest land

(24,30%), and grassland (5, 6%). Due to the steep topography

and dangerous road conditions, these 81 profiles represent the

best coverage of the spatial variability of vegetation in the study

area given the physical and resource constraints.

At each selected site, three undisturbed soil cores (5 cm in

diameter and 5 cm in height) were sampled in each soil horizon

with a thin silicone grease layer applied on the internal wall of the

core to avoid the wall-effect. The samples were carefully sealed

and then taken to the laboratory to determine the saturated

hydraulic conductivity (Ks) and soil bulk density. In addition,

disturbed soil samples were collected from different soil horizons

to determine the organic carbon content, particle size

distribution, and total phosphorus content. The geographical

FIGURE 1
The location of the study sites (A): Three Gorges Reservoir Area in China; (B) ZhangjiachongWatershed in the Three Gorges Reservoir Area) and
(C) the digital elevation model (DEM), drainage system of Zhangjiachong Watershed, China. The red dot represents the sampling points.
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characteristics of each site including longitude and the latitude,

soil depth, land use and slope were recorded.

2.1.2 Data collection
The digital elevation model (DEM) of the Zhangjiachong small

watershed used in this study was transformed from the 1:

10,000 Digital Linear Map (DLG) of the study area. The DLG

data came from the Basic Geographic Information Center of Hubei

Province. After extracting contours, elevation points, closed static

waters and other pretreatments, DLG data were supplemented with

important feature points. After checking the edges, the second

complementary points were made in ArcGIS. Based on the

Irregular Triangulation network, the DEM data of the watershed

was generated with a spatial resolution of 5 m (Table 1).

To obtain the land use map of the study area, this study selected

the 2015 Gaofen-2 (GF-2) digital product from Geospatial Data

Cloud (http://www.gscloud.cn/). It uses the GCSWGS 84 coordinate

system and has a spatial resolution of 2 m. Referring to the standard

of China’s land use classification system, combined with the

characteristics of the land landscape of the Zhangjiachong small

watershed, and using a combination of unsupervised classification,

supervised classification and visual interpretation, the land use types

are finally divided into: tea garden, crop land, forest land, grass land,

water area, road and housing estate. (Figure 2A)

2.2 Calculation of the Phosphorus Index

The Phosphorus index (PI) is a method that evaluates the risk

of phosphorus loss in different areas of the watershed, based on

the analysis of the natural environment, and social and economic

data, and it comprehensively considers the main factors affecting

agricultural non-point source phosphorus pollution. On the basis

of the action mechanism of each influencing factor on the loss of

phosphorus loss, the factors can be divided into source factors

and transport factors. According to the contribution of each

influencing factor to the loss of phosphorus element, the

corresponding weight is given, and each factor is divided into

several grades with the corresponding grade score. The potential

risk index (PI) of phosphorus loss is calculated according to

certain calculation rules:

PI � (∑m

i�1SFi × Wsi)× (∏n

j�1TFj × Wij) (1)

where SFi is the corresponding rank score of the source factor

evaluation index i; Wsi is the corresponding weights of the source

factor evaluation index i; TFj is the corresponding rank score of

the transport factor evaluation index j; Wij is the corresponding

weights of the transport factor evaluation index j.

In this study, soil phosphorus content, phosphorus fertilizer

application amount and time were selected as source factors. Soil

erosion and overland flow distance were selected as transport factors.

With the aid of GIS, based on 1:50,000 topographic maps, the

research area is rasterized by 5m *5 m grid, and other thematic

maps are unified into the same geographic coordinate system. The

attribute characteristics of each influencing factor were obtained by

GIS. On this basis, the risk index of phosphorus loss was used to

quantitatively evaluate the risk of phosphorus loss in the watershed.

2.2.1 The calculation of source factors
Source factors include soil total phosphorus content,

phosphate fertilizer application amount in watershed and

phosphate fertilizer application time. All these data were based

on a field survey in Zhangjiachong watershed during August 2018.

