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Abstract. Human activity is becoming the key factor influencing ecological health changes and clarifying
the nature of that influence could effectively promote regional ecological restoration. Commonly used
human-related factors (e.g., social and economic census data) can only be constrained at the
administrative division, and they lead to a loss of detailed spatial characteristics. In this study, we applied
human activity intensity (HAI), mapped at the grid scale, to represent pressures of human activity on the
ecosystem. Taking the Three Gorges Reservoir Region (TGRR) as the study area, the spatial
heterogeneity of the influences of human pressure on ecological health was analyzed. The results showed
that, in the TGRR from 2000 to 2018, there was an overall improvement of ecological health and a
significant spatial reorganization of HAI. The impact of HAI on ecological health had significant spatial
heterogeneity. In areas where HAI had decreased, ecological health was prone to improve significantly. In
contrast, in areas where HAI had increased, ecological health tended to become worse, and only when the
increase of HAI exceeded 0.08 would that tendency be significant. Compared to urban areas, HAI change
had even broader impacts on ecological health in remote mountain areas, where a more remarkable
restoration of the ecosystem was experienced.
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Introduction

Ecological health and its evaluation have played a critical role in human sustainable
development (Sivakumar, 2007; D’Odorico et al., 2013). Studies show that human
activity and natural factors could both strongly affect ecological health evolution (Shi et
al.,, 2007; Sun et al.,, 2012; Ma et al., 2013, 2014). With the human population
increasing to 9.1 billion by 2050, followed by accelerating urbanization and increasing
challenges of generating enough food, human pressure on ecological health is becoming
increasingly important and could generate a decisive influence on ecological health in a
shorter amount of time (Halpern et al., 2008; Cao et al., 2014; Feng et al., 2015). This
situation is highlighted in the Three Gorges Reservoir Region (TGRR) (Chen et al.,
2019).

The world-famous Three Gorges Dam, as the largest hydroelectric project along the
Yangtze River (Nilsson et al., 2005), has formed a unique geomorphological region
called the Three Gorges Reservoir Region (Shao et al., 2018) that covers a total water
and land surface area of 57,900 km?, comprising 20 county-level divisions of the
Chongging municipality and Hubei province in China. Because of its special geographic
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environment, TGRR is characterized by typical ecological fragility with serious
conflicts between the increasing human population and limited land surface. The
construction of the hydroelectric project itself and the following strenuous adjustment in
TGRR, such as resettlements of environmental migrants and the removal and
reconstruction of towns, made the TGRR experience a remarkable spatial reorganization
of the human factor in recent decades, suffering from a series of unprecedented
ecological problems. Studying the relationship of human pressure and ecological health
in TGRR is helpful for local ecological restoration, providing an important reference for
the planning of large hydroelectric project constructions in other areas.

Costanza et al. (1992) first defined the concept of ecosystem health, which refers to
the ability to keep its structure and recover by itself after disturbances. Myneni et al.
(1992) reported that “ecological health is closely linked to the idea of sustainability,
which is seen to be a comprehensive, multiscale, dynamic measure of system resilience,
organization, and vigor”. In recent decades, ecological health evaluation has become a
research hotspot, and has been carried out in different areas and ecosystem types (Wu et
al., 2018). The pressure—state—response (PSR) framework has been widely adopted to
evaluate ecological health, which classifies ecological indicators on the basis of
interactions between humans and ecosystems (Neri et al., 2016; Schumacher et al.,
2016). The PSR framework performs well on ecological health simulation on the grid
scale for studying spatial heterogeneity evolution (Allen et al., 2002), which is critical
for detecting detailed spatial characteristics of ecological health evolution. However,
with regard to the relationship between ecological health and human activity, the
consideration of spatial heterogeneity in existing studies is insufficient (Li and Li, 2014;
Jinetal.,, 2016; Niu et al., 2017). The main reason is that commonly used human-related
factors (e.g., social and economic census data) can only be constrained at the
administrative division in terms of scale. Therefore, when dealing with the impacts of
human pressure on ecological health evolution, previous studies often focused on their
statistical relationships by treating administrative divisions as sampling units (Zhao et
al., 2016; He et al., 2019); others were usually conducted based on a limited number of
the on-site samples which are incomplete and unsystematic (Zhang et al., 2013;
Bebianno et al., 2015; Tang et al., 2015; Li et al., 2017). Thus, an in-depth study at finer
scale is urgently needed. Particularly for the TGRR, this specific region having a highly
discretized ecosystem in complex terrain and experiencing remarkable spatial
reorganization due to human factors, the spatial heterogeneity of the relationship
between ecological health and human pressure should be studied for the better
understanding of the mechanism of human activity on ecological health evolution, and
to provide better references for maintaining and recovering ecological health.

