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Abstract

Global climate change leads to the frequent occurrence of Extreme climatic hazards such as flood-
ing, high temperature and storm surges. High-density coastal cities have high disaster vulnerability 
due to the geographical location and agglomeration of social and economic resources. Therefore, 
it is urgent to improve resilience to ensure sustainable urban development. Ecosystems can signifi-
cantly improve the resilience of cities due to their functions of carbon sinks, flood regulation, im-
proving UHI and optimizing air quality. Therefore, this paper takes Macao, a typical high-density 
coastal city, as an example. Firstly, InVEST is used to construct an ecosystem services evaluation 
model including habitat quality, carbon storage and water supply. Secondly, the ecosystem servic-
es of Macao in 2010, 2015 and 2020 were evaluated to identify the spatial and temporal variation 
characteristics. Finally, core ecological protection zones, general ecological protection zones and 
ecological restoration zones were defined to provide a basis for improving the ecosystem service 
value and climate resilience of Macao. 
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0. Introduction

Ecosystem services are the benefits directly or 
indirectly obtained by human beings from the 
ecosystem (Costanza et al., 1997), which con-
nect human society and the natural ecosystem. 
It is an important basis for human survival and 
well-being (Daily et al., 2009, de Groot et al., 
2002). In recent years, with the intensification of 
global climate change, extreme meteorological 
disasters such as floods, high temperatures and 
storm surges occur frequently (Lu et al., 2020). 
Coastal high-density cities have high disaster 
vulnerability due to their special geographical 
location and clustered socio-economic size, so 
it is urgent to improve climate resilience to en-
sure sustainable urban development. With the 
service functions of regulating storm floods, im-
proving urban heat islands and optimizing air 
quality, the ecosystem has become an impor-
tant object in the research field of urban disaster 
prevention resilience (McPhearson et al., 2015, 
Nesticò et al., 2022). In addition, the carbon 
sequestration and sink function of the ecosys-
tem is of great significance for the realization of 
China’s “carbon neutral” strategy and the miti-
gation of the global warming trend.

However, the rapid urbanization process 
changes the urban land use pattern, leads to 
ecosystem degradation, and greatly reduces the 
supply capacity of ecosystem services (Fang et 
al., 2022). It is urgent to carry out researches 
and practices of ecosystem service to cope with 
the complex challenges of climate change. 
Macao is a typical coastal city with high den-
sity. The huge contradiction between man and 

land leads to the severe squeezing of ecologi-
cal space. In addition, long-term reclamation 
projects have seriously damaged the ecological 
environment in the coastal zone, leading to a 
sharp decline in the ecosystem service function 
of Macao. Scientifically evaluating the value of 
Macao’s ecosystem services and clarifying their 
spatiotemporal distribution and evolution char-
acteristics is an important basis for promoting 
the formulation and implementation of poli-
cies and actions to improve Macao’s ecosystem 
service function. Ecosystem service evalua-
tion methods mainly include material quanti-
fication and value quantification(Zhouyanyan 
and Rongrong, 2019), among which material 
quantification can reflect the formation mecha-
nism and evolution process of ecosystem ser-
vice relatively objectively, and has become 
the mainstream method of ecosystem service 
evaluation(Zhouyanyan and Rongrong, 2019). 
At present, the more comprehensive evaluation 
studies of Macao’s ecosystem services all adopt 
the quantitative value method (Li and Wang, 
2004, Xu et al., 2020), and its timeliness has 
been insufficient to meet the challenges and 
demands of the current urban development of 
Macao. The existing research on the evaluation 
of Macao’s ecosystem services mostly adopts 
the quantitative value method(Jinping and Zhi-
shi, 2004, Chao et al., 2020), and the timeli-
ness of the research is not enough to meet the 
challenges and demands of the current urban 
development of Macao.

Based on this, this paper uses the material quan-
tification method to evaluate the ecosystem 
service function of Macao. The Integrated Valu-
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ation of Ecosystem Services and Tradeoffs (In-
VEST) model was used to evaluate the ecosys-
tem service values of Macao during 2010-2020 
from habitat quality, carbon storage, and water 
supply. The spatiotemporal evolution character-
istics and key problem areas are identified. This 
study will help to make up for the lack of re-
search on Macao’s ecosystem services, provide 
a basis for Macao to formulate and carry out 
ecosystem-related plans, policies and actions, 
and promote the overall improvement of Ma-
cao’s ecosystem efficiency and disaster preven-
tion resilience.

