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Abstract: Based on multi-source remote sensing data, scenario analysis, and model simulation, the Pareto 

optimal solutions for water supply, water purification (N retention), and carbon storage and sequestration 

services under different scenarios were sought by adjusting its land use structure. The results showed that. In 

Scenario 1(S1), the water supply service needs to increase by 86.820 to 11.211 billion cubic metres, the water 

purification (N retention) service needs to decrease by 11,400 to 11,700 tons, and the carbon storage and 

sequestration service need to decrease by 2.070 to 2.487 billion tons. In Scenario 2(S2), the water supply service 

needs to increase by 8.243–10.666 billion cubic metres, the water purification (N retention) service needs to 

decrease by 11,300–1.10 million tons, and the carbon storage and sequestration service needs to decrease by 

2.033 to 2.466 billion tons. In Scenario 3 (S3), the water supply service needs to increase by 7.832–11.437 billion 

cubic metres, the water purification (N retention) service needs to decrease by 1.16–10,800 tons, and the carbon 

storage and sequestration service needs to decrease by 19.220 to 2.380 billion tons. After land use optimisation 

and adjustment, the S3 ecological land structure is complete and consistent with the vision of ecological 

protection and urban development in the study area, which is the optimal scenario. After optimising the S3 

ecosystem service supply pattern, the water supply, water purification (N retention), and carbon storage and 

sequestration services could connect the western and eastern ecosystem service supply areas, balance the 

overall ecosystem service supply pattern of the study area and meet the demand for ecosystem services. The 

results can guide regional land planning and ecosystem service management optimisation. 

Keywords: ecosystem services; optimisation; InVEST model; NSGA II; Central Plains Urban 

Agglomeration 

 

1. Introduction 

The ecosystem provides various service functions (supply, regulation, support, and cultural 

services) in terms of natural resources and living environments for humans, and humans provide 

demand and consumption for its products and services [1,2]. Human society depends on ecosystem 

services to survive, and both supply and demand constitute a dynamic process of ecosystem services 

flowing from the natural ecosystem to the human social system [3]. Therefore, ecosystem services 

emphasise the core of human utilisation [4]. Some studies have examined ecosystem services’ supply 

potential, demand, and supply and demand matching [5,6]. They have found that only when the 

supply of ecosystem services matches people’s demand can the management of ecosystem services 

play a large role in social and economic development [7–10]. 

Pareto frontiers have been widely used in determining the goals of ecosystem service 

optimisation, which aims to pursue the Pareto optimal solution for ecosystem service [10,11]. Aiming 

for a Pareto optimal solution, the idea of ecosystem service optimisation is as follows: A series of land 

use situations under different management objectives of protection and development are set up, and 

the optimal ecosystem service combination (Pareto curve) and corresponding land use planning 

scheme are obtained using the optimisation model. Then, land use optimisation under the guidance 

of ecosystem services is conducted, and the land use type transformation is implemented 
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quantitatively and systematically to seek the optimal land use pattern under an optimal ecosystem 

service [12–14]. 

Regarding method application, the optimisation of ecosystem services is often realised by 

integrating biophysical and mathematical optimisation models [15]. Among them, InVEST 

(Integrated Valuation of Ecosystem Services and Tradeoffs) is the commonly used biophysical model, 

and the multi-objective spatial optimisation algorithm Non-dominated Sorting Genetic Algorithm-II 

(NSGA-II) is the most commonly used mathematical model. For example, Lautenbach et al. 

integrated the SWAT and NSGA-II models to study the effects of different crop planting patterns on 

food supply, water yield, biofuel and water purification, obtaining the optimal set of ecosystem 

services [16,17]. Hu et al. developed the SAORES ecosystem services optimisation model, which 

integrated the InVEST and NSGA-II models, to study the impact of land use structure change on 

water yield, soil conservation, carbon storage, and food production. They then optimised the 

ecosystem services with trade-off relations, achieving good optimisation results [17].  

The NSGA-II algorithm is the most efficient calculation method with a multi-objective function, 

which is mainly used to simulate a series of land use schemes and obtain the Pareto optimal set of 

ecosystem services. With the Pareto optimal set as the primary data, Python language or statistical 

software is used to complete data visualisation, drawing the Pareto curve and displaying the 

optimisation results [10]. Currently, the NSGA-II algorithm is mature for applying ecosystem service 

optimisation. However, it still has the following deficiencies: When optimising the setting of 

constraint conditions, more attention is paid to the possible spatial layout of land use, but less 

attention is paid to the constraint conditions of ecosystem services. It is also necessary to set the 

threshold value of ecosystem services in combination with the supply-demand relationship and 

matching characteristics and improve the service constraints to improve the accuracy and 

applicability of the optimisation results. 

As one of the urban agglomerations in Central and Western China that are severely constrained 

by resources and environment, rapid urbanisation and population agglomeration have caused 

tremendous pressure on the regional ecological environment, and problems such as water 

environment pollution and water resource shortage in some areas have become increasingly serious 

[18]. Integrating the demand for ecosystem services into space management, optimising and 

adjusting the supply structure of ecosystem services, and matching the supply and demand of 

ecosystem services are the primary issues to be considered in solving the ecological dilemma of the 

Central Plains Urban Agglomeration. 