2.2.2 The calculation of transport factors
1) Soil erosion factor

Erosion caused by rainfall and runoff is calculated using the

universal Soil Loss Equation (USLE), an empirical model based

FIGURE 2
Land use types (A) and hydrologically sensitive areas (B) for the Zhangjiachong watershed created using digital elevation model (DEM) and soil
data.
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on Wischmeier (Wischmeier and Smith, 1965; Wischmeier and

Smith, 1978). It can predict the average annual rate of soil erosion

for a site, including any number of scenarios involving cropping

systems, management techniques, and erosion control practices:

A � R × K × LS × C × P (2)

where A is the computed soil loss per unit area (t/hm2·a), R is the

rainfall and runoff factor (MJmm/(hm2·ha)),K is the soil erodibility

factor (thm2·h/(hm2·MJmm)), LS is the topographic factor, C is the

cover and management factor, and P is the support practice factor.

Detailed information regarding the model can be obtained from the

handbook (Foster et al., 2003). After the coordinate system of R, K,

LS, C and p value, the distribution map of the soil erosion risk in

Zhangjiachong watershed was calculated by using the grid calculator

in ArcGIS and according to formula (1).

The rainfall erosivity model is applied to the watershed where

the study area is located. Using the measured rainfall data of

Zhangjiachong watershed from 2004 to 2016, the calculation

method is applied to the calculation of rainfall erosivity. Then,

the correlation regression analysis between the calculated value of

the formula and the actual measured value is carried out by the

relevant statistical software, and the rainfall erosivity value of the

watershed is calculated by the calculation formula of rainfall

erosivity in the study area.

The K value is computed as follows (Williams et al., 1983):

K � {0.2 + 0.3 exp[ − 0.02565Sd(1 − Si
100

)]}

× [ Si
Cl + Si

]0.3

× {1.0 − 0.250OC
OC + exp(3.72 − 2.95OC)}

× [1.0 − 0.7(1 − Sd
100

)]/{1 − Sd
100

+ exp[ − 5.51

+ 22.9(1 − Sd
100

)]} (3)

where Sd is the sand content (%), Si is the silt content (%), Cl is the

clay content (%), and OC is organic carbon content (%). The soil

particle size date were obtained from the field survey.

The LS values were calculated by the following equation:

LS � ( λ

72.6
)m(65.41sin 2 θ + 4.56 sin θ + 0.065) (4)

where λ is the length of slope (m), θ is the inclination angle (°),

and S is the percentage of slope. The current recommended

values for index m are as follows:

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0.5 S≥ 5%
0.4 3%< S< 5%
0.3 1%≤ S≤ 3%
0.2 S< 1%

The C value and p value adopted in this study were based on a

literature review and determined on the basis of many studies on

the range of values, combined with land use patterns and local

farming systems. Referring to the research of Shi et al. (2009), the C

value was determined to be 0.25 for crop land, 0.003 for forest land,

0.02 for garden land and 1 for bare land. The p value is determined

as crop land 0.5, forest land 1, garden land 0.7 and water area 0.

2) Distance factor

Farmland ditches and rivers are the main transport channels

for phosphorus nutrients to enter the water body. The distance

between potential pollution sources and receiving water bodies is

an important factor affecting phosphorus transport. The farther

away the receiving water is, the more likely it is to be diluted and

intercepted during transport, and the lower the risk of potential

forest loss. The hydrological analysis tool in ArcGIS was used to

generate DEM data and network data, and then run the

Euclidean Distance tool was run to use the river network as

input data to obtain the distance factor.

2.3 The calculation of the soil topographic
index

Soil Topographic Index (STI) calculation based on DEM and

soil data in Zhangjiachong watershed. Topographic index (TI)

can accurately depict the control of soil moisture saturation by

topographic features (Beven and Kirkby, 1979), and it has been

widely used to study the spatial heterogeneity of hydrological

processes in river basins. The Soil topographic index (STI) is

based on the existing TI, introducing soil factors and taking into

account soil storage capacity, so as to better evaluate hydrological

sensitivity of watershed landscapes. When variable source

hydrology is the dominant hydrological process in the

watershed, STI approximately reflects the propensity of runoff

generation at a certain point in the watershed (M.Todd Walter

et al., 2000). The STI is derived from the following equation,

which accounts for soil properties in addition to topography

(Qiu, 2009; Qiu et al., 2017):

STI � ln( α

tan(β)KsD
) � ln( α

tan(β)) − ln(KsD) (5)

where α is the upslope area per unit contour length in m, β is the
local slope surface angle in decimal, Ks is saturated hydraulic

conductivity (m/day), and D is the depth to the restrictive layer in

m (Walter et al., 2002).

