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Abstract: The Southwest China Karst, the largest continuous karst zone in the world, has
suffered serious rock desertification due to the large population pressure in the area. Recent
trend analyses have indicated general greening trends in this region. The region has
experienced mild climate change, and yet significant land use changes, such as
afforestation and reforestation. In addition, out-migration has occurred. Whether climate
change or human-induced factors, i.e., ecological afforestation projects and out-migration
have primarily promoted forest restoration in this region was investigated in this study,
using Guizhou Province as the study area. Based on Moderate-Resolution Imaging
Spectroradiometer (MODIS) Normalized Difference Vegetation Index (NDVI) data, we
found general greening trends of the forest from 2000 to 2010. About 89% of the forests
have experienced an increase in the annual NDVI, and among which, about 41% is
statistically significant. For the summer season, more than 65% of the forests have
increases in summer NDVI, and about 16% of the increases are significant. The strongest
greening trends mainly occurred in the karst areas. Meanwhile, annual average and summer
average temperature in this region have increased and the precipitation in most of the
region has decreased, although most of these changes were not statistically significant
(p > 0.1). A site-based regression analysis using 19 climate stations with minimum land use
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changes showed that a warming climate coupled with a decrease in precipitation explained
some of the changes in the forest NDVI, but the results were not conclusive. The major
changes were attributed to human-induced factors, especially in the karst areas. The
implications of an ecological afforestation project and out-migration for forest restoration
were also discussed, and the need for further investigations at the household level to better
understand the out-migration—environment relationship was identified.

Keywords: forest greening; climate change; ecological afforestation project;
out-migration; Southwest China karst

1. Introduction

Karst developed on soluble rock is an ecologically vulnerable environment that is subject to rocky
desertification under high population pressure [1]. In a karst area, forest is generally the dominant land
cover type. Monitoring forest change and identifying its causes are important because forest change
influences climate variation by altering the carbon, water vapor, and energy exchange between the land
surface and atmosphere [2]. More importantly, once forest is destroyed in a karst region, it is difficult
to restore through natural succession, and rocky desertification usually follows due to the unique
hydrological and geological conditions.

The satellite-based normalized difference vegetation index (NDVI) is widely used for monitoring
and characterizing variations in vegetation cover [3,4], productivity [5], and phenology [6,7] from
local to global scales. Based on a time series of NDVI observations and on model predictions, many
studies have reported general greening trends (increasing trends in vegetation indices) in the northern
mid-high latitudes [8,9], which have mainly been attributed to the warming climate [10,11]. However,
vegetation change and the controlling effect of climate have geographically and temporally
varied [8,12]. For example, Zhou et al. [13] found a persistent increasing trend in growing-season
NDVI in Eurasia, whereas the increasing trend in North America had a fragmented pattern in smaller
areas. A study conducted in tropical mountain areas linked changes in NDVI to temperature variations
in the same period and found that their relationship weakened over time or was negative [14], which
was attributed to temperature-induced drought [10]. They also found that temperature and precipitation
could not explain all of the changes in NDVI and other factors may therefore have partly contributed.
Human-induced factors, e.g., abrupt changes in land use, also have an effect on vegetation changes. A
recent dual-scale trend analysis attributed the increasing NDVI trend in European Russia to
agricultural reform that encouraged the abandonment of agricultural land rather than to climate
change [15]. According to a study in China, agricultural practices and land use changes,
e.g., afforestation and reforestation, appear to make a greater contribution to the greening trend than
temperature does [16]. Thus, at the regional scale, the relative role of climate change and human
factors on vegetation dynamics is still not fully understood, especially in areas experiencing significant
changes in land use [17].

