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Abstract: The Grain to Green Program (GTGP) and eco-environmental emigration have been
employed to alleviate poverty and control rocky desertification in the Southwest China Karst region.
Carbon sequestration and oxygen production (CSOP) is used to indicate major ecological changes,
because they involve complex processes of material circulation and energy flow. Using remote
sensing images and weather records, the spatiotemporal variation of CSOP was analyzed in a typical
karst region of northwest Guangxi, China, during 2000–2010 to determine the effects of the Chinese
government’s ecological rehabilitation initiatives implemented in 1999. An increase with substantial
annual change and a significant increase (20.94%, p < 0.05) in variation were found from 2000
to 2010. CSOP had a highly clustered distribution in 2010 and was correlated with precipitation
and temperature (9.18% and 8.96%, respectively, p < 0.05). CSOP was significantly suppressed
by human activities (p < 0.01, r = ´0.102) but was consistent with the intensity of GTGP (43.80%
positive). The power spectrum of CSOP was consistent with that of the gross domestic product.
These results indicate that ecological services were improved by rocky desertification control in a
typical karst region. The results may provide information to evaluate the efficiency of ecological
reconstruction projects.

Keywords: rocky desertification control; carbon sequestration and oxygen production; northwest
Guangxi; China; karst; vegetation

1. Introduction

Carbon sequestration and oxygen production (CSOP), which is an ecosystem regulation system
that regulates the interaction between the terrestrial biosphere and the atmosphere, refers to the
sequestration of carbon and release of oxygen by plants through photosynthesis, and is used to indicate
major ecological changes that involve complex processes of material circulation and energy flow [1].
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The Kyoto Protocol and Copenhagen conferences have focused worldwide attention on the need to
reduce carbon emissions [2,3]. Moderate-resolution imaging spectroradiometry (MODIS) is widely
used to monitor the spatial and temporal variation of ecosystem conditions because of its frequent and
global coverage [4,5]. The normalized difference vegetation index (NDVI) is calculated as the difference
between the reflectance in the red band (610–680 nm) and near infrared band (780–890 nm). NDVI
is sensitive to the presence, density, and dynamics of vegetation. Consequently, the MODIS NDVI
product has been applied to quantify vegetation cover and green biomass. Numerous studies have
noted the effects of vegetation dynamics and climatic factors on vegetation in different ecosystems [5,6],
and these studies showed that vegetation conditions were positively correlated with precipitation in
most relatively dry areas, but negatively correlated in relatively humid areas [7,8].

Karst terrain in carbonate-dominated areas accounts for about 15% of the world’s land area
and is the underlying terrain for approximately 17% of the world’s population. Karst regions are
characterized by thin soil depth (generally not more than 10 cm), and poor surface water retention
(infiltration coefficient of 0.3–0.6 or even 0.8) [9–11]. A degraded karst ecosystem may recover far more
slowly than other ecosystems. One of the most harmful consequences of ecosystem degradation is
rocky desertification, characterized by the formation of a desert-like landscape with a high percentage
of bedrock [12]. As the bedrock is exposed, land productivity is reduced, and the distribution of
cropland becomes more scattered. Because of these consequences, the karst region in southwest China
is associated with severe poverty and environmental degradation [13].

In order to alleviate poverty and control rocky desertification, countermeasures have been
employed, including the Grain to Green Program (GTGP) and eco-environmental emigration [14]. The
objective of the GTGP is to increase vegetation coverage by planting trees or sowing grass on former
farmland [15]. The focus of eco-environmental migration is to help farmers in karst areas to move
to non-karst areas where ecosystem conditions were deemed to be considerably better in the 1990s.
During this campaign, 49,133 families (232,705 persons) were relocated in northwest Guangxi, China.
The total area of the GTGP was up to 1278.67 km2 in Baise in 2001–2004. This included 605.33 km2

of farmland restored to woodland and 673.33 km2 of barren hills subjected to reforestation [16]. An
increasing number of studies have focused on karst ecosystems [17,18], whereas only a few studies
have investigated the efficiency of these projects. Most previous research regarding CSOP for the
study area mainly focused on microanalysis through the in situ method at an ecosystem scale. The
differences between anthropogenic impacts on CSOP and those of climatic variations at the landscape
scale are uncertain. Residual analysis not only identifies human factors but also characterizes the
separate influences of climate factors and human activities [19,20].