In our study area, because of the different degrees of soil

development, there are several soil layers with different Ks values

above a restrictive layer or bedrock. In this case, the formula for

calculating Ks is:

Ks � D

∑n
1(Di

Ki
) (6)
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where D is the total depth of the soil above the restrictive layer

(cm); Di is the depth of the ith layer, and Ki is the saturated

hydraulic conductivity (m/day) of the ith layer.

In Eq. 5, ln (α/tan(β)) is known as the wetness index and ln

(KsD) represents soil transmissivity. The wetness index at the

study sites was based on the 5-m resolution light detection and

ranging (LiDAR) digital elevation model (DEM) using the SAGA

GIS package in R (Team, 2012). Deriving the wetness index

involves different processes, such as LiDAR DEM filling, slope

calculations, and catchment area calculations. The soil

transmissivity layer was derived using the soil data collected

from the field survey. The soil saturated hydraulic conductivity

used to calculate soil transmissivity was the geometric mean of

the saturated hydraulic conductivities related to multiple soil

layers above the restrictive layer. Soil transmissivity was

multiplied by 0.000864 to convert the units of measurement

for soil transmissivity to m2/day. Finally, the soil transmissivity

layer was added to the wetness index to create STI for the study

site. HSA was the subset of grids that had high STI values in the

watershed landscape (Qiu, 2009; Qiu et al., 2014).

Previous studies have used different methods to delineate

hydrological sensitive areas, including the method of average

saturation probability, the method of focusing 20% of the

watershed area with a high STI value, and the method of

delineating hydrological sensitive areas by setting the TI

threshold or STI threshold. This study drawed on the research

of Qiu et al., (Qiu, 2009; Qiu et al., 2014; Giri et al., 2016; Giri

et al., 2017), that is to set the threshold level of the STI, and

classify the areas where STI is above the threshold level as HSAs.

Based on the results of HSAs delineated by different thresholds of

STI, the spatial variations in HSAs delineated by the thresholds

were 8.5. On the occasion, the HSAs account for approximately

22.87% of the total area of the watershed.

3 Results

3.1 Identification of hydrologically
sensitive areas

The soil thickness for the Zhangjiachong watershed exhibited

strong spatial variability, varying from 4 to 105 cm. In the whole

watershed, the area of soil depth between 15 and 45 cm

accounted for 70.6%. The saturated hydraulic conductivity of

the watershed varied from 0.0025 to 0.0384 cm/s. The soil

transmissivity for the watershed varied from 0.0001 m2/d to

0.0084 m2/d, which indicated that water infiltration was

sufficient to reduce the probability of runoff.

The delineated HSAs have STI values ranging from 3.75 to

17.95, showed that the location of HSAs in the areas where runoff is

the most prone to occur in the watershed. As be shown in Figure 2,

the higher STI (darker shading) indicated a higher probability of

runoff generation. In the course of a rainfall event, runoff would

first appear in areas with higher STI values. HSAs were located near

streams in the upland areas of the watershed. The total area of HSAs

was 35.77 hm2, which was approximately 22.87% of the watershed.

In the HSAs of area 35.77 hm2, 3.53 hm2 was crop lands, 15.60 hm2

was tea plantation, 12.76 hm2 was forest land, and 2.50 hm2 was

urban land. The tea plantation was the main land use type in HSAs

(Table 2). The delineated HSAs have STI values ranging from

3.75 to 17.95, showed that the location of HSAs in the areas where

the runoff are most prone to produce in the watershed. A higher

STI (darker shading) indicated a higher probability of runoff

generation. During a rainfall event, runoff would first appears in

areas with higher STI values.

3.2 Identification of phosphorus
producing areas

3.2.1 Spatial distribution characteristics of
phosphorus loss factors

The pollution producing areas of phosphorus in the

watershed were based on the Phosphorus Index. The spatial

distribution of each evaluation factor was shown in Figure 3.

According to the universal Soil Loss Equation, the soil erosion

factor map was generated by using the results of the grid

calculator. The map reflected the soil erosion of the whole

small watershed. The average annual soil erosion in

Zhangjiachong watershed was 1620 t/(km2·a). The largest area

of soil erosion was mainly distributed in the slight erosion area

(52.47%). Mild erosion and slight erosion accounted for 40.21%

of the total erosion area, while intensive erosion, extreme erosion

and severe erosion accounted for a small proportion. The areas

with serious soil erosion (A > 5,000 t/(km2·a)) were mainly

distributed on both sides of the river course and steep areas

in the north of the watershed.

