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Abstract: Sustainability is one of the major challenges in the 21st century for humanity. Spatial zoning
of ecosystem services is proposed in this study as a solution to meet the demands for the sustainable
use of ecosystem services. This study presented a workflow and performed an exploratory analysis
using self-organizing maps (SOM) for visualizing the spatial patterns of the ecosystem service value
(ESV) of the Guangdong-Hong Kong-Macao Greater Bay Area (GBA). The zoning was performed
based on 11 types of ecosystem services, resulting in 11 ecosystem service zones. Each of the zones
derived has its unique characteristics in terms of the dominating ecosystem service types, ESV, land
use/land cover patterns, and associated human activity levels. It is recommended that reasonable
and effective utilization of the ecosystem services in the GBA should be based on its zonal charac-
teristics rather than haphazard exploitations, which can contribute to the sustainable economy and
environment of the region. The applicability of SOM for the GBA ecosystem service zoning has been
demonstrated in this study. However, it should be stressed that the method and workflow presented
in this study should mainly be used for supporting decision-making rather than used for deriving
gold-standard zoning maps.

Keywords: the Guangdong-Hong Kong-Macao greater bay area; ecosystem services; spatial zoning;
spatial pattern; self-organizing maps; sustainable development

1. Introduction

A majority of the mega-city regions in the bay areas of the world (e.g., the San Fran-
cisco Bay Area and the Tokyo Bay area) are highly developed in terms of economy and
technology [1,2]. Mega-city regions account for more than 60% of the global economy and
there has been an increasing trend of people migrating from inland regions to these highly
developed coastal areas; therefore, the sustainable development of such regions is highly
important [2]. China State Council proposed the development of its Guangdong-Hong
Kong-Macao Greater Bay Area (GBA) in 2015. Developing this emerging mega-city region
is a national strategy of China to create a model for its full-scale opening-up.

The GBA covers an entire area of 65,000 km? and the population is around 70 million as
of the end of 2018. The GBA was once not as integrated and economically important as it is
nowadays. The GBA has evolved to an economy led by manufacturing in the last decade of
the 20th century from an economy dominated by agriculture, and now it is moving toward
an economy based on strong innovation, advanced technologies, and an internationally oriented
business environment [3]. The GBA has become the biggest metropolitan region in the globe
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in 2015 in terms of both area and population [2,3]. As such, the GBA is in a very rapid
urbanization stage that consumes considerable amounts of natural resources. It is even expected
that the GBA will surpass the Tokyo Bay Area as well as the New York Bay Area by 2030
in terms of economic size [2]. The sustainable development and green growth of the mega-city
region are vital to a sustainable natural environment as well regional and global economy.

Ever since the GBA construction has been proposed, researchers have conducted vari-
ous studies to discuss the plans of the GBA in China and unveil either its unique features
or commonalities shared among those major bay areas in other countries. For instance,
Hui et al. [2] compared the GBA with the San Francisco Bay Area, the Tokyo Bay Area,
and the New York Metropolitan Area in terms of area, economy, and population; they
also examined the regional human movement and traffic network to study the geospatial
linkages that impact the development of the GBA. Chen et al. [4] investigated the trans-
portation accessibility and regional growth of the GBA. Yang et al. [5] examined the spatial
and temporal evolutions of the urban agglomeration of the four main bay areas in China,
the USA, and Japan. Moreover, Li and Kwok [6] discussed the GBA plan from the angle
of the ongoing process of deepening reform in China. Li et al. [7] explored the economic—
social-environmental sustainability issues pertinent to the mega public infrastructure
projects in the GBA. Fang et al. [8] analyzed the air quality patterns of the GBA across
space and time. Ma et al. [1] examined the ground subsidence in the GBA through remote
sensing approaches. Gan et al. [9] investigated the GBA’s ecological sensitivity, the result
of which laid a foundation for the green growth and sustainable development of the area.
Bi et al. [10] assessed the ecological security of the GBA from the angle of ecological health
and risk. These studies cover both social sciences and physical sciences.

Ecosystem services are referred to as the benefits that human beings and society acquire
from natural ecosystems [11,12]. The concept has gained broad attention in research, policy,
and business communities after the publication of the Millennium Ecosystem Assessment
in 2005 and the undertaking of the Economics of Ecosystems and Biodiversity initiative
between 2007 and 2010 by the United Nations [11]. The assessment of ecosystem services
can be based on either monetary or nonmonetary methods [12,13]. It has been argued
that ecosystem services can be better evaluated using monetary approaches [14], which
can also facilitate mapping and service comparisons [12]. Specifically, ecosystem service
value (ESV) measures how important ecosystem services are, i.e., what they are worth [15].
For instance, Costanza et al. [11] assessed the value decrease in ecosystem services across
the globe between 1997 and 2011 caused by land use change; Kubiszewski et al. [16] pro-
jected the ecosystem service values at a global scale based on four scenarios of land use
and land management to the year of 2050. Additionally, Chen and Zhang [17] estimated
the value of terrestrial and marine ecosystem services in China. Furthermore, Xie et al. [18]
estimated the values of four types (11 subtypes) of ecosystem services in China, includ-
ing provisioning services (food production, raw material production, and water supply),
regulating services (gas regulation, climate regulation, environmental purification, and hy-
drological regulation), supporting services (soil conservation, nutrient cycling maintenance,
and biodiversity maintenance), and cultural services (aesthetic landscape provision).

