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Abstract: Ongoing climate change and human activities have a great effect on vegetation dynamics.
Understanding the impact of climate change and human activities on vegetation dynamics in different
ecologically vulnerable regions has great significance in ecosystem management. In this study,
the predicted NPP (Net Primary Productivity) and the actual NPP based on different ecological
process data and models were combined to estimate the vegetation dynamics and their driving
forces in the Northern Wind-sand, Loess Plateau, Arid Desert, Tibetan Plateau, and Karst regions
from 2000 to 2015. The results indicated that the NPP in all ecologically vulnerable regions showed
a restoration trend, except for that in the Karst region, and the percentage of areas in which NPP
increased were, in order, 78% for the Loess Plateau, 71% for the Northern Wind-sand, 69% for the
Arid Desert, 54% for the Tibetan Plateau, and 31% for the Karst regions. Vegetation restorations in
the Northern Wind-sand and Arid Desert regions were primarily attributable to human activities
(86% and 61% of the restoration area, respectively), indicating the success of ecological restoration
programs. The Loess Plateau had the largest proportion of vegetation restoration area (44%), which
was driven by combined effects of climate and human factors. In the Tibetan Plateau, the vegetation
changes due to climate factors were primarily distributed in the west, while those due to human
factors were primarily distributed in the east. Human activities caused nearly 60% of the vegetation
degradation in the Karst region. Based on these results, it is recognizable that regional climate
conditions are the key factor that limits ecological restoration. Therefore, future policy-making should
pay more attention to the local characteristics of different ecological vulnerable regions in regional
ecosystem management to select reasonable restoration measures, improve restoration efficiency, and
maximize the benefits of ecological restoration programs.

Keywords: NPP (Net Primary Productivity); climate change; human activity; vegetation
dynamics; China

1. Introduction

China is one of the most ecologically degraded countries in the world, and also among the first
countries that started research on and practice of ecological restoration [1]. Because of the fragile
natural environment and the unreasonable exploitation and use of natural resources in some parts of
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China, ecological problems such as vegetation degradation, soil erosion, and desertification in these
areas have become more prominent [2]. Previous research has categorized those areas with serious
ecological problems into five ecologically vulnerable regions: the Northern Wind-sand, Loess Plateau,
Arid Desert, Tibetan Plateau, and Karst regions [3,4]. Since the 1990s, the Chinese government has
approved and implemented a large number of ecological conservation and restoration projects in these
five regions (e.g., the “Natural Forest Protect Project” (NFPP), the “Grain for Green Program” (GGP),
and the “Three-North Shelterbelt Project” (TNSP), etc.) [5,6]. Some of these have shown impressive
results, and some are still in the phases of exploration and adjustment. Multiple studies have pointed
out that due to the implementation of ecological programs, the vegetation coverage and biomass in
these ecologically vulnerable regions have improved effectively, and soil erosion and land degradation
have decreased significantly [7,8]. However, recent studies have argued that, limited by the differences
in local climate factors, some inappropriate ecological restoration measures, which ignored the local
objective climate conditions in ecologically vulnerable regions, have caused a low survival rate of
restored plants and even local ecosystem deterioration [9–11]. Therefore, it is necessary to carry
out studies that perform comparative estimates of the vegetation dynamics under the influence of
climate change and human activities in different ecologically vulnerable regions to characterize existing
ecological restoration programs’ effects and plan future programs. Such research results will help to
reveal the key driving factors in the ecosystem restoration process and provide a basis for the rational
design of regional ecological restoration measures.

Due to the development of space science and technology, more and more studies have begun to
use remote sensing data to estimate the NPP (Net Primary Productivity) of terrestrial ecosystems, and
to study the spatial distribution of vegetation dynamics caused by different driving factors [12–15].
NPP refers to the net amount of solar radiation that vegetation converts to plant organic matter through
photosynthesis [16]. It plays an important role in regulating terrestrial ecosystems’ carbon circulation
and maintaining ecosystem health, and is widely used as an indicator in studies of vegetation’s
sensitivity to different driving factors [17]. Adopted with different ecological process data and models,
vegetation dynamics influenced solely by climate factors (temperature and precipitation) can be
estimated as the predicted NPP (NPPp), and the vegetation dynamics influenced by both climate and
human factors can be estimated as the actual NPP (NPPa). Thus, the differences between NPPa and
NPPp can illustrate the human-induced vegetation dynamics [18,19], and this methodology has been
used successfully on both regional and national scales to determine the effects of climate and human
factors on vegetation dynamics [20,21].