Taking the Central Plains Urban Agglomeration as an example, this project explores the 

optimisation of urban agglomeration ecosystem services based on supply and demand matching, 

which enriches the research content related to the optimisation of urban agglomeration ecosystem 

services and helps people to establish ‘large region’ and ‘environment’ perspectives, providing 

theoretical guidance for the coordinated natural, social, and economic development between regions. 

2. Materials and Methods 

2.1. Study area 

The population and economic activities of the Central Plains Urban Agglomeration are highly 

intensive, and the regional ecological resources are rich. However, the spatial distribution of 

socioeconomic and ecological resources is very uneven. The ecological resources are mainly 

distributed in the ecological space composed of the Liankang Mountains, Funiu Mountains, Taihang 

Mountains, the ecological corridors along the middle line of the South-to-North Water Diversion 

Project, and the middle and lower reaches of the Yellow River. Socioeconomic activities are mainly 

concentrated in the urban space in the central and eastern regions [19]. 

With the continuous intensive development of urban agglomerations, the flow of ecosystem 

services is more frequent and concentrated, and the difference between the supply and demand of 

ecosystem services between regions is gradually increasing. The degradation of the regional 
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ecosystem service’s supply function, water resource shortages, water environment pollution, and 

increased carbon emission have become major limiting factors for the healthy and sustainable 

development of the Central Plains Urban Agglomeration [18]. In this context, it is vital to realise 

ecosystem service management and optimise ecosystem services to match their supply and demand. 

This research can provide spatial guidance for realising the objectives of ecosystem service 

management. 

 

Figure 1. Study area location and land use type, topography, and population distribution map. 

2.2. Materials 

The land use data used in this paper is based on the Landsat remote sensing image of the United 

States as the primary information source and the national scale multi-period land use/land cover 

thematic database of China constructed by artificial visual interpretation. This paper uses land use 

data for the study area from 2010, 2015, and 2020. Spatial distribution data of China’s altitude (digital 

elevation model) are derived from the Shuttle Radar Topography Mission (SRTM) data of the US 

Space Shuttle Endeavour and based on the 30 m provincial data generated in the recent SRTM V4.1 

update. The data were projected using the WGS84 ellipsoid. Meteorological observation data were 

obtained from the China Meteorological Data network (http://data.cma.cn/). In this study, potential 

evaporation, daily precipitation, and other meteorological data from meteorological stations in the 

Central Plains Urban Agglomeration in 2015 were selected and processed to obtain the 

meteorological data for the study area. Soil Data China Soil Data Set with a resolution of 1000 m. The 

spatial population distribution data refers to the statistical population data of districts and counties. 

Considering the population distribution influencing factors such as land use type, night light 

brightness, and residential density, the multi-year population distribution grid data was prepared 

through spatialisation with a spatial resolution of 1000 m. The above remote sensing and spatial data 

can be accessed at www.resdc.cn. 

The reference standards for water quota and water purification requirements used in this study 

refer to the environmental capacity issued by local governments in the study area [20]. Per capita 

carbon emissions data came from the Intergovernmental Panel on Climate Change [21]. The 

biophysical parameters involved in the InVEST model are based on the data recommended in the 

model operation manual [22]. Based on the study area’s ecosystem characteristics, climatic 

conditions, soil geological conditions, and vegetation type characteristics, and supported by relevant 

literature and expert consultation information, the data were obtained through merging and statistics 

[23,24]. 
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2.3. Methods 

Based on multi-source remote sensing data, this paper uses the “water production” (equation 1), 

“water purification” (equation 2), and “carbon storage and sequestration” (equation 3) sub-modules 

of the InVEST model. The quantity and spatial distribution of the water supply, water purification, 

and carbon storage and sequestration services in the Central Plains Urban Agglomeration ecosystem 

were quantitatively evaluated [22]. The ArcGIS platform’s spatial analysis function was used to 

quantitatively evaluate the spatial characteristics of ecosystem service supply and demand in the 

study area. Freshwater demand service refers to the environmental capacity issued by each local 

government in the study area according to the reference standards of various urban and rural water 

consumption quotas. Carbon storage and sequestration service demand is mainly calculated based 

on carbon emission data per capita and population density distribution in energy statistics (equation 

4). 

2.3.1. Water supply service 𝑌௫௝ = (1 − ୅୉୘ೣೕ௉ೣ ) × 𝑃௫ (1) 

where Yxj is the annual water quantity of land cover type j in grid x in mm, AETxj is the actual 

evapotranspiration of land cover type j in grid x in mm, and Px is the precipitation in grid x in mm. 

2.3.2. Water purification (nitrogen [N] retention) service ALV௫ = HSS௫ × pol௫ (2) 

where ALVx is the adjusted N output of grid x, HSSx is the hydrological sensitivity score of grid x, 

and polx is the N output coefficient of grid x. After obtaining the N output, the purification amount 

is calculated according to the removal efficiency of N for each land use or land cover type. 