In this study, the ecological efficiency was evaluated with regard to rocky desertification since
the implementation of GTGP and eco-environmental migration at a regional scale. Remote sensing
images and climate data from 2000 to 2010 were used to extract distribution and dynamic information
for CSOP in the typical karst area of northwest Guangxi, China, in which ecological projects have been
implemented. The results from the present study may improve our understanding of the interactions
among climate, human activities, and CSOP, and may provide auxiliary information to evaluate the
efficiency of ecological reconstruction projects. Our results could also assist in ecosystem management
to ensure sustainable development in fragile environments.

2. Materials and Methods

2.1. Study Area

The study region was located in northwest Guangxi, China (104˝291–109˝091E, 23˝331–25˝371N;
Figure 1), including 16 counties covering an area of 50,818.20 km2, with a subtropical wet monsoon
climate (annual temperature: 19.5 ˝C; annual precipitation: 1000 mm). The elevation of this region
ranged from 100 to 2000 m, with a decrease in elevation from the northwest to the southeast. The main
land use types in the region in 2010 included forest (28,058.83 km2, 55.12% of the total area), shrub
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land (12,349.16 km2, 24.29% of the total area), farm land (8919.58 km2, 17.54% of the total area), and
other types of land use (including building land, grass, wetland, and bare land 1513.96 km2, 2.98% of
the total area) (Figure 1). The farmland is mainly located in the industrial and economic development
zones of the central region. Karst landforms are typical, and croplands are generally not fertile because
of the geological conditions in this mountainous area. Most of the farmland is found in the flat areas in
karst valleys or closed depressions, where major human settlements are also situated. Therefore, the
demands for agricultural development and ecosystem conservation often conflict.
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Figure 1. The location of the study region and main land uses in 2010.

2.2. Data Acquisition and Preprocessing

MODIS NDVI data (with a spatial resolution of 0.0089285714) from 2000 to 2010 were downloaded
from NASA’s Land Processes Distributed Active Archive Center (http://ladsweb.nascom.nasa.gov/).
A digital elevation model (DEM, with a spatial resolution of 100 m ˆ 100 m) was downloaded
from the Data-sharing Network of Earth System Science in China (www.geodata.cn). Weather and
radiation datasets from 97 stations within and near the study area including annual rainfall, average
temperature, extreme temperature, and total and net radiation were collected for 2000–2010 from
the China Meteorological Data-sharing Service System (http://cdc.nmic.cn/). Land cover in 2000
and 2010 was created by visual interpretation from Landsat-5 Thematic Mapper (TM) images with a
resolution of 30 m ˆ 30 m.

ArcGIS 10.0 (Environment Systems Research Institute, Redlands, CA, USA), ERDAS IMAGINE 9.1
(Leica, Stockholm, Sweden), and MATLAB (the MathWorks, Natick, Ma, USA) were used to compile
data and perform spatial analysis. All data were projected or re-projected to the same projection (Albers
Conical Equal Area projection, Krasovsky Spheroid) and re-sampled to 100 m ˆ 100 m pixel spacing.

2.3. Measurements of CSOP

To quantitatively measure the CSOP, the terrestrial Carnegie-Ames-Stanford Approach (CASA)
ecosystem model was used to estimate net primary productivity (NPP) from satellite data [21,22].
Models of the NPP calculation are as follows:

NPP px, tq “ APAR px, tq ˆ ε px, tq (1)

APAR px, tq “ SOL px, tq ˆ FPAR px, tq ˆ 0.5 (2)

ε px, tq “ Tε1 px, tq ˆWε px, tq ˆ εmax (3)
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FPAR px, tq “

`

NDVI px, tq ´ NDVIimin

˘

ˆ pFPARmax ´ FPARminq
`

NDVIimax ´ NDVIimin

˘ ` FPARmin (4)

Tε1 “ 0.8` 0.02ˆ Topt px, tq ´ 0.0005ˆ
“

Topt px, tq
‰2 (5)

Wε px, tq “ 0.5` 0.5ˆ
E px, tq
Ep px, tq

(6)