In this study, NPP was combined with a scenario simulation method to estimate vegetation
dynamics and their driving forces in the five ecologically vulnerable regions indicated above from
2000 to 2015. Based on the change trends of different kinds of NPP, six possible conditions were
developed to quantify vegetation restoration or degradation under the influence of climate change
and human activities. The purpose of the study was to investigate the roles of climate and human
factors in the vegetation dynamics in the five regions from 2000 to 2015. Specifically, our goals were
to: (1) quantify the vegetation dynamics in the five ecologically vulnerable regions, and (2) explore
the effects of different driving forces on them. The results of this study not only reflect the vegetation
dynamics in ecologically vulnerable regions overall since the implementation of ecological restoration
programs, but also serve as a firm basis for policy and decision-making for future ecological programs.

2. Data and Methods

2.1. Study Area

The five ecologically vulnerable regions involved in this study are the Northern Wind-sand,
Loess Plateau, Arid Desert, Tibetan Plateau, and Karst regions (Figure 1). The Northern Wind-sand
region is located in the north of China (38◦50′–46◦40′ N, 109◦30′–119◦20′ E), and covers approximately
4.6 × 105 km2, including Beijing, Tianjin, central Inner Mongolia, northern Hebei, and parts of Shanxi.
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The region has a typical temperate continental monsoon climate characterized by arid and semi-arid
conditions [22]. Grassland is the dominant vegetation in the area, and consequently, the primary
ecological problems in the region are grassland degradation and land desertification caused by
grazing [23]. To solve those problems, ecological restoration projects, including returning grazing land
to grassland and the TNSP, were implemented.
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Figure 1. Location of the ecologically vulnerable regions.

The Loess Plateau region is located in the middle and upper reaches of the Yellow River in northern
China (33◦43′–41◦16′ N, 100◦54′–114◦33′ E), and has an area of 6.3 × 105 km2. The climate types from
southeast to northwest are warm temperate, semi-humid, semi-arid, and arid, respectively [24]. The
vegetation distribution on the Loess Plateau has obvious zonal characteristics, including forest-steppe,
steppe, and desert-steppe from the south to north. Due to human interference, such as farmland
reclamation, deforestation, and urban expansion, etc., ecological problems, including vegetation
destruction and soil erosion, in the Loess Plateau are very serious. Multiple ecological restoration
projects (NFPP, GGP, and TNSP) were implemented in this area to alleviate the soil erosion and
vegetation degradation problems [25].
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The Arid Desert region encompasses approximately 17.5 × 105 km2 in northwestern China,
including parts of Gansu, Xinjiang, and Inner Mongolia provinces (34◦22′–49◦33′ N, 73◦32′–109◦30′ E).
A temperate continental arid and semi-arid climate dominates the region, with an average annual
temperature of 9–12 °C and an annual precipitation of 10–400 mm [26]. It primarily consists of two
types of desert vegetation: typical temperate and mountain desert vegetation. The Arid Desert
region is covered by widespread sandy deserts and gobi deserts, where severe desertification occurs.
The vegetation degradation in this region is closely associated with unreasonable land use, including
over-grazing and over-reclamation [27]. A series of ecological restoration projects, such as returning
grazing land to grassland, the GGP, and the NFPP, were implemented in the region to improve the
ecological environment.

The Tibetan Plateau region is situated in south-western China (26◦00′–39◦47′ N, 73◦19′–104◦47′ E),
covering an area of 25 × 105 km2, with an average elevation of 3584 m. The average annual
temperature of the plateau hinterland is below 0 ◦C, and the annual precipitation is 100–300 mm [28].
The three main types of ecosystems in the Tibet Plateau are alpine meadows, alpine steppe, and alpine
deserts. Grassland degradation caused by overgrazing is a major ecological problem in the region.
Therefore, the primary target of ecological restoration programs, including returning grazing land to
grassland, “black soil beach”, and rodent management in this area, is to alleviate the alpine grassland
degradation [29].

The Karst region is located in the southwest of China (20◦54′–30◦08′ N, 103◦36′–114◦15′ E), and
covers approximately 9.9 × 105 km2, including Guizhou, Guangxi, and Hunan province, and has
a primarily monsoon climate. The principal vegetation types are evergreen and deciduous shrubs,
evergreen coniferous forests, and evergreen and deciduous broad-leaved forests [30]. Pure and
impure carbonate rocks dominate the bedrock in the region, along with inappropriate land use,
including farmland reclamation, deforestation, etc. All these lead to big ecological problems, such as
vegetation degradation and rocky desertification [31]. To solve the problems, ecological restoration
projects, including the NFPP, the GGP, and the Karst Rocky Desertification Comprehensive Control
and Restoration Project, were implemented in the region.