2.3.3. Carbon storage and sequestration service C୲୭୲ୟ୪ = Cୠୣ୪୭୵ + Cୟୠ୭୴ୣ + Cୱ୭୧୪ + Cୢୣୟୢ (3) 

where C୲୭୲ୟ୪ is the total carbon storage, Cbellow is the carbon storage of underground biomass, Cabove is 

the carbon storage of the aboveground biomass, Csoil is the carbon storage of the soil carbon pool, and 

Cdead is the dead organic carbon storage. 

The demand for carbon storage and sequestration service： C௘ = ∑ 𝑝(𝑥) × φ(𝑥)௑௫ୀଵ  (4) 

where Ce is the carbon emissions from human social and economic activities (i.e., the carbon source), 

p(x) is the spatial population density of grid x, φ(𝑥) is the carbon emissions per capita in grid x, and 

X is the total number of grids in the study area. 

2.3.4. Scenario analysis setting 

Based on the data for 2015, this study set three scenarios: planning, development, and protection. 

Under different scenarios, the land use/land cover (Table 1, Figure 2) is as follows: 

Planning scenario (S1): To conduct urbanisation construction according to the “Central Plains 

Urban Agglomeration Development Plan 2016-2020”, the land for urban expansion is 33,821 ha, 

mainly from adjacent open shrublands, closed shrublands, grasslands, croplands, mixed 

cropland/natural vegetation areas, and barren or sparsely vegetated areas. 

Development scenario (S2): According to the evolution trend from 2010 to 2020, urban and 

built-up areas rapidly expanded to the periphery with an increase of 209,237 ha. Urban expansion 

land mainly came from adjacent open shrublands, closed shrublands, grasslands, croplands, mixed 

cropland/natural vegetation areas, and barren or sparsely vegetated areas. 

Protection scenario (S3): According to the target of the ecological space scale in 2010, permanent 

wetlands, including woodland, grassland, and wetland, will expand the ecological land, shrink the 
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construction land and farmland, and implement the ecological protection strategy to increase 

grassland, woodland, and wetland by 194,855 ha. 

Table 1. Land use/land cover (ecosystem types) of the Central Plains Urban Agglomeration. 

Land use/land cover 

S1 S2 S3 

Area 

(km2) 

Proportio

n (%) 

 Area 

(km2) 

Proportio

n (%) 

 Area 

(km2) 

Proportio

n (%) 

Water (river/lake) 83 0.03 83 0.03 83 0.03 

Evergreen needleleaf forest 5682 1.99 5682 1.99 5682 1.99 

Evergreen broadleaf forest 2 0.00 2 0.00 2 0.00 

Deciduous needleleaf forest 1 0.00 1 0.00 1 0.00 

Deciduous broadleaf forest 43621 15.26 43621 15.26 43621 15.26 

Mixed forest 1430 0.50 1430 0.50 3379 1.18 

Closed shrublands 50 0.02 46 0.02 50 0.02 

Open shrublands 118 0.04 117 0.04 118 0.04 

Grasslands 13700 4.79 13632 4.77 13717 4.80 

Permanent wetlands 5961 2.09 5916 2.07 5971 2.09 

Croplands 
17228

9 

60.27 17066

4 

59.70 17080

1 

59.75 

Urban and built-up areas 41226 14.42 42980 15.03 40739 14.25 

Mixed cropland/natural vegetation 

areas 

1390 0.49 1382 0.48 1389 0.49 

Barren or sparsely vegetated areas 329 0.12 326 0.11 330 0.12 
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（1）S1 

 

（2）S2 

 

（3）S3 
Figure 2. Land use/land cover distribution map under different scenarios 

2.3.5. Ecosystem service optimisation 

This study used the Matlab software platform and the NSGA-II optimisation model to obtain a 

Pareto optimal solution set. The specific steps were as follows: 

First, determine the initial solution. Based on the land use data at the end of 2015, this study 

evaluated water supply, water purification (N retention), and carbon sequestration ecosystem 

services in the study area under three scenarios as the initial solution to ecosystem service 

optimisation. 

Second, the Pareto optimal solution set was obtained by running the optimisation model 

(NSGA-II). The mathematical description of optimisation is shown in Table 2. The optimisation 

constraints included structural and service constraints. Among them, structural constraint refers to 

the area and layout requirements of various types of land use, and service constraint refers to 

different ecosystem services needing to meet the minimum demand for the ecosystem services of 

social and economic development. They included: 
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(1) Land area constraints: according to the mandatory requirements of “three districts and three 

lines” in national territorial space planning, the constraint conditions for farmland area selected in 

this study were not less than 110 million mu (73,334 km2), and the constraint conditions of ecological 

space (grassland, forest, shrub, wetland, and water body) were not less than 16,835.70 km2. 

(2) Land layout constraints: all land layout conditions consider factors such as slope, terrain, soil 

and hydrology. Farmland with a slope >20 degrees should be returned to forest and grassland. To 

ensure the integrity of the ecological spatial structure, illegal industrial, mining, construction, and 

other lands should be relocated, and ecological land should be reserved in the river corridors of the 

southern Yellow River and the southern Huaihe River, and the ecological corridors of the Taihang 

Mountain, Funiu Mountain and Liankang Mountain. 