E px, tq “
P px, tq ˆ Rn px, tq ˆ

”

pP px, tqq2 ` pRn px, tqq2 ` P px, tq ˆ Rn px, tq
ı

rP px, tq ` Rn px, tqs ˆ
”

pP px, tqq2 ` pRn px, tqq2
ı (7)

Eρ px, tq “
`

E px, tq ` Eρ0 px, tq
˘

{2 (8)

where APAR(x,t) is the radiation available after absorption by photosynthesis; ε(x,t) is light energy
utilization; FPAR(x,t) is the fraction of photosynthesis active radiation, with FPARmax = 0.950, FPARmin

= 0.001 [23]; SOL(x,t) is solar radiation; Tε1(x,t) and Wε(x,t) are the effects of temperature and water
on light energy utilization, respectively; εmax is the maximum light energy utilization, which has a
different value for different vegetation types and is determined through the ecophysiological process
model (BIOME-BGC) [24]; Topt(x,t), p(x,t), and Rn(x,t) are the annual average temperature, rainfall, and
radiation; E(x,t) and Eρ(x,t) are the actual and potential evapotranspiration; and Eρ0(x,t) is the local
available evapotranspiration, calculated using the vegetation-climate model of Thornthwaite [25].

According to the photosynthesis equation: 6CO2 + 6H2O Ñ 6O2 + C6H12O6 (CH2O), the ratio
of organic matter produced by photosynthesis, carbon sequestered by photosynthesis, and oxygen
released by photosynthesis is 1:1.47:1.07. The CSOP is calculated from NPP using this ratio [26].

2.4. Method of Residual Analysis

Residual analysis was used to separate the impacts of human activities from those of climatic
factors. This method includes a regression analysis and is based on general observation values that are
closely correlated with climate variations (mainly precipitation and temperature). This model was
used to predict the value for each pixel. If the inter-annual residual change was approximately zero,
human activity had no significant impacts on CSOP. Otherwise, positive residual values suggest that
CSOP values had increased, which may be attributed to conservation and restoration efforts. Negative
values indicate a decreasing trend that shows human-induced reduction [20].

We adopted a fitting method within the n-times power terms of precipitation, temperature, and
CSOP based on R2 set to determine the impacts of both temperature and precipitation on CSOP.
Relationships between the NDVI and climatic factors for each pixel were examined using a regression
analysis. Using the goodness-of-fit test (R2 = 0.675), the best relationship was obtained with a quadratic
fit of precipitation and temperature to CSOP. The formula was applied on each grid pixel:

CSOP “ aˆP2 ` bˆP ` cˆT ` d (9)

where P is precipitation (mm); T is temperature (˝C); and a, b, c, and d are the multiple regression
coefficients, adjusted for each variable and for each pixel.

2.5. Methods for the Human Activity Index (HAI), Intensity of the GTGP (IGTGP), and Spectrum Analysis

The HAI was calculated by integrating the gross domestic product (GDP), production of the
primary industry (PRO1), production of a secondary industry (PRO2), production of a third industry
(PRO3), human population (PEOPLE), and construction area (CONSTRU). The intensity of GTGP
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(IGTGP) index was composed of the implementation time and area for the counties in the study area.
The equation for IGTGP was as follows:

HAI “
k
ÿ

g“1

¨

˝λg{

m
ÿ

g“1

λg

˛

‚Fg (10)

IGTGP “ A{S (11)

where λ is the characteristic root and F is the main component, A is the implementation time of the
GTGP (year), and S is the area of GTGP (ha).

Spectrum analysis is the technical process of decomposing a complex signal into simpler parts [27].
The resulting plot is referred to as a power spectrum, and frequency spectra are generated by applying
a fast Fourier transform. In this analysis, CSOP and the other factors (i.e., GDP, PRO1, PRO2, PRO3,
PEOPLE, and CONSTRU) for every county were treated as variables.