As for the ecosystem services of the GBA, Wang et al. [19] investigated how urbaniza-
tion affects the ecosystem services of the region in general, and Zhang et al. [20] explored
the adaptation of three tree species to the urbanization of the GBA in terms of their ecosys-
tem services in particular. However, no study has explored approaches to analyze and
map the spatial patterns (i.e., spatial compositional structure) of the ESV in the GBA. China
is in a rapid urbanization stage that consumes natural resources rapidly. A greater un-
derstanding of the ecosystem services of the GBA has implications for the sustainable
exploitation and utilization of the ecosystem service resources, and thus for the green and
sustainable development of the mega-city region as well as the global economy. As such,
this study examines and maps the spatial patterns of the ESV in the GBA. Specifically,
the 11 types of ecosystem services introduced by Xie et al. [18] serve as an input set of ESV
indicators for us to examine the ecosystem service patterns. Indicators are variables that
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measure specific attributes of a system, reducing the complexity of the system and describ-
ing it in a simplified manner [21]. Indicators enable the inclusion of expert knowledge
in decision-making processes and establish a linkage between actions and targets, the fluc-
tuations of which demonstrate the variation in the phenomena that they represent [21].
Indicators can be adopted individually or as a combined indicator set [22].

With the 11 ESV indicators, the objective of this study is to perform an exploratory
analysis using self-organizing maps (SOM, a machine learning method based on artifi-
cial neural networks [23,24]) for spatial zoning and visualization of the GBA ecosystem
services. Zoning—dividing a study area into multiple homogeneous regions based on
regional characteristics—is an important direction of geographic studies and can be useful
in regional planning and development [25]. Zoning of the ecosystem services tailors tar-
geted monitoring, policy-making, decision-making, and management that enable effective
regional planning for the GBA’s sustainable development. As a result of the increasing
complexity of geographic data and geospatial analysis, SOM has been proven to be an ef-
fective approach to clustering analysis and pattern detection [26,27]. Various studies have
proven the ability of SOM to perform zonings of geospatial phenomena, such as water
quality zoning [28], land use zoning [29], streetscape zoning [30], tectonic zoning [31],
and landslide susceptibility zoning [32]. SOM is also an approach that can be readily used
by researchers and practitioners. Note that as the ecosystem services in the GBA are spa-
tially and temporally dynamic, we do not intend to provide fixed and long-lasting zoning
results, but only to explore the applicability of SOM for such a zoning purpose. The zoning
results and maps must be updated and fine-tuned depending on changes in the input ESV
indicators and zoning requirements.

2. Spatial Zoning for Facilitating Sustainable Ecosystem Services

Sustainability is one of the major challenges in the 21st century for humanity. Many
researchers have criticized that the existing studies on ecosystem system services have
not led to more significant contributions to decisions about sustainable development [33].
Bennett and Chaplin-Kramer [33] explored the “Science for the sustainable use of ecosystem
services” and suggested three directions for improving the use of ecosystem services for
long-term sustainability purposes, including (1) focusing on ecosystem service provision
over longer time frames [34,35], (2) understanding how current decisions will affect future
ecosystem service provisions [36,37], and (3) ensuring dynamic planning for sustainable
use of ecosystem services [38]. They also suggest that decision-makers should improve
their understanding of indicators and their effective use to enhance the decision-making
of the sustainable use of ecosystem services. Mapping multiple ecosystem services to
understand associations among them has been one of the focuses of ecosystem service
studies, which can be an effective tool to meet the demands of the above-suggested direc-
tions [33,39], given the geospatial nature of ecosystem services. It, however, has not been
further studied in Bennett and Chaplin-Kramer [33].

Spatial zoning of ecosystem services is proposed in this study as a solution to meet
the demands of the suggested directions above, as (1) an effective ESV zoning map facilitates
a more sustainable long-term use of the ecosystem services in an area, (2) mapping and
understanding the current zonal ESV characteristics provides a basis for understanding
future ESV distributions, (3) an ESV zoning map can be dynamically updated, (4) a spatial
zoning task takes various indicators into account and explains the associations among
the indicators.

There exist various approaches for conducting spatial zoning. For example, Xu et al. [40]
presented a zoning approach to account for the correlation between the changes in ecosystem
service supply and demand, based on hotspot analysis and geographic detector techniques.
Abdollahi et al. [41] adopted a spatial multi-criteria evaluation model to perform zoning
related to river pollution. Machine learning methods have also been used for spatial zoning.
For instance, Yang et al. [42] proposed a supervised classification algorithm to perform
climate zoning. Additionally, Liu et al. [43] compared six common methods that can be used
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for landscape zoning based on ecosystem service bundles, including K-means++, SOM,
Iterative Self-organizing Data Analysis, Expectation Maximization, Density-Based Spatial
Clustering of Applications with Noise, and Natural Breaks (Jenks); the results show that
the performances of the algorithms vary from area to area, while SOM mostly stayed at
the top tier in terms of the four landscape pattern indices used (i.e., landscape division index,
aggregation index, Shannon’s diversity index, and perimeter-area fractal dimension index).

