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Abstract: With the expansion of the concept of sustainable development, it has become increasingly
important to investigate the means for achieving sustainable eco-economic development. On the
basis of Landsat imagery of Hengduan Mountain area of China acquired in 1990, 2000, and 2010,
we analyzed the coordination relationships, evolution characteristics, and aggregation modes of the
economy and ecology in this region using ecosystem service value (ESV) and ecological economic
harmony (eco-economic harmony, EEH) models. The following results were obtained. (1) There
was a significant transition in land cover, wherein grassland increased the most and farmland
decreased the most, by 1.18 × 104 km2 and 9.41 × 103 km2, respectively. These trends were related
to urban expansion and the implementation of ecological measures; (2) From 1990 to 2000, there
was a deterioration in the ecological system, whereas after 2000, the ecosystem improved due to
implementation of the Chinese government’s “Returning Farmland to Forest (Grassland)” scheme,
thereby illustrating the importance of forest to ecosystem stability; (3) Spatially, the EEH index showed
a dual-core structure centered on a low conflict zone and potential crisis zone, which signified that
there was a trend of coordinated development between the economy and ecology; however, this was
not stable; (4) There were four types of EEH evolution zones—low conflict, potential crisis, slight
improvement, and significant improvement zones—of which the improvement zones accounted
for 55.15% of the area, thereby indicating that over time the economy has played a positive role
in shaping the ecological environment; (5) The spatial aggregation modes of EEH evolution were
band coordinated mode, group uncoordinated mode and group improvement mode, which meant
the relationship of ecology and economy was always in lowest coordinated state in a banded form,
in uncoordinated state and a significant increase in a block form, respectively. These modes were
intended to provide a reference for the sustainable development in southwest China.

Keywords: ecosystem service value (ESV); eco-economic harmony (EEH); spatial aggregation modes;
sustainable development; Hengduan Mountain area

1. Introduction

Industrialization and urbanization are important symbols of the level of countries’ economic
and sociobiological development [1]. Nevertheless, because of heavy industrial development and
imperfect pollution control measures, a large amount of energy was consumed, different kinds of
pollutants were directly discharged without any treatments, and the ecological environment was
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seriously damaged, especially in developing countries [2,3]. According to statistics, China’s carbon
dioxide emissions have become the largest in the world, with those of the United States being second,
and account for approximately 14% of the world’s emissions [4]. Meantime, urbanization promotes
population and industry aggregation, which has caused land cover changes, and damaged food and
ecological security [5]. In China, since 1996, its farmland has decreased by 83 thousand km2, or
5.95 thousand km2 per year, thus, the limited farmland resources are experiencing production pressure
and threating human life [6]. Therefore, the pursuit of economic development and ecological security is
a contradiction; the coordination degree of the two will affect the health and sustainability of regional
development [7,8]. Therefore, research regarding the relationship between ecological and economic
system has been necessary and prevalent [9,10].

Ecosystem services represent the benefits that living organisms derive from ecosystem functions
that maintain the Earth’s life support system [11]. They include nutrient cycling, carbon sequestration,
air and water filtration, and flood amelioration, to name a few [12,13]. Since 1990, numerous methods
have been conducted to estimate the values of various ecosystem services (ecosystem service value,
ESV), such as the alternative market method [14,15], the market valuation method [16,17], the survey
evaluation method [18,19] and so on. Most notably, Costanza et al., (1997, 1998) [12,13] presented a
model for placing an economic value on different biomes and the services that they provided. Based
on their model, they estimated that the global biospheric value of 17 identifiable ecosystem services
provided by the 16 dominant global biomes is $33 trillion per year. In 1999, Ouyang et al., adopted this
concept to evaluate the service value of terrestrial ecosystem in China and figured out the selection of
evaluation parameters may lead to misunderstanding conclusions [20]. Then, to more meet the actual
situation of China, Xie et al., (2008) conducted a questionnaire survey on 200 Chinese experts, used
the survey results to calculate a value per unit area of China’s terrestrial ecosystem [21] and had been
widely used [22–25]. All the studies have enabled research on ecosystem services to become the focus
of the academic community.