3. Results

3.1. Spatiotemporal Variations of CSOP

3.1.1. Inter-Annual Changes of CSOP

CSOP tended to increase in the study area, with substantial fluctuations and values increasing
from 153.63 in 2000 to 156.41 t¨ha´1 in 2010 (Figure 2). The total CSOP in the study area increased
from 780.73 ˆ 106 t to 794.84 ˆ 106 t during the study period (Table 1). From an administrative
point of view, the most rapid growth was observed in Baise county (CSOP growth density and
total CSOP: 20.80 t¨ha´1 and 7.66 ˆ 106 t, respectively), followed by Huanjiang county (CSOP
growth density and total CSOP: 7.78 t¨ha´1 and 3.51 ˆ 106 t, respectively). Obvious decreases
were observed for CSOP in non-karst regions, such as Xilin and Du’an counties (decreases of
5.4 ˆ 106 t and 7.86 ˆ 106 t, respectively; Table 1, Figure 3). Results for the frequencies of CSOP
values of the study area indicate that there were no significant annual vegetation changes. There was
only a slight increase of 0.25 t¨ha´1¨yr´1 for the annual CSOP. The CSOP had one very high peak
around 160 t¨ha´1 every year, and over 50% of the study area had CSOP values of approximately
150 t¨ha´1 because of the widespread forest cover (79.41% of the total area) in the study area. The
location of the CSOP peak ranged from 149.71 t¨ha´1 to 173.13 t¨ha´1. The highest CSOP value for the
study area appeared in 2003 and the lowest was in 2000. A detailed explanation for the fluctuations
will be given in the following sections in terms of climate fluctuations and human activities.
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Table 1. Variation of CSOP in different counties from 2000 to 2010.

County Name Area Mean (t.ha´1) Sum (106 t)

km´2 % 2000 2010 00–10 2000 2010 00–10

Nandan 3920.81 7.72 142.49 142.31 ´0.18 55.87 55.80 ´0.07
Huanjiang 4506.19 8.87 147.55 155.33 7.78 66.49 70.00 3.51
Tiane 3188.38 6.27 148.03 149.85 1.82 47.20 47.78 0.58
Luocheng 2633.81 5.18 158.72 160.88 2.16 41.80 42.37 0.57
Leye 2614.00 5.14 152.46 157.24 4.79 39.85 41.10 1.25
Longlin 3541.94 6.97 148.22 148.24 0.02 52.50 52.51 0.01
Hechi 2338.00 4.60 148.61 158.58 9.97 34.74 37.08 2.33
Yizhou 3815.19 7.51 155.35 159.88 4.52 59.27 61.00 1.72
Donglan 2398.94 4.72 143.32 150.99 7.67 34.38 36.22 1.84
Fengshan 1740.75 3.43 140.67 151.70 11.03 24.49 26.41 1.92
Tianlin 5532.31 10.89 162.46 164.85 2.39 89.88 91.20 1.32
Xilin 2969.56 5.84 169.11 152.14 ´16.97 50.22 45.18 ´5.04
Lingyun 2041.06 4.02 149.10 161.44 12.33 30.43 32.95 2.52
Du‘an 3989.69 7.85 173.43 153.72 ´19.71 69.19 61.33 ´7.86
Bama 1906.13 3.75 127.86 137.58 9.72 24.37 26.22 1.85
Baise 3681.44 7.24 163.11 183.91 20.80 60.05 67.70 7.66
Total 50818.20 100.00 153.63 156.41 2.78 780.73 794.84 14.11
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3.1.2. Spatial Variation of CSOP

The mid-west and southern regions exhibited high CSOP, while the central and northern regions
exhibited low CSOP (Figure 3). The value of CSOP in most of the study regions in 2000 was
128–160 t¨ha´1 and the proportion of land was 60.42%. A total of 90.67% of all CSOP in 2010 was
concentrated into the two grades of 128–160 and 160–192 t¨ha´1. CSOP increased in about 64% of the
study area and decreased in only 36% of the area. Such dramatic variation was mainly accounted for
by slight increases (0–3.2 t¨ha´1), and the variation ratio was 62.11%. In contrast, the variation ratio of
severe decreases (i.e., >´3.2 t¨ha´1) was only 4.10% (Figure 3). Significant changes were observed in
21.14% of the study area (11.23%, p < 0.01; 9.91%, p < 0.05).

CSOP increased significantly in the central part of the study region, including Huanjiang, Baise,
Hechi, Donglan, Bama, and Yizhou Counties. For example, the densities of CSOP in Baise and
Huanjiang counties increased 20.80 and 7.78 t¨ha´1, respectively, and the total CSOP increased
7.66 ˆ 106 t and 3.51 ˆ 106 t, respectively. Changes were significantly concentrated in the central and
west regions of the study area, including Huanjiang, Hechi, Nandan, Xilin, and Du’an counties.