1. Study Area

Macao is located in the southeast coast of main-
land China (Figure 1), on the west bank of the 
Pearl River Delta, adjacent to Guangdong Prov-
ince. The geographical coordinates of the origin 
are 22º12’40” north latitude and 113º32’22” 
east longitude. The total land area of Macao has 
been continuously expanded due to land rec-
lamation, from 11.6km² in 1912 to 33.04km² 
in 2021. The landform type is mainly low hilly 
and flat, the terrain is high in the south and 
low in the north. The climate type belongs to 
the subtropical Marine monsoon climate, with 
strong radiation, evaporation, high temperature, 
and rainy characteristics. Macao is one of the 
most densely populated cities in the world. Ac-
cording to the census data of Macao Statistics 
and Census Bureau, the population density of 
Macao in 2021 is as high as 20,620 people /
km². The extremely high population density 
has brought great pressure on Macao’s living 
environment, public health, and ecological 

environment. In terms of industrial develop-
ment, Macao has gradually formed a single in-
dustrial structure dominated by the gambling 
industry after its return. In 2019, the Outline 
of the Development Plan for the Guangdong-
Hong Kong-Macao Greater Bay Area proposed 
the development of Macao as a world tourism 
and leisure center, providing opportunities for 
the transformation and upgrading of Macao’s 
industries. In this context, the improvement of 
urban ecosystem service functions is not only 
the basis for Macao to achieve ecological re-
silience and sustainable development, but also 
an important guarantee for Macao to improve 
environmental quality and realize development 
transformation and upgrading.

Figure 1. Location of Macao
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2. Materials and Methods

2.1. Methodology

2.1.1 Classification of land use

Land use map is the essential data for spatio-
temporal operation of InVEST model, which is 
obtained through remote sensing image inter-
pretation. Based on the comprehensive consid-
eration of the development and utilization of 
land resources in Macao and the current char-
acteristics, the land use types in Macao are di-
vided into five categories: woodland, grassland, 
water area, construction land and unused land. 
Firstly, ENVI5.3 is used to preprocess remote 
sensing images such as band superposition, ra-
diometric calibration, atmospheric correction, 
and image cropping. Secondly, the maximum 
likelihood method which belongs to supervised 
classification is used to classify Macao remote 
sensing images. Finally, the classification results 
were revised through visual interpretation, and 
the land use classification maps of Macao in 
2010, 2015 and 2020 were obtained.

2.1.2 Ecosystem service evaluation model

The InVEST model was selected as the evalua-
tion tool of ecosystem service function in Ma-
cao based on the application scope, operation 
difficulty and intuitiveness of evaluation results. 
The InVEST model, developed by the U.S. Natu-
ral Capital Program, is a system of models for 
assessing the capacity and economic value of 
ecosystem services, including terrestrial, fresh-
water, and Marine ecosystem service assessment 
models, to support ecosystem management and 

decision-making. InVEST model is applicable to 
the evaluation of ecosystem services in differ-
ent locations, scales, and years, involving ecol-
ogy, environmental science, urban and rural 
planning and other disciplines. In domestic re-
search, carbon storage, soil conservation, water 
supply, habitat quality and other modules have 
been widely used. Based on the classification 
of MEA and InVEST model, three sub-services, 
habitat quality (Jiancheng et al., 2022), carbon 
storage (Wu and Fan, 2022, Qicong, 2017) and 
water supply(Wu and Fan, 2022), were select-
ed to evaluate ecosystem services. These three 
subsystems belong to supporting service, regu-
lating service, and supplying service respec-
tively, which can better reflect the situation of 
ecosystem services in Macao. Since this paper 
evaluates Macao’s ecosystem services from the 
perspectives of space and disaster prevention 
resilience, and cultural services are not closely 
related to the above concerns, cultural services 
are not included in this study.

2.1.2.1 Habitat quality model

Based on land use type data, the habitat qual-
ity module connects habitat quality with threat 
sources, analyzes the impact degree of threat 
factors and habitat sensitivity, and then obtains 
the distribution characteristics of habitat quality 
in the study area. Habitat quality is calculated 
by the following formula:

                                                                     (1)

following formula: 

 𝑄𝑄𝑥𝑥𝑥𝑥 = 𝐻𝐻𝑥𝑥 [1 − ( 𝐷𝐷𝑥𝑥𝑥𝑥𝑍𝑍
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Where Qxj represents the habitat quality of grid x in land use type j. Hj represents habitat 

suitability of land use type j. Dxj represents the degree of habitat degradation in grid x of land use 

type j. Z is a normalized constant, which usually takes a value of 2.5(Yang, 2020), and k is a half-

saturation constant, with a default value of 0.5. 

