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Abstract: This research aims to identify the key indicators of land-use change that affect ecosystem
service in the coastal city of Xiamen. The methods of transfer matrix and land-use dynamic degree
are used to analyze land-use change, and the spatial distribution of ecosystem service values (ESV)
is mapped from 1989 to 2018 using cluster analysis. During this 30-year period, the built-up land
expanded rapidly through occupation of farmland and landfilling of the watershed. The biggest
contribution to the reduction of ESV in this stage is the loss of farmland followed by the loss of
watershed. By 2018, the spatial distribution of ESV had become very unbalanced and polarized.
The high-value areas are mainly distributed in the northern mountainous areas, with the low-value
areas concentrated in the flat areas near the coastline, and only a few medium-value areas of ESV
remained. Generally, from 1989 to 2018, the ESV in Xiamen decreased by about CNY 200 million in
total, with the largest proportion of ESV reduction (CNY 120 million) occurring in the 2000-2010
period. Considering ESV categories, the significant reduction of Regulating Service (53.5-57.8%)
was mainly due to the loss of water areas (CNY -70 million) to low ESV areas (built-up land) in
urbanization, followed by the loss of farmland (CNY -50 million). This means that Xiamen should
strengthen the protection of ecological lands in future urban planning to alleviate and reverse the
current ecological imbalance.
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1. Introduction

Land-use and land-cover change (LULCC) is a key component of global environ-
mental change because it drives changes in ecosystem service function, affecting the type,
area and spatial distribution pattern of ecosystems [1,2]. Ecosystem services (ESs) are also
essential measures of regional sustainable development [3-5]. Land-use change greatly
affects the ecosystem function by changing environmental biophysical factors such as
biodiversity, thus influencing ESs [3,6,7]. In turn, the degradation or loss of ecosystem
services affects the structure and efficiency of land use and human sustainable devel-
opment [8,9].

In order to achieve an improved balance in land-use planning and regional sus-
tainable development into the future, the impacts of rapid urbanization and land-use
change on ESV need to be studied in more detail [10]. Moreover, in order to protect and
increase the total regional ESV, as well as optimization of the ESV spatial pattern
through land planning in the future, the study of the spatial pattern of ESV and its re-
sponse to land-use change is necessary [11,12].

Since Costanza proposed the principle and method of ESV estimation and calcu-
lated the economic value of global ESV in 1997 [3], many international scholars have
continuously explored and improved the theoretical research of ESV [13,14]. Among
them, Polasky et al. conducted empirical research about the impact of land-use change on
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ESV [15,16].

Costanza provided the principles, methods and all aspects about the ESV estima-
tion, estimated and calculated the global ESV. However, his estimation and calculation
would not be entirely applicable to China considering the scale effect and differences.
Regions with different conditions have different ecological benefit in the same type of
land use, and the ESV is highly related to local living standards [17]. Since the equivalent
value per unit area varies widely, using the global equivalent value set up by Costanza
for China would make the results much higher than what these may be in reality [17].
Thus, the equivalent coefficient needs to be adjusted when conducting analysis in special
regions considering the actual situation to obtain more accurate result.

Since the 1978 reform and opening policy, China has experienced rapid industriali-
zation and accelerated urbanization development with explosive population growth over
four decades, resulting in significant changes in LULCC [18,19], especially farmland
transition to built-up land [20,21]. With urban economic development stimulus, rural-
urban migration promoted the built-up land increasing. However, for a long time, such
urban land expansion by encroachment on farmland was at a rate even faster than the
increase in urban population [22]. Meanwhile, widespread transition of farmland to ur-
ban area correspondingly reduced the physical supply of ecosystem services [23], had
significant negative impacts on ecosystem services [24,25] and reduced the value of eco-
system services [26-28].

Research on ESV in China mainly focused on two aspects. On one hand, some
scholars focused on ESV evaluation methods [29-31]. The evaluation system established
by Xie in 2006 and its improved methods have been accepted and used by many scholars
[17,25,32,33]. On the other hand, others have applied the ESV evaluation method in var-
ious fields or linked it with other concepts to conduct theoretical or case studies [34-36].

Considering current research, few of these focus on the spatial pattern and temporal
evolution of ESV and the sensitivity or response of ESV to land-use change. Future land
planning guided by such research could help optimize the urban land spatial pattern and
sustainable development. For ESV spatial pattern and its response to the land use, San-
nigrahi conducted a global scale study using the coefficient of sensitivity and elasticity
[37]. Akhtar investigated the historical LUCC with ESV, and then simulated the future of
them. However, this research did not consider the spatial distribution of ESV change due
to land-use transition and the spatial pattern of the ESV sub-category [11].

