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Spatial and temporal distribution
characteristics and prediction
analysis of nitrogen and
phosphorus surface source
pollution in Shandong Province
under the climate and land
use changes

Qingsong Li †, Jincai Zhang †, Jiawen Zhang, Huishan Gao,
Weiqiang Chen, Junchang Huang, Yulong Guo, Shuaijun Yue
and Genming Li*

College of Resources and Environmental Sciences, Henan Agricultural University, Zhengzhou, China
The aim of this study was to explore the characteristics of non-point source

pollution of nitrogen (N) and phosphorus (P) under the background of climate

and land use in Shandong Province. First, using the InVEST NDR module in the

model, N and P non-point source pollution in 2010 and 2020 in Shandong

Province were simulated; then, based on precipitation data under three different

global climate models (MRI-ESM-0, GFDL-ESM4, and Ec-Earth3) and two Shared

Socioeconomic Pathways (SSP245 and SSP585), land use data under two Shared

Socioeconomic Pathways (SSP245 and SSP585) were used to simulate and

predict the non-point source pollution of N and P in Shandong Province in

2030. The results showed the following: (1) On the time scale, the output load

and total output of N and P decreased during 2010–2020, while the output load

and total output of N and P increased during 2020–2030. (2) On the spatial scale,

the spatial distribution of N and P output loads in 2010, 2020, and 2030 is roughly

the same, being “low in the northwest and high in the southeast”. (3) Different

climate scenarios have a great influence on N and P output load and total output,

and the N and P pollution in the SSP585 scenario is more serious. The total

output of N and P did not change much in different climate models, while the

spatial distribution of the output load of N and P varied significantly, indicating

that different climate models had a greater impact on the spatial distribution of

the output load of N and P. (4) The overall cold hot spot pattern of nitrogen and

phosphorus pollution in Shandong Province is stable, basically showing a “band +

cluster + scatter” distribution pattern; the hot spot area in the central and

southern region of Shandong Province changes little regardless of the model,

the northwest is basically a cold spot area, and the nitrogen and phosphorus hot

spot area under the SSP245 scenario in Ec-Earth3 model had the least amount of
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change. According to research results, combined with the actual situation of

Shandong Province, it is hoped that it can provide theoretical basis for the

prevention and control of non-point source pollution in Shandong Province in

the future.
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1 Introduction

The rapid socioeconomic development, the continuous

population growth, the development needs of the economy, and

the increasing demand for food have forced an increasing

imbalance between industrial and agricultural production and the

environment. The waste of resources and environmental pollution

problems brought about by the irrational use of a large number of

factors of production have aggravated the deterioration of water

bodies and soils and triggered serious surface pollution (Carpenter

et al., 1998). At present, in the context of climate and land use, the

world is under constant threat. Surface pollution can cause water

pollution and eutrophication of lakes, and inhibit crop growth,

seriously affecting China’s water resources and food security and

limiting sustainable socioeconomic development (He and Hu,

2022). At present, in the context of climate and land use, the

world is under constant threat of survival, and the problem of

surface source pollution has become a research hotspot worldwide.

Therefore, it is important to analyze the spatial and temporal

distribution of nitrogen (N) and phosphorus (P) surface source

pollution to improve the water environment and ensure

food security.

The study of surface source pollution has received increasing

attention from many scholars for quite some time. Most scholars

mainly use risk evaluation or model simulation methods (Geng

et al., 2017) to study the spatial distribution of surface source

pollution loads. Most of the risk evaluation methods represented

by the N and P index method are not comprehensive in the

selection of indicators and too coarse in the unit study, which

cannot assess the surface source pollution load more accurately and

quantitatively. The model simulation method can fill the gap of risk

evaluation. The SWAT model (Lam et al., 2010; Romagnoli et al.,

2017), output coefficient model (ECM) (Johnes, 1996; Li et al.,

2009), and domestic and international studies mainly used

AnnAGNPS (Villamizar and Brown, 2016) and average

concentration (Li et al., 2011) modeling methods. Among them,

the SWAT model, AnnAGNPS, and other mechanistic models are

not suitable for large-area simulation due to high data requirements

and difficult-to-obtain and complicated calculation (Feng

et al., 2019).