 𝐷𝐷𝑥𝑥𝑥𝑥 = Σ𝑟𝑟=1𝑅𝑅 Σ𝑦𝑦=1
𝑌𝑌𝑟𝑟 ( 𝑤𝑤𝑟𝑟

Σ𝑟𝑟=1𝑅𝑅 𝑤𝑤𝑟𝑟
) 𝑟𝑟𝑦𝑦𝑖𝑖𝑟𝑟𝑥𝑥𝑦𝑦𝛽𝛽𝑥𝑥𝑆𝑆𝑥𝑥𝑟𝑟 （2） 

Where R represents the number of threat factors. r is habitat threat factor. Yr represents the 

number of grids on the layer of threat factor r. wr represents the weight of the threat factor. ry 

represents the impact degree of threat factors on habitat y, with the value ranging from 0 to 1. iryx 

represents the influence of threat factor r in grid x on grid y. 𝛽𝛽x represents the approachable level 

of grid x. Sjr represents the sensitivity of land use type j to threat factor r. 

 𝑖𝑖𝑟𝑟𝑥𝑥𝑦𝑦 = 1 − ( 𝑑𝑑𝑥𝑥𝑥𝑥
𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑥𝑥

) （3） 

Where dxy represents the linear distance between grid x and y. drmax indicates the maximum 

influence distance of threat factor r. 

Based on existing literatures (Wu et al., 2021) and the characteristics of Macao, construction 

land, main roads, high-rise buildings(Jiayu and Tian, 2021), artificial green space and unused land 

were selected as threat factors, and woodland, grassland, water area and unused land were selected 

as habitat land use types. The maximum influence distance, attenuation form, weight (Table 1) and 

ecological sensitivity (Table 2) were determined by combining the existing research results(Wu et 

al., 2021, Jiayu and Tian, 2021) and expert scoring method. 
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Where Qxj represents the habitat quality of grid 
x in land use type j. Hj represents habitat suit-
ability of land use type j. Dxj represents the de-
gree of habitat degradation in grid x of land use 
type j. Z is a normalized constant, which usu-
ally takes a value of 2.5(Yang, 2020), and k is a 
half-saturation constant, with a default value of 
0.5.

                                                                     (2)

Where R represents the number of threat fac-
tors. r is habitat threat factor. Yr represents the 
number of grids on the layer of threat factor r. 
wr represents the weight of the threat factor. ry 
represents the impact degree of threat factors on 
habitat y, with the value ranging from 0 to 1. iryx 
represents the influence of threat factor r in grid 
x on grid y. βx represents the approachable level 
of grid x. Sjr represents the sensitivity of land use

type j to threat factor r.

                                                                     (3)

Where dxy represents the linear distance be-
tween grid x and y. drmax indicates the maximum 
influence distance of threat factor r.

Based on existing literatures (Wu et al., 2021) 
and the characteristics of Macao, construction 
land, main roads, high-rise buildings(Jiayu and 
Tian, 2021), artificial green space and unused 
land were selected as threat factors, and wood-
land, grassland, water area and unused land 
were selected as habitat land use types. The 
maximum influence distance, attenuation form, 
weight (Table 1) and ecological sensitivity (Ta-
ble 2) were determined by combining the exist-
ing research results(Wu et al., 2021, Jiayu and 
Tian, 2021) and expert scoring method.
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Table 1 Maximum influence distance, attenuation form and weight of threat factors 

Threat factors Maximum influence distance（km） Attenuation form Weight 

Construction land 10 Exponent 0.9 

Main roads 3 Linear 0.6 

High-rise buildings 3 Linear 0.8 

Artificial green space 2 Linear 0.4 

Unused land 3 Linear 0.4 

 

Table 2 Ecological sensitivity of habitat threat factors in Macao 

Land use type 
Habitat or 

not 

Ecological sensitivity 

Construction 

land 

Main roads High-rise 

buildings 

Green 

space 

Unused 

land 

Woodland Yes 0.8 0.5 0.8 0.3 0.3 

Grassland Yes 0.6 0.4 0.4 0.2 0.1 

Water area Yes 0.6 0.4 0.4 0.2 0.1 

Construction land No 0 0 0 0 0 

Unused land Yes 0.4 0.3 0.4 0.2 0.1 

2.1.2.2 Carbon storage model 

This paper mainly evaluates the total value of carbon storage in the study area. Firstly, the 

average carbon density of the above-ground carbon pool, underground carbon pool, soil carbon pool 

and litter carbon pool of each land use type in Macao was determined based on the existing 

studies(Wei, 2019, Juanyu et al., 2020, Rubo et al., 2018) (Table 3). Then, the carbon density was 

multiplied by the area of each land use type to obtain the carbon storage of the four major carbon 

pools. Finally, the total value of carbon storage was obtained through the sum (Formula 4). 