Based on the measured soil total phosphorus data, ArcGIS

spatial interpolation was used to generate the total phosphorus

distribution map. As Figures 3B shows, the total phosphorus

content in most areas of Zhangjiachong small watershed was at

the middle level. The area with 0–5 mg/kg soil total phosphorus

content accounted for 9.53% of the watershed area, the area with

5–10 mg/kg soil total phosphorus content accounted for 89.68%

of the watershed area, and the area with 10 mg/kg soil total

phosphorus content accounted for 0.79% of the watershed area.

The high value areas were mainly distributed in tea gardens in the

west and middle of the watershed.

Based on the water system map, the distance factor map was

obtained by using the distance mapping function of ArcGIS. As

shown in Figure 3C, 44.23% of the watershed was at the risk level

of high phosphorus loss from 0 to 150 m away from the water

body. On the whole, a large number of tea gardens were planted

in the southeastern part of the watershed and fertilized at the

same time, which was close to the water body and had a higher

risk of phosphorus loss.
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3.2.2 Output risk assessment of phosphorus
The risk degree of the phosphorus index was classified by the

natural fracture method in ArcGIS. The results showed that it is

divided into three grades, which could better distinguish the risk

level of phosphorus loss in the study area. According to the

measured values of each factor, it was divided into three grades,

low, medium, and high. Each grade corresponded to a grade

score, ≤2.29, 2.29–3.05, ≥3.84 (Table.3). The corresponding

weight values of each factor were given. Table 3 showed the details.

According to the established risk evaluation index system of

phosphorus loss, the risk grade map of agricultural non-point

source phosphorus loss in Zhangjiachong small watershed was

calculated (Figure 4). As can be seen from the map, most areas in

the study area showed “medium” and “low” risk of phosphorus loss,

of which the low risk areas accounted for 59.93% and the medium

risk areas account for 19.83%. Most of the low and medium risk

areas lied in the northern part of the watershed, where there were

woodland with high vegetation coverage and low intensity of

human activities. The areas of high-risk covered an area of

32.78 hm2, accounting for 20.24% of the watershed. The main

loss risk areas are the southern and both sides of the river of the

central part of the watershed where tea trees were planted on a large

scale in this area.

3.3 Target the critical source areas

Phosphorus CSAs were the intersection of HSAs and high

potential phosphorus producing areas in the watershed. Table 4

gave the land area in CSAs by phosphorus pollutant and land use.

The total area of CSAs for phosphorus was 8.86 hm2, accounting

for 5.47% of the total watershed, of which 7.59 hm2 was the tea

plantation, and 1.27 hm2 was the crop land. The tea plantation

was the main land use type of the watershed. Figure 5 illustrated

TABLE 1 Data format and sources for the study watershed.

Data type Data format Sources Scale

DEM Grid (cell size 5m*5m) Topographic map 1:10,000

Soil parameter Text file Field survey −

Land-use Vector map (polygon) 2015 1:10,000

Monitoring data of watershed Text file Field survey −

DEM: digital elevation model

TABLE 2 Distribution of different land use types in hydrological sensitive areas.

Land use type Cropland Tea plantation Forest Grassland Water Urban Total

Total land area/hm2 13.17 74.90 61.84 0.25 1.50 10.33 162.00

Area of HSAs/hm2 3.53 15.60 12.76 0.01 1.29 2.50 35.77

Proportion of HSAs/% 26.81 20.82 20.64 37.15 85.72 24.20 22.08

FIGURE 3
The spatial distribution of the phosphorus loss factors (A). Soil erosion. (B). Soil phosphorus content. (C). Distance in the watershed.
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the location of CSAs for phosphorus in the Zhangjiachong

Watershed.