The parameters required for InVEST’s nutrient transport rate

model (NDR) are easily accessible, the mechanism is clear, and the

calculation is simple. It is currently the most widely used integrated
02
platform for ecosystem service assessment internationally and is

suitable for large-scale surface source pollution simulation studies

(Xue, 2017). At present, many scholars at home and abroad use the

NDR model to study the non-point source pollution load in the

basin. Scholars have conducted in-depth studies on the uncertainty

of NDRmodels. For example, the Benez-S team from the University

of Georgia studied the influence of dataset accuracy on the InVEST

nutrient delivery module Benez-Secanho and Dwivedi, 2019. Silata

found that it was the key to improve the accuracy of the model to

select the appropriate cumulative flow threshold and the DEM that

correctly represented the nutrient flow path Stefano et al., 2017.

Some scholars have used this model in actual watershed simulation.

For example, in the White River basin in the Midwest of the United

States, the NDR model has better distinguished regions with high

nitrogen and phosphorus output loads under different land use

scenarios Han et al., 2021. In the UK, the NDR model performs well

in terms of the relative size of nitrogen and phosphorus output load

nutrient output Redhead et al., 2018. These results indicate that the

InVEST nutrient transport model is stable and reliable in pattern

research. In China, Wu Zhe of Hainan University used the NDR

model to evaluate the risk of nitrogen and phosphorus export in

Hainan Island Wu et al., 2014. Yan Yiyun et al. evaluated the total

nitrogen removal effect of constructed wetlands in Jiulong River

Basin and obtained the relationship between wetland proportion

and reduction effect Yan et al., 2018. Liu Ju used the NDR model to

estimate the total output of nitrogen and phosphorus pollutants in

mountainous areas of Baoxing County, Sichuan Province Liu J et al.,

2019. Zhang et al. studied the spatial distribution characteristics of

farmland non-point sources in the Haihe River Basin and identified

the key source areas Zhang et al., 2021 and Zhao et al., 2014. These

cases prove that the NDR model can well simulate the non-point

source pollution in small and medium-sized watersheds, but few

scholars have studied it at the provincial scale.

Shandong Province, as a large production province based on

agriculture and industry, has 7% of the country’s population but

only 1% of its water resources, and the high level of water

exploitation and use of production factors has led to more serious

pollution in the region. The Second National Pollution Source

Census of Shandong Province shows the following statistics:

Shandong Province water pollution chemical oxygen demand

(COD) emissions of 1.14116 million tons, total nitrogen (TN)

emissions of 162,600 tons, and total phosphorus (TP) emissions

of 14,000 tons, accounting for 6.58%, 5.35%, and 4.44% of the
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national water pollutant emissions in China. In 2021,

approximately 25% of the water environment of surface water in

the “Shandong Province Ecological Environment Status Bulletin”

still belongs to Class IV water bodies. The situation of surface source

pollution of N and P is not optimistic, and water pollution

prevention and control need to be further strengthened, especially

since surface source pollution has a great impact on the social and

economic development of Shandong Province.

In view of this, Shandong Province was selected as the study area

for this paper. The improved InVEST model was used to calculate

watershed surface source pollution loads. The use of GIS technology

InVEST model coupling, through the GIS technology, is proposed to

determine the source pollution load of N and P from the spatial and

temporal distribution pattern analysis of surface source pollution.

Finally, based on three different global climate models (MRI-ESM-0,

GFDL-ESM4, and Ec-Earth3) and future annual precipitation data

under two Shared Socioeconomic Pathways (SSP245 and SSP585),

the future land use data under two Shared Socioeconomic Pathways

(SSP245 and SSP585) and future non-point source pollution in

Shandong Province are predicted and analyzed. This study can

provide an objective assessment of the current situation of N and P

surface pollution in Shandong Province, with a view to providing

scientific support for the control and management of surface

pollution in Shandong Province.
2 Overview of the study area

Shandong Province is located at N34°22.9’–N38°24.01’, E114°

47.5’–E122°42.3’ (Xu et al., 2020; Wang et al., 2022), in the northern

part of the North China Plain in China, with a land area of

approximately 155,800 km2 (Wang et al., 2023) (Figure 1). The

region’s topography is complex and diverse; the south-central part

is mostly mountainous, accounting for approximately 14.59% of the
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province; the southwest and northwest are dominated by plains,

accounting for approximately 65.56% of the province; and the east

is mostly hilly, accounting for approximately 15.39% of the

province. The zone has a warm-temperate monsoon climate, with

an average annual temperature of 11°C to 14°C (Gao et al., 2014;

Jiang et al., 2022). The temperature varies widely, with greater

differences between east and west than between north and south.