3.1.3. Self-Spatial Correlation Pattern of CSOP

The resultant Z scores indicated whether features were tightly clustered or widely scattered in
the self-spatial correlation index of Moran I. Features with high values that were surrounded by other
features with high values were considered to have a statistically significant self-spatial correlation.
Large Z scores indicated intense clustering of high self-spatial correlations. Small Z scores indicated
intense clustering of low self-spatial correlations. When the difference was too large to be the result of
random chance, a statistically significant Z score was generated.

Moran I of CSOP indicated a random pattern of distribution in 2000 and 2010 and a highly
clustered pattern in 2010 (Figure 4). The Z score was 7.93 in 2000 and 8.15 in 2010, which indicates that
the intense clustering had a higher self-spatial correlation in 2010; therefore, the distribution pattern of
CSOP could have been affected by measures to control rocky desertification.
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3.2. Main Factors of Influencing CSOP

3.2.1. Variation and Correlation of Natural Factors

A warming and drying trend in the study area was quite apparent over the 11 years of the
study period. Average temperature increased slightly at a rate of 0.056 ˝C¨yr´1 from 2000 to 2010
(Figure 5a). The mean annual temperature ranged from 15–18 ˝C in the west and north to 20–22 ˝C
in the southeast. Annual precipitation showed a tendency to decline, and the variation rate was
´2.59 mm¨yr´1 (Figure 5b). There were large inter-annual variations in climatic variables in the study
area (60.36% of the pixels showed positive inter-annual variation rates in temperature). In particular,
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in the middle parts of the study region, the inter-annual variation rates were as high as 0.12 ˝C¨yr´1.
In the western and northern parts of the study area, the inter-annual variation rates of temperature
were negative. Except for the southeastern and mid-western part of the study area, the inter-annual
variations rates of precipitation were negative, and the variation rates could be up to ´18.24 mm¨ yr´1.
A total of 49.91% of all the pixels showed positive rates of precipitation change.
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Figure 5. Climate fluctuations of (a) temperature and (b) precipitation in 2000–2010.

Both positive and negative correlations existed between climatic variables and annual CSOP
from 2000 to 2010 at the pixel scale in the study area (Figure 6). There was a significant correlation
between CSOP and precipitation in 9.18% of the study area (p < 0.05), with a positive correlation within
8.69% of the area, distributed mainly in the eastern part of the study region. There was a significant
correlation between temperature and CSOP in 8.96% of the study area (p < 0.05), and a negative
correlation within 8.40% of the area. There was a strong positive correlation between temperature and
CSOP in the central part of this study region, where the main vegetation types were mixed evergreen
forests and shrubs. In the northeastern part of the region, the vegetation type was mainly mixed
deciduous forests. Therefore, the increased temperature could lengthen the growing season of shrub
and forests and strength photosynthesis, and thus promote vegetation activities. However, in the
western part of the region, the correlation coefficients were negative. Specifically, the correlation
coefficients were significantly negative in the western part of this study region and in most of the karst
area. Most of the karst region lacked surface water. Consequently, temperature increases could increase
evapotranspiration and result in vegetation stress; therefore, continuous drought in the summer may
have caused the decrease in CSOP.
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3.2.2. Human Factors that Affected CSOP

(1) The Characteristics of Land Use Change

Land use within the study area changed over the 11 years of the study period (Table 2). The
areas characterized by forest, water, farms, and buildings increased significantly, including an
increase of 156.56 km2 in forested land between 2000 and 2010. There were three main types of
land transformations (Table 2): from farm to forest, from grass to forest, and from shrublands to forest.
The shrubland area decreased the most significantly, followed by grassland and then bare land. A total
of 274.36 km2 of shrublands was converted to other forms of land uses between 2000 and 2010, of which
58.97% was converted into forest. A total of 215.69 km2 of shrub/grassland was converted to forest,
while 40.78 km2 of forest became shrub/grassland. These changes were closely associated with recent
vegetation reconstruction practices. Application of the GTGP and hill closure for reforestation was the
primary method used to restore vegetation in the study area. A total of 21.48 km2 of other types of
land uses was converted to buildings. The area for building was derived mainly from shrublands and
farmland, accounting for 80.77% of recently developed building land. The conversion from shrublands
to buildings was one of the most significant transformations during the 11 years of the study period. It
is reasonable to conclude that the implementation of vegetation restoration programs was a critical
factor in increased CSOP. Meanwhile, the rapidly developing economy and accelerating urbanization
process led to a massive transfer of other land uses to building land.
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Table 2. Conversion and variation of land use in the study area from 2000 to 2010 (km2).