Southwest China, which is characterized by a subtropical and tropical monsoon climate, holds the
largest continuous karst zone in the world. Due to large population pressure coupled with the
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extremely ecologically vulnerable environment, this region has suffered serious rocky desertification.
Over 20% of the karst area has degraded and is experiencing rocky desertification [18], which further
increases the poverty of the population. Most of the population in this region struggle to meet their
everyday needs. Over 40% of the rural population lives on less than US$ 1 per day, which is lower
than the international poverty line of US$ 1.25 per day. To protect and improve the ecological
environment in this region and in west China, the Chinese government implemented the “Returning
Farmland to Forest” project in 1999, which involved 25 provinces in central and western China. By
2011, the area of forest has increased by about 28.94 million hectares through afforestation and
reforestation. With the afforestation of sloping cultivated land and degraded farmland, large numbers
of rural laborers have become surplus in terms of local needs and have moved away to work in large
cities. This out-migration has changed the size and structure of the population in this region, which
may, in turn, have affected the vegetation dynamics [19].

A recent trend analysis of vegetation greenness in China demonstrated general greening trends in
this region [20]. Whether climate change or human-induced factors have promoted the forest
restoration is uncertain; this was the focus of the present study. The results will provide useful
information for ecological protection and redevelopment in this region. In addition, karst landform
covers about one- tenth of earth surface [21], and many karst regions have suffered degradation due to
increasing human activities coupled with highly vulnerable eco-geo-environment [22-24], thus this
study may also provide highlights for other karst areas.

2. Materials and Methods
2.1. Study Area

The Southwest China Karst area mainly extends through Guizhou, Guangxi, and Yunnan Provinces
(Figure 1), and among which Guizhou province has the largest area of karst as well as the most serious
rock desertification [25]. Additionally, it is also the major focus of the “Returning Farmland to Forest”
project, and ecological afforestation plots have been established in all counties in the region. Thus, this
region was selected as the study area.

Guizhou Province is characterized by typical karst landforms, with a karst area of 11.3 x 10* km?,
which is 64.2% of the total area of Guizhou Province [26]. Except for the southeastern area, Chishui in
the western area, and Shanheng and Wangmo in the southern areas, karst covers most of the region
(Figure 1). Located in the subtropical humid monsoon zone, this region has a mild climate, with an
annual average temperature of 14—16°C. The annual average precipitation is 1000—1300 mm, which is
mainly concentrated in the period from April to September. Benefiting from its climate, this region has
abundant forest resources and a variety of forest types. The dominant forests in this region are
subtropical evergreen needleleaf forest, evergreen broadleaf forest, mixed forest, and deciduous
broadleaf forest. The major species include Cunninghamia Lanceolata, Pinus massoniana, Pinus
Yunnanensis fr., Cupressus funebris, Populus sp., Betula sp., and Quercus sp.
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Figure 1. (a) The location of the Southwest China Karst and (b) the spatial distribution of
forest in Guizhou Province according to land use data derived from Landsat TM/ETM+
and HJ-1 images in 2010. The legend shows the percent fractional cover of forest within 1-km
pixels. Counties outlined with red are the areas without karst [26].
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2.2. Materials
2.2.1. Moderate-Resolution Imaging Spectroradiometer (MODIS) NDVI Time Series Data

To investigate the inter-annual and seasonal trends of the forest, the MODIS monthly vegetation
indices (VI) product (Collection 5, MOD13A3 at a spatial resolution of 1 km) from 2000 to 2010 was
collected from the Land Resources Distributed Active Archive Center (LPDAAC). Because they use
an improved compositing approach as well as cloud and aerosol filtering, MODIS VI products are
considered to be of high quality and suitable to capture vegetation dynamics [27]. In this study,
monthly NDVI data were used to derive the summer and annual NDVI.

2.2.2. Land Use Data

Land use and its change data from 2000 to 2010 were collected from the National Resources and
Environmental Scientific Data Center (RESDC) of the Chinese Academy of Sciences (CAS). These
data were manually interpreted from Landsat TM/ETM+ and HJ-1 CCD images and then corrected and
validated through fieldwork [28]. There were six classes in the land use data: cropland, forest,
grassland, water bodies, built-up land, and unused land [29]. This study only considered forest
conversion; thus, all conversions between forest and the other five classes were identified. The land



Remote Sens. 2014, 6 9899

use data used in this study were raster data produced by a 1 x 1 km area proportion model [30]. The
value in the grid represents the proportions of the area in the land-use class, or the changes.