Precipitation is mainly concentrated in summer from the time

distribution. In terms of spatial distribution, precipitation decreases

from southeast to northwest. Owing to the extremely unbalanced

distribution of precipitation, flooding usually occurs during the

rainy period and drought typically occurs during the dry period,

which poses a great challenge to the agricultural development of

Shandong Province.
3 Data and methods

3.1 Research data

(1) The statistics were mainly from the statistical yearbooks of

counties and cities included that in Shandong Province.

(2) The Digital Elevation Model (DEM) was downloaded from

the Geospatial Data Cloud platform with a spatial resolution of

1000 m (http://www.gscloud.cn). ArcGIS technology was used to

extract river basin data in Shandong Province.

(3) The land use-type data of Shandong Province were obtained

from the Institute of Geography, Chinese Academy of Sciences,

with a spatial resolution of 1000 m (http://www.resdc.cn). The land

use-type data for future periods were obtained from a set of 1-km-

resolution future land cover type data based on IGBP classification

(2015–2100, with 5-year intervals) simulated by Li Xia’s team at

East China Normal University using the FLUS model, with a spatial

resolution of 1000 m (Liu X et al., 2019).
FIGURE 1

Location of study region.
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(4) The meteorological data were obtained from the China

Meteorological Data Network, a dataset that is widely used for

research. The annual average daily precipitation data from weather

stations in Shandong Province were used to estimate the annual

precipitation. Future precipitation data for the two scenarios

SSP245 and SSP585 for three different climate models (MRI-

ESM-0, GFDL-ESM4, and Ec-Earth3) were obtained from the

National Earth System Science Data Center (http : / /

www.geodata.cn/).
3.2 Research methods

N and P loading to the river model (Sharp et al., 2016)

(1) N and P loss loads are allocated to the surface and

subsurface layers according to a certain ratio, calculated as

loadsurf , i = (1 − proportionsubsurface) · load _ xi (1)

loadsub,i = proportionsubsurface · load _ xi (2)

where load_xi is the N and P loss load, proportionsubsurface is the

proportion of nutrients N and P in the subsurface layer, loadsurf,i is

the surface nutrient N and P load, and loadsubsurf,iis the subsurface

nutrient N and P load.

(2) The surface nutrient transport rate is calculated as

NDRi = NDR0,i 1 + exp
ICa − IC0

k

� �� �−1

(3)

NDR0,i = 1 − eff
0
i (4)

where NDR0,i is the nutrient transport rate that is not retained

by downstream pixels, ICa is a topographic index, IC0 and k are

calibration parameters, and eff
0
i is the maximum interception

efficiency between surface grid unit i and the river.

(3) The formula for calculating the transport rate of subsurface

nutrients is:

NDRsubs,i = 1 − effsubs 1 − e
−5l
lsubs

� �
(5)

where effsubs is the maximum nutrient retention efficiency that

can achieve underground flow and lsubs is the interception length of
Frontiers in Ecology and Evolution 04
groundwater flow. Assuming that the soil maintains its maximum

capacity of nutrients at a distance, l is the distance from the pixel to

the stream.

(4) The formula for calculating nutrient output is:

Xexp,i = loadsurf ,i · NDRsurf ,i + loadsubs,i · NDRsubs,i (6)

Xexptot =oixexp,i (7)

where xexp,i is the nutrient N and P output load of each grid unit

i,loadsurf ,i is the N and P load of surface nutrients, NDRsurf ,i is the N

and P transport rate of surface nutrients, loadsub,i is the N and P load

of subsurface nutrients, NDRsub,i is the transport rate of subsurface

nutrients, and Xexptot   is the total output of nutrient N and P in the

sub-watershed.
4 Results and analysis

4.1 Land use change

In order to more intuitively show the changes of land use in

Shandong Province from 2010 to 2030, we summarized the land use

data from 2010 to 2030, and the results are shown in Table 1.

It can be seen from Table 1 that the area of farmland, forest

land, grassland, and unused land in Shandong Province decreased

in 2020 compared with that in 2010. The reduction of grassland

accounted for 2.94% of the total, followed by 0.78% and 0.7% of

unused land and farmland, respectively, and the minimum of forest

land was 0.51%. Water area and construction land increased by

2.35% and 2.56%, respectively. Under the SSP245 scenario, the area

of forest land, grassland, water area, and construction land in

Shandong Province would decrease in 2030, with a maximum

reduction of 10.79% for construction land, a reduction of 5.61%

for forest land, 5.06% for water area, and 5.04% for grassland, and

an increase of 26.07% for farmland and 0.43% for unused land.