SOM is a machine learning approach for unsupervised clustering [23,24]. Unlike
a multi-criteria evaluation model and supervised machine learning, prior knowledge is not
required by SOM, and thus an ESV zoning map derived using SOM can be readily updated,
which specifically meets the demand of the third direction mentioned above (i.e., ensuring
dynamic planning for sustainable use of ecosystem services). Pérez-Hoyos et al. [44] used
SOM to identify ecosystem functional types in Spain and indeed highlighted the potential of
this approach for monitoring the spatial pattern of the ecosystem service status. Therefore,
this study leverages SOM for the ecosystem service zoning of the GBA.

3. Materials and Methods
3.1. Study Area

The GBA (Figure 1) is of monsoon climate mainly, crossing the tropics and the sub-
tropics. Its annual temperature is around 22.3 degrees Celsius on average and annual
precipitation ranges from 1300 to 2500 mm on average. It is abundant in illumination and
water resources. The vegetation types in the GBA are diverse; the main type is the evergreen
broad-leaved forest. The elevation is higher in the northern part (the mountainous side)
while lower in the southern part (the coastal side).
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Figure 1. (a) The GBA location. (b) The GBA mega-city region shown on the Esri World Hillshade
base map. Note: The administrative boundary of the GBA was collected from the Resource and
Environment Data Center of the Institute of Geographic Sciences and Natural Resources Research,
Chinese Academy of Sciences [45].
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There are 11 cities in the GBA, including two Special Administrative Regions (Hong Kong
and Macao), two mega-cities (Guangzhou and Shenzhen), five large cities (Dongguan, Fos-
han, Jiangmen, Huizhou, and Zhaoqing), and two relatively small cities (Zhongshan and
Zhuhai). Each city in the GBA has its economic characteristics. Guangzhou is located
in the center of the GBA, which is a transportation hub and has both the heavy indus-
try (e.g., auto manufacturing and petrochemical manufacturing) and the light industry
(e.g., electronic product manufacturing), and the service industry. Shenzhen is one of
the leading high-technology industrial centers in China (e.g., Huawei, Tencent, and ZTE).
Hong Kong is an international hub for finance and famous for its wholesale and retail sales.
Macao’s economy is mainly characterized by its tourism and gaming industries. Dongguan
and Foshan are major manufacturing centers in the GBA. Zhuhai mainly develops the light
industry and tourism. The other cities in the GBA are relatively less developed. Jiangmen,
Zhongshan, and Huizhou are dominated by the light industry. Zhaoging’s main sectors are
the light industry and agriculture.

3.2. Ecosystem Services

In this research, the four types of ecosystem services of China together with the cor-
responding 11 subtypes introduced in Xie et al. [18] were adopted (Table 1) for the ex-
ploratory analysis.

Table 1. The types of ecosystem services. Source: Xie et al. [18].

Level 1 Level 2
Food production (FP)
Provisioning service Raw material production (RMP)
Water supply (WS)
Gas regulation (GR)

Climate regulation (CR)

Regulating service : —
Environmental purification (EP)

Hydrological regulation (HR)

Soil conservation (SC)

Supporting service Nutrient cycling maintenance (NCM)

Biodiversity maintenance (BM)

Cultural service Aesthetic landscape provision (ALP)

The overall ESV (Figure 2) representing the total value of the 11 types of level-2
ecosystem services (Table 1) in the GBA was derived from Xu [46]. The data for the 11
types of level-2 ecosystem services provided in Xu [46] are 11 raster files in 1 km cell
size (Supplementary Materials Figures S1-511). Spatial variations in the overall ESV
across the GBA can be seen in Figure 2, with generally lower values in the central parts
of the GBA (i.e., the more urbanized areas). Spatial variations in the overall ESV across
the administrative regions of the individual cities can also be seen (Figure 2).

The sum of the ESV of the GBA is approximately 109.93 billion United States dollar
(USD) and the overall ESV ranked by cities is shown in Table 2. Table 2 also lists the 2018
Gross Domestic Product (GDP) values of the GBA cities. The GDP data were collected
from the Guangdong Statistical Yearbook [47], the World Bank Open Data [48], the Census
and Statistics Department of Hong Kong [49], and the Worldometer [50]. Those less
economically developed cities (e.g., Zhaoqing, Huizhou, and Jiangmen) are associated with
greater overall ESV and overall ESV per capita, while those more economically developed
cities (e.g., Shenzhen, Zhuhai, and Hong Kong) have lower overall ESV and overall ESV
per capita.
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Figure 2. The overall ESV of the GBA (spatial resolution: 1 km; temporal stamp: 2018). Note: quantile
classification is adopted to classify the cell values, which leads to an effective visualization of
the spatial variation in the data.

Table 2. The overall ESV and GDP in the GBA by city.