Some scholars conducted research on the spatial pattern of ESV change due to
land-use change in Northwest China, and some of them simulated the ESV change based
on future land-planning scenarios [12,38,39]. However, these studies are not compre-
hensive. For instance, the research in Ningxia did not analyze the ESV spatial pattern in
time nodes and periods [12]; although research in Gansu and Xinjiang included analyses
in time periods and nodes, respectively, neither of these analyzed the spatial distribution
of ESV sub-categories [38,39]. Similarly, research in Fujian province and Hangzhou Bay
in the southern and eastern parts of China did not analyze the spatial pattern of ESV
[40,41]. Finally, research in Guangdong and Guangxi provinces did not include an anal-
ysis of the spatial distribution of ESV loss or gain due to land-use change [42,43].

In the present research, the coastal city of Xiamen, also known by its English name
‘Amoy’, was selected as the study area to analyze the land-use evolution and its impact
on ESV. After being set up as one of the five Special Economic Zones in the 1980s, Xiamen
experienced rapid economic development through industrialization and urbanization
[44]. This has been viewed to have had a pioneering and influential role in the sur-
rounding regions and even in the whole country. In the Seventh National Census in 2020,
the urbanization rate of Xiamen had reached an astonishing 89.4%, even higher than the
top developed city of Shanghai (urbanization rate of 89.3%). The rapid urban develop-
ment has exerted great pressure on the eco-environment health of Xiamen [45]. At pre-
sent, China advocates the concept of Ecological Civilization development. How to bal-
ance industrialization, urbanization and urban eco-environment health in Xiamen is an
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important issue for sustainable development. While the previous studies on land-use
change and ESV in Xiamen mainly focused on structural analysis, research on the spatial
pattern and the impacts of land-use change on ESV is yet to be carried out.

Thus, this paper focuses on how the spatial distribution and related characteristics of
ESV was affected by land-use transition and patterns over a 30 year period, especially in
the case of one of the first cities in the world that has gone through a very rapid urbani-
zation process in a relatively short period of time.

2. Materials and Methods
2.1. Study Area and Data Source

Xiamen, a vice-provincial city, is one of the major coastal ports in Fujian Province,
China, located at latitude 24°23' to 24°54’, longitude 117°53' to 118°26', in the middle of
the west side of the Taiwan channel. Xiamen is a typical tourist city with beautiful port
scenery. The city has jurisdiction over six administrative regions: Siming District, Huli
District, Jimei District, Haicang District, Tong’an District and Xiang’an District (Figure
1). The whole city has a total administrative area of 1617 km? (including both inland and
surrounding sea areas).

Xiamen'’s industrialization and urbanization rate has been rapid since the estab-
lishment of the Special Economic Zone in 1980, especially in the last 30 years from 1989
to 2018. By the end of 2020, the total permanent resident population in Xiamen was 5.16
million, and the urbanization ratio reached 89.4% in 2020, far higher than the national
ratio of 60.98% (Seventh National Census in 2020).
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Figure 1. Location of the study area of Xiamen city and its 6 districts.

This study takes the six districts of Xiamen as the research area and 1989-2018 as
the research period. The whole period was divided into three phases: 1989-2000 as
Phase 1, 2000-2010 as Phase II, and 2010-2018 as Phase Ill. For land-use analysis, 4
Landsat Thematic Mapper (TM) images (1989, 2000, 2010 and 2018) from the Chinese
Academy of Sciences were taken to interpret land use/cover maps, including farmland,
built-up land, watershed, grassland and forestland. The spatial resolution was 30 m, and
the overall map accuracy of all land-use types exceeded 90%. ArcGIS 10 was used to
conduct the analysis of land use and geographical maps. It should be noted that there
are slight differences among the boundaries of the land-use map obtained from 4 imag-
es, which is mainly due to the following: (1) The coastline changes continuously under
the influence of natural tides and artificial land reclamation. (2) The districts of Xiamen
have experienced several changes, and the boundaries of each district were not stable
until 2003. (3) In the process of land-use interpretation, there are slight deviations. Based
on the land-use data, ESV was calculated and analyzed with value coefficients, as pre-
sented in the Methods section.
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2.2. Methods
2.2.1. Land-Use Change

Land-Use Net Change (LUNC) in this paper is used to describe the amount of
change while Land-Use Dynamic Degree (LUDD) is used to evaluate the rate of change
in a given time period. The formula of these two indexes is shown in the following;:

LUNCL = LUib - LUia (1)
Lupp, = LING 1 2
Lo, T 2)

where LUNC: represents the net change amount of some land type; LU represents the
value at the end of the study period; LU represents the value at the beginning; LUDD:
represents the dynamic degree; and T represents the years of research period. Thus, the
formula calculation results of LUDD: show the annual average change rate of the land
type.