Under the SSP585 scenario, the area of forest land, grassland, water

area, and built-up land in Shandong Province would decrease in

2030, with a maximum reduction of 10.75% for built-up land, 5.49%

for forest land, 5.06% for water area, 3.41% for grassland, 24.61% for

farmland, and 0.10% for unused land. It can be seen that the land

use change in Shandong Province in the next decade is more drastic
TABLE 1 Land use in Shandong Province (by million hectares).

Lucc type 2010 2020
2030

SSP245 SSP585

Farmland 1,028.57 1,017.59 1,429.02 1,406.06

Forest 98.53 90.45 1.89 3.75

Grassland 131.88 85.46 5.98 31.69

Water 67.83 104.97 25.17 25.17

Built-up 233.07 273.49 103.24 103.76

Unused 18.38 6.07 12.8 7.67
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under the scenarios of SSP245 and SSP585, and the farmland area of

SSP245 increases more than that of SSP585.
4.2 Results of model runs

4.2.1 Historical simulation results
Based on DEM data, 2010 and 2020 land use-type data and 2010

and 2020 average rainfall data of Shandong Province were

determined. The InVEST model was used to estimate the output

loads of N and P surface source pollution in Shandong Province in

2010 and 2020. The simulated N and P output loads from Shandong

Province are shown in Figure 2. According to the analysis of N and

P output load maps, it can be concluded that the output load of N in

2010 and 2020 is between 0 and 15.17 kg ha−1 year−1 and between 0

and 4.25 kg ha−1 year−1, respectively. The total output of N in

Shandong Province was 56,100 tons and 17,900 tons in 2010 and

2020, respectively, and the average values of output load of N were

3.55 kg ha−1 year−1 and 1.13 kg ha−1 year−1 in 2010 and 2020,

respectively. The output load of P in 2010 and 2020 is between 0 and

1.17 kg ha−1 year−1 and between 0 and 0.34 kg ha−1 year−1,

respectively. The total output of P in Shandong Province in 2010

and 2020 is 0.41 million tons and 0.13 million tons, respectively,

and the average output load of P in 2010 and 2020 is 0.26 kg ha−1

year−1 and 0.08 kg ha−1 year−1, respectively. In general, the total N

and P output and output load in Shandong Province decreased
Frontiers in Ecology and Evolution 05
during 2010–2020, which is consistent with the findings of Tao

Yuan and other scholars (Tao et al., 2021). In terms of spatial

distribution, the distribution of N and P output loads in 2010

and 2020 is the same, being “low in the northwest and high in the

southeast”. The N and P output loads are significantly higher in the

eastern and southern regions of Shandong Province than in

the northwestern part, and the regions with high N and P output

loads are generally characterized by high population density and

large distribution of arable land.

4.2.2 Future simulation results
Based on the future land use data in 2030 under the two Shared

Socioeconomic Pathways of SSP245 and SSP585, and the future

annual precipitation data in 2030 under the two Shared

Socioeconomic Pathways of SSP245 and SSP585 for three

different climate models (MRI-ESM-0, GFDL-ESM4, and Ec-

Earth3), three 2030 N and P output load distribution maps for

Shandong Province were obtained.

Figure 3 shows the spatiotemporal distribution of N and P non-

point source pollution in 2030 under the two scenarios of MRI-

ESM-0 mode SSP245 and SSP585.

The total N output in 2030 under the SSP245 scenario is 22.82

million tons and the average N output load is 1.44 kg ha−1 year−1.

The total N output in 2030 under the SSP585 scenario is 23.47

million tons and the mean N output load is 1.48 kg ha−1 year−1. In

terms of spatial distribution, the N output load is mainly
B

C D

A

FIGURE 2

Historical status of N and P output. (A:2010 N output; B:2020 N output; C:2010 P output; D:2020 P output).
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concentrated in the central and southern parts of Shandong

Province. The total P output in 2030 under the SSP245 scenario

is 1.76 million tons and the average P output load is 0.111 kg ha−1

year−1. The total P output in 2030 under the SSP585 scenario is 1.80

million tons and the mean P output load is 0.114 kg ha−1 year−1.

In terms of spatial distribution, the P output load is

mainly concentrated in the central and southern parts of

Shandong Province.

Figure 4 shows the spatial and temporal distribution of N and P

non-point source pollution in 2030 under GFDL-ESM4 models

SSP245 and SSP585. The total N output in 2030 under the SSP245

scenario is 22.82 million tons and the average N output load is 1.44 kg

ha−1 year−1. The total N output in 2030 under the SSP585 scenario is

23.31 million tons and the mean N output load is 1.47 kg ha−1 year−1.