Forest Shrub Grass Water Farm Building Bareness land

Forest 27,820.17 35.10 5.68 2.76 35.16 3.40 0.00
Shrub 161.78 12,290.45 8.57 99.71 50.72 11.93 0.35
Grass 53.91 15.48 406.20 0.18 11.18 0.41 0.10
Water 1.85 0.42 0.15 543.06 4.42 0.32 0.00
Farm 14.49 4.83 0.11 9.05 8813.39 5.42 0.00

Building 0.02 0.01 0.00 0.00 0.16 414.51 0.00
Bare land 6.62 2.88 0.37 0.10 4.56 0.19 1.39
Variation 156.56 ´274.36 ´66.39 104.64 72.31 21.48 ´14.25

(2) Correlation between Human Activities and CSOP

There is a high degree of spatial heterogeneity in the relationship between human activities and
CSOP (Figure 7). The mean residual slopes were between ´0.0489 and 0.0263. A total of 43.80% of
the residual slopes were positive, particularly in the eastern and middle parts of the study region.
The areas with negative residual slopes were in the western and south-central parts of the study area.
In these areas, a large number of farms were converted to building land, and the absolute values of
the negative residual slopes were higher than those in other regions. Meanwhile, the strong negative
trends in some areas may be the result of the intense southwest drought in 2009 and 2010. The severe
drought limited vegetation growth and consequently caused a significant drop in CSOP. The negative
effects caused by extreme weather events may have alleviated or offset the positive effects of the
increased forest area and ecological restoration program.
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Figure 7. (a) Interannual change trends and (b) results of significance test in the study area region from
2000 to 2010. The grade of decreased severely refers to the significance p < 0.05 and trend < 0, and the
grade of increased greatly refers to the significance p < 0.05 and trend > 0. The figure was generated
using ARCGIS 10.0.
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Although climate fluctuation is an important factor that influences the spatiotemporal variations
of CSOP, the impacts of human activities should not be neglected. There were correlations among
the socioeconomic statistics indexes (p < 0.05), with differences for varying levels of CSOP (Table 3).
Obvious negative correlations were observed between CSOP and HAI (p < 0.01, r =´0.102). Significant
positive correlations were observed between CSOP and PRO1 or CONSTRU (p < 0.01). The radial
basis function network model, based on 13 environmental factors of 1377 samples, showed that human
activities affected the spatial distribution of vegetation carbon in typical karst areas [14].

Population growth, urbanization, economic development, and technological advances have
changed the land use and land cover [28]. Spectrum analysis showed that although the power spectral
density of human activity indexes is different, CSOP was concurrent with changes in the trends of
GDP, HAI, and CONSTRU, albeit in the opposite direction. In contrast, changes of power frequency
density in CSOP were quite different from those of the other four indicators (i.e., PROD1, PROD2,
PROD3, and PEOPLE) (Figure 8).

Table 3. Correlation of CSOP and social economic statistics.

CSOP HAI GDP PRO1 PRO2 PRO3 CONSTRU

HAI ´0.102 **
GDP 0.052 * ´0.197 **
PRO1 0.092 ** ´0.467 ** 0.333 **
PRO2 ´0.012 ´0.373 ** 0.621 ** 0.553 **
PRO3 0.056 * ´0.474 ** 0.561 ** 0.764 ** 0.859 **

CONSTRU 0.108 ** ´0.425 ** 0.671 ** 0.386 ** 0.405 ** 0.591 **
PEOPLE ´0.027 ´0.110 ** 0.457 ** 0.378 ** 0.111 ** 0.455 ** 0.638 **

** p < 0.01 * p < 0.05.
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(3) Influence of Ecological Projects on CSOP