 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝑡𝑡𝑎𝑎𝑡𝑡𝑎𝑎𝑒𝑒 + 𝐶𝐶𝑎𝑎𝑒𝑒𝑡𝑡𝑡𝑡𝑏𝑏 + 𝐶𝐶𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡 + 𝐶𝐶𝑑𝑑𝑒𝑒𝑡𝑡𝑑𝑑  (4) 

Where 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 represents the total carbon storage (t) in the study area, 𝐶𝐶𝑡𝑡𝑎𝑎𝑡𝑡𝑎𝑎𝑒𝑒 represents the 

above-ground carbon storage (t), 𝐶𝐶𝑎𝑎𝑒𝑒𝑡𝑡𝑡𝑡𝑏𝑏 represents the underground carbon storage (t), and 𝐶𝐶𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡 

represents the soil carbon storage (t), 𝐶𝐶𝑑𝑑𝑒𝑒𝑡𝑡𝑑𝑑 represents carbon storage(t) in the litter  (Jackson et 
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2.1.2.2 Carbon storage model

This paper mainly evaluates the total value of 
carbon storage in the study area. Firstly, the av-
erage carbon density of the above-ground car-
bon pool, underground carbon pool, soil car-
bon pool and litter carbon pool of each land 
use type in Macao was determined based on the 
existing studies(Wei, 2019, Juanyu et al., 2020, 
Rubo et al., 2018) (Table 3). Then, the carbon 
density was multiplied by the area of each land 
use type to obtain the carbon storage of the four 
major carbon pools. Finally, the total value of 
carbon storage was obtained through the sum 
(Formula 4).

                                                                     (4)

Where Ctotal represents the total carbon storage 
(t) in the study area, Cabove represents the above-
ground carbon storage (t), Cbelow represents the 
underground carbon storage (t), and Csoil repre-
sents the soil carbon storage (t), Cdead represents 
carbon storage(t) in the litter  (Jackson et al., 
2000).

2.1.2.3 Water supply model

The water supply assessment module is based 

on the Budyko hydrothermal coupled equilib-
rium hypothesis (Hamel and Guswa, 2015) and 
annual mean precipitation data. Firstly, the an-
nual water quantity Y(x) of each grid x is deter-
mined by the following formula:

                                                                     (5)

Where, AET(x) represents the annual actual 
evapotranspiration of grid x, and P(x) represents 
the annual precipitation of grid x.

In the water balance formula, the evapotrans-
piration of vegetation of land use type        is 
calculated using the Budyko hydrothermal cou-
pling balance hypothesis formula(Hamel and 
Guswa, 2015, Zhang et al., 2004):

                                                                     (6)

Where PET(x) represents potential evaporation 
and ω(x) represents non-physical parameters of 
natural climate-soil properties.

Potential evaporation PET(x) is defined as:

                                                                     (7)

Where, ET0 (x) represents the reference crop 
evapotranspiration of grid x, and Kc(lx) rep-

Table 3 Carbon pool in Macao (t/hm2)

Table 1 Maximum influence distance, attenuation form and weight of threat factors 
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Unused land 3 Linear 0.4 

 

Table 2 Ecological sensitivity of habitat threat factors in Macao 

Land use type 
Habitat or 

not 

Ecological sensitivity 

Construction 

land 

Main roads High-rise 

buildings 

Green 

space 

Unused 

land 
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Water area Yes 0.6 0.4 0.4 0.2 0.1 
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Unused land Yes 0.4 0.3 0.4 0.2 0.1 
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This paper mainly evaluates the total value of carbon storage in the study area. Firstly, the 

average carbon density of the above-ground carbon pool, underground carbon pool, soil carbon pool 

and litter carbon pool of each land use type in Macao was determined based on the existing 

studies(Wei, 2019, Juanyu et al., 2020, Rubo et al., 2018) (Table 3). Then, the carbon density was 
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annual water quantity 𝑌𝑌(𝑥𝑥) of each grid x is determined by the following formula: 
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the annual precipitation of grid x. 

In the water balance formula, the evapotranspiration of vegetation of land use type 𝐴𝐴𝐴𝐴𝐴𝐴(𝑥𝑥)
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calculated using the Budyko hydrothermal coupling balance hypothesis formula(Hamel and Guswa, 

2015, Zhang et al., 2004): 

 𝐴𝐴𝐴𝐴𝐴𝐴(𝑥𝑥)
𝑃𝑃(𝑥𝑥) = 1 + 𝑃𝑃𝐴𝐴𝐴𝐴(𝑥𝑥)

𝑃𝑃(𝑥𝑥) − [1 + (𝑃𝑃𝐴𝐴𝐴𝐴(𝑥𝑥)
𝑃𝑃(𝑥𝑥) )

𝜔𝜔
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resents the evapotranspiration coefficient of 
plants (vegetation) of specific land use type in 
grid x. ET0 (x) reflects local climate conditions 
by referring to crop evapotranspiration. Kc(lx) is 
largely determined by the nature of vegetation 
for land use in grid x (Allen et al., 1998). 