In terms of spatial distribution, the N output load is mainly

concentrated in the central and southern parts of Shandong

Province. The total P output in 2030 under the SSP245 scenario is

1.76 million tons and the average P output load is 0.111 kg ha−1 year−1.

The total P output in 2030 under the SSP585 scenario is 1.79 million

tons and the mean P output load is 0.113 kg ha−1 year−1. In terms of

spatial distribution, the P output load is mainly concentrated in the

central and southern parts of Shandong Province.

Figure 5 shows the spatial and temporal distribution of N and P

non-point source pollution in 2030 under Ec-Earth3 models

SSP245 and SSP585. The total N output in 2030 under the
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SSP245 scenario is 22.79 million tons and the average N output

load is 1.44 kg ha−1 year−1. The total N output in 2030 under the

SSP585 scenario is 23.50 million tons and the mean N output load is

1.48 kg ha−1 year−1. In terms of spatial distribution, the N output

load is mainly concentrated in the central and southern parts of

Shandong Province. The total P output in 2030 under the SSP245

scenario is 1.75 million tons and the average P output load is

0.111 kg ha−1 year−1. The total P output in 2030 under the SSP585

scenario is 1.80 million tons and the mean P output load is 0.114 kg

ha−1 year−1. In terms of spatial distribution, the P output load is

mainly concentrated in the central and southern parts of

Shandong Province.

In short, the output load and total output of nitrogen and

phosphorus in Shandong Province will increase from 2020 to 2030.

This may be related to the increase of cultivated land area in

Shandong Province in 2030, which leads to an increase in the use

of nitrogen- and phosphorus-containing substances such as

fertilizers, resulting in an increase in the total amount of nitrogen

and phosphorus, resulting, in turn, in an increase in the total

amount of nitrogen and phosphorus output and output load.

Among the three development models, the output load and total

output of nitrogen and phosphorus under the SSP245 scenario in

Ec-Earth3 model were the lowest. It is suggested that the future

development of Shandong Province should be closer to the SSP245

scenario in the Ec-Earth3 model.
B

C D

A

FIGURE 3

N and P output in MRI-ESM-0 mode. (A: SSP245 N output; B: SSP585 N output; C: SSP245 P output; D: SSP585 P output).
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4.3 Analysis of spatial and
temporal changes

4.3.1 Analysis of historical temporal and
spatial changes

The changes of N and P output loads in Shandong Province

from 2010 to 2020 were analyzed using ArcGIS software, and the

results are shown in Figure 6. It can be seen from the figure that,

overall, the N output load in Shandong Province decreases from

2010 to 2020 with an average value of −2.42 kg ha−1 year−1. Local

output loads have increased in Shandong Province, mainly in the

northern, central, and northeastern regions, all of which share the

common characteristics of high population density and large arable

land holdings. The graph shows an overall reduction in P export

load in Shandong Province from 2010 to 2020 with an average value

of −0.18 kg ha−1 year−1, which is a smaller reduction compared to N.

The increased output load of P differs from the increased output

load of N in that the increased output load of P has a smaller value

and is more regionally dispersed, but is broadly concentrated in

densely populated areas with more arable land.

4.3.2 Analysis of future spatial and
temporal changes

Figure 7 shows the change in N output load from 2020 to 2030

for two scenarios with three different climate models (MRI-ESM-0,

GFDL-ESM4, and Ec-Earth3), SSP245 and SSP585, and Figure 8
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shows the change in P output load from 2020 to 2030 for two

scenarios with three different climate models (MRI-ESM-0, GFDL-

ESM4, and Ec-Earth3), SSP245 and SSP585.

From Figures 7A, 8A, it can be seen that the mean value of the

variable output load from 2020 to 2030 for the MRI-ESM-0 model

SSP245 scenario is 0.313 kg ha−1 year−1 for N and 0.028 kg ha−1

year−1 for P. Overall, the output load of N and P has increased from

2020 to 2030. In terms of spatial distribution, the changing output

load of N and the changing output load of N under the SSP245

scenario from 2020 to 2030 are basically the same distribution

pattern. The increased N and P output loads are mainly

concentrated in the southwestern and northeastern parts of

Shandong Province, while the rest of the northern parts have

relatively reduced N and P output loads. From Figures 7B, 8B, it

can be seen that the mean value of the variable output load from

2020 to 2030 for the MRI-ESM-0 model SSP585 scenario is 0.350 kg

ha−1 year−1 for N and 0.029 kg ha−1 year−1 for P. Overall, the output

load of N and P increases from 2020 to 2030. In terms of spatial

distribution, the changing output load of N from 2020 to 2030

under the SSP585 scenario and the changing output load

distribution pattern of N are basically the same. The increased N

and P output loads are mainly concentrated in the south of

Shandong Province, the increased drastic loads are mainly in the

south-central part, and the decreased N and P output loads are

mainly concentrated in the north of Shandong Province. Based on

the above changes, it can be seen that the distribution of variable
B

C D

A

FIGURE 4

N and P output in GFDL-ESM4 mode. (A: SSP245 N output; B: SSP585 N output; C: SSP245 P output; D: SSP585 P output).
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output load of N and P is approximately the same for different