City Overall ESV 2018 GDP 2018 Population Overall ESV per 2018 GDP per Capita
(Billion USD) (Billion USD) (Million) Capita (USD/Person) (USD/Person)

Zhaoging 31.47 3143 415 7580 7570
Huizhou 20.38 58.57 4.83 4219 12,126

Jiangmen 17.04 414 4.6 3706 9004
Foshan 16.67 141.83 791 2109 17,940
Guangzhou 12.45 326.3 14.9 835 21,893
Zhongshan 4.48 51.85 3.31 1352 15,666
Dongguan 3.56 118.17 8.39 424 14,081
Shenzhen 1.6 345.75 13.03 123 26,542
Zhuhai 1.36 41.61 1.89 717 22,001
Hong Kong 0.92 362.68 7.49 123 48,409
Macao 0.001 55.08 0.67 2 82,483

Total 109.93 1574.66 71.16 N.A. N.A.
Mean 9.99 143.15 6.47 1926 25,247

Note: For consistency and international readership, all monetary values in United States dollar (USD) are
adopted with a conversion rate dated March 2020: 1 USD =~ 6.997 Renminbi (RMB) ~ 7.766 Hong Kong dollar
(HKD) ~ 8.00 Macanese pataca (MOP).

In addition, the land use/land cover (LULC) of the GBA is illustrated in Figure 3;
the LULC data were obtained from the Geographical Information Monitoring Cloud Plat-
form of China [51]. The distribution of the overall and mean ESV in the GBA across different
LULC types is shown in Table 3. The three LULC types with the greatest overall ESV are
forest land, agricultural land, and water body; the three LULC types with the greatest mean
ESV are water body, agricultural land, and forest land.
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Figure 3. The GBA land use/land cover (spatial resolution: 30 m; temporal stamp: 2017).
Table 3. The overall ESV in the GBA by LULC.
LULC Overall ESV Mean ESV
(Billion USD) (Million USD/km?)
Agricultural land 22.94 1.98
Barren land 0.01 1.64
Forest land 52.50 1.82
Grass land 2.00 1.72
Urban or built-up land 9.86 1.31
Water body 22.03 6.84

3.3. ESV Zoning

The workflow of the ESV zoning includes three steps in general. Step one is to extract
the cell values from the 11 level-2 ecosystem service layers (Table 1 and Supplementary
Materials Figures S1-511) and generate an 11 indicators x 52,680 cells matrix as input of
the SOM. Step two is the SOM training and clustering process, in which the SOM size
and parameters need to be determined. Step three is to analyze the zonal characteristic
in relation to two external variables (i.e., LULC and night-time lights). Details are provided
in Sections 3.3.1 and 3.3.2 as follows.

3.3.1. SOM Zoning

This study adopted SOM to perform spatial zoning of the GBA based on the 11 level-2
types of ecosystem services (Table 1). SOM is a machine learning approach for unsupervised
clustering [23,24]. It extracts and learns information from a multi-dimensional input
space and generates a two-dimensional (2D) output space in which data properties are
represented and connected topologically (Figure 4).

A SOM visualization consists of multiple neurons; each neuron has a unique position
on the 2D output space (i.e., the SOM neuron grid or lattice) and associated data samples
(a value array at a specific cell location of the indicator layers) from the input space (Figure 4).
Each data sample is mapped (linked) to a neuron (one neuron can involve multiple input
data samples). Similar input data samples (determined according to the values of input
indicators) are placed close together on the 2D output space of the neuron grid.
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2D output space Spatial zones in reality

Input space

Figure 4. Flowchart briefly depicting how SOM works.

Specifically, assume that X = (x1, xp, ... x;)" denotes the input indicators and that
w; = (wp, wyp, ... wyy,) represents the weight vector associated with neuron / (each neuron
is assigned a random vector of weights with the same dimensionality as the input data), n
denotes the number of input indicators, and wj; is the weight assigned to input indicator x;
linked to the neuron /, with each data sample of the training data randomly placed into
the SOM. Data samples are iteratively introduced to the low-dimensional neuron grid
to detect the best matching unit (BMU). The BMU is the “winning” neuron containing
the weight vector that minimizes the Euclidean distance between itself and the data sample
at hand. The iterative process is described as SOM training. That is, the principle of
SOM is to identify the nearest node to each data sample, and then move the winning
neuron (i.e., the BMU) closer to the training data sample at a certain learning rate. In each
iteration (t), the vector weights of the BMU and the neighboring neurons are updated using
the following equation:

w(t+1) = wi(t) + a(t)he(t) (0(t) —wi(t)) @

where w; is an n-dimensional weight vector, a(f) is the learning rate, hi;(t) is the neighbor-
hood kernel of the BMU, and v is a randomly chosen input vector from the training dataset.

The 2D output space of SOM can be further projected onto the real world as spatial
zones based on the input data sample locations if the data samples are location-based
(Figure 4). As such, SOM serves as a valuable dimension reduction technique that can be
used to generate a 2D zonal map that is more readable and comprehensible by decision
and policymakers compared with the multi-dimensional input space.