At present, the relevant methods used to measure the coordinated development of the
ecological-economic (eco-economic) system include energy analysis, ecological footprint analysis,
material flow analysis, the market value method, and the sustainability evaluation method [26–28].
However, the applicability of these methods is still restricted with respect to external ecological
and socioeconomic factors, and also in terms of the accuracy of regional spatial analysis [29].
To overcome these shortcomings, and with the support of remote sensing and geo-information system
technology, many scholars have adopted the eco-economic harmony (EEH) model to conduct regional
eco-economic sustainability evaluations and spatial grading division. Nevertheless, these studies
have mainly focused on large cities, plains, and areas experiencing rapid development. Conversely,
large-scale research in mountainous areas is comparatively limited [30]. In China, mountainous areas
account for 70% of the total area, and are inhabited by almost 40% of the population [31]. Mountainous
areas are therefore important regions for population and economic studies. Moreover, the ecosystems
of mountainous areas are often fragile, which poses substantial challenges for regionally sustainable
development strategies. The ecological equilibria of such ecosystems can easily be damaged by the
pressures associated with social, economic, and technological development [32]. Therefore, achieving
a coordinated development of the economy and ecological environment in mountain areas has become
a major scientific problem that needs to be resolved.

Hengduan Mountain area is not only a biodiversity priority area identified by The Nature
Conservancy (TNC) but is also a “national key environment function zone”, designated by the Chinese
Environment Function Division. However, in the process of pursuing economic development, land
cover in Hengduan Mountain area is facing considerable pressure, and the ecological environment
is under threat from many sources. In this study, we explored the coordinated development of
the ecology and economy of Hengduan Mountain area, and discuss functional partitioning and
evolutionary modelling of the ecosystem and economy in this area. In doing so, we aim to gain an
understanding of the problems of ecological fragility and sensitivity in this region, and also to provide a
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scientific framework for coordinated economic development and maintenance of an ecological balance
in this region.

2. Study Area

Hengduan Mountain area is located near the southeastern border of China’s Qinghai-Tibet Plateau
and encompasses 98 counties (97◦20’ E–104◦25’ E, 24◦30’ N–33◦43’ N, Figure 1). Within its total area of
376,000 km2, there are a series of intersected east–west- and north–south-facing mountains and valleys.
The terrain is high in the northwest and low in the southeast, with altitudes ranging from 219 m to
7447 m, and deep river valleys are typical of the region. Owing to the influences of the southwestern
and southeastern monsoons from the Indian and Pacific oceans, respectively, the climate is warm
and wet in the southeastern area, and cold and dry in the northwestern region [33]. As of 2014, the
urbanization rate of the Hengduan Mountain area (20.31%) was somewhat lower than that of the
remainder of China (54.77%). The gross domestic product (GDP) of this region was 471.518 billion
RMB, which accounts for only 0.83% of China’s overall GDP. In an effort to enhance the economy of
Hengduan Mountain area, large-scale production activities, including “Western Development”, have
been implemented in this region. Forests have been destroyed and farmland has been converted to
built-up land, resulting in serious ecological repercussions. This has inevitably led to conflicts among
those with interests in food security, ecological protection, and economic development [34].
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3. Materials and Methods

3.1. Data Resources and Processing

Land cover data used in this study came from NASA’s Landsat Thematic Mapper 5 (TM 5) remote
sensing (RS) image data in 1990, 2000 and 2010, at a spatial resolution of 30 m × 30 m. The scenes
of remote sensing image were 58, 57, 60 in 1990, 2000 and 2010, respectively. In the ENVI/ArcGIS
platform, mosaic stitching, projection transformation, radiation correction, geometric correction, and
resampling were conducted on the RS data. Land cover types in the Hengduan Mountain area were
divided into six categories according to the land use/cover classification methods of the Resources
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and Environment Information Database of the Chinese Academy of Sciences (http://www.resdc.cn/).
Six primary land cover classes were considered: farmland, forest, grassland, water, built-up land,
and unused land. Among them, unused land refers to the land which was difficult to be used or
has not been used, it includes sandy land, gobi, saline-alkali land, marsh, barren, bare rock and so
on. A classification scheme, which includes acquirement and expression of knowledge, as well as
application of knowledge in land cover classification [35] and the fusion technology of multi-source
remote sensing image [36] have been applied to obtain land classification through visual interactive
interpretation. In order to ensure the reliability of land cover data, its accuracy must be verified.
Verification of the accuracy of land cover data in this place was conducted by the following steps. First,
after the pre-treatments of remote sensing data, we carried on artificial interpretation and compared
the interpreted data with data obtained from statistical yearbooks or related literature to verify its
rationality from macroscopic view. Second, data was collected at sampling points in different land
cover types to carry out more detailed verification of accuracy. Table 1 shows the area, proportion
and interpretation accuracy of different land cover types in different years. From Table 1, we can
see that the number of sampling points was 3600, 1110 and 2580 in 1990, 2000 and 2010, respectively.
Overall, the average accuracy of land cover types was 90.02%, 86.70% and 73.82% in 1990, 2000
and 2010, respectively. This is reasonable and suggests that this method will be useful in related
scientific research.