ω(x) is an empirical parameter, usually ex-
pressed as a linear function of            , where N 
represents the number of annual precipitation 
events and AWC represents the available water 
content of plants. Although the ω(x) formula 
based on global data needs to be further stud-
ied, the InVEST model is expressed using the 
formula proposed by Donohue et al. (Donohue 
et al., 2012), which is defined as:

                                                                      (8)

Where AWC(x) is the available water content of 
vegetation (mm), which is determined by soil 
texture and available soil depth. Z is an em-
pirical constant, also known as the ‘seasonal 
constant’, which is a parameter representing 
the distribution and depth of seasonal rainfall. 
The seasonal constant Z has a linear relation-
ship with the number of annual rainfall events, 
which can be calculated by relevant formulas.

2.2 Data Source

Due to the less land area of Macao and the high 
mixed degree of land use functions, the accu-
racy of land use classification is required to be 
higher. In this paper, submeter remote sensing 
images were used for interpretation to accu-
rately identify land use types in Macao. Remote 
sensing image data were obtained from Raid-

eye and GE01 satellites, respectively, with a 
spatial resolution of 0.5m. The data required by 
other models, such as the maximum root depth 
of soil, annual precipitation, and annual aver-
age potential evaporation, are all from domestic 
and foreign open data platforms. The data de-
tails are shown in Table 4.

3. Results

3.1 Changes of land use

The land use data of Macao was obtained by 
supervised classification. As can be seen from 
Figure 2, Macao has increased a large amount 
of urban construction land through reclamation 
from 2010 to 2020, from 16.93km² in 2010 
to 21.05km² in 2020, with a total increase of 
24.3%. The water area increased from 1.58km² 
in 2010 to 1.80km², showing little change. Part 
of the reclaimed area has not been completed, 
resulting in the increase of unused land area 
from 1.87km2 in 2010 to 4.16km2 in 2020. Due 
to the favorable ecological base conditions in 
Macao and the great importance attached by 
the Macao Special Administrative Region gov-
ernment to the ecological environment, in the 
ten years from 2010 to 2020, although the con-
struction intensity is high and the development 
rate is fast, the area of woodland and grassland 
is less affected and only slightly reduced.

3.2 Evaluation of ecosystem services in Ma-
cao

3.2.1 Habitat quality services assessment

The InVEST habitat quality model was used to 
output the distribution maps of habitat degra-
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platforms. The data details are shown in Table 4. 

Table 4 Data sources 

Data type Data sources 
Data 

format 

Resolutio

n (m) 

Land use Raid-eye and GE01 satellites Grid 0.5×0.5 

Maximum root depth of soil 

National Soil Information Service 

Platform 

http://www.soilinfo.cn/map/index.aspx 

Grid 

30×30 

Annual precipitation 

Macao Meteorological and Geophysical 

Bureau 

Https://www.smg.gov.mo/zh 

Grid 

30×30 

Average 

annual 

potential 

evaporation 

Average annual 

precipitation 
Macao Meteorological and Geophysical 

Bureau https://www.smg.gov.mo/zh， 

National Earth System Science Data 

Center  

Http://www.geodata.cn/ 

Grid 30×30 

Average daily 

maximum/low 

temperature 

Radiation from the top 

layer of the solar 

atmosphere 

Plant 

available 

water content 

Soil texture and soil 

organic matter 

National Soil Information Service 

Platform 

http://www.soilinfo.cn/map/index.aspx 

Grid 30×30 

Drainage map DEM ZY302 satellite Vector - 

Biophysical 

parameters 

LULC_veg Invest Model User manual 

Food and Agriculture Organization of 

the United Nations, FAO 

https://www.fao.org 

United Nations Committee of Experts 

on Global Geospatial Information 

Management(UN-GGIM) 

 https://ggim.un.org/ 

Constant - 

Root depth 

Evapotranspiration 

coefficient 

Z coefficient 
Number of rainfall 

events per year 

Macao Meteorological and Geophysical 

Bureau https://www.smg.gov.mo/zh 
Constant - 

3 Results 

3.1 Changes of land use 

The land use data of Macao was obtained by supervised classification. As can be seen from 