4 Discussion

Comparing the area of different land use types in the

hydrological sensitive area, high risk area of phosphorus loss

and critical source area of phosphorus pollution under STI ≥8.5.
As shown in Table 4, it can be concluded that in the hydrological

sensitive area under STI ≥8.5, tea plantations and forest lands

account for a larger proportion of the hydrological sensitive area

(28.36 hm2), with the areas of 15.6 hm2 and 12.76 hm2,

respectively. And the grassland area is the smallest. The total

area of high-risk areas of phosphorus loss was 39.54 hm2. Tea

plantations account for 82.85% of the total high-risk areas of

phosphorus loss, with an area of 32.76 hm2 and an area of crop

land of 6.78 hm2. Most of the critical source areas of phosphorus

pollution in the study area were tea plantations with an area of

7.59 hm2, accounting for 85.67% of the total area of the CSAs.

In addition, recent research has demonstrated the

importance of accurately identifying HSAs when identifying

and mitigating CSAs. Watershed hydrology has been found to

be an important part of CSAs of phosphorus transfers in

agricultural watersheds (Shore et al., 2014; Campbell et al.,

2015). In some of these studies, HSAs were a dominant CSA

factor which outweighed source and land management pressures

(Mellander et al., 2012; Mellander et al., 2015). This study

proposes a new approach that incorporates P loss factors and

runoff probability to detect CSAs at the watershed scale. This

approach considers more data on generating factors for CSAs in

order to obtain more precise information on their status.

Actually, the approach proposed in this study provides an

objective and brand new perspective to identify the areas

posing the greatest risk to river water quality from agricultural

nonpoint pollution and makes it possible for the most efficient of

TABLE 3 Risk assessment factors of the phosphorus export in the study watershed.

Watershed or field factor Weight for factor Phosphorus loss and/or transport risk

Low (1) Medium (2) High (4)

Source factors Soil test P 0.8 <5 mg kg−1 5~10 mg kg−1 >10 mg kg−1

P usage in watershed 0.9 0~100 kg hm−2 100~200 kg hm−2 >200 kg hm−2

P application time 0.8 Spring or before plant Late summer or early fall All other times

Transport factors Soil erosion 1.0 <2300 t·(km2·a)−1 2300–5000 t·(km2·a)−1 >5000 t·(km2·a)−1
Overland flow distance 1.0 >500 m 150–500 m <150 m

For a low magnitude, the assigned risk is 1, medium = 2, and high = 4. Intepretation of the final scores is as follows: <2.29 = low risk, 2.29–3.05 = medium risk, >3.84 = high risk.

FIGURE 4
High, medium, and low potential phosphorus producing areaS in Zhangjiachong watershed.
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incorporating proper mitigation measures. It is also a basis for

identifying critical source areas of phosphorus produce at

watershed scale with garden land as the main utilization,

based on the investigation and analysis of phosphorus risk

factors in an agricultural catchment area of the Three Gorges

Reservoir Area. The CSAs of phosphorus loss are the areas where

nonpoint source phosphorus pollution needs to be controlled.

The total area of CSAs for phosphorus is 39.54 hm2, accounting

for 24.41% of the total watershed, of which 6.78 hm2 is the crop

land, 32.76 hm2 is tea plantation. Tea plantation is the main

agricultural land use type in Zhangjiachong small watershed. The

residents in the watershed mainly obtain the main family income

through tea picking. In the whole TGRA, similar to the

Zhangjiachong small watershed, there are many watersheds

with garden land as the main land use. However, in order to

pursue high income, “abuse of water and fertilizer” and the abuse

of pesticides are common in the garden (tea garden and citrus

garden) of the TGRA. Garden land has become an important

source of environmental pollution in the Three Gorges Reservoir

Area. According to the ecological and Environmental

Monitoring Bulletin of the Three Gorges Project of the

Yangtze River published by the Ministry of Environmental

Protection of the People’s Republic of China in 2017 (China,

2017), the garden area in the reservoir area accounts for 32.3% of

the agricultural land area, reaching 132,186 ha. Tea plantations

accounted for 3.5% of agricultural land. Therefore, it is necessary

to control the output of nonpoint source pollution from the

source. It is representative to select Zhangjiachong small

watershed as a typical case to study how to improve the

accuracy of identifying the output of phosphorus nonpoint

source pollution in the Three Gorges Reservoir Area.