Table 1. Area, proportion and accuracy verification of land cover types (km2, %, %).

Land Cover
Types

1990 (3600) 2000 (1110) 2010 (2580)

Area Proportion Accuracy Area Proportion Accuracy Area Proportion Accuracy

Farmland 46,917.20 9.04 93.10 46,559.29 8.97 86.50 45,917.26 8.85 65.04
Forest 235,266.06 45.33 86.90 233,535.44 45.00 83.75 240,313.84 46.3 75.94

Grassland 211,507.99 40.75 89.60 213,534.53 41.14 84.00 206,274.03 39.75 74.00
Water 3889.70 0.75 92.50 3516.73 0.68 88.00 3931.36 0.76 72.73

Built-up land 1305.50 0.25 89.00 1517.27 0.29 91.00 2262.40 0.44 85.19
Unused land 20,099.77 3.87 89.00 20,322.95 3.92 87.00 20,287.34 3.91 70.00
Comprehensive accuracy 90.02 86.70 73.82

Notes: 3600, 1110 and 2580 means the scenes of sampling points in 1900, 2000 and 2010, respectively.

Data related to GDP and grain yield were obtained from Sichuan Statistical Yearbook (1991, 2001,
2011) [37–39], Yunnan Statistical Yearbook (1991, 2001, 2011) [40–42], and Tibet Statistical Yearbook
(1991, 2001, 2011) [43–45]. In order to facilitate the research, the county-level unit was used as the basic
research scale.

3.2. Methods

3.2.1. Assessment of Ecosystem Service Value (ESV)

According to related research [21], we classify ecosystem services into four primary categories
including provisioning services, regulating services, supporting services and cultural services. Among
them, provisioning services include food production and raw materials production, they mainly
provide material support for human life and production. Regulating services include gas regulation,
climate regulation, water regulation and waste treatment, they mainly adjust the material cycle
and human ecological environment. Supporting services include soil conservation and biodiversity
maintenance, they mainly ensure the stability of ecosystems and other functions. Cultural service only
includes leisure, it mainly provides non-material interests to humans, such as spiritual and aesthetic
experience. This classification effectively reflects the understanding of citizens and decision-makers
on ecosystem services, and thus provides a valuable framework for assessing ecosystems and human
well-being in the Hengduan Mountain area.

In this study, the ESV of the Hengduan Mountain area was calculated with reference to Costanza
(1997) and Xie et al., (2008, 2003) [21,46]. The formula is as follows:

http://www.resdc.cn/
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ESV =
n

∑
k=1

(Ak · VCk) (1)

where, ESV is the ecosystem service value, and the unit is 100 million yuan; AK is the area of the k-th
land cover type, and the unit is ha; VCk is the eco-service coefficient of the k-th land cover type, and
the unit is yuan/(ha × a); and n is the number of land cover types.

Based on Costanza et al.’s parameters, Xie et al., (2008) [21] extracted the equivalent weight factor
of ecosystem services per hectare of terrestrial ecosystems in China and modified the value coefficient
of Chinese ecosystem (Table 2). The average natural food production of cropland per hectare per
year was used to define a standard unit (1) of ecosystem service value. Generally, the natural food
production is proposed to be 1/7 of the actual food production. The average actual food production
of cropland in the Hengduan Mountain area was approximately 4354.36 kg/ha from 1990–2010, and
the average price of grain was 2 yuan/kg in 2010 (the average selling price of three major economic
crops: rice, wheat, and corn, China Yearbook of Agricultural Price Survey 1991, 2001 and 2011) [47–49].
Hence, the ecosystem service value of one equivalent weight factor for the Hengduan Mountain area
is, therefore, 1244 Yuan.

Table 2. Equivalent weight factor of ecosystem service per hectare of terrestrial ecosystems in China.