2.2.3. Climate Data

Daily temperature and precipitation data from 19 climate stations in Guizhou Province were
obtained from China Meteorological Administration. The quality of all daily records from these
stations was checked, and after eliminating the invalid records, the average annual and summer
temperature and precipitation were calculated.

2.2.4. Out-Migrant Population (OMP)

To determine whether there was a relationship between OMP and changes in the NDVI, the
county-level OMP in 2000 and 2010 were calculated from the China census database produced by
National Bureau of Statistics of China. According to the Sixth National Population Census of China, a
migrant is defined as someone who has stayed away from the place where s/he has a household
registration (hukou in Chinese) for more than half a year. Three types of immigration are included in
the census data: (1) moving from another township/district in the same county; (2) moving from a
township/district in another county in the same province; and (3) moving from another province.
However, out-migration is not recorded in the database. In this study, we used the method proposed by
Liu et al. [31] to estimate the amount of county out-migration. According to their method, the amount
of out-migration was calculated as the difference between the total amount of immigration and net
migration. Intra-county migration was not considered.

2.3. Methods
2.3.1. NDVI Trend Analysis

The annual average NDVI (annNDVI) and summer NDVI (sumNDVI) were used to characterize
forest growth. The annNDVI represents the average status of forest growth in a year, whereas
sumNDVT captures the forest growth over the peak season.

To determine the spatial patterns of the direction and rate of change in NDVI, trends in annNDVI
and sumNDVI over time were estimated using ordinary least squares regression, and the trend slopes
were calculated and mapped by pixel. Furthermore, significant trends at a 90% confidence level were
also identified. For visualization purposes, trends in annNDVI and sumNDVI were expressed as a
percentage relative to the value in 2000, which was the starting point of the time series.

2.3.2. Regression Analyses of NDVI and Climate Change

To quantitatively measure the impacts of climate change on changes in forest NDVI, coefficients of
determination (R?) were estimated using linear regression equations, with NDVI as the dependent
variable and temperature and precipitation as the independent variables [32—34]. This parameter
provides a combined explanation of the independent variables. In this study, this parameter was used to
identify the contribution of climate change to the variation in NDVI. The effect of climate change on
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vegetation variation may have a time lag [35,36], with a recent study in China identifying temperature
and precipitation time lags in Guizhou Province that were mostly less than one month [20]. In this
study, we only focused on annual and seasonal changes in NDVI and their relationship with climate;
therefore, the time lag effect of climate was not considered. To reduce the influence of the
misregistration of a climate station and MODIS NDVI pixels, NDVI values averaged for pixels within
a window (2 x 2 km) surrounding the climate station were compared with climate data. Additionally,
land use changes in these windows were checked to avoid any effects on the relationships. This check
was used to confirm that the climate stations were stable during the period of the study and that no
apparent change in land use (changes lower than 5% for 16 stations and around 10% for 3 stations)
occurred in their surrounding areas.

2.3.3. Relationship between Out-Migration and Changes in the Forest NDVI

The relationship between county OMP and changes in the NDVI was investigated using a spearman
correlation analysis. The spearman coefficient measures the association between two variables (OMP
and changes in the NDVI in this study) based on their rank orders [37], thereby avoiding any
non-linearity that could undermine the detection of a monotonic relationship between OMP and
changes in NDVI. The relationships of both the average amount and annual change in the OMP with
changes in NDVI were determined to investigate the effects of scale and relative changes in OMP on
changes in NDVI.