The CSA of phosphorus loss is an important control area of

nonpoint source phosphorus pollution in the watershed. According

to the characteristics of the CSAs of phosphorus loss, the control

and management measures should be taken in Zhangjiachong

small watershed. Firstly, for vegetable fields and tea plantations,

we must start with the application mode of phosphorus fertilizer,

apply phosphorus fertilizer appropriately to avoid excessive

TABLE 4 Land use in hydrologically sensitive areas, high potential phosphorus producing areas, and phosphorus critical source areas, in hectares, the
Zhangjiachong watershed.

Land
use type

Item Cropland Tea plantation Forest Grassland Water Urban Total

HSAs Area hm2 3.53 15.60 12.76 0.09 1.29 2.50 35.77

Proportion % 9.87 43.61 35.68 0.26 3.60 6.99 100.00

High potential phosphorus producing areas Area hm2 6.78 32.76 0.00 0.00 0.00 0.00 39.54

Proportion % 17.15 82.85 0.00 0.00 0.00 0.00 100.00

Phosphorus CSAs Area hm2 1.27 7.59 0.00 0.00 0.00 0.00 8.86

Proportion % 14.33 85.67 0.00 0.00 0.00 0.00 100.00

FIGURE 5
Phosphorus Critical Source Areas in Zhangjiachong watershed.
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accumulation of phosphorus in soil. Especially in tea plantations,

appropriate application amount and mode should be determined

according to their growth and development needs, and a buried

application method should be adopted as far as possible to avoid

phosphorus fertilizer migration because of rainfall runoff and soil

erosion. Then, for the critical source areas of phosphorus loss

distributed on both sides of the river, the principle of landscape

ecology can be used to optimize the allocation of land resources, or

to establish new landscape elements such as green belts or buffer

belts on both sides of the river bank, so as to readjust the

distribution and balance of soil phosphorus and reduce the

phosphorus load of nonpoint sources. Moreover, the upper and

middle slopes of Zhangjiachong small watershed are steeper

(Collick et al., 2015). For the critical source areas with high soil

erosion in the middle and upper watersheds, which are far away

from rivers and small in area, soil erosion can be controlled by

adopting appropriate soil and water conservation measures.

HSAs play a significant role in the generation of surface runoff,

and their utilization has great significance to the quantity

management and quality of water resources. The HSAs was

declined to represent the most easily runoff-producing areas in

the watershed by the calculation of STI. The results showed that

22.08% of the watershed area was divided into the hydrological

sensitive area with an STI threshold of 8.5. As Herron and Hairsine

(Herron and Hairsine, 1998) demonstrated that attention should be

given to the high STI areas of the watershed, which is about 20% of

the watershed areas, the threshold in our study was set as 8.5. Similar

results were also observed by Qiu et al. (Qiu et al., 2014), HSAs were

defined as the areas having STI values greater than or equal to 9 to

assess HSAs in three municipalities in New Jersey to evaluate

alternative water resource protection strategies. Different from

the above study, the Zhangjiachong watershed is a typical

mountainous watershed, with an elevation of 148–530m and a

slope of 2°–47°. Agricultural land was the main land use type,

which accounted for over 45.78% of the whole watershed area

(Figures 2A) with fewer crop land and grass land. Therefore the

difference may be attributed to the influence of topographic factors

and land use type in the watershed. Therefore, compared with other

areas in the watershed, farming and fertilization in the hydrological

sensitive areas aremore likely to lead to agricultural nonpoint source

phosphorus pollution and increase the risk of regional phosphorus

pollution. Zhangjiachong small watershed area has been seriously

eroded because of the artificial expansion of the tea plantation area.

This study is an important step toward the rational planning and

implementation of effective measures to control erosion and protect

natural resources. It is suggested that the establishment of farmland

catchment management system should be strengthened, and other

measures to control erosion, such as planting trees and establishing

buffers, can be taken to minimize the degree of soil erosion and

reduce soil erosion in this area.

The spatial difference in nonpoint source phosphorus

pollution in the watershed is the result of the interaction of

several influencing factors with spatial differences. These

influencing factors promote and restrict each other in the

occurrence of nonpoint source phosphorus pollution.

Considering both source factors and transport factors, the

Phosphorus Index method was applied in Zhangjiachong

watershed. The whole watershed is divided into three grades:

high, medium and low, of which 20.24% are at high risk of

phosphorus loss. These hotspots in the watershed would be

appropriate locations for the implementation of source-control

BMPs such as restrictions on nutrient application (Buchanan et al.,

2013; Zhang et al., 2020) or deploying appropriate soil and water

conservation measures. And Haygarth et al. (2005) promoted the

control of phosphorus transport pathways to reduce overall

phosphorus load to receiving water and outlined several

transport management techniques. Based on PI, Lane et al.