Ecosystem Service

Land Cover Type
Forest Grassland Cropland Wetland Water Body Barren Land

Food production 0.33 0.43 1.00 0.36 0.53 0.02
Raw materials production 2.98 0.36 0.39 0.24 0.35 0.04

Gas regulation 4.32 1.5 0.72 2.41 0.51 0.06
Climate regulation 4.07 1.56 0.97 13.55 2.06 0.13
Water regulation 4.09 1.52 0.77 13.44 18.77 0.07
Waste treatment 1.72 1.32 1.39 14.40 14.85 0.26
Soil conservation 4.02 2.24 1.47 1.99 0.41 0.17

Biodiversity maintenance 4.51 1.87 1.02 3.69 3.43 0.40
Leisure 2.08 0.87 0.17 4.69 4.44 0.24

Total 28.12 11.67 7.90 54.77 45.35 1.39

Ecosystem service value of per unit area of each land cover category in the Hengduan Mountain
area was then assigned based on the nearest equivalent ecosystems (Table 3). For example, forest
equates to forest, unused land equates to barren land, farmland equates to cropland, water equates
to water body, and grassland equates to grassland. The service value for built-up land is zero [50].
Although the biomass used as proxies for the land cover categories are clearly not perfect matches in
every case [51], they are related. Estimation of the ecosystem service value based on land use data has
been applied and proves feasible in other case studies [52].

Table 3. Ecosystem service value (ESV) per unit area of Hengduan Mountain area (yuan/(ha × a)).

Ecosystem Service

Land Cover Type
Farmland Forest Grassland Water Built-Up Land Unused Land

Food production 1244.00 410.51 534.91 659.32 0 24.87
Raw materials production 485.17 3707.15 447.85 435.42 0 49.75

Gas regulation 895.68 5374.10 1866.01 634.44 0 74.65
Climate regulation 1206.7 5063.12 1940.66 2562.67 0 161.71
Water regulation 957.89 5087.99 1890.89 23,350.02 0 87.09
Waste treatment 1729.17 2139.69 1642.08 18,473.52 0 323.45
Soil conservation 1828.70 5000.90 2786.56 510.04 0 211.49

Biodiversity maintenance 1268.88 5610.47 2326.30 4266.94 0 497.60
Leisure 211.49 2587.54 1082.29 5523.38 0 298.55

Total 9827.68 34,981.47 14,517.57 56,415.73 0 1729.17
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3.2.2. Eco-Economic Harmony (EEH)

EEH refers to the ratio of the change rate of ESV per unit area to the change rate of GDP per unit
area in the study period, and its calculation is as follows:

EEH =
ESpr

GDPpr
(2)

GDPpr =
GDPpj − GDPpi

GDPpi
(3)

ESpr =
ESpj − ESpi

ESpi
(4)

where, ESpi and ESpj respectively indicate ESV per unit area (yuan/hm2) in the start year and the
end year of a certain period in the study area; whereas GDPpi and GDPpj refer to GDP per unit area
(yuan/hm2) in the start year and the end year of a certain period in the study area, respectively.

There are four possible cases in Formula (2): 1© (3) > 0 and (4) > 0, then (2) > 0, indicating that
economy and ecosystem are in the coordinated state; 2© (3) > 0, (4) < 0, then (2) < 0, suggesting that
economy and eco-system are in the uncoordinated state; 3© (3) < 0 and (4) > 0, then (2) < 0, denoting
that economy and eco-system are in the uncoordinated state; 4© (3) < 0 and (4) < 0, then (2) > 0, showing
that economy and ecosystem are in the most uncoordinated state. According to the statistics of this
study, GDP of all the research units in the Hengduan Mountain area is in the state of increasing from
1990 to 2010, so Case 3© and Case 4© do not exist.

EEH ≥ 1 indicates that ESV growth is not lower than GDP growth during this period of time in
the study area, and that the economy and ecology are in a coordinated state. 0 ≤ EEH < 1 indicates
that ESV growth lags behind economic growth in the study area, and that economic development is
placing increasing pressure on the ecological environment. However, the ecological environment has
not deteriorated, and the economy and ecology are still coordinated. −1 ≤ EEH < 0 indicates that ESV
growth is negative in the study area, and that development has already had harmful effects on the
ecological environment. Consequently, the relationship between the economy and ecology has entered
an uncoordinated orbit.

Considering the characteristics of the Hengduan Mountain area and related research [53],
the classification of EEH can be carried out in accordance with the following criteria (Table 4):

Table 4. The size and classification of eco-economic harmony (EEH).

Level State

EEH < −1 Deterioration zone (A)
−1 < EEH < −0.8 Higher conflict zone (B)
−0.8 < EEH < −0.6 High conflict zone (C)
−0.6 < EEH < −0.4 Moderate conflict zone (D)
−0.4 < EEH < −0.2 Relatively low conflict zone (E)
−0.2 < EEH < 0 Low conflict zone (F)
0 < EEH < 0.2 Potential crisis zone (G)

0.2 < EEH < 0.4 Low coordination zone (H)
0.4 < EEH < 0.6 Relatively low coordination zone (I)
0.6 < EEH < 0.8 Moderate coordination zone (J)
0.8 < EEH < 1 High coordination zone (K)

EEH > 1 Higher coordination zone (L)
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4. Results

4.1. Characteristics of Land Cover Changes

Table 5 shows that from 1990 to 2010 there were significant differences in land cover changes
among six land cover types, with grassland showing the highest increase (1.18 × 104 km2), followed
by unused land and built-up land, which increased by 2.93 × 103 km2 and 245.80 km2, respectively.
Farmland showed the highest decrease of 9.41 × 103 km2, followed by forest and open water, which
decreased by 5.49 × 103 km2 and 74.70 km2, respectively.