2.2. Dataset

The climate data involved in modeling NPP, including temperature, precipitation, and solar
radiation, came from the National Meteorological Information Center of China (http://data.cma.
cn/). The NDVI (Normalized Difference Vegetation Index) data came from the Moderate-resolution
Imaging Spectroradiometer (MODIS) NDVI product, which was used to calculate the proportion of
photosynthetically active radiation in the CASA model, and can be obtained from the Level-1 and
Atmosphere Archive & Distribution System (LAADS) Distributed Active Archive Center (DAAC)
(https://ladsweb.modaps.eosdis.nasa.gov). The scope of major ecological programs and the land-use
maps were derived from the Chinese Academy of Sciences Earth Databank (http://data.casearth.cn/).
We interpolated and resampled all of the data into a 250-m resolution using ArcGIS v10.2 software
(Environmental Systems Research Institute, Inc., Redlands, CA, USA) [32,33]. According to the land
use map and the NDVI data, we also excluded all NDVI pixels with an average value of less than 0.05
and excluded pixels with land-use types that were always bare land or urban areas from 2000 to 2015,
so as to avoid the influence of clouds, bare land, and non-plant areas on the accuracy of the research
results [8,14].

2.3. Estimate of Predicted NPP

This study adopted the Miami model to calculate the NPPp. Based on Liebig’s limit factor law and
the correlation between biomass and meteorological factors, the Miami model was developed with an
assumption of the ideal state in which the vegetation productivity dynamics are only affected by basic
climate factors [34]. Due to its rationality and effectiveness, the Miami model has been extensively
applied in different regions of the world [35,36]. The model can be described as follows:

http://data.cma.cn/
http://data.cma.cn/
https://ladsweb.modaps.eosdis.nasa.gov
http://data.casearth.cn/
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NPPp = min
{(

3000
1 + exp(1.315− 0.119 t)

)
, (3000[1− exp(−0.000664 r)])

}
(1)

in which t and r are the annual average temperature (◦C) and annual precipitation (mm), respectively.
The result of NPPp indicates the annual potential NPP (g C·m−2·year−1). For more information on the
model calculation, refer to Zhou et al. [34] and Wang et al. [14].

2.4. Estimate of Actual NPP

The Carnegie-Ames-Stanford Approach (CASA) model was used to estimate the actual NPPa in
this study. The CASA model is a type of vegetation light use efficiency model based on the principle
of resource balance [37]. Because of its relatively simple parameters and accurate results, the CASA
model is extensively applied in retrieval research on NPP [7,17,38]. The model is

NPPa(x, t) = APAR(x, t)× ε(x, t) (2)

in which APAR (MJ·m−2) is the photosynthetically active radiation in pixel x over time period t and ε

(g C·MJ−1) represents the actual light energy use. The models of APAR and ε are

APAR(x, t) = SOL(x, t)× 0.5× FPAR(x, t) (3)

FPAR =
(NDVI(x, t)− NDVIi,min)(FPARmax − FPARmin)

NDVIi,max − NDVIi,min
+ FPARmin (4)

ε(x, t) = Tε1(x, t)× Tε2(x, t)×Wε(x, t)× εmax (5)

in which SOL (MJ·m−2) is the total solar radiation in pixel x over time period t, FPAR is the proportion
of photosynthetically active radiation, and the constant of 0.5 represents the proportion of total solar
radiation (0.4–0.7 µm). NDVImax and NDVImin are the maximum and minimum NDVI value in the
whole area, respectively. Constants of 0.95 and 0.001 represent FPARmax and FPARmin, respectively.
Tε1(x, t) and Tε2(x, t) represent the temperature stress coefficients at low and high temperatures,
respectively; Wε(x, t) is the water stress coefficient; and εmax indicates the maximum light energy
conversion rate under ideal conditions. For more details on the parameters’ calculation, refer to
Feng et al. [7] and Wang et al. [14].

2.5. Estimate of the Driving Scenarios

The distinction between the NPPp and NPPa represents the effects of human activities on
vegetation dynamics (NPPh). The formula is

NPPh = NPPa −NPPp (6)

We used the ordinary least-squares regression to calculate the change trend of different kinds of
NPP, and the formula was

Slope =
∑n

i=1 xiyi − 1
n (∑

n
i=1 xi)(∑n

i=1 yi)

∑n
i=1 x2

i −
1
n (∑

n
i=1 xi)

2 (7)

in which xi represents the years from 2000 to 2015 (1 to n, n = 16), and yi represents the three kinds of
NPP (NPPp, NPPa, and NPPh) in year xi. A positive value of the slope indicates that the vegetation
dynamics showed a restoration trend, while the opposite result indicates that vegetation dynamics
showed a degradation trend [39,40].