(3) Service constraints: considering the evaluation results of ecosystem service supply and 

demand in the study area and its natural socioeconomic characteristics, the study area’s water supply 

service should be ≥40 billion cubic metres, water purification (N retention) service should be ≥45,000 

tons, and carbon storage and sequestration service should be ≥1 billion tons to meet the ecosystem 

constraints. 

Finally, the above optimal solutions were screened through expert consultation and other 

means, and the optimal solutions with practical application potential and corresponding land use 

structure schemes were retained, laying the foundation for optimising the land use structure of 

ecological space in the next step. 

Table 2. Mathematical description of ecosystem service optimisation. 

Algorithm Objective function 
Decision 

variable 
Constraints 

NSGA Ⅱ 

, 

where ESi and ESj 

represent a pair of 

ecosystem services 

with a trade-off or 

synergistic 

relationship. 

The land 

use/land 

cover area 

and layout 

of various 

spatial 

elements 

(1) Structural constraints 

Area:  

Structure:  (e.g., slope, topography, soil, and 

hydrology) 

Xi: the area of class i land use type in the region; A: 

the total area of the study area;  (e.g., slope, 

topography, soil, and hydrology): the spatial 

distribution of class i land use types must meet the 

requirements of the slope, terrain, soil type, and 

hydrological conditions. 

(2) Service constraints: : the class 

i ecosystem service; : the minimum value 

required for the i-th ecosystem service. 

2.3.6. Methods of land use/land cover optimisation and adjustment 

First, the pre-optimisation land cover/use map (i.e. current land cover/use map) and the 

optimised land cover/use map were compared, and the area attributes and spatial positions of 

different land cover/use types were extracted. The combined conversion requirements for land 

cover/use between them were calculated. Then, the expert knowledge method was adopted to select 

the suitable land use combination and form the ecological spatial structure optimisation scheme. 

Considering the influence of the international situation on food security in the present and future, 

this study, combined with the function positioning of the central region as a grain production area, 
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determined the farmland protection priority, ecological land protection as far as possible, the 

development of construction land stock, the minimum increase for construction land and other 

principles, and established the optimal layout of land use types. 

In specific operations, we optimised the conversion of the land cover type according to the 

principles of preferential conversion of land type similarity, preferential conversion of the close 

distance, and preferential conversion of land type with low difficulty. The conversion process and 

results mainly used the InVEST model Scenario Generator module. The spatial layout was conducted 

through outward expansion from the target land class. The deciduous broadleaf forest optimisation 

adjustment order was deciduous needleleaf forest, evergreen broadleaf forest, and evergreen 

needleleaf forest. The croplands optimisation adjustment order was water, evergreen needleleaf 

forest, mixed forest, closed shrublands, open shrublands, grasslands and permanent wetlands, and 

mixed cropland/natural vegetation. The urban and built-up optimisation adjusted the order to mixed 

cropland/natural vegetation. 

3. Results 

3.1. Initial value of the current supply and demand situation of ecosystem services 

The results showed (Tables 3 and 4) that in terms of supply, S1 had 33.60 billion cubic metres of 

water supply, 57,600 tons of water purification (N retention), and 2.94 billion tons of carbon 

sequestration; S2 had 34.10 billion cubic metres of water supply, 57,200 tons of water purification (N 

retention), and 2.94 billion tons of carbon sequestration; S3 had 33.40 billion cubic metres of water 

supply, 57,400 tons of water purification (N retention), and 3.04 billion tons of carbon sequestration. 

In terms of demand, the water supply service demand in different scenarios was 52.762 (S1), 53.573 

(S2), and 52.330 (S3) billion cubic metres; the water purification (N retention) service demand was 

114,100 tons; and the carbon storage and sequestration service demand was 1.072, 1.000, and 1.004 

million tons, respectively. 

The analysis showed that the total annual supply of the water supply service was less than the 

total freshwater demand under the three scenarios. The total supply of the water purification (N 

retention) service was smaller than its total demand. The total supply of the carbon storage and 

sequestration service was greater than its total demand. Regarding spatial distribution (Table 5), the 

supply pattern of the same ecosystem services under different scenarios was similar. The water 

supply service has a pattern of less in the north and more in the south, and the water supply service 

per unit area of land gradually increased from north to south. Carbon storage and sequestration 

service areas are mainly located in Taihang and Funiu Mountains in the west and Liankang 

Mountains in the south. The water purification (N retention) service had a pattern of high peripheral 

and low central farmland. 

Since the study area is the location of the middle route of the South-to-North Water Diversion 

project, the water supply service of the Central Plains Urban Agglomeration has additional resources, 

and the future water supply service output of the local natural ecosystem of ≥40 billion cubic metres 

can meet the demand. Since the nitrogen emissions of Central Plains Urban Agglomeration (using 

the main province of Henan as an example) have exceeded the nitrogen water environmental capacity 

of the study area, urban and rural sewage treatment projects in the study area have been included in 

the national and local government work plan. The future water purification (N retention) service 

output of the local natural ecosystem of ≥45,000 tons can meet the demand. The total supply of carbon 

storage and sequestration service is greater than its total demand, which can be met by keeping the 

carbon storage and sequestration service up to 1 billion tons. 
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Table 3. Ecosystem service supply under different scenarios before optimisation. 