Table 5. Area and proportion of different land cover types in different years (km2, %).

Year Unit Farmland Forest Grassland Water Built-Up Land Unused Land

1990
km2 43,475.23 212,340.80 174,260.60 3731.59 1079.00 14,656.59

% 9.67 47.23 38.76 0.83 0.24 3.26

2000
km2 34,293.34 201,310.90 192,151.50 2765.25 903.67 18,164.00

% 7.63 44.78 42.74 0.62 0.20 4.04

2010
km2 34,066.16 206,847.50 186,109.90 3656.90 1324.81 17,584.50

% 7.58 46.01 41.40 0.81 0.29 3.91

Through calculation, we can see that the extents of land cover transition from 1990 to 2000 and
from 2000 to 2010 were 6520 km2 and 21,589 km2, respectively, suggesting that the land cover change
from 1990 to 2000 was less intense than it was from 2000 to 2010. From 1990 to 2000 (Figure 2a), land
transition patterns were primarily characterized by decreases in the area of forest, farmland, and water,
and concomitant increases in the areas of grassland, built-up land, and unused land. Among these
various transitions, the conversion from forest to grassland was predominant. From 2000 to 2010
(Figure 2b), land transition patterns indicated a loss of farmland, grassland, and unused land, and an
increase in forest, water, and built-up land. During this period, the most conspicuous trend was the
conversion of grassland to forest.
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4.2. Evolution Characteristics of Ecosystem Service Functions

4.2.1. Changes of ESV in Different Land Cover Types

ESVs in 1990, 2000, and 2010 were 1381.67, 1035.62, and 1050.92 billion RMB, respectively (Table 6),
signaling a fluctuating downward trend and indicating a deterioration of the ecological system in the
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Hengduan Mountain area. The proportion of the ESV of forest was the largest, accounting for 69% of
the total ESV, and the reduction of forest accounted for 73.4% of the total reduction in ESV, indicating
the importance of forest to ecosystem stability.

Table 6. Ecological service value and proportion of different land cover types (108 yuan, %).

Land Cover Types 1990 2000 2010 Total Decreased (1990–2010)

Farmland 555.93 (4.00) 337.02 (3.20) 334.79 (3.20) 221.14 (6.70)
Forest 9662.99 (69.90) 7042.15 (68.00) 7235.83 (68.90) 2427.16 (73.40)

Grassland 3290.70 (23.80) 2789.57 (26.90) 2701.86 (25.70) 588.84 (17.80)
Water 274.12 (2.00) 156.00 (1.50) 206.31 (2.00) 67.81 (2.00)

Built-up land 0 0 0 0
Unused 33.00 (0.24) 31.41 (0.30) 30.41 (0.29) 2.59 (0.10)

Total value 13816.74 10356.15 10509.20 3307.54

4.2.2. Changes of Value in Different Eco-Service Functions

Among the values of different eco-service functions (Table 7), biodiversity maintenance ranked
first (15.80%), soil conservation second (15.40%), followed by water regulation (14.45%), gas regulation
(14.20%), climate regulation (13.90%), raw material production (8.30%), waste treatment (8.35%), leisure
(7.30%), and food production (2.20%). The value of biodiversity maintenance was seven times as great
as food production, illustrating the ecological importance of Hengduan Mountain area.

Table 7. Value and proportion of different ecological service function (108 yuan, %).