The SOM of this study was performed using the Kohonen package of R [52]. The value
vectors of the 11 ecosystem services associated with the 52,680 raster cells across the study
area (1 km spatial resolution) were normalized and adopted as the input layers (indicators)
of the SOM. For the SOM training, a hexagonal SOM structure was used, using a standard
linearly declining learning rate from 0.05 to 0.01 over 300 iterations, with the whole dataset
involved in every iteration [32,53]. Determining the size of the (number of neurons) SOM
grid can be a qualitative process, depending on the necessary number of zones (i.e., the nec-
essary degree of dimension reduction of the input space) required for policy-making. There
is no perfect number of zones, considering the high spatial diversity and heterogeneity
of natural resources. For example, a 3 x 3 neuron combination allows for at most nine
zones; generating a relatively small number of zones allows policymakers to make rela-
tively coarse ESV management plans by neglecting certain zonal details. A 7 x 7 neuron
combination allows for at most 49 zones; generating a relatively large number of zones
allows policymakers to make more detailed plans. However, it does not mean that the larger
the number of neurons is, the more detailed classification it can result in, as it may end up
with a large number of neurons with similar patterns (which are redundant and difficult to
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interpret without further clustering). Additionally, using a large number of neurons may
result in many empty and useless neurons without any data point (data sample).

To minimize redundant neurons after a SOM has been trained, a hierarchical SOM
clustering can be performed to further group similar neighboring output neurons based on
Pearson correlations and a visual interpretation of the patterns of the neuron weight vectors;
each resulting neuron cluster represents an ecosystem service zone of the GBA. Specifically,
the Pearson correlation between a pair of neighboring output neurons being greater than
0.75 indicates that the two neurons are highly correlated and can be further clustered into
the same zone [54]. Patterns in the distribution of the input indicators in the individual
neurons can be observed by illustrating the weight vectors across the SOM, using a “fan
diagram”, where individual fan representations of the magnitude (importance) of each
input indicator in the weight vector are exhibited for each neuron.

3.3.2. Zonal Characteristic Analysis

The ESV zones derived from the SOM were first characterized by their internal ESV
compositions and structures; certain types of ecosystem services are the key indicators (dom-
inant types) that differentiate a zone from the others. To further assess the differences and
characteristics of the ESV zones derived using the SOM in relation to external variables, two
analyses related to LULC and night-time lights were performed. These two factors pertain to
the existing human activity situations on the ground and the accessibility to the GBA’s ecosys-
tem services. First, based on the 52,680 raster cells of the study area, for each ESV zone derived
using the SOM, the LULC distributions across the ecosystem service zones are visualized using
a stacked column chart to reveal the zonal LULC patterns. Second, based on the 52,680 cells of
the study area, for each ESV zone derived using the SOM, the annual average radiance values
of the Visible Infrared Imaging Radiometer Suite (VIIRS) Day/Night Band Night-time Lights
of the GBA (Figure 5) across the ecosystem services zones are visualized using a box plot.
The night-time dataset can reflect human activity levels [55]. The night-time data in this study
were obtained from the Earth Observation Group of the National Oceanic and Atmospheric
Administration of the United States of America [56].

Average radiance value
nWemsr™’

0
£~ { - 0.01-2.74
¢ &8 275-73
A 0 25 50 100 7.31-14.6
km 14.61 - 232.69

Figure 5. Annual average radiance value of the night-time lights of the GBA (spatial resolution: 1 km;
temporal stamp: 2016). Note: quantile classification is adopted to classify the cell values, which leads
to an effective visualization of the spatial variation in the data.
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4. Results

The workflow and parameters leading to the result are summarized in Figure 6.
Detailed results are described in Sections 4.1 and 4.2 as follows.

1. Input layer preparation (Supplementary Materials Figure S1 to Figure S11)

2. Zoning

Determining the size (number Hierarchical SOM clustering
of neurons) of the SOM grid SOM training « Pearson correlation > 0.75

«2x2 s » Visual interpretation

¢ 3x3 ¢ Linearly declining learning [ —— ‘f;\" 7

o4 x4 rate: from 0.05 to 0.01 ‘

e5x5 « |teration: 300

e BxB

|

3. Zoning result

Night-time lights

Figure 6. The workflow leading to the ecosystem service zoning result.

4.1. Ecosystem Service Zones and Their Characteristics

Figure 7 shows the neuron weight vectors generated by the 5 x 5 SOM. It can be
observed that neurons with similar weight vectors are close to each other on the neuron
grid. Figure 8a demonstrates the number of data samples falling in each neuron of the SOM.
Figure 8b presents the 11 ecosystem service zones derived based on the Pearson correlations
and a visual interpretation of the patterns of the neuron weight vectors. As mentioned
in Section 3.3.1, there is no perfect number of zones; the determination of the number of
neurons depends on the degree of dimension reduction of the input space required by
policymakers. Figure 9 illustrates the exploratory process toward the selection of a5 x 5
combination. The 2 x 2 and 3 x 3 neuron combinations (Figure 9a,c) allow for at most
four and nine zones, respectively, with which policymakers can make relatively coarse
ESV management plans by neglecting certain zonal details. The 4 x 4 neuron combination
(Figure 9e) allows for at most 16 zones (Figure 9c), with which policymakers can make
more detailed plans. To possibly increase the level of zonal details, it was decided in this
study to further explore a 5 x 5 SOM (Figure 7) and a 6 x 6 SOM (Figure 9g). However,
it was noticed that the 6 X 6 combination resulted in empty and useless neurons without
any data sample (Figure 9h); therefore, the 5 x 5 combination was adopted eventually.
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Figure 7. Fan diagram exhibiting the patterns in the distribution of the input indicators in the indi-
vidual neurons of the 5 x 5 SOM. The chain link between a pair of neighboring neurons indicates
that the Pearson correlation between the two neurons is greater than 0.75 (highly correlated) and thus
can be further clustered into the same zone.