Table 4 Data sources
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dation and habitat quality index in Macao in 
2010, 2015 and 2020, which are the evaluation 
results of the habitat quality service function. 
According to the distribution maps of the habi-
tat degradation index (Figure 3-a, Figure 3-b, 
Figure 3-c), the degradation degree of the hab-
itats close to the construction land and water 
body is higher, while the degradation degree of 
the habitats far away from the construction land 
is lower. The degradation degree of Long Chao 
Kok Coastal Trail , Hac Sa Beach and Seac pai 
van park located in the south of Coloane Island 
is lower. According to the distribution maps of 
the habitat quality index (Figure 3-d, Figure 3-e, 
Figure 3-f), the areas with higher habitat qual-
ity in Macao Peninsula are distributed around 
West Bay Lagoon, South Bay Lagoon and water 
storage pond, while the areas with lower habi-
tat quality in the old city are distributed around 
Taipa Pequena. The areas with higher habitat 
quality in Taipa Island are distributed around 

Taipa Pequena, and the overall habitat qual-
ity in Cotai Reclamation is lower than that in 
Coloane Island. In 2010, 2015 and 2020, the 
overall distribution of habitat quality in Macao 
remained roughly the same. Due to the rapid 
urban development, building density and pop-
ulation density increasing, although Coloane 
Island was the region with the highest habitat 
quality in Macao, its habitat quality index de-
creased somewhat.

3.2.2 Carbon storage services assessment

The InVEST carbon storage model was run to 
output the carbon sequestration amount of 
each land use type in Macao in 2010, 2015 and 
2020, which was the evaluation result of the 
carbon storage service function. As can be seen 
from Figure 4, during 2010-2020, Macao’s car-
bon storage first increased and then decreased, 
showing an overall increasing trend. Among dif-
ferent land use types, the carbon storage of for-

Figure 2. The spatial distribution in 2010 (a), 2015 (b) and 2020 (c) and area changes (d) of land use in Macao
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est land is the largest, followed by that of con-
struction land, and the third is grassland. From 
the perspective of the proportion of construc-
tion land area, the efficiency of carbon storage 
in construction land is low, and the carbon stor-
age function in Macao mainly relies on forest 

land and grassland. In 2010, 2015 and 2020, 
the carbon storage of forest land was 5.16×104t, 
5.14×104t and 4.88×104t respectively, and that 
of grassland was 2.52×104t, 1.93×104t and 
1.52×104t respectively, accounting for more 
than 50% of the total carbon storage of Macao. 

Figure 3. Distribution of habitat degradation index (a,b,c) and quality index (d,e,f) in Macao
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This suggests that woodland and grassland are 
essential for carbon storage services.

From the perspective of spatial distribution (Fig-
ure 5), the areas with higher carbon storage 
in Macao Peninsula are distributed in Parque 
Municipal da Colina da Guia and the beach 
in the south of the peninsula, while the areas 
with higher carbon storage in Taipa Island are 
distributed in Datan Shan Countryside Park and 
Taipa Pequena, etc. The overall carbon storage 
in Cotai Reclamation area is average, while that 
in Coloane Island is higher, among which Seac 
pai van park is more prominent. From 2010 to 
2020, the spatial distribution pattern of carbon 
storage in Macao remained stable, without dra-
matic migration and change. However, it should 
be noted that the rising trend of Macao’s carbon 
storage during the study period is largely related 
to the increase in land area of Macao’s reclama-

tion project. As can be seen from the carbon 
storage distribution map, the area with high car-
bon storage in Macao has decreased. Therefore, 
attention should be paid to maintaining and 

Figure 4. Changes of carbon storage in Macao

Figure 5. Distribution of carbon storage in Macao in 2010 (a), 2015 (b) and 2020 (c)
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improving the carbon sequestration capacity of 
Macao’s ecosystem during the planning.

3.2.3 Water supply services assessment

Run the InVEST water supply model to output 
the annual water yield of 2010, 2015 and 2020 
(Table 5, Figure 6), which is the evaluation result 
of the water supply service function. As can be 
seen from Table 5, the water supply of Macao 
decreases at the beginning and then increases 
during 2010-2020, with an overall downward 
trend. From the perspective of average water 

yield, the water supply capacity of different 
land use types in Macao was in the order of un-
used land > woodland > grassland > construc-
tion land > water area. The Macao Peninsula is 
mainly occupied by construction land, with a 
high water supply in the northwest and a low 
water supply in the southeast. The water supply 
of Taipa Island is higher in the east, and medium 
in the west and middle. The water supply in Co-
tai reclaimed area is medium. The water supply 
in the north of Coloane Island is medium, while 
the water supply in the south is low.

grassland > construction land > water area. The Macao Peninsula is mainly occupied by construction 

land, with a high water supply in the northwest and a low water supply in the southeast. The water 

supply of Taipa Island is higher in the east, and medium in the west and middle. The water supply 

in Cotai reclaimed area is medium. The water supply in the north of Coloane Island is medium, 

while the water supply in the south is low. 