Eco-Service Functions 1990 2000 2010

Food production 308.69 (2.20) 230.36 (2.20) 229.69 (2.20)
Raw materials production 1156.06 (8.40) 851.09 (8.20) 869.16 (8.30)

Gas regulation 1962.64 (14.20) 1474.25 (14.20) 1493.05 (14.20)
Climate regulation 1922.28 (13.90) 1443.57 (13.90) 1461.80 (13.90)
Water regulation 2003.38 (14.50) 1486.60 (14.40) 1523.90 (14.50)
Waste treatment 1157.01 (8.40) 862.53 (8.30) 880.35 (8.40)
Soil conservation 2123.00 (15.40) 1610.14 (15.40) 1620.91 (15.40)

Biodiversity maintenance 2179.10 (15.80) 1640.80 (15.80) 1661.04 (15.80)
Leisure 1004.58 (7.30) 756.81 (7.30) 769.30 (7.30)

From Figure 3, although the value of various eco-service functions was different, their value
distributions were similar, indicating the close correlations between them. Among various counties,
the counties whose values for various eco-service functions were the greatest and the smallest were
Shangri-la County and Panzhihua City, respectively.
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19 Eyuan; 20 Fugong; 21 Fumin; 22 Ganluo; 23 Ganzi; 24 Gongjue; 25 Gongshan; 26 Heqing; 27 Heishui;
28 Hongyuan; 29 Huaping; 30 Huidong; 31 Huili; 32 Huize; 33 Jianchuan; 34 Jiangda; 35 Jinchuan;
36 Jinyang; 37 Jiulong; 38 Jiuzhaigou; 39 Kangding; 40 Dongchuan district in Kunming city; 41 Lanping;
42 Leibo; 43 Litang; 44 Li county; 45 Lijiang; 46 Luding; 47 Lushui; 48 Luhuo; 49 Lufeng; 50 Luquan;
51 Maerkang; 52 Mangkang; 53 Mao county; 54 Meigu; 55 Midu; 56 Miyi; 57 Mianning; 58 Mouding;
59 Muli; 60 Nanhua; 61 Nanjian; 62 Ninglang; 63 Ningnan; 64 East district in Panzhihua city; 65 Renhe
district in Panzhihua city; 66 West district Panzhihua city; 67 Puge; 68 Qiaojia; 69 Rangtang; 70 Seda;
71 Shimian; 72 Songpan; 73 Songming; 74 Tianquan; 75 Weishan; 76 Weixi; 77 Wenchuan; 78 Wuding;
79 Xichang; 80 Xide; 81 Xiangcheng; 82 Shangri-la; 83 Xiangyun; 84 Xiaojin; 85 Xinlong; 86 Xundian;
87 Yajiang; 88 Yanbian; 89 Yanyuan; 90 Yangbi; 91 Yaoan; 92 Yongping; 93 Yongren; 94 Yongsheng;
95 Yuanmou; 96 Yuexi; 97 Yunlong; 98 Zhaojue.

4.2.3. Spatial Evolution of ESV

It can be seen from Figure 4a that the ESV of the central Hengduan Mountain area was slightly
higher than that of the northern region, which in turn, was higher than the southern region, forming a
significant “convex” shape. From 1990 to 2000, changes in ESVs fluctuated between 3.10 × 108 RMB
and −297 × 108 RMB (Figure 4b), wherein there were more counties (reaching 78.57%) whose ESVs
were decreasing, distributing throughout the whole area. From 2000 to 2010, the change in ESVs
was between 41.30 × 108 RMB and −3 × 108 RMB (Figure 4c), wherein counties whose ESVs were
increasing rapidly (65.31%), were mainly located in the Sichuan Province, as well as northeast and
northwest of Yunnan Province.
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4.3. Economic Development in Hengduan Mountain Area

The GDP of the Hengduan Mountain area increased from 14,135 billion RMB in 1990 to
321,866 billion RMB in 2010, increasing nearly 23-fold over 20 years. In space, the GDP of southern
region was higher than the central part, which was higher than the northern region (Figure 5a). From
1990 to 2000, the growth rate of GDP was relatively slow, fluctuating between 0.60 and 6.70 (Figure 5b),
and its distribution of growth trend was similar to the partition of GDP. From 2000 to 2010, the growth
rate of GDP was relatively high, between 1.30 and 14.20 (Figure 5c), presenting the “convex” shape
characteristic in which the central region was higher than that of the northern part, which was higher
than the southern region.
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4.4. Evaluation of EEH in Hengduan Mountain Area

4.4.1. Characteristics of EEH in Hengduan Mountain Area

From 1990 to 2000, there was a large gap between ESV and GDP of each county, and many counties
fluctuated reversely (Figure 6a). This suggested there were marked differences in the development
of eco-economic system among different counties, and their overall coordination was poor. From
2000 to 2010 (Figure 6b), in addition to several counties, the volatility of most counties was not severe.
This indicated that differences of eco-economic system of all counties were declining, the degree of
coordination showed an improvement.