3. Results and Discussion
3.1. Trends in annNDVI and sumNDVI

Figure 2 shows the spatial distribution of the temporal trends in forest using the annNDVI and
sumNDVI as parameters. From 2000 to 2010, greening (increasing) trends have occurred in most
forest areas, and the sumNDVI and annNDVI have generally increased. More than 89% of the forests
have experienced an increase in the annNDVI, and among which over 40% were statistically
significant at a 90% confidence level. The significant increasing trends were extensively distributed
throughout the region, and the strongest trends (more than 1.5% per year) occurred mainly in the
western and northern regions, such as Weining, Panxian, Dafang, and Wuchuan-Yanhe-Dejiang. These
trends are consistent with previous analyses in South China [20]. Compared with the NDVI trends
from 1982 to 2003 [38,39], the forest greening trends during 2000-2010 observed in this study has
spread westward and northward, and browning (decreasing) trends were only found in small patches in
the south and east regions. The browning trends of NDVI in the former period shifted to greening
trends in the latter period, especially for Weining in the southwest region. Greening trends in the
sumNDVI also occurred over most of the region. About 65% of the forests have experienced an
increase in the sumNDVI, and among which about 16% is statistically significant. However, the
significant trends were less widely distributed; fewer significant increasing trends were observed
westward and northward, and decreasing trends were mainly concentrated in the southeastern region
and in patches in Chishui and Xishui in the northwestern region, which are generally not characterized
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by karst landforms. The NDVI trends analysis for the past decade indicated that forest restoration has

generally occurred in the karst areas.

Figure 2. Spatial patterns of the temporal trends in annNDVI (a,b) and sumNDVI
(c,d) from 2000 to 2010. Significant trends (p < 0.1) in annNDVI and sumNDVI are shown
in left, respectively. Right represent the overall trends in annNDVI and sumNDVI.

Outlined black areas are non-karst areas.
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3.2. Trends in Temperature and Precipitation over the Year and during Summer

The regression of the annual average temperature against year from 2000 to 2010 (Figure 3a) shows

warming trends at all climate stations, with the trend slopes increasing from 0.003 °C/yr to

0.061 °C/yr. However, only one of 19 stations observed a significant increasing trend (p < 0.1).

Similarly, summer temperatures in most stations (17 of 19) increased at a warming rate higher than the

annual average and slopes of 0.021 °C/yr to 0.083 °C/yr (Figure 3b). The strongest warming trends

occurred primarily in the northern and western regions, such as Weining, Tongzi, Zunyi, Meitan, and

Tongren. During this period, annual and summer precipitation in most of the region decreased

(Figure 3c,d). The strongest decreasing trends were mainly distributed in northern regions, whereas in

the southern area, an increasing trend in precipitation was observed, especially in summer.
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Figure 3. (a—d) Trends of temperature and precipitation by year and summer from 2000 to
2010. The dots with black circles represent statistically significant trends. Outlined black
crosshatched areas are non-karst areas.
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3.3. The Relationship between NDVI and Climate Change

Figure 4 shows the spatial distribution of R? values from the regression equations, with temperature
and precipitation as independent variables and the NDVI as the dependent variable. For most of the
region (15 of 19 stations, 78.9% of the total), the annual average temperature and precipitation
explained less than 40% of the annual changes in the NDVI, with R* values ranging from 0.009 to
0.371. Significant relationships mainly occurred in the southeastern regions, such as Rongjiang, Kaili
and Sanhui, and Qianxi in the western region, with R” values ranging from 0.527 to 0.646. This result
indicates that, for most of the province, other factors may be primarily responsible for the greening
trends in annNDVI, whereas in the southeastern regions, annual changes in the NDVI were largely
explained (53%—65%) by changes in temperature and precipitation. With regard to sumNDVI,
temperature and precipitation in the summer explained 6%—43% of the changes, and the relationships
were not statistically significant (p > 0.1). The summer climate had the greatest impact in the
southeastern and northwestern regions. From Figure 4, it appears that changes in the forest cover in the
karst area were less influenced by climate variation than that in the area without karst landforms.
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Figure 4. Coefficients of determination from the linear regression equations for
(a) annNDVI and annual average temperature and precipitation and (b) sumNDVI and
summer temperature and precipitation. The red dots with black circles indicate that the
results are statistically significant (p < 0.1). Outlined black crosshatched areas are
non-karst areas.
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3.4. The Effects of Afforestation and Out-Migration on Changes in the Forest NDVI
3.4.1. Changes in the Forest NDVI in relation to Ecological Afforestation