scenarios in the MRI-ESM-0 model, but the output load of N and P

in the SSP585 scenario has a wider area and a larger total amount.

From Figures 7C, 8C, it can be seen that the mean value of the

variable output load for the GFDL-ESM4 model SSP245 scenario

from 2020 to 2030 is 0.312 kg ha−1 year−1 for N and 0.027 kg ha−1

year−1 for P. Overall, the output load of N and P has increased from

2020 to 2030. In terms of spatial distribution, the changing output

load of N and the changing output load of N under the SSP245

scenario from 2020 to 2030 are basically the same distribution

pattern. The increased output loads of N and P were mainly
Frontiers in Ecology and Evolution 08
distributed in the north, and the areas with drastic increases were

mainly concentrated in the north-central and northeastern parts,

while the output loads of N and P decreased in most areas in the

south of Shandong Province. From Figures 7D, 8D, it can be seen

that the mean value of the variable output load from 2020 to 2030

for the GFDL-ESM4 model SSP585 scenario is 0.342 kg ha−1 year−1

for N and 0.029 kg ha−1 year−1 for P. Overall, the output load of N

and P increases from 2020 to 2030. In terms of spatial distribution,

the changing output load of N from 2020 to 2030 under the SSP585

scenario and the changing output load distribution pattern of N are

basically the same. The increased N and P output loads are mainly
B

C D

A

FIGURE 5

N and P output in Ec-Earth3 mode. (A: SSP245 N output; B: SSP585 N output; C: SSP245 P output; D: SSP585 P output).
BA

FIGURE 6

N and P historical output changes. (A:2010-2020 N output change; B:2010-2020 P output change).
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concentrated in the central and northwestern part of Shandong

Province, the drastic load increase is mainly in the central region,

and the reduced N and P output loads are mainly distributed in the

southwestern and some eastern parts of Shandong Province. Based

on the above changes, it can be seen that the spatial distribution of

variable output loads of N and P differs for different scenarios in the

GFDL-ESM4 model. The output load area of N and P decreased in

the SSP585 scenario, but the total output increased, indicating that

local N and P pollution became more severe.

From Figures 4E, 5E, it can be seen that the mean value of the

variable output load from 2020 to 2030 for the EC-Earth3 model

SSP245 scenario is 0.307 kg ha−1 year−1 for N and 0.027 kg ha−1

year−1 for P. Overall, the output load of N and P has increased from

2020 to 2030. In terms of spatial distribution, the changing output

load of N and the changing output load of N under the SSP245

scenario from 2020 to 2030 are basically the same distribution

pattern. The increased N and P output loads are mainly

concentrated in the central, southern, and central regions of

Shandong Province, and the areas of dramatic increase are mainly

concentrated in the central and southern regions of Shandong

Province, while the reduced N and P output loads are distributed

in the western as well as some eastern regions of Shandong

Province. From Figures 4F, 5F, it can be seen that the EC-Earth3
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model SSP585 scenario has a mean value of 0.355 kg ha−1 year−1 for