As an important tool to analyze land change, the land-use transition matrix is used
to measure the trend, quantity and structure characteristics of land transition, specifical-
ly to reflect the situation of land transition in a certain period. At present, the widely
used transition matrix is a two-dimensional matrix shown as follows:

S11 S1n
Sij = I oo l 3)

Sn1 v Shn

where S represents the area; n represents the number of land-use types; i and j represent
the land-use types at the beginning and end of the study period, i.e., land type i is trans-
formed into land type j during the study period.

The transition matrix is not a calculation formula or index, but only lists the transi-
tion area between land types in the form of a matrix, which is convenient for tracking
and analyzing the structure, changing direction and quantity of land types in the initial
year and the final year.

2.2.2. ESV Change

In order to analyze the change of ESV, we set up an indicator of ESV contribution
rate (CR) to the commonly used ESV calculation method. The CR describes how the
change of a single ESV aspect to the total ESV, viz.:

ESV =YV, X 4; 4)
ESVs = X Vs X Ay @)
AESV,
= : (6)
ESV

where ESV is the total value in the study area; Vi is the ESV of land-use type i per unit
area; and Ai is the area of land-use type in the study area. ESV: is the single value of one
ESV type; and Vii is the single value of ESV type of land-use type i per unit area. CR is
the ratio of a single ESV type change AESVs to the total ESV.

Xie also claimed that there are still many important scientific problems to be solved
in this method. For example, it only provides a unit price of ecosystem service value in
the average state of China, which failed to consider the spatial heterogeneity of ecosys-
tem service value. However, although other scholars already improved on this ESV
method, many of them are still based on the equivalent table proposed by Xie in 2003.
Thus, this evaluation system has been widely used in ESV accounting research. Consid-
ering the availability of data, the present study uses the ESV coefficient table by Xie in
2007 for calculation (Table 1), represented by the Chinese Yuan (CNY). In 2007, USD 1
approximately equaled CNY 7.6.
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Table 1. The values per unit area of ecosystem services in China (CNY-hm ~2-a™!, 2007).

First Class Types Second Class Types Forestland Grassland  Farmland Water Area
Provisioning Service Food production (FP) 148.2 193.1 449.1 238.0
(PS) Raw material production (RMP) 1338.3 161.7 175.2 157.2
Gas regulation (GR) 1940.1 673.7 323.4 229.0
Regulating Service Climate regulation (CR) 1827.8 700.6 435.6 925.2
(RS) Hydrological regulation (HR) 1836.8 682.6 345.8 8429.6
Waste disposal (WD) 772.5 592.8 624.3 6669.1
Supporting Service Soil conservation (SC) 1805.4 1006.0 660.2 184.1
(SS) Biodiversity maintenance (BM) 2025.4 839.8 458.1 1540.4
Cultural Service (CS) Aesthetic landscape (AL) 934.1 390.7 76.4 1994.0

3. Results

3.1. The Change of Land-Use Structure

General situation

In the first three time nodes (1989, 2000, 2010), the total area of farmland and for-
estland accounted for 70.4%, 67.7% and 58.7% of the total area in Xiamen, respectively,
while in 2018, forestland and built-up land accounted for the largest proportion of the
land-use structure. The change of all land types during the whole period is shown in
Figure 2.

2000

O Farm land

OForestland [@—OGrassland B@AWatershed ®Built-up land

Figure 2. The structure and proportion change of land use in Xiamen from 1989 to 2018 (km?).

For the net change amount, the ranking of all the land types in the whole period is:
farmland (-470.0 km?) > built-up land (329.8 km?) > grassland (105.1 km?) > watershed
(-95.5 km?) > forestland (90.6 km?). The built-up land had the largest increase from 11.0%
in 1989 to 25.6% in 2010 and 32.2% in 2018, becoming one of the main land types. The top
two biggest loss of the land use is the farmland and watershed, with farmland loss of
70.7% and watershed dropping from 148.9 km?2(9.2%) in 1989 to 53.4 km?(3.4%) in 2018.
The large reduction of farmland and watershed in the study period may be due to the
occupation of farmland and the landfill of coastal watershed in the process of urbaniza-
tion, especially for the development of the port industry, aquaculture industry and
coastal tourism industry. However, the total amount and proportion of forestland had no
big change, indicating that the forestland has been well protected in the last 30 years.