Meanwhile, the significant change trend of the three kinds of NPP (NPPp, NPPa, and NPPh) was
tested by the Pearson’s correlation coefficient. The formula was
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r =
n ∑n

i=1 xiyi −∑n
i=1 xi ·∑n

i=1 yi√
n ∑n

i=1 x2
i − (∑n

i=1 xi)
2 ·
√

n ∑n
i=1 y2

i − (∑n
i=1 yi)

2
(8)

where xi and yi are the years from 2000 to 2015 (1 to n, n = 15) and the NPP for each year, respectively.
The positive value of r indicates an increasing trend of NPP, while the opposite result indicates a
decreasing trend. If 0.497 < r < 1 or −1 < r < −0.497, the result represents a significant change trend for
each pixel.

Consequently, six types of potential conditions indicating the different influences of climate
change and human activities on vegetation dynamics can be set by the change trend of the NPPa (Sa),
NPPp (Sp), and NPPh (Sh; Table 1). Condition 1 represents the vegetation restoration primarily caused
by human factors; condition 2 represents the vegetation restoration primarily caused by climate factors;
condition 3 represents the vegetation restoration primarily caused by both climate and human factors;
condition 4 represents the vegetation degradation primarily caused by human factors; condition 5
represents the vegetation degradation primarily caused by climate factors; and condition 6 represents
the vegetation degradation primarily caused by both climate and human factors [41–43].

Table 1. Conditions that indicate the driving forces of vegetation dynamics.

Sp Sh Driving Forces of Vegetation Dynamics

Sa > 0
Condition1 <0 >0 Vegetation restoration primarily caused by human factors
Condition 2 >0 <0 Vegetation restoration primarily caused by climate factors
Condition 3 >0 >0 Vegetation restoration primarily caused by both climate and human factors

Sa < 0
Condition 4 >0 <0 Vegetation degradation primarily caused by human factors
Condition 5 <0 >0 Vegetation degradation primarily caused by climate factors
Condition 6 <0 <0 Vegetation degradation primarily caused by both climate and human factors

Sa is the slope value of NPPa, Sp is the slope value of NPPp, and Sh is the slope value of NPPh. Sa > 0 represents
vegetation restoration. By contrast, Sa < 0 represents vegetation degradation. Sp > 0 represents climate factors that
benefited vegetation dynamics, while Sp < 0 represents climate factors that harmed vegetation dynamics. Sh > 0
represents human factors that benefited vegetation dynamics. By contrast, Sh < 0 represents human factors that
harmed vegetation dynamics.

3. Results

3.1. Spatio-Temporal Dynamic Analysis of NPPa

The spatio-temporal dynamics of the NPPa in the five ecologically vulnerable regions from 2000
to 2015 was estimated and the results are shown in Figure 2 and Table 2. The change trend of the NPPa

varied in different regions. The Loess Plateau region had the largest percentage of areas in which NPPa

increased among all five regions, with 78% of the regional vegetation being restored. Furthermore,
46% of the Loess Plateau region showed a significant increasing trend in NPPa (p < 0.05), which was
chiefly found in the middle of the region. Areas with a significant decreasing trend in NPPa (p < 0.05)
accounted for 7% of the total area, and were primarily located in the south of the plateau. Among the
ecologically vulnerable regions, the Northern Wind-sand region had the second largest percentage of
areas in which NPPa increased. However, unlike the Loess Plateau, only 16% of the area in this region
showed a significant increasing trend in NPPa (p < 0.05), which was primarily concentrated in the north
and south of the area. Correspondingly, the Northern Wind-sand region had the minimum percentage
of area in which NPPa decreased significantly (p < 0.05). The following two were the Arid Desert
and the Tibetan Plateau regions, and 21% and 14% of the two areas showed a significant increasing
trend in NPPa (p < 0.05), which were primarily in the east of the Arid Desert region and the north
of the Tibetan Plateau region, respectively. The Tibetan Plateau had the second largest percentage of
areas among the ecologically vulnerable regions in which NPPa decreased. Compared with the other
four regions, the vegetation in the Karst region showed a largely degrading trend. Nearly 70% of the
regional NPPa showed a decreasing trend, and the areas with a significant decreasing trend in NPPa

(p < 0.05) accounted for 21%, which was located in the middle of the region.
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as a desert, urban area, etc.