Because of the shortcomings of commonly used human-related factors, we applied
human activity intensity (HAI) to quantitatively represent human influence on the
ecosystem. HAI was proposed by Sanderson et al. (2002), and could be mapped at the
grid scale by using four human pressure types (i.e., land use, population density, road
distribution, and grazing density) on land on the basis of integrated GIS techniques (Li
et al., 2018). Its comprehensiveness and availability on a fine scale made the HAI index
an ideal proxy of human pressure on the ecosystem for our study. Therefore, the
objective of this study was to calculate the ecological health of the study area by using
PSR and map the HAI at the grid scale, then quantitatively analyzed the
temporal-spatial change characteristics of ecological health and HAI, and their
relationship.
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Materials and Methods
Study Area

The Three Gorges Reservoir Region is a modern geographical concept that refers to
the region directly or indirectly influenced by the construction of the Three Gorges
Dam, comprising 20 county-level divisions of Chongqing and Hubei province of China,
with a total area of 57,900 km2. Our study selected the section located in Chongging
province, accounting for 85% of the whole TGRR, as the study area (Fig. 1), which
stretches along the Yangtze River from Jiangjin to Wushan county in Chongging. The
20 counties of the study area can be classified into two categories. There are 9
developed counties including Nanan, Jiangbei, Yubei, Yuzhong, Beibei, Shapingba,
Jiulongpo, Dadukou and Banan, which cluster together and form a metropolitan region
of Chongging province. The other counties all belong to developing counties, mainly
distributed in remote mountainous areas. The study area consists mainly of mountainous
and hilly areas representing 74% and 21.7% of the region, respectively, with only 4.3%
of the plain areas in the river valley. This region belongs to the transition zone between
the northern temperate and subtropical zones, and has typical subtropical monsoon
climate characteristics with high temperatures (annual mean temperature is 18.2°C) and
large amounts of precipitation (annual mean precipitation is 1200 mm) (Wang and
Geng, 2013). The study area has various land-use types, with forestland accounting for
the largest proportion (48.9%) of the total area. Agricultural land is the second major
land-use type, with a proportion of 14.4%. In 2016, the study area had a total year-end
population of 14.8 million, and GDP of RMB 776.6 billion (Ding et al., 2020). In recent
years, the importance of the economic and ecological status of TGRR has been
gradually recognized, and a favorable situation of its ecological health is becoming the
basic guarantee for the sustainable development of the Yangtze economic zone.
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Figure 1. Study area
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Data Sources

By using the visual interpretation method, we applied the Landsat Thematic Mapper
(TM) and Operational Land Imager (OLI) to produce the land-use dataset for 2000 and
2018, respectively (Table 1). All TM/OLI images, and the atmospheric correction
before the interpretation, were georeferenced. We used survey results, conducted in
2018 by our study group, to validate the land-use dataset, and found that the overall
accuracy of the land-use dataset in 2018 was 93%. We classified land-use types into six
groups: farmland, forestland, grassland, water areas, wetland, and urban and rural
settlements. Spatialized population data with a spatial resolution of 500 m x 500 m for
2000 and 2018 were provide by the Data Center for Resources and Environmental
Sciences, Chinese Academy of Sciences (http://www.resdc.cn). We adopted a MODIS
vegetation index (VI) product with spatial resolution of 500 x500 m and temporal
resolution of 16 days obtained from NASA’s Earth Observing System to produce the
normalized difference vegetation index (NDVI) dataset. First, the maximum value
composite (MVC) method was applied to generate the monthly NDVI for 2000 and
2018, respectively. Then, the values of the monthly NDVI from April to November
were averaged to obtain the growing-season NDVI (GSN). The GSN is a robust
approximation of the vigor of the ecosystem (Tong et al., 2016). Road distribution data
for 2000 and 2018 were extracted from the traffic map of Chongqing province,
published by the Chongging Surveying and Mapping Bureau. Grazing density data were
extracted on the basis of the land-use dataset according to research of Li et al. (2018).