(2004, 2009) assessed the risk potential in the watershed, and

designed a novel approach to consider network connectivity when

assessing the potential for pollution risk, which is somewhat

analogous to the TTPI. Their approach assumed that the

saturated region was hydrologically connected, and therefore

the risk of contamination is considered high when a

topographic index indicates continuous (Kirkby, 1975). Based

on this point of view, our research proposes to apply both PI

and STI to small watersheds to obtain high-risk areas for pollutant

output based on HSAs (Figure 6).

Previous methods for identifying CSAs are based on only a

single criterion (Shen et al., 2011; Zhuang et al., 2016; Moges et al.,

2017; Hua et al., 2019), such as STIs or high pollution producing

areas. One of the main contributions of this study is that CSA

controls phosphorus pollution by integrating two standards,

namely HSA measured by STI method and high-risk

phosphorus producing areas measured by PI method, in the

Zhangjiachong watershed of the Three Gorges Reservoir. More

specifically, CSAs for phosphorus can be identified by the

FIGURE 6
Schematic of HSAs and high risk of phosphorus producing
areas.
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intersection of HSAs and the high risk of phosphorus producing

areas in the watershed. The advantage of using the integrated

approach to delineate CSAs in the Zhangjiachong watershed is

that it can significantly reduce the target area of soil and water

conservation and land governance measures implementation,

which will increase the economic efficiency aimed at reducing

NPS pollution. Using the innovative approach described in this

study, soil and water conservation and land governance measures,

are positioned in CSAs, which can effectively improve the efficiency

of governance and save the funds needed for governance. By

incorporating STI and PI, the phosphorus output critical source

area was identified as intersection area of the HSAs and high

risk of phosphorus producing area. This novel CSA

identification approach can be widely used in the watersheds

where funds are limited and need to be processed in the TGRA.

Accurate and efficient integrated nonpoint pollution

prevention and control requires precise identification of

critical source areas, key processes and influencing factors.

This method proposed in this paper can simply, efficiently

and accurately depict the path of prone runoff production and

its influence on pollutant transport, and can be well applied at

both small watershed scale and regional scale. It has excellent

application prospects in ecological research directions such as

landscape ecology and green sustainable development, and has

important application value for the integrated and efficient

prevention and control of regional surface source pollution.

5 Conclusion

Identification of the critical source area of the agricultural

watershed is essential for nonpoint source pollution control.

However, due to the topographic characteristics of the Three

Gorges Reservoir area with high mountains and steep slopes, it is

still a challenge to accurately identify the areas that need to be

controlled. The risk assessment of nonpoint source phosphorus

loss and the identification of critical source areas in this study

were conducted at the watershed scale. The combined

phosphorus index (PI) and soil topographic index (STI)

approach allows for quick and easy identification of critical

source areas of nonpoint source phosphorus contamination.

By combining PI and STI, CSAs are identified as the

intersection of HAS and high-risk phosphorus-producing

areas, and the majority of CSAs are located along streams

where high or relatively high soil phosphorus content and

phosphorus fertilization, or heavy soil erosion, can be

observed Therefore, the garden, especially the tea garden,

according to its growth and development needs, should

determine the appropriate amount of fertilizer and

fertilization methods, and try to use buried fertilization

methods to avoid the migration of phosphorus fertilizer with

rainfall runoff and soil erosion. Taking a typical watershed in the

Three Gorges Reservoir area as an example, this study suggests

the application of appropriate soil and water conservation

measures or best management practices for the integrated

management of small watersheds. When the innovative

approach is applied to large watersheds, spatial differences in

nonpoint source phosphorus pollution can be acquired from a

macroscopic perspective and effective control can be

implemented. The results of the study will help to strengthen

the accuracy of identifying critical source areas of agricultural

nonpoint source pollution, and open new perspectives and

methods for land management, ecological restoration, and

sustainable development efforts of agricultural intensification

in the new period. Moreover, since the data required to run

the method are easily accessible, it can be quickly and efficiently

applied to identify critical source areas in small watersheds and

large regions, and is worthy of replication in other regions.
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