Table 2. Spatial change statistics of the NPPa in the five ecologically vulnerable regions from 2000 to
2015 (%).

Variables Northern
Wind-Sand Region

Loess Plateau
Region

Arid Desert
Region

Tibetan Plateau
Region

Karst
Region

Significant increase 16 46 21 14 7
Slight increase 55 32 47 40 24
Slight decrease 26 15 27 37 48

Significant decrease 3 7 5 9 21

Significant increase/decrease indicates areas (percentages) that changed significantly at the 0.95 confidence intervals.
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3.2. Vegetation Restoration under the Influence of Different Driving Factors

The spatial distribution and statistical results of the vegetation restoration influenced by climate
and human factors in the five ecologically vulnerable regions from 2000 to 2015 are shown in Figures 3
and 4. The results indicated that vegetation restoration influenced by different factors in the whole
areas is similar to that in the NPPa significantly changed areas. In the Northern Wind-sand region,
the vegetation restoration was primarily attributable to human activities, which accounted for 86%
of the total vegetation restored (73% of the vegetation significantly restored). The Arid Desert region
had the second largest area ratio of vegetation restoration that was primarily caused by human
activities, and the restoration area was primarily located in the middle and east of the region. The area
ratios of human-induced vegetation restoration in the Karst region, Tibetan Plateau region, and
Loess Plateau region were 46%, 42%, and 39% of the whole area, and 51%, 44%, and 37% of the
vegetation significantly restored areas, respectively, which also showed obvious spatial heterogeneity.
For example, the human-induced vegetation restoration area in the Karst region was located in the
south, and in the Tibetan Plateau and the Loess Plateau, they were in the east and north of the region,
respectively. In contrast to the human factors, the vegetation restoration influenced by climate changes
had its own spatial characteristics. The Tibetan Plateau region had the largest area ratio of vegetation
restoration that was primarily caused by climate changes, which was mainly located in the west of
the region. The area ratios of vegetation restoration primarily caused by climate changes in other
ecologically vulnerable regions were 43%, 25%, 18%, and 2% of the whole area, and 33%, 25%, 12%,
and 1% of the vegetation significantly restored areas in the Karst, Arid Desert, Loess Plateau, and
Northern Wind-sand regions, respectively.Forests 2018, 9, x FOR PEER REVIEW  9 of 21 
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3.3. Vegetation Degradation under the Influence of Different Driving Factors

The relative roles of climate change and human activities in the process of vegetation degradation
in the five ecologically vulnerable regions from 2000 to 2015 were also analyzed and are shown in
Figures 5 and 6. The results revealed that the vegetation degradation influenced by different factors
in the whole areas and in the NPPa significantly changed areas is still consistent. In the Northern
Wind-sand region, the vegetation degradation was mostly influenced by human activities, which
accounts for 94% of the total degraded vegetation (97% of the vegetation significantly degraded).
The Loess Plateau region had the second largest area ratio of vegetation degradation primarily
caused by human activities, and it was mainly located in the south of the region. The area ratios of
human-induced vegetation degradation in the Karst, Arid Desert, and Tibetan Plateau regions were
62%, 55%, and 53% of the whole area, and 65%, 52%, and 47% of the significantly degraded areas,
respectively. The human-induced vegetation degradation areas in the Karst region were located both
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in the south and north of the area. In the Arid Desert and Tibetan Plateau region, human factors played
a major role in the north and east of the region, respectively. The vegetation degradation affected by
climate changes also had its own spatial characteristics. Similar to the vegetation restoration area,
the Tibetan Plateau region had the largest area ratio of vegetation degradation that was primarily
caused by climate changes, and it was mainly located in the west of the region. The area ratios of
climate-induced vegetation degradation in other ecologically vulnerable regions were 30%, 19%, 12%,
and 4% of the whole area, and 27%, 15%, 14%, and 1% of the vegetation significantly degraded areas
in the Arid Desert, Karst, Loess Plateau, and Northern Wind-sand regions, respectively.Forests 2018, 9, x FOR PEER REVIEW  11 of 21 
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4. Discussion

Previous studies have indicated that vegetation dynamics have been affected by climate and
human factors, which fundamentally altered regional ecosystem productivity [2,20]. This study
adopted NPP as an indicator to present a general picture of vegetation dynamics in five ecologically
vulnerable regions, and assessed the influences of climate change and human activities quantitatively.