Table 1. Description of data

Name Type | Scale/Resolution Sources
The Institute of Remote Sensing and
TM/OLI images grid 30mx30m Digital Earth, Chinese Academy of

Sciences (CAS)
- . . The Data Center for Resources and
Spatialized population data grid 500 m x 500 m Environmental Sciences, CAS

MODIS vegetation index (V1)

product grid 500 m x 500 m NASA’s Earth Observing System
Road distribution data shp 1:100,000 Chongaing Sugﬁr)g:l? and Mapping
Grazing density data grid 30m x 30 m Extracted based on land-use dataset

Methodology
Ecological Health Evaluation

The PSR model, which was initially proposed by the Organization of Economic Co-
Operation and Development (OECD), was applied to evaluate the ecological health of
the study area (Walz, 2000). The framework comprises three parts, pressure (P), state
(S) and response (R). Each part can be complex when developed into different levels.
According to the PSR model associated with our study aims, and data availability on the
regional scale, we established a three-level index system for ecological health
assessment in the TGRR (Table 2). Seven indices, weighted by the analytic hierarchy
process (AHP) (Saaty and Vargas, 2001), were applied as the proxy of the pressure,
state, and response of the study area ecosystem. Each index was standardized into an
interval of (0-1) for comparison analysis. A larger value meant a better ecosystem
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condition. The combination of all standardized indices refers to ecological health (EH),
which was calculated by using Equation (1):

B =Y W, * 4 (Eq.1)
i=1
where, 7 is number of indices; ”i, weight of index 7: and“, value of index?

which is standardized. The larger EH is, the better the ecological health, and vice versa.

Table 2. Index system for ecological health assessment

Target Level Standard Level Index Level
Pressure (0.3) Population Density
Vigor (0.13) NDVI

Landscape diversity (0.1)

Ecological health Organization (0.2)

State (0.6) Average patch area (0.1)
assessment . . .
Function (0.2) Ecological service value
Resilience (0.07) Ecological resilience
Response (0.1) Landscape fragmentation

The produce of each index is as follows:

Population density: spatial population density data were applied to represent human
pressure intensity.

NDVI: It could effectively measure the vigor of the vegetation cover. In our study,
the NDVI was obtained from the MODIS vegetation index product by using the
maximum value composite (MVC) method, which minimizes effects from cloud
contamination.

Landscape diversity and average patch area: The organization index represents the
complexity of ecosystem structure, which was characterized by using two landscape
ecology indices (landscape diversity and average patch area) in this study. The two
landscape ecology indices were produced by using the Fragstats software (Wu, 2000).

Ecological service value: Ecosystem services are benefits that human directly or
indirectly gain from an ecosystem, such as water conservation, waste disposal and food
production. In this study, the ecological service value was extracted from land use data
according to the research of Xie et al. (2003), and Liao et al. (2018) (Table 3).

Ecological resilience: Ecological resilience represents the capacity of the ecosystem
to withstand disturbances from natural and human activities (e.g., climate change and
deforestation). Ecological resilience could be valued by using the ecological resilience
index (ERI), which was calculated by using Equation (2):

ERI = LD x Y R, %S, (Eq.2)

=1

where L2 | landscape diversity index; Rf, area ratio of landscape type 7 to the study

area; and 5[1 resilience value of landscape type I, which is referred to in the study of
Du et al. (2013).
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Table 3. Ecosystem service value ( ¥/hm2) for different land use types derived from Xie et
al. (2003), and Liao et al. (2018)

Forest Grass Water Farmland Urban Other
Gas regulation 3097 707.9 1592.7 442.4 0 0
Climate regulation 2389.1 796.4 15130.9 787.5 407 0
Water conservation 28315 707.9 13715.2 530.9 18033.2 26.5
Soil formation 3450.9 17255 1513.1 1291.9 8.8 17.7
Waste disposal 1159.2 1159.2 16086.6 1451.2 16086.6 8.8
Bio-diversity 2884.6 964.5 2212.2 628.2 2203.3 300.8
Food production 88.5 265.5 265.5 884.9 88.5 8.8
Raw materials 2300.6 44.2 61.9 88.5 8.8 0
Entertainment 1132.6 35.4 4910.9 8.8 3840.2 8.8
Total 19334 6406.5 55489 6114.3 40676.4 3714

Landscape fragmentation: It reflects composite information containing both the
complexity of the landscape pattern and the intensity of human activity. According to
the research of Chen (2007), we adopted landscape fragmentation as the proxy of the
response from human activity. The landscape fragmentation index was calculated on the
basis of land use data by using Equation (3):

N,
L; = % (Eq.3)

Nj

where Lf, landscape fragmentation index of landscape 7 ; , number of patches of

landscape 7 ;and °:,area of landscape 7 .