 ES1: Water supply service 

(108 cubic metres) 

ES2: Water purification 

service (104 tons） 

ES3: Carbon storage and 

sequestration service (108 

tons） 

S1 336.00 5.76 29.40 

S2 341.00 5.72 29.40 

S3 334.00 5.74 30.40 

Table 4. Ecosystem service demand under different scenarios before optimisation. 

 
ES1: Water supply 

service 

(108 cubic metres) 

ES2: Water purificiaiton 

service (104 tons) 

ES3: Carbon storage and 

sequestration service (108 tons) 

S1 527.62 11.4 10.72 

S2 535.73 11.4 10.00 

S3 523.30 11.4 10.04 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 June 2023                   doi:10.20944/preprints202306.1402.v1

https://doi.org/10.20944/preprints202306.1402.v1


 10 

 

Table 5. The distribution of ecosystem services supply under different scenarios. 

 Water supply service Carbon storage and sequestration service Water purification (N retention) service 
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3.2. The Pareto optimal solution for ecosystem services 

In the Matlab platform, the NSGA-II optimisation model was used to obtain water supply (ES1), 

water purification (N retention) (ES2), and carbon storage and sequestration (ES3) under different 

scenarios to determine the three-objective Pareto optimal solution set between services. The results 

showed 199, 197, and 197 optimal solutions for the water supply (ES1), water purification (N 

retention; ES2), and carbon storage and sequestration (ES3) services under S1, S2, and S3, respectively 

(Figure 3). Based on the Pareto curve’s optimal solution screening method, combined with the 

urgency of different ecosystem services in the study area, the potential of alternative resources of 

ecosystem services, and the surplus/shortage of total ecosystem services, we determined the three-

objective Pareto optimal solution between water supply, water purification (N retention), and carbon 

storage and sequestration services under S1 (442.82, 4.62, and 54.27, respectively), S2 (423.43, 4.62, 

and 54.06, respectively), and S3 (412.32, 4.66, and 54.20, respectively). 

Under this optimisation goal, to achieve Pareto optimality of ecosystem services, the water 

supply, water purification (N retention), and carbon storage and sequestration services must be 

optimised simultaneously, and ecosystem services must be optimised and adjusted. Under S1, the 

water supply service needs to increase by 86.820 to 11.211 billion cubic metres, the water purification 

(N retention) service needs to decrease by 1.14 to 11,700 tons, and the carbon storage and 

sequestration service needs to decrease by 2.020 to 2.487 billion tons. Under S2, the water supply 

service needs to increase by 8.243 to 10.666 billion cubic metres, the water purification (N retention) 

service needs to decrease by 1.130 to 1.100 million tons, and the carbon storage and sequestration 

service needs to decrease by 2.033 to 2.466 billion tons. Under S3, the water supply service needs to 

increase by 7.832 to 11.437 billion cubic metres, the water purification (N retention) service needs to 

decrease by 1.16 to 10,800 tons, and the carbon storage and sequestration service needs to decrease 

by 1.922 to 2.380 billion tons. 

 

（1）S1  
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（2）S2 

 

（3）S3 

Figure 3. The Pareto optimal solution set for different scenarios. 

3.3. Land use optimisation based on ecosystem services 

3.3.1. Land use area optimisation 

In this study, the land use/land cover in the study area was assumed to be a single type. The 

ecosystem service quantity of a single land use type in the study area was obtained using the InVEST 

model and the corresponding model’s input coefficient, which was the conversion coefficient 

between land use types to provide data relations for land optimisation and adjustment based on 
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ecosystem service. Among the results (Table 6), the largest land use type of the water supply service 

was water, and the conversion coefficient for this ecosystem service was 49.13 billion cubic 

metres/km2. The highest conversion coefficient for the water purification (N retention) service was 

2.75 million tons/km2 for croplands. The smallest carbon storage and sequestration services were for 

water, urban and built-up, and barren or sparsely vegetated areas with zero carbon storage and 

sequestration service. 

Table 6. Ecosystem services of land use/land cover per unit area. 

land use/land cover 
Water supply service 

(108cubic metre/km2) 

Water purification (N 

retention) service (104 

tons/km2) 

Carbon storage and 

sequestration service 

(108 tons/km2) 

Water 491.3 0.005 0 

Evergreen needleleaf forest 51.3 135 72000 

Evergreen broadleaf forest 51.3 144 52500 

Deciduous needleleaf 

forest 
51.3 144 56400 

Deciduous broadleaf forest 51.3 144 47500 

Mixed forest 51.3 144 52500 

Closed shrublands 158.24 100 29000 

Open shrublands 51.3 144 22500 

Grasslands 102.55 160 3400 

Permanent wetlands 51.3 160 4000 

Croplands 120.69 275 1800 

Urban and built-up areas 412.51 36.25 0 

Mixed cropland/natural 

vegetation areas 
102.55 132.5 1400 

Barren or sparsely 

vegetated areas 
412.51 20 0 

Based on the land use conversion coefficient, this study used the Matlab software platform and 

NSGA-II optimisation model to obtain the land use type area corresponding to the Pareto optimal 

solution for ecosystem services under different scenarios. To achieve the objective of ecosystem 

service optimisation in the study area (Table 7), deciduous broadleaf forests, croplands, and urban 

and built-up areas were the diversion sides in land conversion (Figure 4). Under S1, deciduous 

broadleaf forests, croplands, and urban and built-up areas must transfer 28,187, 84,919, and 27151 

km2, respectively. Under S2, deciduous broadleaf forests, croplands, and urban and built-up areas 

must transfer 28,228, 82,760, and 28,924 km2, respectively. Under S3, deciduous broadleaf forests, 

croplands, and urban and built-up areas require 28,174, 83,121, and 25,244 km2, respectively. 
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Figure 4. Optimised and adjusted areas of land use type under different scenarios. 