Phase characteristics

Considering the land changes in the three time phases (Figure 3), the largest net
change in Phase I (1989-2000) was the decrease of farmland (40.8 km?), followed by the
increase of built-up land (38.4 km?), while the smallest change was the increase of grass-
land (1.8 km?) for Phase II (2000-2010). The largest net change was the increase of
built-up land (196.8 km?), and the smallest was the increase of forestland (4.4 km?).
Markedly, the net change of all land types in this phase was several times higher than
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Phase I, of which the largest was 1248.5% of grassland, and the smallest was 105.0% of
forestland. For the final Phase III (2010-2018), the largest net change was the decrease of
farmland (-278.2 km?), and the smallest is the decrease of watershed (-68.2 km?). Except
for built-up land, the net change of other land types is still several times higher than that
in Phase II, with the largest increase of 2071.7% in forestland and the smallest increase of
48.1% in built-up land (Figure 3).
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Figure 3. The change of land use in the three phases (km?).

The comparison of the three phases shows that the fastest growth of the built-up
land in Xiamen—and thus the highest urbanization rate—occurred in Phase II, followed
by Phase III. In contrast, farmland reduced the most. Land for watershed also reduced
but the amount is relatively smaller. In Phase III, both forestland and grassland increased
significantly. The possible reason may be that with the development of urbanization a
large number of villagers moved into the urban area and abandoned the cultivation of
farmland, resulting in farmland being converted to forestland and grassland.

3.2. Transition of Land Use

The dynamic transition among land-use types is analyzed in ArcGIS 10. The transi-
tion information was obtained through the overlay analysis of the land-use data be-
tween two time nodes. The transfer amount over 10 km? is sorted in a land transition
matrix and mapped in Figure 4.
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Figure 4. The spatial distribution of land-use transition in different phases: (a) for the whole period
from 1989 to 2018; (b) for Phase I from 1989 to 2000; (c) for Phase II from 2000 to 2010; (d) for Phase
III from 2010 to 2018. Note that due to multiple influences, especially the natural tides and artificial
land reclamation, there are slight differences among the boundaries in the four time nodes.

Spatial pattern

Figure 4 shows that the large reduction of farmland and watershed mainly occurred
in coastal areas (mostly within 10 km from the coastline) and was largely converted to
built-up land. The reason transition occurred in those areas may be that the coastal areas
are flat and convenient for the construction of buildings, industrial parks and infra-
structure. In addition, these areas are also very close to the original built-up areas, so this
would naturally be impacted by local urban expansion.

Temporal pattern of phase differences

In the whole period of study, the top three ranking of conversions with the biggest
area were: farmland to built-up (291 km?, 43.8% of the farmland in 1989) > farmland to
grassland (163 km?, 24.5% of the farmland in 1989) > grassland to forestland (103 km?,
68.2% of the grassland in 1989), as shown in Figures 5 and 6. Meanwhile, the urbaniza-
tion rate of Xiamen based on population statistics increased from 38.7% in 1989 to 89.4%
in 2020. The land-use transition and urbanization rates reflected the migration of villag-
ers into the urban area. Farmlands were abandoned and eventually converted to for-
estland and grassland over time. Then, the increase in the urban population brought
more demand for house land and urban area, resulting in the acceleration of farmland
loss through their conversion to built-up land especially in the peri-urban areas. This
kind of interactive stimulation and self-reinforcing feedback loop between urbanization
and farmland loss is similar to the concept of reflexivity in social science and economics.

In Figure 5, generally, in all the three phases, the largest transition amount was from
farmland to built-up land. In Phase I, it was 31.8 km?2(71.3% of the total loss of farmland).
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In Phase 11, it was 150.5 km? (96.0%), and in Phase III, it was 153.0 km?2 (43.8%). This
means that for the whole period, farmland has been occupied due to the industrial and
urbanization development. In particular, during Phase II (2000-2010), the area of built-up
land increased most sharply, from 216.7 km? (13.4%) in 2000 to 413.5 km? (25.6%) in 2010,
nearly double. During the same period, 47.3 km? of the newly added built-up land came
from the watershed, accounting for 30.8% of the watershed loss. Large areas of farmland
and watershed converted to built-up land during this rapid phase of urbanization Xia-
men. Especially, the increment of built-up land significantly exceeded other land types in
Phase I or the same phase. Generally, the main urbanization acceleration in Xiamen oc-
curred in this phase, and the increasing built-up land mainly came from landfilling of
watershed and farmland conversion.
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| Farm 1989 ’ Farm 1989
\ Grass 2000 4 b

Watershed 2018.