To investigate the relationship between afforestation and changes in NDVI, major forest
conversions were identified, especially in the areas experiencing significant changes in NDVI. Due to
the ecological afforestation project, about 1851 km® land has been converted to forest in Guizhou
Province, with grassland (accounting for 73.8% of forest increase) and cropland (25.7% of forest
increase) being the major contributors. Although about 321 km? of forests were transformed to other
land uses, a net increase of 1583 km? of forest cover occurred during the period from 2000 to 2010.

In the area experiencing significant changes in annNDVI, there was a net increase in forest cover of
576 km?, and nearly 99% of this increase (about 574 km?) occurred in areas with a significant increasing
trend in NDVI. The increase in forest cover was mainly attributed to conversions from grassland and
cropland, which together accounted for 99% of the increase (Figure 5). Elsewhere, forest cover decreased
by about 129 km” during this period, with transformation to cropland accounting for 58.9% of the loss.
This indicates that, although the ecological afforestation project has been fully implemented in this region,
a large amount of existing forestland was still cultivated. There was a net increase in forest cover in the area
experiencing significant changes in sumNDVI, with about 75% of the increase (about 268 km?) occurring
in the area with significant increasing trends of summer NDVI. Most of the increase in forestland was due
to conversion from grassland and cropland, which accounted for nearly 99% of the increase.
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Figure 5. Forest conversions in the area experiencing significant changes in the NDVI.
(a) Conversion from other land uses to forest, (b) Conversion from forest to other land uses.
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3.4.2. The Relationship between OMP and Changes in the Forest NDVI

According to the China census database, the total OMP in Guizhou Province increased from
31.6 x 10* in 2000 to 94.6 x 10" in 2010. Figure 6 shows the spatial distribution of OMP at the county
level. Except for Liupanshui, the OMP in all counties increased from 2000 to 2010. If a line is drawn
from Tongren to Panxian, the OMP value in the counties above the line is much higher than that below
the line. The temporal trends in annNDVI and sumNDVI in these two regions were also compared.
The spatial patterns of the trends in annNDVI and sumNDVI were similar to those of the OMP. The
average temporal slopes of annNDVI and sumNDVI in the areas above the line were both larger than
those below the line, especially for sumNDVI (441% higher).

We divided the OMP into five groups based on changes and amount of OMP, respectively, and the
average trends for annNDVI and sumNDVI in each group were compared. Figure 7a shows the
average trends for annNDVI and sumNDVT in each group according to the average OMP. The average
annNDVI and sumNDVI trends for all groups were >0, except that for sumNDVI in group 1, and the
trends gradually increased from group 1 to 5. This indicates that forest has turned green in most
counties, and in the counties with higher OMP, the greening rate is larger. Furthermore, the standard
deviation of sumNDVI in each group is much larger than that of annNDVI. This indicates that
sumNDVTI in each group is more distinct, probably because annNDVI disguised the seasonal change in
the forest, whereas sumNDVI depicts this seasonal difference. According to the spearman correlation
analysis, both annNDVI and sumNDVI were positively related to the average OMP (p < 0.001), with
correlation coefficients of 0.474 and 0.495, respectively. Compared with these relationships, the
positive relationship between the NDVI trends and changes in OMP was not as strong (Figure 7b). The
trends in annNDVI and sumNDVI increased from group 1 to 4, whereas they fell slightly in group 5.
The correlation coefficients were 0.381 for the annNDVI and 0.45 for the sumNDVI.
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Figure 6. Spatial distribution of the OMP in Guizhou Province from 2000 to 2010.
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3.5. The Implications of the Ecological Afforestation Project and Out-Migration on Forest Restoration