Table 7. Land cover/land use Pareto optimal area under different scenarios. 

Land use/land cover 

S1 S2 S3 

Area 

(km2) 

Proportion 

(%) 

Area 

(km2) 

Proportion 

(%) 

Area 

(km2) 

Proportion 

(%) 

Water 15385 5.38 15335 5.36 15473 5.41 

Evergreen needleleaf forest 15415 5.39 15446 5.40 15471 5.41 

Evergreen broadleaf forest 15579 5.44 15432 5.40 15351 5.37 

Deciduous needleleaf forest 15288 5.34 15382 5.38 15524 5.43 

Deciduous broadleaf forest 15434 5.39 15393 5.38 15447 5.40 

Mixed forest 15648 5.47 15440 5.40 15532 5.43 

Closed shrublands 15497 5.42 15351 5.37 15239 5.33 

Open shrublands 15403 5.38 15211 5.32 15150 5.30 

Grasslands 15234 5.32 15291 5.35 15417 5.39 

Permanent wetlands 14956 5.23 14811 5.18 15250 5.33 

Croplands 87370 30.54 87904 30.75 87680 30.67 

Urban and built-up areas 14075 4.92 14056 4.92 15495 5.42 

Mixed cropland/natural vegetation 12544 4.38 12300 4.30 15385 5.38 

Barren or sparsely vegetated areas 18291 6.39 18540 6.48 13478 4.71 

3.3.2. Scenario optimisation selection based on land use pattern 

As shown in Table 7, to achieve the goal of ecosystem service optimisation in the study area, the 

deciduous broadleaf forest in the mountainous area, the croplands in the central area, and the urban 

and built-up areas all decreased in different scenarios. In contrast, water, evergreen needleleaf forests, 

evergreen broadleaf forests, deciduous needleleaf forests, mixed forests, closed shrublands, open 

shrublands, grasslands, permanent wetlands, mixed cropland/natural vegetation, and barren or 

sparsely vegetated areas were the primary land importers and increased in area accordingly. The 

optimised land cover/land use structure under different scenarios is shown in Figure 5: The central 

and eastern regions were mainly cropland and urban and built-up areas. The mountains to the west 
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and south were mainly evergreen needleleaf forests, evergreen broadleaf forests, deciduous 

needleleaf forests, mixed forests, closed shrublands, open shrublands, and grasslands. 

Regarding the optimised planning (S1; 33,821 ha) and development (S2; 209,237 ha) scenarios, 

open shrublands, closed shrublands, grasslands, croplands, mixed cropland/natural vegetation 

adjacent to urban and built-up and barren or sparsely vegetated areas were mainly converted to 

urban and built-up areas (S1: 33,821 ha; S2: 209,237 ha), leading to severe fragmentation of land use 

structure in the middle of S1 and S2 after optimisation, damaging the integrity of the ecosystem in 

the central region, which may affect ecosystem service processes and functions and reduce the 

sustainable supply capacity of ecosystem services. In the optimised conservation scenario (S3), water, 

evergreen needleleaf forests, evergreen broadleaf forests, deciduous needleleaf forests, mixed forests, 

closed shrublands, open shrublands, grasslands, and permanent wetlands adjacent to 194,855 ha of 

croplands and urban and built-up areas were converted to evergreen needleleaf forest, evergreen 

broadleaf forest, deciduous needleleaf forest, mixed forest, closed shrubland, open shrubland, 

grassland, or permanent wetland. After land use optimisation and adjustment, the ecological land 

structure of S3 was complete; the ridgelines of Taihang Mountain, Funiu Mountain, and Liankang 

Mountain in the north, west, and south were more continuous; the river corridor structures of the 

Yellow River and Huaihe River were more complete; and the croplands in the middle were 

distributed in concentrated contiguous areas. The land use structure was more consistent with the 

study area’s ecological protection and urban development vision. Therefore, S3 was selected as the 

optimal scenario in this study. 

 

（S1） 
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（S2） 

 

（S3） 

Figure 5. The Pareto optimal land cover/land use pattern under different scenarios. 