Grass 2018
Forest 2000

Forest 1989 Forest 1989
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Built—up 2000 o, Built-up 2010

Figure 5. The land-use transition among each land type in different phases of development in
Xiamen (Note: considering there is inflow and outflow for all land-use types in each period, the
data of 1989-2018 come from the overlay analysis between land-use data of 1989 and 2018 directly
and are not based on the cumulative calculation of the three periods).

3.3. ESV Change and Spatial Distribution

In order to map the spatial distribution and observe the pattern of ESV changes,
three categories of the total ESV change were considered: high-value area (CNY >0.3 bil-
lion), medium-value area (CNY 0.1-0.3 billion) and low-value area (CNY <0.1 billion).
For the sub-components (PS, RS, SS and CS), the three categories were classified by hier-
archical cluster. The calculated results with its H-M-L structure in Xiamen are shown in
Figure 6.

The total amount of ESV in the study area was in a downward trend in the whole
period, indicating the decline of the ecosystem services. In Phase I, the total amount of
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Unit: billion CNY

EBH 8BM OL

ESV changed slightly (CNY -10 million), but the decrease in Phase II (CNY —0.13 billion)
was 1382.6% of that in Phase I, more than ten times. This is mainly due to the reduction of
the high-value part, from CNY 0.91 billion in 2000 to CNY 0.6 billion in 2010. Among all
the losses, the largest contribution to the total loss in this phase is the decrease of ESV
from watershed (CNY -70 million, CR 34%), followed by the loss of ESV from farmland
(CNY -50 million, CR 28%). As described earlier in the analysis of land-use change, the
reason for such ESV loss is the rapid urbanization in this period.

2018 071 D.07]

2010 0.60

1989 0.80 0.08]

T T T T T T T 1

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

Figure 6. The change of total ESV and its H-M-L structure in the four time nodes, H = High-value,
M = Medium-value, L = Low-value.

Regarding the spatial distribution of ESV (Figure 7), the medium-value areas of ESV
in Xiamen occupied most of the regions near the coastline in 1989, the low-value areas
were very few, and the high-value areas were mainly located in the northern moun-
tainous region. In 2000, the low-value areas had expanded on the island, mainly due to
the transition of farmland into built-up land caused by urbanization. In 2010, except for
the mountain areas, almost the whole island had become low-value areas, and the parts
near the coastline and the original built-up areas outside the island also became mostly
low-value areas. In 2018, nearly all coastal regions were of low value. Medium-value ar-
eas had been squeezed out, resulting into a more polarized ESV (Figure 7).

ESV (Billion CNY)

0 5 10 20 km
T

<0.1 . 0.1-0.3 I >0.3

Figure 7. The spatial distribution of ESV H-M-L structure from 1989 to 2018, H = High-value, M =
Medium-value, L = Low-value. Note that due to multiple influences, especially the natural tides
and artificial land reclamation, there are slight differences among the boundaries in the four time
nodes.

All the ESV components were in a downward trend from 1989 to 2018 (Figure 8).
The ranking of proportion of ESV components was: RS (53.5%-57.8%) > SS (25.2%—28.8%)
> PS (10.0%-10.5%) > CS (7.0%—7.3%). RS had the largest proportion and decrease which
was mainly due to the large-scale conversion of watershed to built-up land in the ur-
banization process, resulting in loss of RS sub-components water regulation (CNY —40
million) and waste disposal (CNY —40 million). In contrast to the largest reduction of
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farmland, the change of PS was the smallest, with its sub-ESV component of food and
raw material production not decreasing as sharply (CNY -10 million of food production
and CNY —4 million of raw material production). The reason for this is that the coefficient
of forest for raw material production in the ESV coefficient table is the largest (CNY-hm
2.3711338.32), followed by farmland (CNY-hm 2-a'175.15). Thus, the forestland area in
Xiamen basically remained stable (470.1 km?-474.5 km?) in the last 30 years, so the impact
of the decline of farmland on PS (food and raw material production) was greatly allevi-
ated. Considering that forestland is the main component of ESV in the study area (ac-
counting for 49.14%-55.32%), the protection of forestland in Xiamen has played a positive
key role in maintaining the stability of ESV.

During the period of 2000-2010, when ESV decreased sharply (Figure 8), it is obvi-
ous that the main reason was the large reduction of RS, especially the ESV change of
water regulation made the largest contribution (CR 26.39%), followed by waste disposal
(CR 25.45%). There are two reasons for this: one is that the area of farmland and water-
shed decreased the most at this stage; the other is that the ESV coefficient of water regu-
lation (CNY-hm 2-a718429.61) and waste disposal (CNY-hm 2-a16669.14) was also rela-
tively very large.