the changing output load of N and 0.030 kg ha−1 year−1 for the

changing output load of P from 2020 to 2030. Overall, the output

load of N and P has increased from 2020 to 2030. In terms of spatial

distribution, the changing output load of N from 2020 to 2030

under SSP585 scenario and the changing output load distribution

pattern of N are basically the same. The increased N and P output

loads are mainly distributed in the central and southern part of

Shandong Province as well as in the northeastern part of the

country, the increased drastic loads are mainly in the central and

southern part of the country, and the decreased N and P output

loads are mainly distributed in the northwestern part of Shandong

Province. Based on the above changes, it can be seen that the spatial

distribution of output loads of N and P varies for different scenarios

in the EC-Earth3 model. The output load area of N and P decreased

in the SSP585 scenario, but the total output increased, indicating

that local N and P pollution became more severe. From Figures 4A–

F, 5A–F, it can be seen that the spatial distribution of output loads of

N and P changes from 2020 to 2030 for three different climate

models (MRI-ESM-0, GFDL-ESM4, and Ec-Earth3) under the same

scenario, but the total output of N and P does not change much,

indicating that different climate models only have an effect on the

spatial distribution of output loads of N and P.
C

E

A B

D

F

FIGURE 7

N future output changes. (A:2030 N output change in SSP245 and MRI-ESM-0; B:2030 N output change in SSP585 and MRI-ESM-0; C:2030 N
output change in SSP245 and GFDL-ESM4; D:2030 N output change in SSP585 and GFDL-ESM4; E:2030 N output change in SSP245 and Ec-Earth3;
F:2030 N output change in SSP585 and Ec-Earth3).
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4.4 Hot spot analysis

With the help of the hot spot analysis operation of the ArcGIS

10.7 software, the output load of nitrogen and phosphorus in

Shandong Province in 2010, 2020, and 2030 was analyzed, and

the cold hot spot distribution map of nitrogen and phosphorus in

Shandong Province was obtained (Figures 9–12).

In 2010, the hot spots of nitrogen and phosphorus were mainly

distributed in the central and northern part of Shandong Province,

and the cold spots were mainly distributed in the southern part of

Shandong Province. The hot spots of nitrogen were larger than

those of phosphorus, and the cold spots of nitrogen were smaller

than those of nitrogen. From 2010 to 2020, the hot spots of nitrogen

and phosphorus decreased, but were still clustered in the central

and northern regions, while the number of cold spots increased

significantly from scattered to relatively concentrated, and the area

of insignificant regions also decreased.

The analysis of nitrogen and phosphorus hotspots under the

three global climate models in 2030 was compared with the

distribution of nitrogen and phosphorus hotspots in 2020. The

overall spatial pattern of the three climate models under the SSP245

scenario was relatively stable, and the distribution of cold hotspots
Frontiers in Ecology and Evolution 10
was relatively concentrated, with cold spots mainly concentrated in

the northwest region, and hot spots mainly concentrated in the

northeast and central and southern regions. At the same time, in the

MRI-ESM-0 mode, compared with 2020, the cold spot area is

further expanded, the hot spot area is reduced, and the

insignificant area is greatly reduced. In the GFDL-ESM4 model,

compared with 2020, the cold spot area was further expanded, the

hot spot area was reduced slightly, and the hot spot area in the

northeast region increased sharply, while the insignificant area was

reduced relatively little. In the Ec-Earth3 model, compared with

2020, the cold spot area is further expanded, the hot spot area is

reduced less, and it is relatively concentrated in the central region,

and the non-significant area is reduced less. Under the SSP585

scenario, the overall spatial pattern of the three climate models was

relatively stable, and the distribution of cold hotspots was relatively

concentrated. Under MRI-ESM-0 mode, compared with 2020, the

cold spot areas were further expanded, mainly distributed in the

north and southwest regions, while the hot spot areas were reduced,

mainly concentrated in the central region, and the insignificant

areas were significantly reduced. Under the GFDL-ESM4 model,

compared with 2020, the cold spot areas were further expanded, the

hot spot areas were reduced more, the hot spot areas were mainly
C

E

A B

D

F

FIGURE 8

P future output changes. (A:2030 P output change in SSP245 and MRI-ESM-0; B:2030 P output change in SSP585 and MRI-ESM-0; C:2030 P output
change in SSP245 and GFDL-ESM4; D:2030 P output change in SSP585 and GFDL-ESM4; E:2030 P output change in SSP245 and Ec-Earth3; F:2030
P output change in SSP585 and Ec-Earth3).
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concentrated in the central region and were scattered in the

northeast, and the insignificant areas were reduced relatively less.

Under the Ec-Earth3 model, compared with 2020, the cold spot area

is further expanded, and the hot spot area is relatively reduced, but
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the hot spot area in the northeast region increases, and the

insignificant area decreases.