3.4. Optimisation of the supply pattern of ecosystem services 

The optimised S3 is the optimal scenario in this study. Based on the optimised S3 land 

use/landcover pattern, this study quantified the ecosystem service supply pattern in the study area 

and obtained its optimisation results. The results showed (Figure 6) that after optimisation, the water 

supply service increased in the central and western parts of the study area, improving the potential 

of farmland production activities and urban water supply in populated areas in the central part of 

the study area. After optimisation, the demand zone (negative zone) of the water purification (N 

retention) service in the central area was reduced, the supply zone of the water purification (N 

retention) service was connected to the study area and had better connectivity, and the supply and 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 June 2023                   doi:10.20944/preprints202306.1402.v1

https://doi.org/10.20944/preprints202306.1402.v1


 17 

 

demand zones were more closely combined. After optimisation, the carbon storage and sequestration 

service supply in the central part of China increased, connecting the eastern and western ecosystem 

service supply areas. The carbon storage and sequestration service’s supply pattern in the study area 

was more balanced after optimisation. 

 

（1）Water supply service 

 

(2) Water purification (N retention) service 
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(3) Carbon storage and sequestration service 

Figure 6. The optimised spatial supply distribution map of ecosystem services under S3. 

4. Discussion 

Human society depends on ecosystem services to survive, and humans are the primary users of 

ecosystem services. Only when the supply of ecosystem services matches people’s demand can the 

management of ecosystem services play a large role [1]. Optimising ecosystem service based on 

demand is the core content of ecosystem service management [10]. Pareto frontiers have been widely 

used in determining the objectives of ecosystem service optimisation [14]. The Pareto curve of 

ecosystem services (Pareto frontiers) is mathematically represented as a curve in an axis. Each point 

in the curve (Pareto frontier) represents an optimal combination of solutions, meaning that when an 

ecosystem service remains in the same constant state, the maximum possible value of other ecosystem 

services (the area under the curve) is suboptimal; that is, when the solution ES is in the same constant 

state under this solution set, other ecosystem services still have room for improvement by adjusting 

the spatial land pattern. In selecting the optimal implementation path, regional land use change can 

significantly change the pattern and process of the ecosystem, leading to a change in ecosystem 

service supply [2,25,26]. Therefore, many scholars believe that the optimisation realisation approach 

is mainly to optimise the land use under the guidance of ecosystem services and seek the potential of 

improving the supply of ecosystem services by determining the optimal land use pattern under a 

certain optimal ecosystem service (Figure 7) [25,27,28]. The optimisation of ecosystem services and 

the optimisation and adjustment of land use patterns based on it also have clear spatial guidance for 

optimising the land use planning scheme in the study area [29]. Based on this, the optimisation of 

ecosystem services is often used to guide the formulation of regional land planning and natural 

resource management policies [13,30–32]. 
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Figure 7. A framework for optimising ecosystem services and land use/land cover. 

Currently, focusing on the supply potential and demand of ecosystem services, some studies 

have explored how to optimise the supply pattern of ecosystem services and match their demand 

through land pattern optimisation. Some researchers believe land management based on ecosystem 

services combines environmental characteristics and social needs. Coupling ecosystem service 

supply and demand with landscape ecological security patterns is the basis for optimising regional 

ecological spatial layout [11,16,17,33]. It also provides important opportunities and options for 

achieving global sustainable development goals [25,34]. Yue et al. took Guyuan City in the Ningxia 

region as an example. Based on multi-source data, they used the InVEST model, coupled coordination 

degree model, spatial autocorrelation, and other methods to quantise the supply and demand of 

regional ecosystem services by taking the township as the scale unit, building the matching and 

coordination relationship between supply and demand, and designating the ecological restoration 

zones according to the natural resources and social and economic development characteristics within 

the zones. They proposed corresponding optimisation strategies to provide scientific support for local 

managers to conduct ecological restoration practices [35]. 

Rong et al. identified the source and node of ecosystem service supply and demand in the 

Xiongan New Area from the supply and demand of ecosystem services, constructed the ecological 

network of the new area, optimised the regional ecosystem service supply pattern, and explored the 

optimisation method of urban ecological pattern to improve the regional ecosystem service supply 

capacity and match the ecosystem service demand [36]. Taking Kunshan City in Jiangsu Province as 

an example, Wang and Wang analysed the spatial demands of four ecosystem services: rain-flood 

regulation, habitat protection, leisure and recreation, and culture and entertainment. Based on the 

principle of matching supply and demand, they planned a waterfront greenway by sections and types 

and proposed spatial development guidelines, providing new ideas for the planning and 

constructing of waterfront greenways [37]. 

Regarding methods, the supply and demand of ecosystem services are often evaluated using 

biophysical models, such as the InVEST model. Because the InVEST model can reflect the dynamic 

process and spatial change of ecosystem services caused by land use change, it is widely used in 

evaluating the impact of land use on various ecosystem services [30,38,39]. However, due to the lack 

of basic data, the reliability and accuracy of the evaluation results obtained using InVEST model need 

to be improved [40]. For example, in a quantitative evaluation study of water production, the 

temporal and spatial distribution characteristics of annual water production were closely related to 

the accuracy of the average annual temperature, actual annual evapotranspiration, and rainfall data 

in the study area [41]. The accuracy of land use and vegetation type distribution data has an important 

impact on the accuracy of the evaluation results for the spatiotemporal pattern of carbon storage in 

the study area [42]. The evaluation of ecosystem and water purification services is greatly restricted 

by the accuracy of terrain, soil, and other spatial data [43]. 
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In urban agglomerations, soil, hydrology, vegetation, water quality, and other parameters are 

greatly affected by human activities [40,44] and differ significantly from the natural state. There are 

currently few studies on ecosystem service evaluation in this region, and the basic data is lacking 

[23,30,39,45]. Therefore, it is necessary to obtain relevant basic data through field observation and 

investigation combined with the actual situation of the study area, input this basic data into the 

model, and optimise the model parameters to more accurately simulate the supply potential of 

ecosystem services in urban agglomeration areas. 