Mapping of Human Activity Intensity (HAI)

In the Anthropocene era, humans have dramatically influenced the ecosystem.
Mapping human activity intensity (HAI), that is, quantitatively expressing the human
pressure on a grid scale, is an important way to promote the study between the humans
and ecosystems (Li et al., 2018). In this paper, we mapped TGRR HAI on a
500 x 500 m grid in 2000 and 2018 by tailoring the methodology of Sanderson et al.
(2002). By considering the regional, biophysical, and cultural characteristics of the
TGRR, we selected land use, population density, road accessibility, and grazing density
as geographic input datasets. Then, each input dataset was normalized and assigned
relative pressure scores of human activity intensity. Lastly, we summed up the human-
activity scores for each of the four datasets to calculate human activity intensity.

Results and Discussion
Variation Characteristics in Ecological Health and HAI between 2000 and 2018

According to our estimates, the averaged grid-value of the ecological health map in
2000 was 0.54, and the corresponding value in 2018 was 0.61, which indicated an
overall improvement of ecological health in the Three Gorges Reservoir Region from
2000 to 2018. With regard to the standardized indices referring to ecological health
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(Fig. 2), we yielded the averaged grid-value as follows: resilience index (0.40),
vegetation vigor (0.60), organization index (0.30), ecosystem service index (0.12),
fragmentation index (0.63), and population density index (0.99). The corresponding
values in 2018 were 0.47, 0.77, 0.40, 0.16, 0.67, and 0.98, respectively. From 2000 to
2018, except for the population density index, which slightly decreased, the other five
standardized indices all increased to some extent. The decrease in the population density
index, where a larger value means a better ecosystem condition, could be explained by
the increase in population in recent decades in the study area (Shao et al., 2018).

Legend

[ 1 Extremely poor
[ ] Poor

Medium

I Good

0 20 40 80 km
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Figure 2. Different standardized indices describing ecological health for 2018. (a) Ecological
resilience index; (b) NDVI as proxy for vegetation vigor; (c) organization index; (d) ecosystem
services index; (e) fragmentation index; (f) the population density index

By using GIS technology, we generated ecological health and HAI changes from
2000 to 2018, respectively (Fig. 3), which provided detailed spatial information for
better understanding the relationship between ecological health evolution and human
activity disturbances. Figure 3a shows that, despite an overall improvement, there were
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some areas that experienced deterioration, which accounted for 13.3% of the total study
area according to our statistics. The most obvious deterioration occurred in a region in
the shape of a circle, located in the southwestern part of the study area (Fig. 3a). This
region is the metropolitan area of Chongging province, with high human activity density
(Fig. 3b), and it has been experiencing a rapid urban expansion process while occupying
farmlands (Liu et al., 2018). Therefore, urban expansion might trigger the formation of
the deterioration circle of the ecological system.
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Figure 3. (a) Ecological health of 2000 and 2018, and ecological health changes from 2000 to
2018; (b) human activity intensity (HAI) of 2000 and 2018, and HAI changes from 2000 to 2018

According to Figure 3b, we could confirm the significant spatial reorganization of
human activity intensity from 2000 to 2018 in the study area. About 77.93% of the total
study area experienced an increase in HAI. The most obvious increase occurred in the
metropolitan areas, and grids experiencing a decrease in HAI were distributed mainly in
remote mountainous areas with high elevation and steep slopes (Figs. 1 and 3b). This
phenomenon could be closely related to population movements, peasants migrating
from villages to cities, which happened in the wide mountainous regions in China
(Zhang et al., 2018). In mountainous areas, the outmigrant population directly relieved
pressure from human activity on local ecosystems. Conversely, in the city area,
ecosystems might suffer more from human disturbance because of immigrant
populations. To sum up, in the Three Gorges Reservoir Region, from 2000 to 2018, the
temporal and spatial changes of ecological health and human activity intensity were
both significant. From the perspective of spatial detail mining, the relationship between
ecological health and human pressure could be very complicated.
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Relationships between Human Activity Intensity and the Ecological Health Evolution