Table 5 Water supply of Macao in 2010, 2015 and 2020 

year Water production by basin（mm） Total water production（m³） 

2010 1980.36 63682756.06 

2015 1115.97 39945850.23 

2020 1501.88 54424765.74 

 

Figure 6. Spatial distribution of water yield of each watershed in Macao in 2010 (a), 2015 (b) and 2020 (c) 

3.2.4 Evaluation of ecosystem services in Macao 

Based on the results of the three-year evaluation of habitat quality, carbon storage and water 

supply services in Macao, the three sub-modules were divided into three grades, namely "strong, 

average and weak", and the grading standards were determined as shown in Table 6. According to 

the classification criteria, the habitat quality, carbon storage and water production of Macao were 

reclassified and assigned by grid. Among them, the value of the weak ecosystem function was 1, 

Table 5 Water supply of Macao in 2010, 2015 and 2020

Figure 6. Spatial distribution of water yield of each watershed in Macao in 2010 (a), 2015 (b) and 2020 (c)
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3.2.4 Evaluation of ecosystem services in 
Macao

Based on the results of the three-year evaluation 
of habitat quality, carbon storage and water sup-
ply services in Macao, the three sub-modules 
were divided into three grades, namely “strong, 
average and weak”, and the grading standards 
were determined as shown in Table 6. According 
to the classification criteria, the habitat quality, 
carbon storage and water production of Macao 
were reclassified and assigned by grid. Among 
them, the value of the weak ecosystem function 
was 1, the value of the general ecosystem ser-
vice function was 2, and the value of the strong 
ecosystem service function was 3. Then, the 
three re-assigned ecosystem service functions 
were superimposed to obtain the spatial dis-
tribution maps of ecosystem service functions 
in Macao in 2010, 2015 and 2020 (Figure 7-a, 
Figure 7-b and Figure 7-c). Macao was divided 
into three ecosystem service zones (Figure 7-d, 
Figure 7-e, Figure 7-f) according to the values 
of each region: core ecological protection zone 
(strong ecosystem service function), general 
ecological protection zone (general ecosystem 
service function), and ecological restoration 
zone (weak ecosystem service function).

According to Figure 7, the ecosystem service 
function in the northwest of Macao Peninsula 
is stronger than that in the southeast, while the 
ecosystem service function in the northwest 
of outlying islands is weaker than that in the 
southeast. The areas with high ecosystem ser-
vice scores were mainly distributed in the outly-
ing islands, mainly woodland and grassland. In 
2010, 2015 and 2020, the distribution of eco-
system service function was stable, and there 
was no obvious change and migration, but the 
level of its score changed greatly. The ecosys-
tem service function scores of the third phase 
gradually decreased, indicating that the prob-
lems of urban habitat fragmentation, urban heat 
island effect, building density and population 
density caused by the reclamation projects and 
rapid urban development in Macao in the past 
decade affected the ecosystem service func-
tion. At the same time, some ecosystem service 
functions, such as water supply services, differ 
greatly in the third phase, and grading with the 
same standard will produce great differences, 
which also lead to a great change of ecosystem 
service function score to a certain extent.

The areas with strong ecosystem service func-
tions are defined as core ecological protection 
zones, which require key protection and strict 

Table 6 Classification standards of ecosystem service functions

the value of the general ecosystem service function was 2, and the value of the strong ecosystem 

service function was 3. Then, the three re-assigned ecosystem service functions were superimposed 

to obtain the spatial distribution maps of ecosystem service functions in Macao in 2010, 2015 and 

2020 (Figure 7-a, Figure 7-b and Figure 7-c). Macao was divided into three ecosystem service zones 

(Figure 7-d, Figure 7-e, Figure 7-f) according to the values of each region: core ecological protection 

zone (strong ecosystem service function), general ecological protection zone (general ecosystem 

service function), and ecological restoration zone (weak ecosystem service function). 

Table 6 Classification standards of ecosystem service functions 

Ecosystem service function 

levels 

Ecosystem subservices 

Habitat Quality Carbon storage（t） Water supply（mm） 

Strong 0.99996-1 ＞0.12 ＞1559 

General 0.999925-0.99996 0.06-0.12 1503 – 1559 

Weak 0-0.999925 0-0.06 ＜1503 

 

 

Figure 7. Classification and zoning of ecosystem services in Macao 

According to Figure 7, the ecosystem service function in the northwest of Macao Peninsula is 
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control of their development intensity. The ar-
eas with general ecosystem service function are 
defined as general ecological protection zones 
where restricted development needs to be com-
bined with protection and development. The ar-
eas with weak ecosystem service functions are 

defined as ecological restoration zones where 
ecological restoration should be carried out at 
the same time as development to improve the 
ecological environment and ecosystem service 
function of the corresponding region (Hongli-
ang et al., 2020).