The EEH of the Hengduan Mountain area was characterized by a dual-core spatial structure
centered on the low conflict zone and potential crisis zone (Table 8). Wherein, from 1990 to 2000,
the relationship between economy and ecology presented a trend of concentrated low conflict. There
were 3 types of EEH, namely E, F, and G. Of 98 research units, 77 counties, distributed in clump shape
in Hengduan Mountain area, were in the conflict stage and 21 counties, scattered in the whole study
area, were in potential crisis (Figure 7a). From 2000 to 2010, the eco-economic relationship in the
Hengduan Mountain area had a trend of concentrated potential crisis. There were only 2 types of EEH,
namely F and G. Among all counties, 34 belonged to low conflict units, concentrating in southern the
Hengduan Mountain area and 64 were potential crisis units, locating in the central and northern part
(Figure 7b). Overall, the eco-economic conflict in Hengduan Mountain area was not severe, but the
coordination degree was not high; it was in the transitional stage of conflict to coordination.Sustainability 2017, 9, 1270  11 of 17 
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Number of counties 2000–2010 0 0 0 0 0 34 64 0 0 0 0 0
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4.4.2. Evolutionary Partition of EEH in Hengduan Mountain Area

Through transformation matrix, there were four evolutionary partitions of EEH, which were
low conflict zone, potential crisis zone, slight improvement zone, and significant improvement zone.
From 1990 to 2010, slight improvement zone and significant improvement zone occupied 55.15% of
the whole area (Table 9), indicating economic development is playing a positive role in the ecological
environment. Meanwhile, eco-economic relationship of 44.85% counties was in a contradiction-prone
and unstable stage.

Table 9. Evolutionary partitions of EEH and its results.

Partition Area and Proportion Characteristics of EEH

Low conflict zone 77,692 km2, 17.05% Remaining in F of two periods
Potential crisis zone 126,684 km2, 27.80% Remaining in G of two periods

Slight improvement zone 240,699 km2, 52.81% Increasing from E to F or F to G in two periods
Significant improvement zone 10,687 km2, 2.34% Increasing from E to G in two periods

4.4.3. Aggregation Modes of EEH Evolution in Hengduan Mountain Area

By taking into consideration the spatial distribution, evolution, and spatial agglomeration of EEH,
we established three aggregation modes (Figure 8). The band coordinated mode, which indicated that
most counties were in a potential crisis zone from 1990 to 2010 in a banded form, mainly distributed
along the Yalong River. The economic level of these counties was not high and there was good
ecological protection in this region due to the high altitude, extensive terrain, and low-scale human
activities. For this region, the focus should be on strengthening economic construction that is based on
maintaining the environment. Specifically, there should be increased development of tertiary industries,
particularly the tourism industry. Furthermore, inter-planting of crops should be conducted, along
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with vigorous development of the understory economy. The group uncoordinated mode, which was
always associated with a low conflict zone from 1990 to 2010 in a block form, was mainly located in
Panzhihua City and its surrounding areas. The economy was developed in this region, to the extent
that it became the most prominent economic region in the entire study area due to the advancements
of urbanization and industrialization. However, its economic growth was largely dependent on
resource consumption and there was a high level of ecological destruction. For this region, the focus
should be on strengthening ecological construction, whilst simultaneously ensuring economic growth.
Specifically, industrial restructuring and upgrading should be promoted, and outdated and polluting
industries should be phased out. At the same time, stringent pollutant emission standards should be
established, along with reductions in ecological damage caused by production and domestic wastes.
The group improvement mode, which had undergone transition from uncoordinated zone to potential
crisis zone in block form, was mainly located along the Lancang and Jinsha Rivers. For this region,
there was a certain economic basis because of the flat terrain and suitable climate; however, the level
of industrialization was low and the existing industries were inefficient. Further, the ecological
environment was notably vulnerable in this region, and geological disasters and soil erosion were
more frequent here than in other regions. Therefore, for this mode there should be a strengthening
of both ecological environmental protection and economic development. On one hand, taking travel
as the main focus, the eco-tourism industry could be developed to exploit the unique natural and
cultural features of the region. On the other hand, ecological governance measures, such as Returning
Farmland to Forest and Closing the land for Reforestation, should be promoted, along with establishing
integrated soil and water conservation measures within a watershed unit.Sustainability 2017, 9, 1270  13 of 17 
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5. Discussion

Land cover change can generally be defined as a human-induced process that has considerable
repercussions for the landscape and associated ecosystems [54]. These changes typically lead to
the degradation of environmental quality and ecosystem services. For Hengduan Mountain area,
a series of development activities were carried out from 1990 to 2000 to meet the needs of economic
development and human life. Forests were cut down and farmland was converted to alternative land
uses (Table 5, Figure 2). During this period, ESV growth was negative in the study area, and the
land cover changes attributable to human activities had already had harmful effects on the ecological
environment. However, humans invariably attempt to modify land cover types for greater benefits
and a better quality of life. Accordingly, since 2000, various ecological protection measures have been
implemented in this region, such as the “Grain for Green” Project [55]. The areas of forest and water
bodies were significantly increased during the period from 2000 to 2010 (Table 5, Figure 2). These
are land cover types that have high ecosystem service value, which is the main reason why the ESV
increased dramatically from 2000 to 2010.