4.1. Vegetation Restoration

The analysis of vegetation restoration under the influence of different driving factors indicated
that human factors dominated the vegetation restoration in the Northern Wind-sand region (Figures 2
and 3). This result was closely related to the ecological programs that have been implemented in the
area, especially in areas where vegetation is significantly restored. The main vegetation types in the
region are forest and grassland, and the corresponding ecological programs, such as the Beijing–Tianjin
Sand Source Control Project and the return of grazing to grassland project, significantly improved
the local vegetation NPP (Figure 7). Based on the result of the variation in annual mean temperature
and annual precipitation in the Northern Wind-sand region from 2000 to 2015, the climate in the
region has generally become warmer (0.12 ◦C/10 year) and drier (−16 mm/10 year) over the past
16 years (Figure 8), which was consistent with previous studies [20,22,44]. Drought meteorological
conditions are clearly not conducive to vegetation’s growth, which means that human activities indeed
play a more active role in vegetation restoration within the region. Multiple studies have shown that
under the influence of ecological programs, sand storms in the area have reduced significantly, and the
human-induced restoration activities have prevailed over the relatively dry natural conditions, and
improved the vegetation productivity in the region significantly [44,45].

Similar to the Northern Wind-sand region, vegetation restoration in the Arid Desert region was
also mainly caused by human activities (Figures 2 and 3). Both of the ecologically vulnerable regions
are located in arid and semi-arid areas in China, and the vegetation restoration programs dominated by
human activities are crucial for both regions in protecting the local ecological environment from their
limiting climate factors [26]. Moreover, compared with the Northern Wind-sand region, the Arid Desert
region benefited from more ecological programs in vegetation significantly restored areas, including
the NFPP, the GGP, and the TNSP (Figures 2 and 7) [46]. Nonetheless, climate factors still caused 25% of
the vegetation restoration in the Arid Desert region (Figure 3). These areas were primarily concentrated
in the Tianshan Mountain and Altai Mountain areas. Deng et al. [47] pointed out in their study that
the main sources of water for vegetation in these mountain areas are rivers and melting snow on the
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mountains rather than precipitation. Further, the increasing temperatures (0.25 ◦C/10 year) in the
Arid Desert region have increased the water supply and benefited the vegetation around mountains
(Figure 8) [48].
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The Loess Plateau region had the greatest percentage of vegetation restoration areas among all five
ecologically vulnerable regions (Figure 2). Sun et al. [49] and Lv et al. [5] pointed out in their research
that vegetation coverage and carbon sequestration significantly increased in the Lvliang mountain area,
north Shaanxi, and the Liupan mountain area in the Loess Plateau region, and were closely related
to the ongoing ecological programs, such as the NFPP and the GGP (Figure 7). In this study, human
activities also considerably affected vegetation restoration in these areas, and caused a significant
increase in regional vegetation NPPa. However, different from other ecologically vulnerable regions,
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the Loess Plateau had the largest proportion of vegetation restoration area with the combined effects
of climate and human factors, either in the entire region or in the NPPa significantly increased areas
(Figure 3). Previous studies pointed out that water resource is one of the key factors that limit vegetation
growth in the plateau [24,50]. According to the change trend analysis of regional meteorological
factors, the Loess Plateau has become warmer and wetter in recent years (0.21 ◦C/10 year and
23.79 mm/10 year) (Figure 8). Abundant precipitation and elevated temperature have extended the
growing season and promoted the growth of regional vegetation effectively [49]. Meanwhile, in the
north of the plateau, the main vegetation type is grassland that has relatively low water demands
(Figure 9), and the adequate rainfall has improved the soil moisture and brought conditions favorable
for vegetation growth [24]. The promotion of vegetation growth by meteorological factors, combined
with the ecological restoration programs implemented widely throughout the plateau, has led to a wide
distribution of vegetation restoration areas in the Loess Plateau under the influence of combined effects.Forests 2018, 9, x FOR PEER REVIEW  14 of 21 
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Generally, the vegetation in the Tibetan Plateau showed a restoration trend over the study period,
and the dynamic changes in vegetation caused by climate factors were primarily distributed in the
west of the plateau, while those affected by human factors were largely in the east. These results agree
well with those of Zhang et al. [51] and Chen et al.’s [52] studies, which indicated that human activities
in this region are limited and concentrated in the east of the plateau, where the elevation is relatively
low and the terrain is flat. Among all five ecologically vulnerable regions, the Tibetan Plateau had the
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largest proportion of vegetation restoration under the influence of climate factors (Figure 3) [53,54].
Especially in the north of the plateau, where the vegetation NPPa is significantly increased, the
vegetation dynamics caused by climate factors are widely distributed. In general, the temperature and
precipitation in the Tibetan Plateau showed an increasing trend (0.65 ◦C/10 year, 5.16 mm/10 year)
from 2000 to 2015 (Figure 8). Previous studies have indicated that the effect of temperature on
vegetation in the plateau is more pronounced than that of moisture. Higher temperatures and more
solar radiation can prolong the vegetation’s growing season and enhance photosynthesis [51,55].
Meanwhile, vegetation restoration in the eastern Tibetan Plateau was attributable to human factors in
this study (Figure 3). The residents in the Tibetan Plateau are predominantly Tibetans, and grazing
is their main source of income. To reduce grassland degradation caused by grazing, ecological
restoration measures, such as returning grazing land to grassland, ecological immigration, “black soil
beach”, and rodent management have been carried out successively and achieved remarkable results
(Figure 7) [56,57].
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To solve the vegetation degradation and rocky desertification problems in the Karst region, the
state and local Chinese governments have implemented a series of ecological programs, such as
the NFPP, GGP, and Karst Rocky Desertification Comprehensive Control and Restoration Project
(Figure 7) [31]. However, the rugged terrain in the Karst area, especially in the rocky desertification
areas, has brought great challenges to the development of ecological restoration projects. In this study,
the vegetation restoration caused by human factors in the Karst area was found to be concentrated
in the south of the region in Guangxi province, which was consistent with Tong et al.’s [30] research.
The terrain there is relatively flat, with the temperature and precipitation more suitable for the
implementation of a number of ecological programs (average temperature, 24 ◦C, and annual
precipitation, 1662 mm) [30]. Meanwhile, due to fact that the Karst region is located in a subtropical
monsoon area and precipitation is relatively abundant, the correlation between temperature and
vegetation dynamics is more significant [58]. The results of this study indicate that the vegetation
dynamics in the northwest of the Karst region were mainly caused by climate factors, where the
NPPa significantly increased. Based on the analysis of the change in annual mean temperature,
the temperature in the region has increased at a rate of 0.21 ◦C/10 year (Figure 8). Cai et al. [59]
pointed out that the temperature in the north of the Karst region had increased faster than in the south,
and the increased temperature had promoted the vegetation’s photosynthesis and accelerated plant
growth, which had led to a trend of vegetation restoration caused by climate factors.