Unit: million CNY
216.44 78.20
36031 187.69

23.35

P 8.72

500.14 3462

RN 10.73

180.09

69.88 38.95

1149

44.30 (2068 BUKF
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54.69
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70.50

181.68 7434
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544.39 114.94 40.00

EANIVEN 11.24
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Figure 8. ESV sub-components and their H-M-L structure from 1989 to 2018.

In terms of ESV spatial distribution (Figure 9), on the first three time nodes (1989,
2000 and 2010), the high-value and medium-value of PS, RS and SS occupied large areas
in the northern mountainous region, far from the coastline. While the low-value areas of
PS and SS were mainly distributed in coastal areas, with clustering built-up areas and
watershed with low value contributions (both area and coefficient). The low-value area of
CS was widely distributed in the lowland except the forestland (high-value area) and
watershed (medium-value area).

In 2018, due to the continuous reduction of farmland and watershed but substantial
increase of built-up land, there was no longer any medium-value area for four
sub-components, resulting in a spatial pattern of polarization between high-value areas
and low-value areas (Figure 9).
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2010
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mH EM L

Figure 9. The spatial distribution of 4 sub-categories of ESV from 1989 to 2018, H = High-value, M
= Medium-value, L = Low-value. Note that due to multiple influences, especially the natural tides
and artificial land reclamation, there are slight differences among the boundaries in the four time
nodes.

These results show that, for the study area of Xiamen City, due to the large-scale
transition of watershed and farmland to low ESV areas of built-up land, ecosystem ser-
vice functions such as water regulation and waste disposal tended to be weakened, fi-
nally leading to the downward trend of overall ESV. Considering that forestland is the
most important land for ESV, Xiamen should strengthen the protection of ecological land
such as forestland, farmland and watershed in future urban planning. In addition, Xia-
men should also plan to protect ecological land and promote urban greening in
large-scale built-up urban areas to avoid ecological imbalance and polarization.

3.4. Impact of Land Use Transition on ESV

The previous analysis shows that the built-up land continued to increase while the
farmland and watershed always decreased during the whole study period, resulting in
the overall ESV decreasing accordingly. Focusing on the detailed amount and direction
of ESV changes due to land transition, Figure 10 shows the spatial distribution of gain
and loss of ESV in different phases of development.
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Figure 10. The spatial distribution of gain and loss of ESV in different phases. Note that due to
multiple influences, especially the natural tides and artificial land reclamation, there are slight
differences among the boundaries in the four time nodes.

There was a substantial reduction of ESV that mainly occurred in the coastal region
where large areas of farmland and watershed converted to built-up land. The transition
of farmland to built-up land reduced ESV by CNY 103.3 million, and the transition of
watershed to built-up land reduced ESV by CNY 101.9 million (Figure 11). The large in-
crease of ESV mainly occurred in the northern mountainous area due to the transition of
farmland and grassland to forestland (Figure 10). The transition of farmland to for-
estland increased ESV by CNY 59.9 million, and the transition of watershed into built-up
land reduced ESV by CNY 76.1 million (Figure 11).

There was only a slight land change in Phase I, and the corresponding change of
ESV was sporadic and scattered in spatial distribution (Figure 10). The decrease of ESV
was mainly due to the transition of farmland and watershed to built-up land (CNY 11.4
million of farmland and CNY 8 million of watershed, see Figure 11), occurring in the
north of the island with a scaled industrial zone and newly-built residential areas (Fig-
ure 9). The increase of ESV was mainly due to the transition of off-island farmland to
watershed, which may be used for aquaculture near the coast (Figure 10).

In Phase II, ESV decreased significantly, which occurred widely both inside and
outside the island (Figure 10), still due to the loss of farmland and watershed to built-up
land (CNY 54.2 million of farmland and CNY 96.6 million of watershed, see Figure 11).
Inside the island, the transition clustered in the east and north, while outside the island
it clustered near the coastline (Figure 10). These areas are adjacent to the original
built-up areas of the city and would be affected by further urbanization.