Afforestation is conducive to forest restoration, and it involves more than simply increasing the
forest area. The afforestation of marginal land can change the configuration of the forest landscape and
increase the soil water capacity, which has benefits for forest growth, especially for forest in a karst
area. In Guizhou Province, a large amount of afforestation of cropland and grassland has occurred in
the core forest area (Figure 8), and this conversion will inevitably improve the continuity of the forest
landscape. On the other hand, rural households rely heavily on biomass fuels to meet their energy
needs, and firewood is a major biomass fuel [40]. Through the implementation of the ecological

afforestation project, rural household income has increased due to subsidies from the central
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government, and this rise could lead to a switch from firewood to cleaner and more efficient
fuels [41,42]. This may also reduce the negative impact on forest and contribute to forest restoration in
this region.

Migration changes the size and structure of the original population and also influences regional land
use and vegetation changes [43,44]. Large numbers of members of the working age population have
moved out of Guizhou Province, which has helped to promote forest restoration for several
reasons [45]. First, the increased income may reduce the heavy dependency of migrant households on
land [19] and promote the abandonment of sloping cultivated land. According to an investigation of
rural households in Guizhou karst area, the income of migrant household was higher than that of
households with no or less out-migration [46], and the dependency on traditional crop and livestock
farming was much lower [47]. Additionally, negative disturbances, such as gathering firewood, may be
reduced as male laborers move out of the area. Because gathering firewood is a time-consuming and
labor-intensive process, it is more commonly undertaken by male residents [48]. The amount of male
laborers in Guizhou Province has decreased by about 17 x 10* during the past decade, which may have
reduced the availability of labor for gathering firewood. More importantly, the increased income from
out-migration could promote a switch from firewood to cleaner and more efficient fuels, as mentioned
above. Other factors related to out-migration, such as livelihood diversification and more sustainable
farming techniques, may also contribute to forest restoration.

Figure 8. Conversions of cropland and grassland to forest in different forest margins
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Possible uncertainties come from data. Land use data used in this study was interpreted from
Landsat TM/ETM+ and HJ-1 CCD images, and then distribution of forest and the transformation
between forest and other land use were extracted and converted to 1 x 1 km. However, NDVI data was
from MODIS sensor. Although these two data were reprojected to the same spatial reference, the
perfect consistency is difficult to guarantee and this problem is also not avoidable in the combination
analysis of data from different sources. Another uncertainty related with data is from OMP data. Due
to the lack of OMP records, the amount of OMP was estimated, based on total amount of immigration
and net migration. The amount of OMP may be underestimated due to extras deduction of the amount
of inhabitants without household registers; even so, the spatial patterns of OMP would not
be influenced.
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4. Conclusions

This study investigated the influence of climate change and human-induced factors (an ecological
afforestation project and out-migration) on recent greening trends in Guizhou Province, which includes
the largest karst area in China.

From 2000 to 2010, general greening trends in forest areas have been observed, and these strong
trends have mainly occurred in the karst area. These greening trends cannot be explained by a single
factor such as climate, although the warming climate coupled with the decrease in precipitation does
explain some of the changes. Major changes can be attributed to human-induced factors, especially in
the karst areas. Due to the implementation of an ecological afforestation project, a proportion of
cropland and grassland has been transformed to forest, and this conversion partly contributed to forest
restoration from 2000 to 2010. Additionally, out-migration has also contributed. Large numbers of
people, including many of working age, have moved out of the region, which has promoted forest
restoration by reducing negative disturbance of forest areas and promoting abandonment of sloping
cultivated land.

Our study only focused on identifying the major factors (i.e., climate change or human-induced
factors) that were responsible for general forest restoration. Based on the regression analysis from
climate sites, the contribution of climate change to forest variation was identified. Employment of
more detailed climate data will help to explore the spatial variation of the contribution. In addition,
according to our results, forest restoration can be primarily attributed to human factors. Discrimination
of human- induced forest restoration is needed more efforts in the further. And what’s more,
employment of detailed household survey data specifically tailored to the out-migration—environment
relationship will also help to deepen the understanding of the mechanisms.
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