4.2. Vegetation Degradation

The results of the driving forces analysis of the regions with degraded vegetation showed that
human factors also caused the degradation in the Northern Wind-sand region to a large extent,
especially in the NPPa significantly decreased areas, which are concentrated in the north and south of
the region (Figures 2 and 5). The spatial distribution of land use indicates that the main vegetation
types in these regions are grassland and forest, respectively (Figure 9). The grassland degradation
affected by human factors is primarily related to grazing activities. Previous studies have shown
that the number of livestock in Inner Mongolia has increased by nearly 50% in the past decade [20].
Despite measures such as fence and rotation grazing, local grazing pressures still exist because of
the significantly increased livestock, and this pressure is concentrated in particular areas because of
herders’ centralized locations, and has resulted in local grassland degradation [11,45]. In the south
of the Northern Wind-sand region, the construction of a large number of shelterbelts has also put
significant pressure on the water resources’ carrying capacity of the local environment. For example, it
has been reported that the Beijing–Tianjin sand source area is facing a shortage of water resources [23].
Inappropriate ecological restoration measures will increase regional soil water consumption, reduce
the survival rate of restored vegetation, and even lead to the degradation of vegetation in the area
restored [1,60].

A similar situation had occurred in the Arid Desert region, where human factors also dominated
vegetation degradation (Figure 5), and both grazing and inappropriate ecological restoration measures
had a negative effect on vegetation dynamics in the area [27]. However, in contrast to the Northern
Wind-sand region, part of the vegetation degradation in the Arid Desert region was primarily caused
by climate factors, particularly in areas where vegetation was significantly degraded. These areas
were also mainly distributed around the Tianshan and Altai Mountains. Melted snow caused by a
temperature rise and the slightly increased precipitation (7.7 mm/10 year) still cannot fully meet the
requirements of vegetation under arid conditions, resulting in different change trends of vegetation
dynamics [61].

The vegetation degradation in the Loess Plateau region was still primarily caused by human
activities (Figure 5). Based on the spatial distribution of land use types, the degraded areas primarily
consisted of forest and farmland (Figure 9). Farmland reclamation and deforestation are the principal
reasons for vegetation degradation in these areas [25]. In addition, large-scale afforestation activities
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have pushed the regional water resource carrying capacity close to its limit [9]. In such cases, restoring
vegetation with the wrong plant species will easily degrade the environment.