In Phase III, the increase and decrease of ESV caused by land use were almost bal-
anced (Figure 11), and the decrease of ESV was still mainly caused by transition of wa-
tershed and farmland to built-up land (CNY 69.3 million for watershed and CNY 54.3
million for farmland, see Figure 11). In the previous period, all the farmland on the is-
land had nearly been converted to built-up land (Figure 10). Therefore, in this phase, the
transition mainly occurred outside the island, especially in the coastal zone of Xiang'an
District. Xiang’an District is the last one established and developed in Xiamen (Figure
10). It can be seen that the urban expansion in Xiamen has developed in nearly all the
available flat land (Figure 10), while the increase of ESV was mainly caused by the tran-
sition of grassland and farmland to forestland (CNY 65.0 million from grassland, CNY
58.1 million from farmland, see Figure 11). It mainly occurred outside the island, dis-
tributed in the northern mountains (Figure 10).
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Figure 11. The gain and loss of ESV due to the transition of land use among each other in different
phases.

The change and spatial distribution of ESV in each phase demonstrated the general
situation of ESV in Xiamen. It also provides reference for land planners and managers to
formulate appropriate land-use plans, as well as protection or compensation measures
for the ecological environment [42]. These measures are needed to avoid adverse results
such as ecological imbalance caused by the over loss and unbalance distribution of ESV.

4. Discussion
4.1. Changes in Land Use and Ecosystem Services

Investigating the conditions of land-use change and related ESV spatial pattern
changes in Xiamen city at different time nodes and periods spanning 30 years, we ob-
serve that the land use and transition were very significant from 1989 to 2018. In the ini-
tial 1989-2000 period, the land-use type of Xiamen was mainly farmland and forestland,
both of which were more than 450 km?. In 2010, the area of farmland, built-up land and
forestland was more than 400 kma?. In 2018, the built-up land and forestland were more
than 500 km?2, and the farmland was less than 200 km?2. Thus, from 1989 to 2018, farm-
land continued to decrease significantly, and the built-up land increased significantly,
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which may be mainly caused by population growth, industrialization and urbanization
[42]. The growth of a large number of industrial areas, the investment in infrastructure
construction and real estate economy (including ground hardening, road and building
construction), as well as the construction of new rural areas, the tourism industry, port
logistics, etc., are specific reasons for the continuous increase in the area of built-up land.
Under the construction of ecological civilization proposed by the government in No-
vember 2012, the growth of built-up land began to slow down from 2010 to 2018. Some
built-up land was converted to other land types, grassland increased and forestland re-
mained stable. However, from 2010 to 2018, the area of built-up land still increased by
22.9% (94.5 km?) and became the second largest area after forestland in 2018. Urbaniza-
tion, population growth, and the growth of built-up land not only promote economic
development, but also bring great pressure to the ecological environment and limited
natural resources. The value of ecosystem services in Xiamen significantly decreased
during the study period.

From 1989 to 2018, the ESV of Xiamen City decreased from CNY 1.22 billion to CNY
1.02 billion, with a total loss of CNY 0.2 billion, which is similar to the trend in Fujian
province where Xiamen is located in [40]. The water area and farmland showed the
largest contribution rate to the reduction of ESV in Xiamen City (a decrease of CNY 0.19
billion and CNY 0.17 billion, respectively). This is an important reason for the decline of
the total ESV, just like the situation in Hangzhou Bay [41]. According to Figure 3, we can
also see that it is due to the large amount of water area and farmland being converted to
built-up land. Like another southern region Xishuangbanna, hydrological regulation,
climate regulation, waste disposal and biodiversity are the most important ecosystem
service functions in the study area [43]. However, the value of hydrological regulation
and waste disposal decreased significantly from 1989 to 2018. The reason for this phe-
nomenon is that the water area in the study area was converted to built-up land, result-
ing in a significant increase in the built-up land area and a significant decrease in the
water area.

In addition to the significant decline in the total amount of ESV and the related
threat to urban ecological security, the obvious trend of spatial polarization of ESV is
another great risk to sustainable development in Xiamen. As the terrain of Xiamen is high
in the west and low in the east, mountains and forests are mainly located in the northern
area, while the southern region is flat and contains most of the built-up land, farmland
and coastal water area. In the rapid urbanization, a large number of water areas and
farmlands in the southern flat region were converted to built-up land, which has signif-
icantly reduced the ESV. This change trend causes the spatial distribution of ESV in
Xiamen to become increasingly unbalanced and polarized, with high-value areas de-
creased and low value increased [39,43]. In 2018, there were few medium-value areas of
ESV. Meanwhile, the high-value areas were mainly distributed in the northern moun-
tainous areas, with the low-value areas concentrated in the flat areas near the coastline.
The spatial distribution of high, medium and low value areas is now very unbalanced,
with the medium value areas disappearing. This situation will aggravate urban chal-
lenges such as the heat island effect, traffic congestion, housing tension, environmental
pollution, and lack of urban greening.