During the course of this study, we found that the most important function of land cover types
in the Hengduan Mountain area is biodiversity maintenance (which has a value seven times greater
than that of food production), and that forests play an important role in maintaining the stability of
ecosystems. This is consistent with the orientation of Hengduan Mountain [56], which provides an
ecological security barrier, and the Chinese government has accordingly taken measures to protect
the environment. In recognition of the environmental importance of this region, we argue that,
in future land-use policy formulation, the conservation of forests and the regions resource-rich
ecosystems should take precedence over the single-minded, uncontrolled reclamation of this region for
economic purposes. Although it may not be feasible to stop all reclamation activities in this area, it is
imperative that future land reclamation projects be controlled and based on rigorous environmental
impact assessments. To achieve this, it will be necessary to conduct more detailed studies on the
potential impacts of land reclamation projects on the ecosystem services provided in the Hengduan
Mountain area.

At present, the Hengduan Mountain area can be considered to conform to a dual-core spatial
structure centered on a low conflict zone and a potential crisis zone. With the passage of time,
the economic and ecological conditions of most counties have shown signs of improvement, gradually
being transformed from a conflict state to a coordinated state. This demonstrates that economic
growth generally causes a certain amount of ecological destruction during the early stages of
economic development, whereas over time, the quality of the ecological environment tends to improve
concomitantly with economic advances [57]. However, it is noteworthy that the degree of coordination
between the economy and ecology was not high in Hengduan Mountain area, and any form of
extensive or intensive disturbance is likely to disrupt the existing state of balance [58]. Therefore,
the central government should consolidate and strengthen the existing coordinated state by exploring
the industrial potential of the region, increasing the economic outputs and industrial level, and
improving the strength and sustainability of ecological environmental protection.

In this study, the estimation of ESV in Hengduan Mountain area was based mainly on the research
of Costanza and Xie, and it has been confirmed that their methodology is applicable for evaluating
ecosystem services in many regions of China [59]. On the basis of the calculation of ESV in Hengduan
Mountain area, it could be concluded that the ESV decreased slightly from 1990 to 2010. However,
compared with the average level for China, the area has a relatively high ESV and important ecological
function, which is consistent with the research of Wang Qiang et al. [60] and provides supporting
data for further studies. However, there was not a precise match between land cover classification
and natural ecosystems. The same directory of land cover classifications typically contains a number
of different ecosystems with different ESVs [61]. Therefore, the service value per unit area of each
ecosystem is only an approximate value. Furthermore, economic and ecosystem development are
variable processes with nonlinear changes [62]. Consequently, a dynamic coupling model between
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the economy and ecosystem should be established (based on system evolution in system theory) to
clarify and characterize the evolutionary trends and direction of a giant system involving the economy
and ecosystem.

6. Conclusions

Economic development will cause substantial changes in the nature and extent of different types
of land cover. Such land cover changes will inevitably disrupt the original ecological system, which
in turn will cause imbalances in the eco-economic system. In this study, taking Hengduan Mountain
area as an example, we discuss the characteristics, evolutionary pattern, and mode of eco-economic
system in a mountainous area. Our findings can be summarized as follows. From 1990 to 2010,
there were significant decreases in the area of farmland and forest, which promoted a fluctuating
downward trend in the ecosystem service values of Hengduan Mountain area, thereby signifying
that the ecological system in this area was in the process of deterioration. The EEH index showed a
dual-core structure mainly centered on low conflict zones and potential crisis zones, which indicated
that although the conflict between the economy and ecology in Hengduan Mountain area was not
serious, the coordinated status between the two was not high. In addition, the improvement zones of
the eco-economic system accounted for 55.15% of the entire area, which indicates that the eco-economic
system in most parts of Hengduan Mountain area has improved, although there remains considerable
room for improvement. We described three agglomeration modes of EEH evolution, namely, the band
coordinated, group uncoordinated, and group improvement modes, which correspond to different
eco-economic development states, and provide a potential reference for the sustainable development
of southwest China.
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