In order to quantitatively clarify the relationship between HAI and ecological health,
linear regression analysis was used to treat samples extracted from two different scales,
respectively. There are 24 counties (administrative region unit) in the study area
(Fig. 4f). We averaged the grid values for each county in terms of ecological health and
HAI and their changes for 2000 and 2018, and then plotted them on a scattered point
diagram (Fig. 4a-c). We also generated 1930 uniformly distributed sample points in the
study area (Fig. 4f) in the GIS environment to mine on a finer scale the influence
characteristics of HAI changes on ecological health changes. The 1930 sample points
were classified into two groups according to whether the HAI change on the points
increased or decreased. The scattered point diagrams of the two sample point groups
were also produced (Fig. 4d,e).
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Figure 4. Relationship between ecological health and human activity intensity on a county scale
(a) in 2000, (b) in 2018, and (c) between 2000 and 2018; scattered sample points experiencing
HAI (d) increase and (e) decrease; (f) county and sample point distribution
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According to Figure 4a,b, there was a significant negative relationship between HAI
and ecological health in both 2000 and 2018. Comparatively, the coefficient of
determination (R?) that we yielded in 2018 (R? = 0.89) was larger than that in 2000
(R? = 0.36). Therefore, in the Three Gorges Reservoir Region from 2000 to 2018, the
impact of human activity pressure on the ecosystem became more serious. It could be
further confirmed by the significant negative correlation between HAI and ecological
health changes, exhibited in Figure 4c. On the finer scale, by classifying the sample
points according to increase or decrease of HAI, we safely obtained two laws: in areas
where HAI had increased, ecological health was prone to worsening (Fig. 4d); in areas
where HAI had decreased, ecological health improved (Fig. 4e). Notably, if we check
the Figure 4d carefully, the sample points could be divided into two clusters: cluster A
composed of sample points with HAI increase exceeding 0.08, and cluster B composed
of the others with relative less HAI increase. The linear regression analysis shows that,
only when the increase of HAI is beyond 0.08, its impact on ecological health toward
deterioration is significant (e.g., cluster A). When it is below 0.08, there is no
remarkable effect (e.g., cluster B). In contrast, in the Figure 4e, with the decrease of
HAI, the ecological health improved constantly and significantly. Therefore, in different
ranges of HAI change, its effects on ecological health could vary greatly.

To sum up, it is explicit that the spatial reorganization of HAI has significantly
driven the evolution of ecological health from 2000 to 2018 in the Three Gorges
Reservoir Region. Nevertheless, Figure 4 only revealed the general relationship
between HAI and ecological health for the entire study area.

The advantages of the grid-scale spatial data enabled us to put insights into each
county of study area. By using the GIS technology, we generated 100 uniformly
distributed sample points in each county. The grid-values of ecological health and HAI
were extracted to the sample points, and then ecological health change from 2000 to
2018, and the correlation coefficients between ecological heath and HAI for each
county were calculated. From Figure 5, we found an especial phenomenon: there were a
group of counties (Yuzhong, Yubei, Shapingba, Nanan, Jiulongpo, Jiangbei, Dadukou,
Beibei and Banan), with relative lower ecological health improvement and irregular
fluctuation of correlation coefficients, did not follow the rule illuminated in the
Figure 4. The rest counties belong to the other group with higher ecological health
increase and keep consistent with the rule exhibited for the entire study area.
Interestingly, all the counties of first group were collectively located in urban areas with
high economy development (developed counties), which accounted for merely 11.25%
of the total area of TGRR; the counties in the second group all had backward economic
development (developing counties), and mainly distributed in remote mountainous
areas. This found might optimize the finding obtained from Figure 4. The impacts of
human activity intensity on the evolution of ecological health would be more significant
in remote mountainous areas than urban areas. Thus, we believe that, making a
difference between remote mountains areas and urban areas, should be essential for
better understanding the driving mechanism of human activity on ecological health
change in the future study in TGRR.