To sum up, the rapid economic development and urbanization in Xiamen has led to
built-up land growth at the cost of reducing the ecological spaces associated with water
areas and farmland. This is now posing significant challenges in the city’s efforts to-
wards eco-environment protection and urban sustainable development.

4.2. Limitations and Future Work

In the evaluation of ESV, in addition to the area change, the correction and deter-
mination of the equivalent value have a great impact on the ESV. In this paper, the
equivalent factor method was used to evaluate the ESV, which is conducive to the com-
parison between different regions. However, the equivalent factor method is more de-
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pendent on the equivalent value of the assessment, and different assessment methods
may cause large differences in the results. In this study, the water area contributes a
larger ESV change with a smaller area proportion, which indicates that the water area
has important value significance for the ESV of Xiamen but also shows that the equiva-
lent value has a great impact on the ESV.

In the spatial analysis of the study area, this paper mapped the spatial difference of
ESV and its relationship with the land use by means of high, medium and low category
analysis, so as to demonstrate the spatial pattern and temporal evolution of ESV in Xia-
men. However, this paper does not take the smaller administrative units (counties, dis-
tricts and towns) within the study area as the statistical unit to evaluate and analyze the
spatial difference of ESV. At the same time, correcting the difference of equivalent value
in Xiamen and time series will help make the calculation results closer to the actual val-
ue and improve the accuracy.

In addition, further study could explore the ESV sensitivity to land-use changes and
the correlation between them [37]. Analysis of future land-use planning scenarios could
be conducted to optimize the spatial balance of ecosystem services. Particularly, setting
green infrastructure in urban core areas, such as in Xiamen island, might help to de-
crease the polarization [46,47]. Using cellular automata to simulate future land-use plan-
ning and explore settings for ESV optimization could help identify viable urban sus-
tainable development options [11,12].

5. Conclusions

We analyzed the spatiotemporal characteristics of land-use evolution in the coastal
city of Xiamen from 1989 to 2018, covering the early years of its industrialization to the
rapid urbanization that has led to the modern city that it has become today, and showed
that its overall ESV has significantly declined and become more polarized between
high-value and low-value land areas.

For the whole study period, the built-up land grew rapidly, mainly because of the
conversion of farmland and landfill of the watershed to accommodate the growing urban
population. The most intense period of change was Phase II (the 2000-2010 period). The
land changes in Phase I were relatively mild and in Phase III were huge but not as intense
as those during Phase II.

The rapid economic development and urban expansion reflected in these land
changes over these time periods, translated to the decline of the total amount of ESV in
Xiamen, with the decline in Phase II being much higher than that in other phases. The
biggest contribution to the reduction of ESV in this phase was the loss of watershed (CNY
=70 million), followed by the loss of farmland (CNY -50 million). In 2018, there were few
medium-value areas of ESV. Meanwhile, the high-value areas were mainly distributed in
the northern mountainous areas, with the low-value areas concentrated in the flat areas
near the coastline. The spatial distribution of high, medium and low value areas is now
very unbalanced, with the medium value areas disappearing.

The ESV components that changed most are ranked as follows: RS > SS > PS > CS.
The significant reduction of RS was mainly due to the loss of water areas to low ESV ar-
eas (built-up land), leading to the weakening of ecosystem service functions such as wa-
ter regulation and waste disposal.

Rapid urbanization and built-up land growth at the cost of occupying the ecological
space of water area and farmland is an important obstacle to the eco-environment pro-
tection and urban sustainable development in Xiamen. This situation will aggravate ur-
ban challenges such as the heat island effect, traffic congestion, housing tension, envi-
ronmental pollution and lack of urban greening. Therefore, Xiamen should strengthen
the protection of ecological land such as forestland, farmland and watershed in future
urban planning and development policy or plan ecological land in large-scale built-up
areas as ESV compensation and encourage measures to avoid over-development, eco-
logical imbalance and polarization.
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The Xiamen case study provides lessons and reference for land planners and man-
agers in other parts of China to formulate appropriate land-use plans, as well as protec-
tion or measures for the ecological environment. Other cities in the world facing oppor-
tunities—or challenges—of rapid urbanization and industrialization also need to pay at-
tention to the potential problems such as ecological imbalance and ESV reduction caused
by land-use change. In these types of research, understanding the spatial distribution of
ESV and its temporal evolution would help policy makers avoid or minimize ecological
imbalance through appropriate land-use planning. The potential ESV impacts of future
land-use changes can be further explored by simulation—for example, by cellular au-
tomata—to support regional and urban sustainable development.
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