In addition, the distribution of Pareto optimal solution sets among the three services under 

different scenarios is not balanced, and partial solutions have a large deviation from the trend of the 

fitting curve, which may lead to inappropriate solutions. Therefore, screening the optimal solutions 

based on expert advice is necessary. Regarding the optimisation of ecological services, the 

mathematical model has a unique advantage in the output of the quantitative optimisation results of 

their supply scale. However, the spatial layout of the optimal scale of output ecological services needs 

to be combined with other models. In this study, we used the InVEST model scenario generator 

module to determine the spatial layout of the optimised land type scale and then used the InVEST 

model to present the optimised ecological service supply pattern. In this process, the selection of land 

use layout also needs to be guided by expert knowledge, so the professional background of experts 

is required to be relatively high. The possible disadvantage is that subjective factors, such as the 

professional level and authority of experts, the psychological state of experts, and the guidance of 

researchers to experts, may affect the accuracy of the land layout results. Further development of the 

optimisation model is needed to enable it to have strong spatial optimisation capability. 

5. Conclusions 

The supply and demand conditions of water supply, water purification (N retention), and 

carbon storage and sequestration services in the Central Plains Urban Agglomeration were analysed 

using multi-source remote sensing data, a biophysical model (InVEST), and a mathematical model 

(NSGA II), and the trade-off and synergistic relationship of ecosystem services were discussed. The 

quantity and spatial pattern of ecological service supply in the study area were optimised, and the 

basic conclusions were as follows: 

(1) Before optimisation, S1 could supply 33.66 billion cubic metres of freshwater, 57,600 tons of 

purified water (N retention), and 2.94 billion tons of carbon sequestration; S2 could supply 34.10 

billion cubic metres of freshwater, 57,200 tons of purified water (N retention), and 2.94 billion tons of 

carbon sequestration; and S3 could supply 33.400 billion cubic metres of freshwater, 57,400 tons of 

purified water (N retention), and 3.04 billion tons of carbon sequestration. The spatial supply pattern 

of the same ecological services was similar under different scenarios. The water supply service had a 

pattern of less in the north and more in the south, the carbon storage and sequestration service had a 

pattern of more in the west and less in the south, and the water purification (N retention) service had 

a pattern of high values in the periphery and low values in the central farmland area. 

(2) To achieve the Pareto optimal supply of the three ecological services, the water supply, water 

purification (N retention), and carbon storage and sequestration services must be optimised 

simultaneously. Under S1, the water supply service needs to increase by 86.820 to 11.211 billion cubic 

metres, the water purification (N retention) service needs to decrease by 11,400 to 11,700 tons, and 

the carbon storage and sequestration service needs to decrease by 2.070 to 2.487 billion tons. Under 

S2, the water supply service needs to increase by 8.243–10.666 billion cubic metres, the water 

purification (N retention) service needs to decrease by 11,300–1.10 million tons, and the carbon 

storage and sequestration service needs to decrease by 2.033 to 2.466 billion tons. Under S3, the water 

supply service needs to increase by 7.832–11.437 billion cubic metres, the water purification (N 

retention) service needs to decrease by 1.16–10,800 tons, and the carbon storage and sequestration 

service needs to decrease by 19.22 to 2.380 billion tons. 

(3) To achieve the objective of ecological service optimisation in the study area, the deciduous 

broadleaf forests in the mountain area, the croplands in the central area, and the urban and built-up 
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areas all decreased to varying degrees under different scenarios. Water, evergreen needleleaf forests, 

evergreen broadleaf forests, deciduous needleleaf forests, mixed forests, closed shrublands, open 

shrublands, grasslands, permanent wetlands, mixed cropland/natural vegetation areas, and barren 

or sparsely vegetated areas were the main land importers and increased in area accordingly. After 

land use optimisation and adjustment, the ecological land structure of S3 was complete, the ridgelines 

of the Taihang Mountain, Funiu Mountainm and Liankang Mountain in the north, west, and south 

were more continuous, the river corridor structures of the Yellow River and Huaihe River were more 

complete, and the croplands in the middle were distributed in concentrated contiguous areas. The 

land use structure was consistent with the study area’s ecological protection and urban development 

vision, which is the optimal scenario. 

(4) After optimising the S3 ecological service supply pattern, the supply of the water supply, 

water purification (N retention), and carbon storage and sequestration services in the central region 

greatly improved. It connects the western and eastern ecological service supply areas and balances 

the overall ecological service supply pattern in the study area. It can improve the supply potential of 

water supply, water purification (N retention), and carbon storage and sequestration services for 

farmland and urban areas in central China and meet the demand for ecological services. 
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