As one of the most serious geo-ecological problems in the karst areas in Southwestern China,
karst rocky desertification had become a popular research topic. The ecological programs and rocky
desertification controlling project resulted in a positive effect of the control of karst rocky desertification,
thereby leading to changes of land use and land cover. In addition to the impact of climatic factors, the
influence of human activities on CSOP displayed significant spatial and temporal variations. In the
study region, the change in CSOP was significantly influenced by the implementation of ecological
projects, such as gains in reforestation and afforestation by hill closures and comprehensive control of
karst rock desertification. The implementation of the environmental emigration program had profound
impacts on ecological restoration. Changes in CSOP were consistent with those of the IGTGP in typical
karst counties (Figure 9): the greater the IGTGP, the more substantial the increase in CSOP, particularly
in Hechi county, where the IGTGP was only 1.76 a. ha´1, whereas the increase in CSOP reached
9.97 t. ha´1. Previous studies in this region showed that net ecosystem productivity in typical karst
areas has fluctuated substantially since 2000, and this fluctuation is closely related to the GTGP and
eco-migration [12].
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Figure 9. The change trend of CSOP and IGTGP in typical counties in the study area.

Consequently, the ecological restoration programs were one of the main drivers of the increasing
trend in CSOP in the study region. Additionally, human interference, such as increased urbanization,
resulted in the conversion of farmland and forest to urban land. Taken together, the results of previous
research and the current study show that implementing control measures to limit rocky desertification,
such as GTGP and ecological emigration, had obvious effects on biomass, carbon, and CSOP of
vegetation, with potential ecological benefits. The program has made great progress in easing the
impacts of humans on the natural world, increasing the use efficiency of farmland and effectively
guaranteeing the implementation of policies to restore farmlands to forested areas [14].

The counties in this study region were clustered into five groups according to their landscape
types (Figure 10). Group 1, the ecological shelterbelt, included Leye, Tianlin, and Xilin counties.
Because large populations emigrated to more urban areas, human activities in these areas were very
low (146.08 persons¨ km´2 PEOPLE), and the areas showed the highest CSOP (161.88, Table 4). Group 2,
the degraded ecological shelterbelt, included Huanjiang, Donglan, Fengshan, Lingyun, and Du’an
counties. They were characterized by relatively low levels of human activity (381.04 persons¨km´2

PEOPLE) but a relatively high CSOP (153.29 t¨ha´1). Group 3, the agricultural area, included Luocheng,
Longlin, and Bama counties. This area had low CSOP (146.84 t¨ha´1) and was characterized by
large areas of farmland (97.67 ˆ 104 RMB¨km´2 PRO1) and small areas of permanent vegetation.
Group 4, the suburban area, included Nandan and Tiane counties. This area was characterized
by a low CSOP (144.97 t¨ha´1) and high levels of human activity (734.36 ˆ 104 RMB¨km´2 GDP,
217.91 ˆ 104 RMB¨km´2 PRO2; Table 4). Group 5, the urban area, included Hechi, Yizhou, and Baise
counties. This group was the most artificially disturbed area, with high-intensity human activity
(996.99 ˆ 104 RMB¨km´2 GDP, 257.43 ˆ 104 RMB¨km´2 PRO2, 449.29 persons¨km´2 PEOPLE).
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Group 3 146.84 391.45 97.67 178.60 115.18 433.48
Group 4 144.97 734.36 34.26 217.91 61.70 290.32
Group 5 156.65 996.99 131.49 257.43 190.17 449.29

4. Discussion

This study evaluated the spatiotemporal variation of CSOP and its main factors in a typical karst
region of northwest Guangxi, China. This study’s results suggest that factors affected by humans
have important effects on the pattern of CSOP in a typical karst region, and that rocky desertification
control measures also had an important impact on the pattern of CSOP, which are similar to previous
results for small scale vegetation in karst obtained by sampling [8,9,14,29]. Most of the previous
studies showed that spatial variation in vegetation carbon density generally increased in a typical
area between 2005 and 2010, and factors associated with human activities had relatively high impacts
on the distribution of vegetation carbon density. The ecosystem conditions were improved by the
implementation of policies for rocky desertification in 2000–2010 [12,30,31].