(a)

8000
6000
4000

2000

Figure 8. (a) Number of data samples falling in each neuron of the 5 x 5 SOM; (b) ecosystem service
zoning result of the 5 x 5 SOM (11 zones labeled using integer numbers).
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Figure 9. (a) Fan diagram exhibiting the patterns in the distribution of the input indicators in the individ-
ual neurons of the 2 x 2 SOM; (b) number of data samples falling in the individual neurons of the 2 x 2
SOM,; (c) fan diagram exhibiting the patterns in the distribution of the input indicators in the individual
neurons of the 3 x 3 SOM; (d) number of data samples falling in the individual neurons of the 3 x 3 SOM;
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(e) fan diagram exhibiting the patterns in the distribution of the input indicators in the individual
neurons of the 4 x 4 SOM; (f) number of data samples falling in the individual neurons of the 4 x 4
SOM,; (g) fan diagram exhibiting the patterns in the distribution of the input indicators in the indi-
vidual neurons of the 6 x 6 SOM; (h) number of data samples falling in the individual neurons of
the 6 X 6 SOM (gray neurons indicate zero data sample).

The 11 ecosystem service zones were further projected onto the study area, as shown
in Figure 10 (the final zoning map). Zone 2, Zone 5, and Zone 8 appear to be the largest
ecosystem service zones across the GBA. The characteristics of the 11 zones (described
according to the fan diagram in Figure 7) and their ESV are provided in Table 4. Zone 2,
Zone 6, and Zone 11 are the three zones with the greatest overall ESV; Zone 6, Zone 10,
and Zone 11 are the three zones with the greatest mean ESV (Table 4). Additionally, Zone 1
and Zone 2 are similar but the latter is more capable of providing the SC supporting service
(Tables 1 and 4). Both Zone 3 and Zone 4 provide mainly supply and supporting services,
while they deviate from each other at the main level-2 ecosystem services that they mainly
provide, respectively (Tables 1 and 4). That is, comparing Zone 4 with Zone 3, Zone 4 is
more capable of offering the FP and RMP provisioning services; Zone 3 is dominated by
the SC supporting service while Zone 4 is dominated by the NCM supporting service. Zone
5 is singly characterized by the WS provisioning service (Tables 1 and 4). Zone 6 and Zone
10 are the most diverse in terms of the dominant ecosystem service types, which cover all
four types of level-1 ecosystem services (Tables 1 and 4); however, Zone 6 is more capable
of providing the WS provisioning service and HR regulating service than Zone 10 is. Zones
7 to 9 all provide provisioning services, regulating services, and supporting services, while
they deviate from each other at the specific level-2 ecosystem services that they mainly
provide (Tables 1 and 4). For instance, Zone 7 is more capable of providing the RMP and
WS provisioning services than Zone 8 is; Zone 9 is more capable of providing the CR
regulating service than Zone 7 and Zone 8 are. Lastly, Zone 11 is mainly characterized by
the WS provisioning service and the HR regulating service (Tables 1 and 4).

Legend
Zone [ 16
1.7
Bzl 8
[CI3mmo

aé@:g 0 25 50 100 -4 10
B km [0 5 . 11

Figure 10. The ecosystem service zoning result of the SOM projected onto the study area (spatial

resolution: 1 km; temporal stamp: 2018).
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Table 4. Qualitative and quantitative characteristics of the ecosystem zones.

Zone Main Ecological Services Overall ESV Mean ESV
& (Billion USD)  (Million USD/km?)
Provisioning service (RMP), regulating service (GR and CR),
1 . . 21.22 1.55
and supporting service (NCM)
2 Provisioning service (RMP), regulating service (GR and CR), 28.09 211
and supporting service (SC and NCM) ' '
Provisioning service (WS) and supporting service (SC) 0.50 1.30
4 Provisioning service (FP, RMP, and WS) and supporting service (NCM) 0.56 0.36
Provisioning service (WS) 2.68 0.29
6 Provisioning service (FP, RMP, and WS), regulating service (GR, CR, EP, 2709 17.01
and HR), supporting service (NCM and BM), and culture service (ALP) ’ ’
Provisioning service (FP, RMP, and WS), regulating service (GR),
7 . . 0.67 0.39
and supporting service (NCM)
Provisioning service (FP), regulating service (GR), and supporting
8 . 2.71 0.37
service (NCM)
Provisioning service (RMP and WS), regulating service (GR and CR),
9 . ; 2.40 1.17
and supporting service (NCM)
10 Provisioning service (FP and RMP), regulating service (GR, CR, 0.99 17.66
and EP), supporting service (NCM and BM), and culture service (ALP) ' '
11 Provisioning service (WS) and regulating service (HR) 22.97 14.00