In conclusion, regardless of the model, the hot spot area in the

central and southern regions of Shandong Province did not change
B

C D

A

FIGURE 10

N and P hot spot analysis in MRI-ESM-0 mode. (A: SSP245 N Hot spot in 2030; B: SSP585 N Hot spot in 2030; C: SSP245 P Hot spot in 2030; D: SSP585
P Hot spot in2030).
B

C D

A

FIGURE 9

2010–2020 hot spot analysis of N and P. (A:2010 N Hot spot; B:2020 N Hot spot; C:2010 P Hot spot; D:2020 P Hot spot).
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much, and the northwest was basically the cold spot area. The

reason for this is that there are many farmlands in the central region

of Shandong Province, and a large amount of nitrogen and

phosphorus enter the farmlands due to the fertilization of
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farmers, thus forming pollution. The water system in northwest

Shandong Province is relatively developed, and nitrogen and

phosphorus pollution is washed into the Bohai Sea along with the

river, which makes nitrogen and phosphorus pollution in northwest
B

C D

A

FIGURE 12

N and P hot spot analysis in Ec-Earth3 mode. (A: SSP245 N Hot spot in 2030; B: SSP585 N Hot spot in 2030; C: SSP245 P Hot spot in 2030; D: SSP585
P Hot spot in2030).
B

C D

A

FIGURE 11

N and P hot spot analysis in Ec-Earth3 mode. (A: SSP245 N Hot spot in 2030; B: SSP585 N Hot spot in 2030; C: SSP245 P Hot spot in 2030; D: SSP585
P Hot spot in2030).
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Shandong Province less serious. The overall cold hot spot pattern of

nitrogen and phosphorus pollution in Shandong Province is stable,

and basically shows the distribution pattern of “band + cluster

+ scatter”.
5 Discussion and conclusion

Based on the results of historical and future N and P surface source

pollution simulations in Shandong Province output by the NDR

module of InVEST, and the temporal and spatial analysis of the

simulation results, the following results were obtained: (1) On the

time scale, the output load and total output of N and P in Shandong

Province decreased from 2010 to 2020, and the output load and total

output of N and P in Shandong Province increased from 2020 to 2030.

(2) On the spatial scale, the spatial distribution of N and P output loads

in 2010, 2020, and 2030 is roughly the same, being “low in the

northwest and high in the southeast”. (3) In the same climate model,

the variation of N and P output load and total output in Shandong

Province under different climate scenarios is different, and the total

output of N and P is greater in the SSP585 scenario, indicating that N

and P pollution is more serious in the SSP585 scenario. In the Ec-

Earth3 model, the output load and total output of nitrogen and

phosphorus in the SSP245 scenario are the lowest. It is suggested

that the future development of Shandong Province should be as close as

possible to the SSP245 scenario in the Ec-Earth3 model. (4) Under the

same climate scenario, the spatial distribution of the variable output

load of N and P differed under different climate models, but the total

output of N and P did not change significantly, indicating that different

climate models only had effects on the spatial distribution of the output

load of N and P. (5) The overall cold hot spot pattern of nitrogen and

phosphorus pollution in Shandong Province is stable, basically showing

a “band + cluster + scatter” distribution pattern; the hot spot area in the

central and southern region of Shandong Province changes little

regardless of the model, the northwest is basically a cold spot area,

and the nitrogen and phosphorus hot spot area under the SSP245

scenario in Ec-Earth3 model had the least amount of change.

The output load and total output of N and P in Shandong Province

in 2030 simulated by three climate models and two climate scenarios in

this paper are elevated. In order to prevent the increasing trend of N

and P, the following recommendations are made for the future

development of Shandong Province: (1) Reducing fertilizer use on

cropland. Shandong Province is the main grain-producing area in

China, and its farmland sowing area accounts for 69.89% of the total

area (Statistical Bureau of Shandong Province, 2019). Shandong

Province can maximize the use of its agricultural land by

strengthening the rational use of fertilizer management, reducing the

impact of fertilizer on the water environment, improving the level of

agricultural management, and increasing the utilization rate of

fertilizer, which can effectively curb the surface source pollution

emissions in Shandong Province. (2) Adjust the planting structure.

For areas with high output load of N and P, crops with high tolerance

of N and P can be selected, thereby increasing the effectiveness of N and

P while eliminating or reducing fertilizer application. Properly planned

cropping systems and crop rotations can effectively reduce the risk of N

and P entering the receiving water bodies (Duan et al., 2007). (3)
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Strengthen the supervision of livestock and poultry breeding. The scale

of livestock and poultry breeding in Shandong Province is large; thus,

the corresponding pollution caused is more serious (Yu et al., 2021).

Therefore, it is important to accelerate the change from decentralized

operation to large-scale farming, strengthen the supervision of small-

scale farms and farmers, enhance the control of livestock and poultry

manure emissions from retail households, and promote the

institutionalization and standardization of livestock and poultry

farming to reduce N and P surface source pollution in Shandong

Province (Ma and Yue, 2021). (4) Strengthening prevention and

control at the source. The government helps reduce the output load

of N and P in Shandong Province by setting up buffer zones (Qu et al.,

2022), ecological ditches, and vegetation buffer zones.
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