Figure 7. Classification and zoning of ecosystem services in Macao
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According to Figures 7-d, 7-e and 7-f, the mi-
gration of Macao’s ecosystem service function 
zones in 2010, 2015 and 2020 were small but 
the changes were large. As can be seen from 
Figure 8, the areas of core and general ecologi-
cal protection zones in the overall ecosystem 
service function zones are decreasing, while 
the areas of ecological restoration zones are in-
creasing. For example, the area of the core eco-
logical protection zone decreased from 24.35 
km2 in 2010 to 15.04km2, a decrease of 38.3%. 
The area of general ecological protection area 
increased from 6.84km2 in 2010 to 13.86km2 

in 2020, with an increase of 102.6%. In 2010, 
the area of ecological restoration areas was less 
than 0.01km2. The area of ecological restora-
tion areas was 4.42km2 in 2015 and 7.14k10 
in 2020. From 2015 to 2020, a large number of 
general ecological protection areas were trans-
formed into ecological restoration areas.

In 2010, the southeast of Macao Peninsula and 
Cotai reclaimed area had general ecosystem 
service functions, belonging to the general eco-
logical protection zone. Macao Peninsula and 
other regions of outlying islands (Taipa and Co-
loane) have strong ecosystem service functions 
and belong to the core ecological protection 
zones. According to the classification criteria 
of this paper, there were almost no ecological 
restoration areas in Macao in 2010. In 2015, 
the northwest of Macao Peninsula had general 
ecosystem service functions, and the outlying 
islands, Taipa Island and Cotai Reclamation 
area, had general ecosystem service functions, 
and most of them belonged to general ecologi-
cal protection zones. Coloane Island, Taipa Is-
land, and part of the Cotai Reclaimed area have 
strong ecosystem service functions and are core 
ecological protection zones. The southeast of 
Macao Peninsula has a weak ecosystem service 
function and belongs to the ecological restora-
tion area. In 2020, the areas with strong eco-
system service function are mainly distributed 
in the surrounding areas of natural and artificial 
green Spaces of Macao Peninsula, and most ar-
eas of Coloane Island, which belong to the core 
ecological protection zones. The northwest of 
Macao Peninsula has a general ecosystem ser-
vice function and belongs to a general ecologi-
cal protection zone. The southeast of Macao 
Peninsula and Taipa Island have weak ecosys-
tem service function and belong to ecological 
restoration areas.

4. Conclusions

In this paper, the land of Macao is taken as the 
Figure 8. Area changes of ecosystem service zoning in 
Macao in 2010, 2015 and 2020
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research area. Firstly, submeter remote sensing 
images were used to realize the high-precision 
land use classification of small-scale cities. 
Then, InVEST model was used to evaluate and 
analyze the spatiotemporal distribution and 
variation characteristics of three key ecosys-
tem service functions in Macao, namely habitat 
quality, carbon storage and water supply. On 
this basis, with the evaluation results of 2020 
as the benchmark and the evaluation results of 
2010 and 2015 as the reference, the three eco-
system service function levels of Macao were 
divided, and the three ecosystem service func-
tion zones were further superimposed to obtain 
the ecosystem service function classification 
and comprehensive zoning of Macao. Accord-
ing to the strong, medium, and weak ecosystem 
service functions, it can be divided into core 
ecological protection zones, general ecologi-
cal protection zones and ecological restoration 
zones. Based on this, this study mainly draws 
the following conclusions:

(1) The spatial difference of habitat quality in 
Macao was large, and the degradation degree 
of habitat close to construction land and wa-
ter body was higher; From 2010 to 2020, car-
bon storage in Macao increased at the begin-
ning and then decreased, showing an overall 
increasing trend, which was mainly related to 
the increase of the total land area caused by 
land reclamation in Macao. The water supply 
decreased first and then increased, showing a 
downward trend overall.

(2) The spatial distribution of the three ecosys-
tem service functions in Macao has changed to 

some extent, mainly due to the changes in land 
use pattern, policies, and human activities.

(3) From 2010 to 2020, the spatial pattern of 
ecosystem service function zones in Macao 
changed little, but their values changed greatly. 
In the overall ecosystem service function zon-
ing, the area of core ecological protection and 
general ecological protection was reduced, 
while the area of ecological restoration was 
increased. This indicates that there are certain 
risks to Macao’s ecosystem service function.

(4) The ecological zoning in this paper can 
provide a basis for Macao to formulate urban 
planning and development strategies. The de-
velopment intensity of core ecological reserves 
should be strictly controlled. As for the gen-
eral ecological protection zoning, it is neces-
sary to carry out restricted development which 
combines protection and development. For the 
ecological restoration area, ecological restora-
tion should be carried out at the same time as 
development to improve the ecological envi-
ronment and ecosystem service function of the 
corresponding area.
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