Although more than half of the vegetation in the Tibetan Plateau showed a restoration trend in
this study, 46% of the vegetation in the region remained degraded (Figure 2). Human activities’ adverse
effects were the main factors in vegetation degradation in the plateau, especially for the areas where
NPPa decreased significantly, which are concentrated in the east of the region (Figure 5). Because of
the overpopulation, a single income source, backward grazing methods, and the increased number of
livestock, the grassland environment in the area has suffered continuous damage [51,52]. In addition
to overgrazing, excessive agricultural reclamation, timber cutting, and Chinese herbal medicine and
mineral extraction have further exacerbated the regional environmental conditions [57,62]. Meanwhile,
the vegetation degradation caused by climate factors in the Tibetan Plateau was concentrated in the
southwest of the plateau (Figure 5). Gao et al. [63] pointed out in their study that there was an obvious
negative correlation between vegetation productivity and precipitation in the southwestern Tibetan
Plateau. Increased rainfall led to decreased temperatures and solar radiation, which inhibited plant
photosynthesis, while precipitation also increased soil erosion and reduced the content of soil organic
matter, which eventually led to the decline in vegetation productivity [51].

The Karst region had the greatest percentage of degraded and significantly degraded vegetation
areas among all five ecologically vulnerable regions, which were widely distributed throughout the
region and mainly caused by human activities (Figures 2 and 5). As one of the poorest areas in China,
the Karst region has more than 30 million people living in poverty. Overpopulation and low-yielding
agricultural production methods have forced people there to overdevelop the surrounding forest
resources as their source of production and living, which has led to terrible deterioration in the
region’s ecological environment [64]. In addition, based on the analysis of changes in meteorological
factors shown in Figure 8, the Karst region has become warmer and drier (0.21 ◦C/10 year and
−18.07 mm/10 year). Previous studies have also pointed out that this area has suffered several
droughts in recent years [65,66]. Using inappropriate species in vegetation restoration and the lack of
effective management have caused the vegetation productivity to degrade under drought conditions,
which has ultimately led to vegetation degradation influenced by climate and human factors.

4.3. Limitations of Method

The method of distinguishing the driving forces of vegetation dynamics in this study adopted the
NPP as an indicator, which has been used widely and verified in multiple studies on different research
scales [11,19,34]. Although the models used to estimate the NPP were selected carefully, limitations still
exist. This study assumed an ideal condition for vegetation growth in which only climate and human
factors affected vegetation dynamics. However, many different factors may influence vegetation
dynamics, such as animal activities, pests, vegetation species, and diseases [19]. Further, the results
of this study are also constrained by the accuracy and resolution of the remote data. Thus, in future
studies, the models and parameters should be adjusted and improved further, so that the results will
represent the actual situation more closely.

5. Conclusions

This study used NPP as an indicator to compare the vegetation dynamics under the influence of
climate change and human activities in five ecologically vulnerable regions of China from 2000 to 2015.
The results indicated that, except for the Karst region, the vegetation in other ecologically vulnerable
regions all showed a restoration trend. Among them, the vegetation restoration in the Northern
Wind-sand and Arid Desert region was primarily caused by human activities. The Loess Plateau
had the largest area proportion of restored vegetation attributable to combined effects of climate and
human factors. The vegetation dynamics affected by different driving factors in the Tibetan Plateau
demonstrated clear spatial characteristics, in which the dynamics caused by climate factors were
primarily distributed in the west of the plateau, while those affected by human factors were mainly
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distributed in the east. The proportion of restored vegetation caused by human and climate factors
was approximately the same in the Karst region. Meanwhile, the vegetation degradation in the five
ecologically vulnerable regions was mostly caused by drought and degrading human activities (e.g.,
deforestation, overgrazing, inappropriate restoration measures, etc.).

This study highlighted that human factors are the main causes of vegetation dynamics in the five
ecologically vulnerable regions, and that these can have positive or negative impacts. It is essential to
continue ecological restoration activities in the ecologically vulnerable areas. However, the influence
of climate factors cannot be neglected in the process of ecological restoration, especially in arid regions.
Appropriate vegetation restoration activities combined with local climate conditions will effectively
improve the result of ecological restoration. We recommend that future policymaking in regional
ecosystem management may consider the local characteristics of different ecologically vulnerable
regions to select reasonable restoration measures, improve restoration efficiency, and maximize the
benefits of ecological restoration programs.
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