4.2. Zonal Characteristics Based on External Variables

The LULC patterns across the ecosystem service zones are shown in Figure 11. It is
observed that Zones 1 to 3 and Zone 9 are all dominated by forest lands, while they differ
from each other in terms of the percentages of the individual LULC types. For instance,
Zone 1 has a greater percentage of agricultural lands; Zone 2 has the greatest proportion
of forest lands and a tiny percentage of water bodies; Zone 3 has a greater proportion
of urban or built-up lands; Zone 9 is high in both the percentage of urban or built-up
land and the percentage of agricultural land. In addition, Zone 4, Zone 7, and Zone 8 are
mainly characterized by agricultural lands and forest lands. Zone 5 is mainly covered by
urban or built-up lands, agricultural lands, and forest lands. Zone 6 is mainly covered
by water bodies, agricultural lands, and forest lands. Zone 10 is mainly covered by grass
lands, agricultural lands, and forest lands. Zone 11 is mainly described by water bodies,
agricultural lands, and urban or built-up lands. These individual zonal LULC characteristics
reflect the ecosystem services that the individual zones can provide (Table 4). For example,
Zone 11 provides more WS and HR services, given its higher water body and agricultural
land coverages; those zones good at providing FP services are generally associated with
a large proportion of agricultural lands (e.g., Zones 4, 6, 7, and 8).

The distribution of the 2016 annual average radiance value night-time lights across
the ecosystem service zones is shown in Figure 12, which is also distinguishable based
on the patterns in the box plot. It is observed that Zone 5 and Zone 11 have relatively high
levels of human activities (implying high accessibility), which are mainly covered by urban
or built-up lands, grass lands, and agricultural lands (Figure 11). Zones 1 and 2 have the low-
est levels of human activities (suggesting relatively low accessibility), which are dominated
by forest lands (Figure 11). Other zones are with moderate levels of human activities.
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Figure 11. LULC patterns across the ecosystem service zones.
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Figure 12. Distribution of the 2016 annual average radiance value night-time lights across the ecosys-
tem service zones.

5. Discussion
5.1. Use of the ESV Zoning Map

The GBA'’s economic well-being and prosperity are sustained by its natural capital,
including its ecosystems that offer essential goods and services for human beings. Mankind
highly relies on well-functioning ecosystems that lay the foundation for a constant flow of
ecosystem services from nature to society. Mapping ecosystem services and their zonings
is important to understanding how the services contribute to human wellbeing. Mapping
ecosystem services and their zonings are also important to policy-makings that have an im-
pact on bringing ecosystem services to practical applications including but not limited
to sustainable management of natural resources, land use optimization, nature conserva-
tion and restoration, landscape planning, environmental protection, climate protection,
and nature-based solutions [57]. Indeed, maps can be adopted to communicate complex
geospatial information and are thus essential tools for practical applications. Maps are also
useful for raising awareness about spatial ecosystem services supply and demand.

Deriving benefits from natural ecosystems must prioritize sustainability, meeting
the United Nations’ sustainable development goals [58]. Economy and environment are two
important dimensions of sustainability [58], the long-term sustainable interaction of which
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represent a sustainable economy. Ensuring green development and ecosystem stability has
also been strengthened in China’s Outline Development Plan for the Guangdong-Hong
Hong-Macao Greater Bay Area [59]. Therefore, more specifically, the 11 types of level-
2 ecosystem services (Table 1) have been adopted in this study as input indicators for
the spatial ecosystem service zoning of the GBA. Based on the SOM machine learning
approach, this study has characterized and mapped the spatial distributions of the ESV,
resulting in 11 zones (Figure 10). By deriving the ESV zones (Figure 10), this study has shed
light on using SOM as a tool for facilitating the sustainable exploitation and utilization of
the GBA ecosystem services.

Reasonable and effective utilization of the ecosystem services in the GBA should be
based on its zonal characteristics rather than haphazard exploitations. For example, this
study has revealed that Zhaoging is mainly covered by Zones 1, 2, and 8; Jiangmen and
Huizhou are mainly covered by Zones 1 and 2 as well as Zones 7 and 8; Zhongshan is shared
by multiple zones, including mainly Zone 2, Zone 5, Zones 8 and 9, and Zone 11. Each
zone has its unique characteristics in terms of its internal ESV composition and structure
and its relationships with external variables (i.e., LULC and levels of human activities).
With the zonal map, decision-makers will be able to make targeted plans of ESV derivation
for the individual city areas based on the spatial distribution and characteristics of the ESV
zones (Figure 10). For instance, Zone 1 and Zone 2 are similar in terms of the supply and
regulating services that they can provide; however, Zone 1 is associated with a slightly
higher level of human activity, implying slightly higher accessibility and meaning that
policymakers can prioritize Zone 1 to ensure more environment-friendly exploitation and
utilization of the supply and regulating services, which can minimize the construction
of extra manmade infrastructures and reduce costs. Take Zone 6 and Zone 10 as another
example; both zones meet the need if the goal is to derive multiple and diverse types
of ecosystem services from a single zone; however, policymakers may prioritize Zone 6
if grass land conservation is a key concern because Zone 6 is covered by a much smaller
percentage of grass land compared with Zone 10. Rational exploitation and utilization of
the ecosystem services in such manners will contribute to the smart economy and smart
environment of the GBA, and thus the sustainable economy. The smart economy here
is referred to as a diverse, healthy, and free economy that brings benefits to the region;
the smart environment here is referred to as intelligent resource management concerning
both the natural and built environment [3].