A Special Case in TGRR

When compared to other places reported by previous studies of ecosystem evolution,
what happened in TGRR is unique. Many studies reported on ecosystem degradation in
ecologically fragile regions, especially in remote mountainous areas with serious
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conflict between increasing human populations and limited natural resources (Han et al.,
2020), such as the northeast Tibetan Plateau (Liu et al., 2020), the Eastern Black Sea
Region (Bekci, 2021), and the Manica Highlands of southern Africa (Clark et al., 2019).
In these places, increasing population pressure and food shortages have forced residents
to exploit remaining natural resources with unsustainable activities such as
deforestation, overgrazing, and the reclamation of cultivated land, thereby exacerbating
ecosystem degradation. Ecosystem degradation conversely worsens food production,
and then leads to more exploitation. This is called a vicious cycle of ecosystem
degradation.
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Figure 5. Ecological health change from 2000 to 2018, and the correlation coefficients between
ecological heath and HAI for each county (4: highly significant correlation (P<0.01), o:
significant correlation (P<0.05), o: no significant correlation)

The Three Gorges Reservoir Region is a typical ecologically fragile region with
serious conflict between increasing human populations and limited land surface (Tong
et al., 2018). However, according to our study, it jumped out of the vicious cycle of
ecosystem degradation, and achieved an obvious improvement of ecological health from
2000 to 2018. Although ecological health was negatively correlated with HAI, the
ecological environment of remote mountainous areas widely distributed in the study
area had the opportunity to recover because of the spatial reorganization of human
activity intensity. Large-scale and long-term population migrants in the Three Gorges
Reservoir Region have deeply influenced the spatial reorganization of human activity
intensity (Li and Tan, 2018), which might lastly foster the uniqueness of ecological
health evolution. At present, study of the relationship between human activity and
ecological health continues to deepen (Jaiswal and Pandey, 2021). In the Chuandong
region of China, Han et al. (2020) found that the negatively linear relationship between
human disturbances and ecosystem service varied across different terrain gradients. In
the Three Gorges Reservoir Region, we identified that variation between remote
mountains areas and urban areas, which has not been reported by previous studies. It
might be another unique characteristic of the study area. Our study quantitatively
clarified the relationship between HAI and ecological health on a finer scale, which
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enable us to yield detailed effecting natures of human pressure on ecological health.
Using measured migrant population data with questionnaire surveys to explore the
internal impact mechanisms of human activity on ecosystem changes will be a research
trend in the Three Gorges Reservoir Region.

Conclusion

We established a three-level index system for ecological health assessment in the
Three Gorges Reservoir Region by using the PSR model, and calculated the ecological
health products of 2000 and 2018, respectively. We found an overall improvement in
ecological health from 2000 to 2018. With regard to the standardized indices, except for
the population density index, which slightly decreased, the five other standardized
indices (resilience, vegetation, organization, ecosystem service, and fragmentation
indices) were all increased to some extent. Around the metropolitan area, a deterioration
circle of the ecological system exists. From 2000 to 2018, there was significant spatial
reorganization of human activity intensity triggered by the migrant population from
mountainous areas to cities. Ecological health was negatively correlated to HAI both in
2000 and 2018. From 2000 to 2018, the impact of HAI on ecological health has
significant spatial heterogeneity. In areas where HAI had increased, ecological health
was prone to becoming worse, and only when the increase of HAI is beyond 0.08, its
impact on ecological health toward deterioration is significant; in areas where HAI had
decreased, ecological health improved constantly and significantly according to
statistical analysis. Compared to urban areas, the effect of HAI change on ecological
health is more outstanding in remote mountain areas, where the reduction of HAI
promoted the restoration of the ecosystem.

Our study first applied human activity intensity (HAI) to quantitatively represent
human pressure on the ecosystem, and attempted to clarify the relationship between
HAI and ecological health on a finer scale to overcome the shortcomings of the county
scale in the Three Gorges Reservoir Region. Nevertheless, the impact mechanism of
specific human activity (e.g., reclaiming farmlands, afforestation, rural laborers moving
out to work) on ecological health is still obscure. In the future, employing detailed
household survey data that are specifically tailored to the migrant population—-human
activity—ecosystem relationship would promote a deeper understanding of the related
mechanisms.
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