The estimated results have some degree of uncertainty because of the complexity and dynamics of
the ecosystems [5,32–34]. Several factors affected the accuracy of CSOP estimation at the regional scale.
First, spatial scale is an important factor, and a multi-scale assessment of CSOP is necessary. The spatial
scale at which vegetation type is measured significantly influences both the ecosystem service extent
and its valuation [5,32,35]. Karst ecosystem areas are considerably fragile and heterogeneous [11],
and the spatial scale needs to be taken into account in future evaluation of CSOP of this or similar
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regions. Second, the complex terrain in the karst area presented a challenge for deriving the spatial
distribution of annual precipitation that was interpolated from climate records at 97 weather stations
within and near the study area of northwest Guangxi, China. The large spatial and temporal variability
in precipitation and temperature thus made accurate mapping distribution difficult at the 100-m
resolution. Third, the CSOP assessment was undertaken through application of the terrestrial CASA
together with remote sensing. The accuracy of the results from the CASA model is largely dependent
on the resolution of remote sensing data. The remote sensing images of MODIS (1 km) and TM (30 m)
were the main data sources in this study. The classifications of vegetation type were validated by
referring to 1:47,000 color infrared aerial photographs. The overall accuracies for these classifications
were 80.54%, with Kappa coefficients of 0.63. These errors or uncertainties can be reduced with more
data, higher-resolution remote sensing data, and localized model parameters.

The analysis in this paper provides a preliminary basis for future studies of CSOP in the context
of rocky desertification in karst regions. However, we did not consider the soil ecosystem in this study
area. Although we compared the results with those of in situ data in part of the study area, further
studies are required to determine the optimal approach for influencing the dynamic transformation of
CSOP in regions with specific geographical environments and climatic backgrounds. Therefore, the
present study has some limitations that should be addressed in future studies. First, the soil carbon
should be considered for the whole karst system. Second, the degree of uncertainty associated with
the CASA method requires further research. Finally, more comprehensive investigation of the driving
mechanisms of the distribution of CSOP in karst regions is needed.

5. Conclusions

In the present study, the spatio-temporal variations of CSOP and its main factors were analyzed
in a typical karst region of northwest Guangxi, China, using remote sensing data from 2000 to 2010.
The results showed that the CSOP of vegetation was increasing, with substantial fluctuations (from
153.63 to 156.41 t¨ha´1, reaching 173.13 t¨ha´1 in 2009). Precipitation (9.18%, p < 0.05), temperature
(8.96%, p < 0.05), and human activities substantially altered CSOP (p < 0.01, r = ´0.102**), 43.80% of
the residual slopes were positive, and the increases in CSOP were consistent with the IGTGP. The
power spectrum density of CSOP followed the opposite trend from that of GDP, HAI, and CONSTRU.
Using these data, the counties of the study area were clustered into five groups according to their
landscape types: the ecological shelterbelt, the degraded ecological shelterbelt, the agricultural area,
the suburban area, and the urban area. Our results indicated that CSOP was significantly increased by
the implementation of control measures to limit rocky desertification, which had an important impact
on the pattern of CSOP, and that these measures resulted in an improvement in ecological services.

The conflict between economic development and environmental protection is a common issue
worldwide that has been previously noted in rocky desertification in karst areas [17,32]. Poor
environmental quality is known to be an important restricted condition in karst areas. Therefore,
conservation of karst areas should take priority over restricting the uncontrolled reclamation of these
areas for economic purposes in future land use practices. Controlling karst rocky desertification
requires the optimization of land use structure. Discontinuing all reclamation activities in karst areas
might not be possible, but future land reclamation projects need to be controlled and should be
implemented after rigorous environmental impact assessment. More comprehensive and detailed
exploration of the impacts of karst reclamation projects on ecosystem services provided in southwest
China is necessary.
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Abbreviations

The following abbreviations are used in this manuscript:

CSOP carbon sequestration and oxygen production
HAI human activities index
GDP gross domestic product
PRO1 production of primary industry
PRO2 production of secondary industry
PRO3 production of third industry
CONSTRU construction area
PEOPLE human population
GTGP grain to green program
IGTGP the intensity of grain to green program
CASA the terrestrial carnegie ames stanford approach
NDVI normalized difference vegetation index
NPP net primary productivity
MODIS moderate-resolution imaging spectroradiometry
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