5.2. Recommendations

This study concurs with Vollmer et al. [60] that mapping and representing ecosystem
services spatially is crucial to the effectiveness of regional spatial planning. This research
has presented a workflow to utilize SOM machine learning to perform spatial zoning
of ecosystem services. Such zoning results (Figure 10) have practical implications for
the GBA’s sustainable development. However, as mentioned in Section 1, as the ecosystem
services in the GBA are dynamic, we do not intend to provide fixed and long-lasting zoning
results in this work, but only to explore and demonstrate the applicability of SOM for such
a zoning purpose. The zoning results and maps must be updated and fine-tuned depending
on future changes of the input ESV indicators and zoning requirements. It is worth noting
that the method can be applied for ESV zoning in other regions (not limited to the GBA)
and can be applied in any zoning analysis for facilitating conservation-related decision-
making and policymaking. The advantage of SOM is that it allows for some flexibility
in determining the useful number of zones (see Section 3.3.1) according to policymakers’
dimension reduction needs. However, it is worth stressing that this can be a disadvantage
in certain circumstances; for example, the method and workflow are not suitable for circum-
stances in which one single gold-standard zoning result is required, as the determination
of the SOM size is qualitative and can be somewhat arbitrary. Therefore, the method and
workflow presented in this study should mainly be used for supporting decision-making
rather than used for deriving gold-standard zoning maps.
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For future works, first, more types of ecosystem services should be considered and de-
rived as there should be more than the 11 types of ecosystem services (Table 1) that the GBA
can provide. Second, although this study investigated the zoning results in connection
with LULC and night-time lights variables, actual ecosystem service accessibility analyses
based on a topologically accurate road network dataset can be more useful for facilitating
the effective utilization of the ecosystem services (e.g., calculating distances from the raster
cells to different types of roads (hierarchical classes), road density within a certain radius,
or perhaps even potential accessibility). Additionally, this study has mainly investigated
the economic and environmental dimensions of sustainability. It will also be necessary
to further explore the social dimension of sustainability. How people and society inter-
act with the natural ecosystems can also play a role in the zoning. Indeed, Bennett and
Chaplin-Kramer [33] have recommended some directions for achieving more sustainable
socioecological systems, including (1) understanding the implications of ecosystem services
provision for human wellbeing [61,62], (2) understanding the role of various forms of
human capital in the provision of ecosystem services for human wellbeing [33], and (3) un-
derstanding the function of socioecological systems in the provision of ecosystem services,
their resilience, and distribution [63,64]. Sustainability needs to be co-developed with
practitioners in a way that matters to people and to be dynamically improved over time.
Furthermore, the spatial resolution of the input layers of this exploratory study is 1 km,
which should be increased in future works to refine the zoning outcome. Corresponding
to the high-resolution input layers, a more detailed classification of LULC types would
be useful to make the results even more meaningful. Lastly, systematically comparing
SOM or exploring SOM in combination with other cutting-edge spatial zoning approaches
(either supervised or unsupervised, e.g., deep SOM learning) that are potentially suitable
for the stated purposes will be necessary next steps.

6. Conclusions

Sustainability is one of the major challenges in the 21st century for humanity. Many
researchers have criticized that the existing studies on ecosystem system services have not
led to more significant contributions to decisions about sustainable development. Spatial
zoning of ecosystem services is proposed in this study as a solution to meet the demands for
sustainable use of ecosystem services. This study performed a workflow and an exploratory
analysis using SOM for visualizing the spatial patterns of the ESV of the GBA. The zoning
was performed based on 11 types of ecosystem services, resulting in 11 ecosystem service
zones. It is recommended that reasonable and effective utilization of the ecosystem services
in the GBA should be based on its zonal characteristics rather than haphazard exploitations,
which can contribute to the sustainable economy and environment of the region. The ap-
plicability of SOM for the GBA ecosystem service zoning has been demonstrated in this
study. However, it should be re-stressed that the method and workflow presented in this
study should mainly be used for supporting decision-making rather than used for deriving
gold-standard zoning maps.
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Acronym Full spelling

GBA Guangdong-Hong Kong-Macao Greater Bay Area
ESV ecosystem service values
SOM self-organizing maps

FP Food production

RMP Raw material production

WS Water supply

GR Gas regulation

CR Climate regulation

EP Environmental purification
HR Hydrological regulation

SC Soil conservation

NCM Nutrient cycling maintenance
BM Biodiversity maintenance
ALP Aesthetic landscape provision
GDP Gross Domestic Product

UsD United States dollar

RMB Renminbi

HKD Hong Kong dollar

MOP Macanese pataca

LULC land use/land cover

BMU best matching unit

VIIRS Visible Infrared Imaging Radiometer Suite
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